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Abstract 

Zeolites are one of the most widely used and one of the most industrially important materials. 

They are utilized in a variety of commercial applications, particularly in heterogeneous 

catalysis, adsorption/separations applications and as ion exchangers. Zeolites are stable when 

exposed to water or water vapor at ambient conditions and exhibit high thermal stability. 

However, zeolites can be partially or even fully hydrolyzed under certain conditions. This 

hydrolytic instability of zeolites can be considered both a major problem in some applications 

and a useful means to tune catalyst properties in the others. However, the thorough studies of 

the hydrolytic mechanisms under realistic conditions (high water loading, alkaline conditions, 

high heteroatom concentrations, etc.) and employing realistic models (dynamical simulation 

of ab initio accuracy) is mostly lacking.  

This dissertation uses the ab initio calculations to systematically study the hydrolysis 

mechanism of zeolites under realistic conditions, including: (1) hydrolysis mechanism of 

germanosilicate zeolite UTL, (2) hydrolysis of siliceous zeolite CHA under alkaline 

conditions, and (3) identification of the nature of framework-associated Al(Oh) species in 

aluminosilicate zeolite CHA under wet conditions. The main results obtained are as follows: 

(1) Both the water loading and the germanium content play a very important role in the 

disassembly process of ADORable zeolites
1-6

. Different water and Ge contents will cause the 

degermanation to proceed according to completely different mechanisms. The increase of Ge 

content can both lower the reaction barriers and can lead to more favorable reaction energies 

both in the low and the high water loading conditions. In particular, the clustering of 

germanium in the S4R units has been shown to destabilize the framework immensely. A 

common feature of the newly discovered mechanisms is the cooperativity either with respect 

to cooperation of waters in the proton shuttling or with respect to increased local flexibility 

and reactivity of the D4R units filled with germanium. We thus obtain general principles for 

the selective hydrolysis of germanosilicates, supported by full mechanistic understanding. 

This fundamental research helps in directing further efforts towards synthesis of new zeolites 

from judiciously chosen germanosilicates. 

(2) The NaOH enhances the rate of zeolite hydrolysis in each step by a significant amount as 

compared to hydrolysis in neutral water. The water and NaOH concentration play an 

important role for the kinetics and thermodynamics of the zeolite hydrolysis process. We 

found that NaOH can act either as a reactant or as a catalyst. The former mechanism is 
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characterized by very low energy barriers but it leads to large NaOH consumption. In the 

latter mechanism, NaOH can be regenerated in situ by consuming an additional water 

molecule, allowing for desilication without consumption of NaOH and it becomes 

competitive under microsolvation conditions. Besides accelerating the catalytic desilication, 

we also discovered that the microsolvation drives spontaneous defect formation. We provide 

an explanation for the enhanced desilication of zeolites under mild, alkaline conditions, and 

evidence for the inside-out mode of zeolite hydrolysis. 

(3) The structural characteristics and the details of the mechanism that leads to formation of 

framework-associated octahedral Al(Oh) species, i.e., of the octahedral framework-associated 

Lewis acid site (LAS), were discovered. The framework-associated Al(Oh) was found to be 

thermodynamically stable and kinetically connected to Brønsted acid site (BAS) already at the 

room temperature. It can be formed (at least in CHA zeolite) under the following conditions: 

(i) At least three BAS sites must be near to allow transfer and fixation of protons around the 

to-be-formed octahedral aluminum. (ii) Al(Oh) species is formed from one of the Al atoms of 

the Al-O-Si-O-Al pair, where Al atoms are separated by a single framework silicon atom. (iii) 

The presence of water molecules in the channel system is required to create and stabilize the 

Al(Oh), and realistic dynamical description of water solvation is thus of great importance. 

This work resolves the question about the nature and reversibility of framework-associated 

Al(Oh) in CHA zeolite and brings additional evidence that the framework of acidic zeolites 

becomes labile under wet conditions
7
. 
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Abstrakt 

Zeolity jsou jedním z nejpoužívanějších a průmyslově nejdůležitějších materiálů. Používají se 

v různých komerčních aplikacích, zejména v heterogenní katalýze, adsorpčních/separačních 

aplikacích a jako iontoměniče. Zeolity jsou stabilní při vystavení kapalné vodě nebo vodní 

páře za běžných podmínek a vykazují vysokou tepelnou stabilitu. Zeolity však mohou být za 

určitých podmínek částečně nebo dokonce zcela hydrolyzovány. Tato hydrolytická nestabilita 

zeolitů může být považována v některých aplikacích za zásadní problém, zatímco v jiných 

aplikacích za užitečný prostředek pro optimalizaci vlastností katalyzátoru. Důkladné studie 

hydrolytických mechanismů za realistických podmínek (vysoké nasycení zeolitů vodou, 

alkalické pH, vysoké koncentrace heteroatomů, atd.) a za použití realistických modelů 

(dynamické simulace s přesností ab initio metod) však většinou chybí. 

Tato disertační práce využívá ab initio výpočty k systematickému studiu mechanismu 

hydrolýzy zeolitů za reálných podmínek, včetně: (1) mechanismu hydrolýzy 

germanosilikátového zeolitu UTL, (2) hydrolýzy křemičitého zeolitu CHA za alkalických 

podmínek a (3) identifikace povahy oktaedrálně koordinovaného typu hliníku spojeného se 

zeolitickou mříží, Al(Oh), v aluminosilikátovém zeolitu CHA v přítomnosti vody v zeolitické 

mříži. Hlavní výsledky získané v této praci jsou následující: 

(1) Jak míra nasycení zeolitcké mříže vodou, tak obsah germánia v mříži hrají velmi důležitou 

roli v procesu částečné hydrolýzy ADORable zeolitů. Rozdílný obsah vody a germánia 

způsobí, že degermánace bude probíhat zcela odlišnými mechanismy. Zvýšení obsahu 

germánia může nejenom snížit reakční bariéry, ale také může vést k příznivějším reakčním 

energiím, a to jak v podmínkách nízkého, tak i vysokého objemu vody v zeolitické mříži. 

Ukázalo se zejména, že shlukování germánia v jednotkách S4R nesmírně destabilizuje 

zeolitickou mříž. Společným rysem nově objevených mechanismů je kooperativita, buď s 

ohledem na kooperaci vod při protonovém transferu, nebo s ohledem na zvýšenou lokální 

flexibilitu a reaktivitu jednotek D4R, ve kterých je shlukováno germánium. Byli jsme tak 

schopni získat obecné principy pro selektivní hydrolýzu germanosilikátů, podpořené úplným 

mechanistickým pochopením. Tento základní výzkum pomůže nasměrovat další úsilí v 

syntéze nových zeolitů z pěčlivě vybraných germanosilikátů. 

(2) Hydroxid sodný, NaOH, zásadně zvyšuje rychlost hydrolýzy zeolitu ve srovnání s 

hydrolýzou v neutrálním vodním roztoku. Ukazuje se, že koncentrace vody a NaOH v 
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zeolitické mříži zásadně ovlivňují kinetiku a termodynamiku procesu hydrolýzy zeolitu. 

Zjistili jsme také, že NaOH může působit buď jako reaktant nebo jako katalyzátor hydrolýzy. 

V případě role NaOH jako reaktantu se mechanismus hydrolýzy vyznačuje velmi nízkou 

energetickou bariérou, ale vede k velké spotřebě NaOH. V případě role NaOH jako 

katalyzátoru může být NaOH regenerován in situ spotřebováním molekuly vody, což 

umožňuje desilikaci, čili hydrolýzu křemíku, bez spotřeby NaOH. Navíc aktivační bariéry pro 

tento katalytický mechanizmus se snížují za podmínek mikrosolvatace vodou uvnitř zeolitické 

mříže. Kromě urychlení katalytické desilikace jsme také zjistili, že mikrosolvatace podporuje 

spontánní tvorbu defektů. Naše práce tak poskytuje vysvětlení zvýšené desilikace zeolitů za 

mírných, alkalických podmínek a předkládá důkazy o hydrolýze zeolitů, která začína uvnitř 

zeolitické mříže a postupuje zevnitř zeolitu směrem k jeho povrchu. 

(3) Byly objeveny strukturní charakteristiky a podrobnosti mechanismu, který vede k 

vytvoření oktaedrálně koordinovaného hliníku, Al(Oh), asociovaného se zeolitickou mříží, tj. 

k vytvoření oktaedrálního Lewisovského kyselého místa (LAS). Bylo zjištěno, že Al(Oh) 

asociovaný se zeolitickou mříží je termodynamicky stabilní a proces jeho tvorby z 

Brønstedovho kyselého místa (BAS) je kineticky povolený již při pokojové teplotě. Al(Oh) 

struktura může být vytvořena (alespoň v zeolitu CHA) za následujících podmínek: (i) Alespoň 

tři BAS místa musí být v blízké vzdálenosti, aby se umožnil přenos a fixace protonů kolem 

oktaedrického hliníku, který se má vytvořit. (ii) Al(Oh) struktura se tvoří z jednoho z atomů 

hliníku v strukturním motivu Al-O-Si-O-Al, ve kterém jsou atomy hliníku odděleny jenom 

jedním atomem křemíku. (iii) Pro vytvoření a stabilizaci Al(Oh) je také vyžadována 

přítomnost molekul vody v kanálovém systému, a proto je velmi důležitý realistický 

dynamický popis solvatace vody. Práce v tomto projektu tedy řeší otázku povahy a 

reverzibility oktaedrálně koordinovaného hliníku asociovaného se zeolitickou mříží v CHA 

zeolitu a přináší další důkazy, že mříž kyselých zeolitů se za přítomnosti vody v kanálovém 

systému stává labilní. 
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1. Introduction 

1.1 Zeolites 

Zeolites
8-10

 are crystalline microporous materials. The zeolite framework is composed of 

corner-sharing TO4 tetrahedra (T is typically Si or Al) forming crystals with three-

dimensional network structures, possessing cavities and channels with dimensions typically 

below 1 nm, as shown in Figure 1.1. The general chemical formula of classical 

aluminosilicate zeolite is: (M)x/n [(AlO2)x (SiO2)y] •mH2O, M stands for metal charge-

compensating cation (usually K
+、Na

+ 
and Ca

2+、Ba
2+ 

et al. ), n stands for metal ion valence, 

x stands for the number of Al atoms, y stands for number of Si atoms, and m represents the 

number of waters in zeolite channel per unit of chemical formula. The extra-framework 

cations are used to balance the excess negative charge of the tetrahedron framework due to 

aluminum substitution for silicon and they represent important acid catalytic sites (both, 

Brønsted and Lewis type). 

 

Figure 1.1: The schematic diagram of zeolite composition, from basic building unit to 3D 

zeolite framework. Reproduced with permission
10

. Copyright 2020, John Wiley and Sons. 

 

There are more than 250 different zeolite frameworks synthetized as listed by International 

Zeolite Association (IZA)
11

. Each zeolite framework structure is named with a code 

consisting of three capital letters
12

, these 3-letter code usually derives from the name of the 

zeolite or ‘type material’. e.g., the code FAU is the natural mineral faujasite. The 3-letter code 
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only describes and defines the framework type and does not determine the zeolite composition, 

T site distribution of heteroatoms, cell dimensions or symmetry.  

The T site of TO4 can be isomorphically substituted by other trivalent and tetravalent 

elements, e.g., by Ge
5, 13

, Ti
14-16

, B
17-19

, P
20-21

, Sn
22-23

 etc. The different forms and states of 

heteroatoms on the surface of zeolites directly affect the acidity, pore structure and catalytic 

performance of the zeolites. The heteroatom not only enriches the types of constituent 

elements of the zeolite framework, but also gives it unique acid catalysis and catalytic 

oxidation performance. In addition, the heteroatom can stabilize specific secondary building 

units (SBU) that are difficult to form in aluminosilicate zeolites. For instance, introducing Ge 

atoms into synthesis gels can direct the zeolite crystallization towards zeolites containing the 

double-4-ring (D4R) SBU units, because Ge atoms have a synergetic structure-directing 

functionality in cooperation with organic structure-directing agents (OSDA) and the 

flexibility of Ge-O-Ge/Si-O-Ge bond angles reduces the strain in the SUB, making it 

energetically stable to form small-rings
24

. D4R unit is thus found in almost all 

germanosilicates (e.g., UTL, UOV, IWW, ITH).  

Zeolites has been widely used as an important material in many fields due to their flexibility 

and adaptability
25-28

, due to the diversity and tunability of their pore structure, range of 

constituent elements and active center types. Zeolites have shown excellent performance in 

many important chemical processes, particularly in heterogeneous catalysis (used in 

petroleum processing, production of fine chemicals, etc.), adsorption/separations (used in 

industrial and environmental separation and purification processes, field of drying, etc.), and 

ion exchange (widely used in detergent industry, waste treatment, etc.). For example, one of 

the most important application of zeolite catalysts is in fluid catalytic cracking (FCC) reaction 

process
29-30

, converting high boiling point, high molecular weight hydrocarbons in petroleum 

into more valuable gasoline, light olefin gas and other products. The particularly beneficial 

zeolite properties are large surface areas, variable pore size distributions, crystallinity, and 

thermal stability; these structural properties make the zeolites not only excellent adsorbents 

but also effective catalysts. In addition, the ability of zeolites to reversibly ion-exchange 

further extends their adsorption and catalytic tunability.  

1.2 Zeolite hydrolytic (in)stability 

Zeolites are stable when exposed to water or water vapor and show high thermal stability 

under ambient conditions. However, the crystalline framework of zeolites can be partially or 
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even fully hydrolyzed under certain conditions such as high-water vapor pressure, high 

temperature, acidic or basic condition and so on. The possible modes of water-zeolite 

interaction are summarized in the Figure 1.2
31

. The non-reactive interaction means that water 

molecules are physical adsorbed in the zeolite and do not react with the framework by 

breaking any bonds. This non-reactive water adsorption is strongly affected by factors such as 

the Si/Al ratio, water partial pressure, type of heteroatom, concentration of defects etc. The 

reactive interaction of water with zeolites leads to the chemical reaction resulting in initial 

hydrolysis of the isolated T-O-T bridges, followed by complete removal of T species from 

zeolite framework which can further lead to formation of mesopores in the framework. 

Further massive hydrolysis can completely change the zeolite from crystalline to amorphous 

material. The hydrolysis path and type of the preferred demetallation (e.g., desilication vs. 

dealumination) again strongly depends on the hydrolysis conditions, e.g., whether the zeolite 

framework is steamed, or exposed to pressurized hot liquid water (HLW), what is the pH, or 

what heteroatom type is present in the framework. 

 

Figure 1.2: Schematic diagram of zeolite hydrolysis leading to framework degradation 

starting from nonreactive water adsorption up to the amorphization. Reproduced with 

permission 
31

. Copyright 2020, John Wiley and Sons. 
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Zeolite hydrolysis can be considered as a major problem in some applications which may 

cause the crystalline structure decomposition and catalyst deactivation. Industrial processes 

often require harsh conditions, for instance, biomass conversion is carried out under HLW 

conditions
32-33

and crude oil processing (FCC) also includes steaming conditions
29-30

. Hence, 

controlling and understanding zeolite hydrolysis is essential to control and understand zeolite 

stability in the typical industrial set-up. However, in certain cases, the (partial) zeolite 

hydrolysis can have a positive impact such as in: i) opening new routes for preparation of new 

zeolite frameworks using  ADOR (Assembly-Disassembly-Organization-Reassembly) 

strategy (see below)
1-6

, or ii) enabling tuning the zeolite pore size by partial hydrolysis 

forming a secondary mesoporosity that can improve the diffusion limitations of microporous 

zeolites. In addition, understanding zeolite hydrolysis is also essential for understanding the 

inverse process of the zeolite synthesis. Lastly, controlled demetallation (mostly desilication 

or dealumination) is commonly used for fine-tuning the zeolite properties (acidity, 

accessibility, etc.) for particular catalytic and adsorption applications 
26, 34-36

.  

The ADOR process is a very promising method for synthesis of new zeolites making the 

process of synthesizing new zeolites controllable and predictable. The main idea of the 

ADOR method is to introduce the unstable Ge-O bonds into zeolite frameworks. These Ge-O 

bonds can be easily hydrolyzed in the presence of water, even at ambient conditions. Thus, the 

germanosilicate zeolites are the most common parent materials used for ADOR, in particular 

those germanosilicates containing the D4R secondary building units. These D4R units are 

typically preferentially enriched by germanium atoms in contrast to the zeolitic layers that 

these D4R units connect
37

. Hence, the chemo-selective hydrolysis of these Ge-rich D4R units 

can generate two-dimensional (2D) layered zeolite precursors that offer fascinating 

possibilities for post-synthesis modifications and can be subsequently used as building blocks 

for the synthesis of new zeolite frameworks
1-6

. The example of germanosilicate zeolites 

containing D4R interlayer motifs that are particularly suitable for this method are UTL, UOV, 

IWW and *CTH
13

. Especially the germanium-rich UTL has been successfully utilized for the 

ADOR process, with D4R units undergoing hydrolysis under neutral or acidic conditions to 

produce stable 2D layered IPC-IP material
4-5

. Understanding the factors which control the 

chemo-selective hydrolysis from 3D into 2D layered zeolites is very important for the targeted 

syntheses of new zeolite frameworks. 

The selective controlled demetallation of zeolites is necessary for a series of industrial 

applications, such as the formation of mesoporous and hierarchical zeolite frameworks to 
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enhance catalytic applications
26, 34-36

. The degree and type of demetallation (dealumination or 

desilication) in zeolite frameworks is affected by many factors such as Si/Al ratio, pH value 

or water content. At high Si/Al ratios and high water content (e.g., at hot liquid water 

conditions) the desilication is more likely in zeolites, while the dealumination is favoured at 

low Si/Al ratios under steaming or acidic liquid water conditions
38

. On the other hand, the 

desilication is preferred over dealumination in the alkaline water solution
31

. The selective 

desilication of the framework reduces the Si/Al ratio and changes the properties related to the 

Si/Al ratio of the zeolite, such as cation exchange capacity and catalytic activity
39

. In addition, 

selective desilication in mild alkaline water solution can also produce regular mesopores in 

the framework without substantially changing the framework structure
34, 40-42

.  For example, 

Groen et al.
34

 analyzed the mesoporosity of alkali-treated zeolite MFI at different Si/Al ratios 

and they found that the optimal range of Si/Al ratio for the formation of controllable 

intracrystalline mesopores by desilication is 25-50, while lower Si/Al ratios impede the silicon 

etching, whereas too high Si/Al ratios result in uncontrolled framework decomposition and 

loss of crystallinity.  

Dealumination post-treatment is a method of adjusting the aluminum concentration and the 

relative concentrations of different types of aluminum-based reactive centers (mostly 

characterized as either Lewis or Brønsted acid sites) in aluminosilicate zeolites. The 

representative technological process for dealumination is steaming (i.e., exposing zeolites to 

water steam at high temperatures), which is a common method for modifying the acidic 

properties, stability, and textural features of zeolites, and is widely used in the production 

process of industrial aluminosilicate zeolites catalysts
31, 43-44

. The state of aluminum in the 

zeolites strongly affects its performance in many important catalytic processes, hence, the 

character of aluminum species created during the dealumination process has been extensively 

studied both experimentally and theoretically
45-52

. Dealumination creates a manifold of Lewis 

acid sites (LAS) that are associated with the zeolitic catalycic activity
48, 53-54

. Although the 

details of Brønsted acid sites (BAS) in zeolites are well established, the details of LAS, that 

are expected to involve flexible aluminum coordinations between the tetrahedrally 

coordinated aluminum Al(Td) and octahedrally coordinated aluminum Al(Oh), are not 

comprehensively understood at present
43

. Experimentally, steaming treatment of H-BEA
49

 

and H-MOR
46

 have confirmed that Al(Oh) species can be formed at laboratory temperature, 

with NMR chemical shifts for Al(Td) and Al(Oh) being found at 50-60 and 0 ppm in 
27

Al 

MAS NMR, respectively. It is assumed that there are two types of Al(Oh) species: the extra-
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framework one and the framework-associated one, and the latter type can reversibly switch its 

coordination between Al(Td) and Al(Oh) under certain conditions. For example, van 

Bokhoven et al.
49

 found that Al(Oh) in zeolite Beta can be quantitatively converted into Al(Td) 

when the temperature is higher than 395 K. Although both Al(Td) and Al(Oh) species are 

generally confirmed by experimental spectroscopic fingerprints, their structures and inter-

conversion pathways at the atomic level are still unclear. 

1.3 Hydrolysis mechanisms 

The hydrolysis mechanism of zeolite has attracted a lot of detailed experimental and 

computational investigations in recent decades
31

. The experimental aspects studied the zeolite 

stability under aqueous or steaming conditions by many experimental techniques, in 

particular, powder X-ray diffraction (PXRD), X-ray absorption spectroscopy (XAS), atomic 

absorption spectroscopy, magic angle spinning solid-state nuclear magnetic resonance (MAS 

NMR), infrared spectroscopies (IR), scanning electron microscopy (SEM), and gravimetric 

and volumetric analysis. For instance, Ravenelle et al.
55

 investigated the hydrothermal 

stability of zeolites Y and ZSM-5 with different Si/Al ratios in hot liquid water (150 and 

200 °C) using different experimental techniques to detect structural changes. They found that 

the zeolite hydrolysis is strongly dependent on the framework type. Zeolite Y has been shown 

to be hydrolytically rather instable with instability increasing with increasing Si/Al ratio.  It 

was amorphized when the Si/Al ratio was greater than 14 at 200 °C, with the Si-O-Si siloxane 

bonds rather than Al-O-Si bonds being predominantly hydrolyzed. In contrast, ZSM-5 zeolite 

remained stable under the same conditions. Later, Agostini et al.
56

 investigated dealumination 

of NH4-Y zeolite by in situ XAS and PXRD. They found that water starts to re-adsorb at 

about 500 K and that the dealumination process takes place predominately only after the 

water re-adsorbtion during the cooling and that only a small fraction (<10%) dealumination is 

taking place during the heating. 

Zeolite hydrolysis mechanisms have been intensively studied computationally, especially the 

mechanism of desilication and dealumination
7, 31, 54, 57-63

. Most studies focused on low water 

concentration conditions, at which typically only a single water molecule reacts with the 

framework in each hydrolysis step. The typical hydrolysis process is the one in which a single 

T site is removed from the framework with four T-O-T bonds broken forming a silanol nest 

and  an extra-framework species, e.g.,  Si(OH)4 or  Al(OH)3•H2O. For instance, Malola et al.
59

 

performed density functional calculations to investigate the detailed reaction paths for zeolite 
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desilication and dealumination mechanism by the sequential addition of single water molecule 

at each step of the reaction (see Figure 1.3a). They found that dealumination is the least 

activated of the two, but both dealumination and desilication showed unfeasibly high barriers 

(e.g., for the Q
4
→Q

3
 step the barrier were 260 kJ mol

-1
 for dealumination and 300 kJ mol

-1
 for 

desilication), due to the choice of mechanism, which involved formation of a highly unstable 

vicinal disilanol intermediate. Silaghi et al.
60

 discovered a new more feasible mechanism (see 

Figure 1.3b) for the first step of dealumination and calculated the activation energy to be in 

the range of 76-125 kJ mol
-1

 depending on T site and the zeolite in question. The following 

work of Silaghi et al.
64

 confirmed similar activation energies for further steps of the stepwise 

low-water dealumination process for multiple zeolites and multiple T sites. The most 

activated part of these steps is an equatorial step in which the water binds to the T atom, 

dissociates with the hydrogen atom from the water (Hw) being transferred to the framework 

oxygen (Of), and then the equatorial T-O bond is broken (see Figure 1.3b). Equatorial 

mechanism has been proposed earlier for silica surfaces
65

, i.e., in the context of desilication, 

in computational studies using cluster models. The most relevant in the current context were 

the studies of  Pelmenschikov et al.
58, 63

 investigating the single water molecule attacks on the 

Si-O-Si bonds. The hydrolysis barrier for the first step, i.e., for the Q
4
Si→Q

3
Si transformation, 

is 205 kJ mol
-1

 and it ends up with the formation of an unstable Q
3
Si product with two 

neighboring silanols in an orientation favoring reverse reaction. The subsequent hydrolysis 

steps required lower barriers than the first hydrolysis step (down to 75 kJ mol
-1 

for 

Q
1
Si→Q

0
Si step), and it was related to the decrease in local framework rigidity decreases. In 

summary, under neutral conditions, the zeolite hydrolysis under low-water conditions is 

expected to proceed via the equatorial mechanism
58, 63-70

. 

There have been only few investigations which consider the role of water cooperativity on the 

mechanism of zeolite hydrolysis
7, 61-62

. Using silica cluster models Cypryk and Apeloig
66

 

showed that a new mechanism of the Si-O-Si bond hydrolysis is possible, with lower barriers 

and more stable products when several water molecules are involved in the process. Recently, 

Nielsen et al.
62

 investigated the dealumination at steaming conditions in periodic zeolite 

models considering up to three water molecules taking part in the Al-O-Si bond hydrolysis, 

showing that the water cooperativity is able to modestly decrease the activation barriers by up 

to 20 kJ mol
-1

. Taking it a step further in our group, Heard et al.
7
 employed a fully solvated 

CHA model to study the first step of desilication with biased ab initio molecular dynamics at 

ambient conditions (300 K) and discovered a new favorable desilication mechanism, the axial 
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mechanism (see Figure 1.3c). In the axial mechanism the proton from the water attacking the 

silicon atom is shuttled via Grotthuss-type mechanism through a water chain (including 4-5 

water molecules) to the axial framework oxygen, breaking the Si-O-Si bond and inverting the 

SiO3OH tetrahedron. The free energy activation barrier for the breaking of the first Si-O-Si 

bond is as low as 65 kJ mol
-1

, which indicates that the aluminosilicate zeolites are labile even 

at ambient conditions. Therefore, under high water loading conditions, water cooperativity 

can introduce new favorable hydrolysis mechanisms and considering the role of water 

cooperativity is essential for understanding the zeolite hydrolysis process. 

 

 

Figure 1.3: Summary of the hydrolysis mechanisms reported in the literature. a) The 

schematic diagrams for dealumination (left) and for desilication (right) in zeolite Y by 

formation of vicinal disilanol intermediates. Reproduced with permission
59

. Copyright 2012, 

John Wiley and Sons. b) The reaction scheme of an Al−O(H) bond breaking in MFI initiated 

by the water adsorption on Al. Reproduced with permission
64

. Copyright 2016, Elsevier. c) 

The axial mechanism for fast room temperature partial zeolite hydrolysis in H-CHA under 

high-water conditions. Adapted with permission
7
. Copyright 2019, Springer Nature. d) The 

schematic illustrations of reaction paths of the desilication process in alkaline conditions via 

the SN2 mechanism. Reproduced with permission
71

. Copyright 2015, American Chemical 

Society. 
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While the zeolite hydrolysis mechanisms at neutral conditions are being currently extensively 

investigated, the hydrolysis mechanisms under alkaline conditions are still poorly understood 

at present. At alkaline conditions, the existence of OH
− 

generating species (such as NaOH) 

can reduce the reaction barrier and enhances the hydrolysis of silicates
40-42, 69

. However, there 

are very few studies that consider the role of NaOH in the hydrolysis process. The sodium ion 

has relatively large volume and has a strong affinity for water molecules. The first hydration 

shell of Na cation is consisting of approximately 5 water molecules
72

, which corresponds to 5 

waters/cage in small-pore zeolite CHA in the high water loading conditions (water density is 

about 1 g cm
-3

)
7
.  In addition, the position of the cation in framework will directly affect the 

properties of the zeolite, such as ion exchange and catalytic performance. For the zeolite with 

D6R, the Na cation tends to occupy the face of the six-membered ring site under the 

anhydrous condition
73-74

. Hence, the presence of Na cations is likely to have an effect on 

hydrolysis reaction mechanism, either directly or indirectly through its role as a water 

adsorption center, and the presence of Na cation on quartz surfaces has been shown to 

stabilize activated Si complexes
65

. Some works have explored the relationship between pH 

and desilication rate
58, 63, 65, 69, 71, 75

, however, most calculations used the silica cluster model 

and did not consider the effect of explicit solvent and explicit base molecules (only OH
−
 

attack). Such models are helpful for understanding possible reaction routes
75

, however, the 

ignorance of the solvent, explicit base molecules and cluster confinement effects makes the 

accuracy of those models questionable. For NaOH desilication reactions, only a few studies 

have explicitly evaluated the presence of the cation
65, 71

. Tamada et al.
65

 used a cluster model 

to investigate the NaOH-catalyzed desilication on the surface of quartz, and found that the 

presence of sodium ions can stabilize activated Si complexes. However, the sodium ions did 

not participate in the hydrolysis reaction and it was not examined whether NaOH could 

directly split the siloxane bonds. The direct NaOH attack on Si-O-Si bond at the surface of 

zeolite ZSM-5 was explored by Zhai et al.
71

. Their mechanism is stepwise deprotonation of 

silanol groups by SN2 attack by OH
− 

anion, causing the scission of Si-O-Si bond into adjacent 

Si-OH and Si-ONa
+
 fragments (see Figure 1.3d). This mechanism is characterized by very 

low reaction barriers, but it ignores the influence of solvent and assumes large NaOH 

consumption, which is a reactant rather than a catalyst. All previous investigations also 

focused on hydrolysis mechanism starting at the zeolite surfaces, however, previous research 

shows that selective desilication hydrolysis occurs also at zeolite interior, particularly at the 

internal silanol defects
76

. Overall, the role of bases at the atomistic level, in accelerating the 

desilication of zeolites is still quite unclear at present.  
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Vast majority of previous studies focused on atomistic scale understanding of the hydrolysis 

process in aluminosilicate zeolites. However, only a few studies have investigated the reactive 

interaction of water in other heteroatom-substituted zeolites, such as Sn- and Ti-substituted 

zeolites
77-80

. For Ge-substituted zeolites, for which the degermanation mechanism is a key 

step to predicting the behavior of ADORable zeolites under hydrolytic conditions, the 

hydrolysis mechanism has not been studied computationally at all so far. Some calculations 

have analyzed the distribution of germanium atoms in BEC and UTL zeolites and they found 

that Ge preferential occupies the T-sites in D4R
37, 81-83

. Furthermore, density functional theory 

(DFT) calculations predict that Ge atoms prefer to form clusters compared to the separated 

configuration in D4R unit
37, 82

, but the synergistic effect of Ge clusters on its hydrolytic 

stability is still unclear. In addition, those few investigations are limited by various factors 

such their focus on low-water conditions, neglect of temperature effects, and the static nature 

of those calculations, which miss the dynamical effects that are expected to be important as 

shown for hydrolysis of aluminosilicate zeolites (see above). Hence, the research on the 

hydrolysis mechanisms of other heteroatom-substituted zeolites than aluminosilicates is still 

far from being complete at present. 

1.4 The significance, aim and content of this study 

Nowadays, the development of petrochemical industry is facing the huge challenge of 

resource shortage. The use of new processes, new technologies, new materials, and the pursuit 

of energy savings and consumption reduction in petrochemical processes have become an 

inevitable trend in petrochemical development. At the same time, the development of new 

processes for preparing petrochemical products from coal, natural gas, and biomass to solve 

the problem of resource shortage has been a research hotspot in recent years. In addition, 

cleaner production, environmental protection, and greenhouse gas emission reduction and 

conversion are also research focal point. By addressing these new demands, zeolite catalysts 

are faced with many problems and challenges, such as how to further improve the 

performance and efficiency of the catalyst, whether the design and synthesis of the zeolite can 

be controlled, how to further reduce the cost of the synthesis, and how can be zeolites applied 

in new fields. Given the fundamental importance of hydrolysis processes in zeolite catalyst 

upgrading, understanding zeolites hydrolysis mechanism is of great significance in terms of 

catalysis and zeolite science.  



11 
 

Many intriguing experimental techniques are used to study the structure, stability and catalytic 

activity of zeolites. However, predominantly only the macroscopic properties of the 

(catalytical) reactions in zeolites can be obtained in experiments. The formation mechanism of 

the catalyst itself, the specific distribution of acid centers, the structure and energy 

characteristics of the transition states in the catalytic reaction and other microscopic 

information cannot be easily obtained from experiments, so theoretical calculation methods 

must be used. Quantum chemical calculations can analyze the structure of the catalyst at the 

atomic level, describe the adsorption, diffusion, reaction and desorption process of the 

reactants during the catalytic reaction. This microscopic information can be compared with 

the experimental observables to obtain a deeper and more comprehensive understanding of 

the entire reaction process, which in turn can assist in designing of improved catalysts in the 

actual chemical production. 

The aim of this study is to design a simulation that would have a high overlap with the 

experimental set-up and investigate systems of high complexity under realistic conditions. 

Using biased ab initio molecular dynamics (AIMD) one can obtain accurate free energy 

pathways from reactants to products under realistic conditions. We intend to systematically 

study zeolite hydrolysis mechanism under realistic conditions, with an explicit consideration 

of temperature, solvation, and pH effects. Various hydrolysis mechanisms under different 

reaction conditions were analyzed. The main research content of this study includes: 

(1) We focus on charting the disassembly pathways of germanosilicate UTL and uncovering 

the role of water and germanium content on hydrolysis at the atomic scale. The non-reactive 

water physisorption and the reactive water chemisorption on the zeolite framework are 

investigated. The mechanisms of the hydrolysis step are examined sequentially for different 

germanium concentration in both the low-water conditions (single water in the unit cell) and 

the high-water conditions (zeolite pores filled with water at the density ~ 1 g cm
-3

). Through 

systematic calculations and analysis, we identify the modes of interaction between water 

molecules and the UTL framework under different conditions, clarify the role of water 

molecules and Ge concentration in the hydrolysis process, and identify the specific hydrolysis 

mechanisms with their corresponding reaction energies along the energetically favorable 

reaction routes. 

(2) We are concerned about the atomistic understanding of mechanism of selective 

desilication of zeolites under alkaline conditions. We investigate the hydrolysis mechanism in 
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the interior pores of the zeolite under neutral and alkaline conditions. Starting from the 

pristine silicious zeolite CHA model, we considered several different hydrolysis mechanisms 

and classified them according to the different roles the water and NaOH can take on in the 

mechanisms such as them being reactants, spectators or catalysts. For all mechanisms, we not 

only consider low-water conditions but explore the influence of the increased water loading, 

i.e., the hydrolysis taking place under microsolvation conditions. We analyze the role of water 

molecules and NaOH in the hydrolysis process, understand the cooperative mechanisms at 

play, and define the likely reaction routes under different reaction conditions. 

(3) We focus on determination of the nature of up-to-now obscure framework-associated 

octahedrally coordinated aluminum Al(Oh) in CHA zeolite. The computational investigation 

is carried out on a CHA model that as closely as possible matches the experimental conditions 

including high water concentration (Si/Al = 3 with six water molecules per unit cell). The 

structural properties and formation path at ambient conditions of framework-associated Al(Oh) 

is described in detail. The factors influencing the formation and stability of framework-

associated Al(Oh) are determined first and their role is evaluated. These factors include Si/Al 

ratio (proxy to the Brønsted acid sites (BAS) concentration), distance between framework Al 

atoms, and water concentration.   
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2. Methods and models 

2.1 Methods 

2.1.1 Density functional theory (DFT) 

DFT is a method of ab initio calculations. The basic idea of ab initio calculations is to solve 

the Schrödinger equation by numerical calculations, to obtain the properties of the molecular 

or periodic systems. This method can reasonably calculate almost all the ground state 

properties of the molecular or periodic systems using only a few physical constants as an 

input (such as the speed of light, the mass and charge of electrons and nuclei, Planck's 

constant, etc.) and this calculation method does not need to rely on any experimental 

parameters or on any system-specific parametrizations. DFT, in its Kohn-Sham formulation 

(see below), has been successfully used to describe the behavior of atoms, molecules, 

surfaces, crystals systems and their interactions
84-85

. It can provide sufficiently high 

computational accuracy at manageable computation cost (typically scaling as O(N
3
) with the 

system size) and is able to routinely treat systems with high hundreds of atoms. The 

theoretical foundations of DFT are based on the Hohenberg–Kohn theorems which state that 

all observable properties of a ground state system are determined by the electron density  

ρ(𝑟) = N ∫ … ∫|Ψ(𝑋⃗1, 𝑋⃗2, … , 𝑋⃗𝑁)|
2

𝑑𝑠1𝑑𝑋⃗2 … 𝑑𝑋⃗𝑁                                 (2.1) 

and access to the true N electrons wave function  Ψ(𝑋⃗1, 𝑋⃗2, … , 𝑋⃗𝑁) is not necessary. The 

electron density is easier to handle both conceptually and in the practical applications.  

Hohenberg - Kohn Theorems 

Two Hohenberg - Kohn theorems give the theoretical basis for using electron density as the 

basic variable to determine the physical observables of the multi-electron systems
86

 :  

H-K theorem 1: For any electronic system in an external potential, 𝑉𝑒𝑥𝑡(𝑟) is a unique 

functional of 𝜌0. It means that there is a unique mapping between the ground state density 

𝜌0(𝑟) and the ground state energy E0. 

E0(𝜌0) = ∫ 𝜌0(𝑟)𝑉𝑒𝑥𝑡𝑑 𝑟 + 𝐹𝐻𝐾[𝜌0]                                              (2.2) 

𝐹𝐻𝐾[𝜌0] is Hohenberg-Kohn functional, it is the sum of the kinetic energy and the electron-

electron repulsion operator.  
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H-K theorem 2: The energy functional E[𝜌̃] is for any valid trail density always larger than the 

one for the ground state density. The E[𝜌̃] will give the lowest energy of the system only if the 

𝜌̃ is a true ground state density. 

E[𝜌̃] ≥ 𝐸0[𝜌0]                                                               (2.3) 

H-K theorems guarantee that the total ground state energy of any multi-electron system can be 

uniquely determined by the charge density and, having access to the exact H-K functional, 

they provide us with a variational expression to obtain true ground state density. However, the 

exact form of 𝐹𝐻𝐾[𝜌0] is unknown and hence such variational expression is not of practical 

importance. 

Kohn-Sham theory 

The main idea of the Kohn-Sham theory is to introduce a non-interacting reference system 

that has the same ground state density as the interacting system, splitting the kinetic energy 

functional into interacting and non-interacting part. The non-interacting part can be evaluated 

accurately using orbitals, and it constitutes the major part of the kinetic energy. The 

interaction between electrons is described by an effective (local) external potential (i.e., 

assuming non-interacting reference system representability), with majority of terms (with 

respect to the size of their contribution to total potential/energy) having known forms, and the 

complicated interactions of the unknown exact form all placed in the exchange-correlation 

functional E𝑋𝐶[𝜌]:  

E𝐷𝐹𝑇[𝜌] = 𝑇𝑆[𝜌] + 𝐸𝑛𝑒[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌]                                  (2.4) 

E𝑋𝐶[𝜌] = (𝑇[𝜌] − 𝑇𝑆[𝜌]) + (𝐸𝑒𝑒[𝜌] − 𝐽[𝜌]),                                 (2.5) 

where 𝑇𝑆[𝜌] is the kinetic energy of non-interacting reference system, 𝐸𝑛𝑒[𝜌] is the electron-

nucleus interaction energy,  𝐽[𝜌] is the classical Coulomb repulsion, with E𝑋𝐶[𝜌] containing 

the residual part of kinetic energy, electron exchange and electron correlation. 𝑇[𝜌] is the 

kinetic energy of interacting system, and 𝐸𝑒𝑒[𝜌] is the electron-electron interaction energy. 

Applying variational principle to Kohn-Sham functional along with constrain on the 

orthonormality of the Kohn-Sham orbitals leads to one-electron Kohn-Sham equations which 

need to be solved in a self-consistent iterative way. The general procedure can be expressed as 

shown in Figure 2.1: First, one obtains a trial charge density, from which the initial 

Hamiltonian can be constructed. Second, one solves the Kohn-Sham equations obtaining the 
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Kohn-Sham orbitals from which an updated electron density is calculated. This process is 

then iterated until convergence. The converged electron density (and orbitals) can be then 

used to calculate the energy and other properties (e.g., force) of the system. 

 

 

Fugure 2.1: The scheme of the Kohn-Sham self-consistent iterations
87

. 

 

Exchange-correlation functional 𝐄𝑿𝑪[𝝆] 

The exact form of the E𝑋𝐶[𝜌] is unknown in general. Therefore, approximating the form of 

the E𝑋𝐶[𝜌] has become a very important factor restricting the development of DFT. Many 

approximate expressions of E𝑋𝐶[𝜌]  have been proposed (local density approximation, 

generalized gradient approximaiton, meta-GGA functionals, hybrid funtionals, etc.) which 

enable DFT to reach accuracy similar or better than that of Hartree-Fock method at the 

comparable cost
85, 88

. The most computationally efficient approximations are the Local 

Density Approximation (LDA)
89-91

 and Generalized Gradient Approximation (GGA)
92-94

, with 

the latter being the most popular approximation within the DFT framework. 

Under the LDA approximation, the E𝑋𝐶[𝜌] can be expressed in the following form: 
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𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝑟)𝜀𝑋𝐶(𝜌(𝑟))𝑑𝑟  ,                                              (2.6) 

where 𝜌(𝑟) is the electronic density and 𝜀𝑋𝐶(𝜌(𝑟)) is the exchange-correlation energy per 

particle of a uniform electron gas of density 𝜌(𝑟). 

The core idea of LDA is that we can divide a multi-electron system into an infinite number of 

volumetric microelements dV and assume that exchange correlation energy of each 

volumetric microelement is the same as if the microelement was a part of the uniform electron 

gas with the density  𝜌(𝑟) at a given point 𝑟. The expressions for the 𝜀𝑋𝐶(𝜌) for the uniform 

electron gas are known analytically for exchange term or can be very accurately obtained 

from interpolation of numerical results for correlation term. LDA was found, somehow 

surprisingly, to provide good accuracy not only when the electron density changes slowly 

with the spatial coordinates, e.g., for metals, but work at least qualitatively also for molecular 

systems, which was related to the LDA exchange-correlation holes satisfying most of exact 

constraints (such as sum rules)
84

. 

The early proposal of LDA was an important step in DFT. However, in typical applications, 

the local electron density will change with spatial coordinates. In order to improve over the 

shortcomings of LDA, later approximations considered the gradient of the electron density 

∇𝜌(𝑟) to affect the exchange correlation term. Including the nonuniform electron density in 

the expression of the exchange correlation functional, GGA expression is as follows:  

𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑋𝐶(𝜌(𝑟)), |∇𝜌(𝑟)|𝑑𝑟                                      (2.7) 

In general, GGA improves over LDA across the board at a cost of negligible increase in 

computational time and is still an approximation of choice for majority of applications in the 

material science field. All calculations in this dissertation are performed using exchange 

correlation functional at the GGA level of approximation. 

2.1.2 Semi-empirical dispersion-corrected DFT (DFT-D) 

Most quantum mechanical electronic structure calculations are based on DFT. DFT has 

achieved great success in many respects. Nevertheless, there are some challenges such as the 

correct description of the dispersion forces (part of intermolecular interactions)
95-96

. The 

leading term of dispersion interactions (for non-overlapping densities) is given by the (C6/R
6
) 

dependence on the atomic distance, where the C6 is the pair-specific dispersion coefficient, 

which determines the strength of the interaction. However, standard DFT approximations 
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(such as LDA or GGA) does not have a correct attractive long-range dispersion R
-6

 limiting 

behavior, hence, most standard DFT functionals provide a purely repulsive interaction 

between rare gas atoms. 

 

 

Figure 2.2: Summary of the dispersion corrections methods in DFT. Reproduced with 

permission
97

. Copyright 2011, John Wiley and Sons. 

 

Many different dispersion correction methods
97-99

 have been proposed, which can be roughly 

grouped into four classes as shown in Figure 2.2. Among them, the most popular and 

computationally efficient is the (semi)empirical DFT-D group of methods proposed by 

Grimme et al.
97, 100-101

, which accounts for dispersion interaction by adding terms of a general 

form: 

𝐸𝑑𝑖𝑠𝑝
𝐷𝐹𝑇−𝐷 = −

1

2
∑ ∑ 𝑆𝑛

𝐶𝑛
𝐴𝐵

𝑅𝐴𝐵
𝑛𝑛=6,8,10,…𝐴≠𝐵 𝑓𝑑𝑎𝑚𝑝(𝑅𝐴𝐵)                          (2.8) 

Where Cn
AB

 denoted the nth-order (n= 6, 8, 10, …) dispersion coefficient for the atom pair 

AB, RAB represents the distance between AB atoms, and Sn are the scaling factors. 

The important ingredient in all DFT-D methods is the damping function  𝑓𝑑𝑎𝑚𝑝. The damping 

function is used to adjust the behavior of dispersion correction in the short- and mid-range 

distance to avoid double-counting problem as standard exchange correlation functional can 

account for part of this short- and mid-range dispersion. All calculations in this work used 

dispersion correction method termed D3
100

, with Becke-Johnson damping
101

 (DFT-D3(BJ)). 
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2.1.3 Ab initio molecular dynamics (AIMD) 

Most of the so-called static (ab initio) calculations explore a very small subset of mostly 

critical points (minima, transition states, etc.) of the system’s potential energy surface (PES) 

which can be expected to be sufficient for simple systems (e.g., crystals of hard matter, simple 

catalytic reaction, etc.) in ultra-high vacuum (UHV) conditions. However, for complex 

systems under realistic conditions, such as zeolites in interaction with reactive liquid at 

elevated temperatures investigated herein, much broader sampling of the PES, ideally with a 

correct Boltzmann weight (i.e., sampling of the free energy surface) is necessary
102

. 

Molecular dynamics (MD) simulations can achieve exactly that, describing the equilibrium 

structures of a system of interest at various temperatures and even being able to track the 

transformation processes, if either the MD is run for long enough time or if it is biased 

towards the transformation (see Section 2.1.5 below). Starting from the initial configuration, 

the MD numerically propagates the system in time (using finite time step) according to the 

Newton's equations of motion: 

−
𝑑𝑉

𝑑𝑟
= 𝑚

𝑑2𝑟

𝑑𝑡2                                                                  (2.9) 

Where 𝑉 is the potential energy at position 𝑟, the vector 𝑟 contains the coordinates for all the 

particles, the 𝑡 is time. 

The interaction between atoms (and the force between atoms) can be calculated by different 

methods. Our AIMD method of choice is the Born-Oppenheimer MD (BOMD), in which the 

nuclei are treated classically (i.e., using equation 2.9) and the interaction between the atoms 

are treated quantum mechanically, using DFT method in our case
85

. This means that at each 

time step one need to convergent the Kohn-Sham wave function and calculate the 

corresponding forces on atoms. These forces then determine the acceleration of the atom and 

allow the coordinates and velocities of the atom to pass to the next time step. Repeating this 

process many times will produce a series of configuration snapshots, which describe the 

trajectory of the system in phase space. The AIMD simulation is a good method to study the 

zeolite framework and its interaction with adsorbed molecules at complex conditions. The 

AIMD can also be used to study the time-dependent dynamic properties of the system, such as 

diffusion coefficients, reaction/transformation kinetics, etc. In recent years, this method has 

become one of the most advanced and important methods of computational simulations, 

however, it is still quite costly and hence the typical AIMD runs nowadays are limited to tens 
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or low hundreds of picoseconds. 

2.1.4 Climbing image nudged elastic band method (CI-NEB) 

The nudge elastic band (NEB) method is one of the chain-of-states search methods for finding 

transition states
103-104

. The transition state structure refers to the highest point (saddle point) of 

energy on the reaction path on the potential energy surface (PES), which connects the 

structure of the reactant and the product through the minimum energy path (if it is a multi-step 

reaction, besides reactants and products it also includes intermediates). This method inserts a 

series of structures between the reactant and the product. A total of P-1 points (structures) is 

inserted, the reactant number is 0, and the product number is P, keeping the 0 and P points 

stationary, and the other points are affected by the force from the PES and the springs force 

along the band connecting neighboring points. Following the constrained optimization 

maintaining the equal spacing between the points, the points at the end of the optimization 

describe the minimum energy path on the given PES.  

 

Figure 2.3: The schematic diagram of CI-NEB method to calculate the transition states. 

 

The CI-NEB
105-106

 is an improved method with small modification to the original NEB 

method. As shown in Figure 2.3. The key difference between CI-NEB and NEB is the 

definition of the force on the point with the highest energy, i.e., on the tentative transition 

state: in CI-NEB, this point will not be subjected to the spring force of the adjacent point to 

avoid the position being pulled away from the transition state, and the true potential energy 
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component along the tangent is reversed. This method requires only a few points between the 

initial and final states to accurately locate the transition state. It is one of the most efficient 

and popular methods to locate the transition states. 

2.1.5 Slow growth and thermodynamic integration methods (SG and TI) 

On the time scales accessible to the AIMD, the chemical reactions are considered rare events. 

Hence, the MD typically needs to be biased along a low-dimensional representation of a 

chemical reaction/transformation in an atomic structure space, i.e., along the reaction 

coordinate or also known as collective variable (CV), to accelerate sampling of these 

improbable events. Slow growth (SG)
85, 107

 and thermodynamic integration (TI)
108

 methods 

allow us among other things, to extract free energy profiles from these biased MD runs. In the 

SG the transformation between two systems A and B is broken up into a series of smaller 

intermediate steps using a coupling parameter λ, i.e., the scaled CV equivalent, with λ taking 

on values from 0 to 1. The energy of the system can be written as a general function of λ: 

E(λ) = λ𝐸𝐵 + (1 − 𝜆)𝐸𝐴                                                 (2.10) 

The free-energy difference between two systems A and B can be calculated by assuming that 

at every simulation step the Hamiltonian is infinitesimally perturbed in λ： 

〈A〉𝐵 − 〈A〉𝐴 = lim𝑑𝜆→0 ∑ (𝐸𝜆+𝑑𝜆 − 𝐸𝜆)1
𝜆=0                                   (2.11) 

One may imagine this change to be realized during a single simulation by continuously 

changing λ slightly in each time step (𝑑𝜆 → 0), making the energy difference in any given 

interval arbitrarily close to zero. For the proper convergence, this method requires that the 

increase of λ is slow enough to ensure that the system essentially remains at equilibrium at all 

times. However, in this thesis, the SG calculations only provides us with the initial trial free-

energy pathways (typically providing upper bounds to free energy barriers and reaction 

energies due to rather fast and thus non-equilibrium nature of the pulling force) and the initial 

trial structures connecting reactants to products. These are later refined using the TI method.  

In the TI method, the reaction coordinate is again approximated by a parameter λ, i.e., the CV.  

The free-energy difference between two systems A and B can be calculated by an ensemble 

average of free-energy gradient at a constrained value of λ and integration over λ, as shown 

below:  
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〈A〉𝐵 − 〈A〉𝐴 = ∫ 〈
𝜕𝐹

𝜕𝜆
〉 𝑑𝜆 ≈ ∑ 〈

𝜕𝐹

𝜕𝜆
〉𝜆 Δ𝜆 1

𝜆=0
1

0
                               (2.12) 

The free-energy gradient with respect to λ is evaluated at fixed values of λ, and the integral 

may be approximated by a discrete sum. This process is defined as the thermodynamic 

integration method
108

. The choice of proper collective variable(s) which reasonably 

approximates the reaction coordinate is a crucial point in all biased MD methods and 

represents itself an active field of research
109-110

.  

2.1.6 Calculations details 

For all calculations within this work, we used plane-wave density functional theory (DFT) 

implementation within the Vienna Ab initio Simulation Package (VASP 5.4 code)
111-114

. The 

projector-augmented-wave (PAW) method is used to describe the core electrons, and the 

Perdew–Burke–Ernzerhof (PBE) exchange correlation functional
92

 (a GGA type) is employed 

throughout. To capture the dispersion interactions, which are known to be important in 

zeolites
115-116

, the (semi)empirical dispersion correction termed DFT-D3
100-101

 with Becke-

Johnson damping is added. The plane wave cutoff energy is 400 eV and only gamma point k-

point sampling is used in all calculations. We fully relax positions of all the atoms in the 

studied systems until the force on each atom is less than 0.01 eV Å
-1

, and the corresponding 

energy convergence standard is 10
−6 

eV per unit cell. Atomic charges were estimated via the 

crystal orbital Hamiltonian population method as implemented within the LOBSTER code.
117

 

The ab initio molecular dynamics (AIMD) simulations were always run in the canonical 

(NVT) ensemble with a time step of 0.75 fs with hydrogen atoms mass-reweighted to tritium 

to enable longer time steps. The target temperature used for the nGe-UTL model (see section 

2.2.1) is 370 K, which corresponds to the most common hydrolysis temperature during the 

experiment. The target temperature used for the CHA model is 300 K. The temperature value 

is controlled by the Nosé-Hoover thermostat
118

.  

The constrained MD simulations combined with TI
108

 are applied to determine the Helmholtz 

free energy barriers and reaction energies. The appropriate collective variables (CVs) are 

selected based on assumed reaction mechanisms and are typically formed by a combination of 

bond distances describing formation and breaking of the chemical bonds during the 

transformation process (see examples in Figure 2.4.).  For the nGe-UTL model (see section 

3.1) the CVs used for various mechanisms are described in Figure 2.4 (bonds taking part in 

CV are highlighted in red and CVs’ formulas added below the reaction schemes). Initial 
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configurations for the biased MD runs were extracted both from the equilibrated AIMD 

simulations for reactants/products and the approximate slow growth (SG) simulations along 

the reaction profile defined by the CV. Then the TI simulations were employed to generate 

Helmholtz free energy gradients at a set of 15 to 35 configurations, which were selected along 

the SG trajectory fixing the value of the CV at each configuration. A total of (at least) 10 000 

steps in TI calculations was performed for each configuration with timestep 0.75 fs, and the 

average value of free energy gradients were obtained from the last (at least) 7000 steps. The 

final free energy profile was obtained through integration of the free energy gradient along the 

reaction path from reactant to product. 

 

Figure 2.4: Examples of the CVs employed to study different hydrolysis mechanisms. a) Ge–

Of cleavage within the axial mechanism. b) Ge–Of cleavage within the S2R mechanism. 

 

For the CHA model (see section 3.3) the coordination number between Al atom and the 

oxygens of water (Ow) was used as a CV:
 

𝐶𝑁 = ∑
1−(𝑑𝑖/𝑐𝑖)9

1−(𝑑𝑖/𝑐𝑖)14
6
𝑖=1                                                  (2.13) 

where 𝑑𝑖 is the distance of Al atom and the Ow oxygens and all 𝑐𝑖 coefficients were set to 2.3 

Å (i.e., an approximate cut-off value for the Al-Ow bond). The TI simulations were employed 

to generate Helmholtz free energy gradients at a grid of at least 45 (macro)states covering the 

transformation from reactant (BAS(4)) to product (LAS(6)) via two intermediate states. To 

improve TI convergence, the initial configuration of each (macro)state was constructed by 

using the last configuration from the TI calculation at a neighboring grid point combined with 

a very short SG simulation (approx. 100 steps with a step size of ±0.0005). The average value 
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of free energy gradients was calculated from at least 30 ps long TI calculations for each 

macro(state) using all the data points for ensemble averaging. 

For all static calculations, barriers were calculated by the CI-NEB method
105-106

. The 

energetics of reaction steps are described by reaction energy (Er) and reaction barrier 

(activation energy Ea). We make a distinction between intrinsic and effective barrier (𝐸𝑎
𝑖𝑛𝑡 and 

𝐸𝑎
𝑒𝑓𝑓

). The intrinsic barrier 𝐸𝑎
𝑖𝑛𝑡 refers to the energy barrier in an elementary reaction step that 

connects an initial state local minimum and a final state local minimum via a single transition 

state. The effective barrier 𝐸𝑎
𝑒𝑓𝑓

 is the overall relative height between the highest energy 

transition state and the reactant state along the multiple step reaction. These quantities are 

defined using the following equations: 

𝐸𝑟 = 𝐸𝐹𝑆 − 𝐸𝐼𝑆                                                      (2.14) 

𝐸𝑎
𝑖𝑛𝑡 = 𝐸𝑇𝑆 − 𝐸𝐼𝑆                                                   (2.15) 

𝐸𝑎
𝑒𝑓𝑓

= 𝐸𝑇𝑆∗ − 𝐸𝐼𝑆                                                  (2.16) 

Where the EIS is the total energy of the initial state, the EFS is the total energy of the final state, 

and the ETS is the total energy of the transition state in target reaction step.  ETS* is the highest 

energy transition state along the multiple step pathways from reactants to products. 

The water adsorption energies in zeolites were calculated via the following equation: 

𝐸𝑎𝑑𝑠 = 𝐸𝑧𝑒𝑜−𝑛𝐻2𝑂 − 𝐸𝑧𝑒𝑜 − 𝑛 ∗ 𝐸𝐻2𝑂                                  (2.17) 

Where 𝐸𝑧𝑒𝑜−𝑛𝐻2𝑂 is the total energy of water adsorbed in zeolites (UTL, CHA), 𝐸𝑧𝑒𝑜 is the 

total energy of the zeolite cell without water, 𝐸𝐻2𝑂 is the energy for a single isolated water 

molecule in the gas phase, and n is the number of adsorbed water molecules. 

The energy cost of removing one water molecule from the Al(Oh) species is calculated as 

follows: 

𝐸𝑟𝑒𝑚 = 𝐸𝐴𝑙(𝑂ℎ)_(𝑛−1)𝐻2𝑂 + 𝐸𝐻2𝑂 − 𝐸𝐴𝑙(𝑂ℎ)_𝑛𝐻2𝑂                                 (2.18)              

Where 𝐸𝐴𝑙(𝑂ℎ)_𝑛𝐻2𝑂 are the total energies of the Al(Oh) species with different amount of water 

in its vicinity and 𝐸𝐻2𝑂 is the energy for a single isolated water molecule in the gas phase. 
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2.2 Models 

2.2.1 Zeolite UTL 

The zeolite UTL model was obtained initially from the IZA database
11

. The UTL unit cell 

parameters were fully optimized using the purely siliceous framework and were subsequently 

fixed during all later calculations. The UTL models used in this work can be in general 

expressed using formula Si38-nGenO76 (n = 0, 1, 2, 3, 4, 8), termed as nGe-UTL models. The 

UTL models contains a total of 114 framework atoms with the following unit cell parameters 

a=16.29 Å, b=14.04 Å, c=12.44 Å, α=90.00°, β=103.80°, γ=64.46°. UTL has 12 symmetry 

inequivalent T atoms, however, we focused our studies only on subset of representative sites 

(following the IZA database notation, some T sites are depicted in Figure 2.5a). In the low-

water loading UTL model, only one water molecule is added to the nGe-UTL unit cell. In 

high-water loading model, following the IZA database value for the accessible volume 

fraction of 21.88% and assuming water density ~1 g cm
-3

 in the pores, 18 water molecules are 

added to the UTL channels. The initial structure of high-water loading system is obtained 

using the gromacs solvate module
119

, which overlaps the zeolite unit cell with the cubic box 

containing equilibrated bulk water molecules. The Figures 2.5b and 2.5c show representative 

structures of 8Ge-UTL model (all eight silicon atoms in the D4R are substituted by 

germanium atoms) with low- and high-water loading, respectively.  

 

Figure 2.5: a) The purely siliceous UTL structure and six representative T sites used in the 

study. b) The structure of 8Ge-UTL model with one water added. c) The structure of 8Ge-

UTL model at high-water loading. 
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2.2.2 Zeolite CHA 

The silicious chabazite (CHA) model was obtained from the IZA database
11

, and the cell 

parameters were subsequently re-optimized using the aluminosilicate model of CHA 

(Si/Al=11) with water molecules present in the framework
7
. CHA contains only one type of T 

site and each T site is connected to four inequivalent oxygen atoms (O1, O2, O3, O4 as 

marked in the Figure 2.6). Each oxygen atom is a part of three rings, O1 is a part of a 6-ring 

and two 4-rings, O2 is a part of one 4-ring and two 8-rings, O3 is a part of 4-ring, 6-ring and 

8-ring, and O4 is a part of an 8-ring and two 4-rings. Standard unit cell used in Section 3.2 is a 

supercell containing 36 T sites, as shown in Figure 2.6a. The final lattice parameters are: 

a=13.76 Å, b=13.81 Å, c=14.30 Å, α=90.05°, β=89.88°, γ=119.79°. The desilication process 

(Section 3.2) was studied sequentially, i.e., the T site was removed completely from the 

framework with four T-O-T bonds broken one at a time forming a silanol nest and an extra-

framework species. The hydrolysis mechanism was studied under varying water (from 1-15 

per unit cell) and NaOH (from 1-4 per unit cell) concentrations. The initial structure of high 

water loading (15H2O per unit cell) was also obtained via the gromacs solvate module
119

 (see 

section 2.2.1 above for details). 

 

Figure 2.6: a) The standard unit cell of CHA with one NaOH and two water molecules. b) The 

primitive cell of CHA with Si/Al=3 containing six water molecules. 

 

The model of CHA zeolite used in section 3.3 is the CHA primitive cell, which contains 12 T 

sites. The re-optimized unit cell parameters are: a=b=c=9.286 Å, α=β=γ=96.015°. 
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Calculations were performed with Si/Al ratios of 11 and 3. Figure 2.6b depicts a 

representative CHA structure with a Si/Al ratio of 3 containing six water molecules. Note, that 

there must be an Al-O-Si-O-Al pair in D6R due to topology reasons at Si/Al=3. For Si/Al=3 

we tested all possible proton sites and lowest energy configuration was chosen. We considered 

two different water loadings: 6 and 3 water molecules in the unit cell. The 6H2O/UC loading 

is in perfect agreement with the amount of water determined gravimetrically in the experiment 

at ambient temperature for CHA sample with Si/Al=3
120

.  
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3. Results 

3.1 Hydrolysis mechanism of germanosilicate zeolite UTL
121 

3.1.1 Low water and low Ge conditions 

The low Ge model corresponds to a UTL unit cell with one silicon atom substituted by a 

germanium atom, named 1Ge-UTL. The low water condition means that there is only one 

water molecule in the UTL channel system. Three types of T sites are investigated: the T sites 

located in D4R (T1 and T2), T site adjacent to D4R (T7) and T sites located in the UTL layer 

(T4, T8 and T12), as shown in Figure 2.5a. The adsorption energy of one water molecule in 

1Ge-UTL models is summarized in the Table 3.1. We have defined two types of water 

adsorption complexes. The first type is the O-down complexes, in which the water forms 

close Ge-Ow contacts with the minimum Ow-Ge distance in range of 2.34-2.83 Å. The second 

type is the H-down complexes, in which the water rather forms close contact with framework 

oxygens (Of -Hw), with the minimum Hw-Of distance in range of 2.04-2.52 Å. In general, the 

H-down complexes are less stable than O-down complexes by 5-10 kJ mol
-1

. The average 

water adsorption energy in 1Ge-UTL models is approximately only -28±6 kJ mol
-1

, which is 

consistent with the previously reported work for water adsorbing on Ge-BEA
122

. Interestingly, 

the water adsorption energy of 1Ge-UTL is not much improved compared with the pristine 

purely siliceous UTL (-19 kJ mol
-1

), which indicates that the isolated germanium does not 

have much affinity towards the water molecules. Therefore, we can conclude that pristine 

UTL with low concentration of germanium (Si/Ge >37) is almost as hydrophobic as the 

purely siliceous framework. 

Table 3.1: The adsorption energy (Eads see section 2.1.6 equation 2.17) of one water molecule 

on 1Ge-UTL models (Ge sitting at different T sites) and purely siliceous UTL. 

T sites O-down H-down 

1Ge All Si 1Ge All Si 

T1 -25 -- -20 -19 

T2 -30 -- -20 -18 

T7 -24 -- -17 -23 

T8 -22 -- -28 -34 

T4 -38 -- -29 -31 

T12 -- -- -22 -28 
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Although the pristine germanosilicate UTL appears hydrophobic, the scission of the Ge-O-Si 

bond can cause the formation hydrophilic groups such as silanols and germanols groups. We 

thus comprehensively investigated the hydrolysis of Ge-O bond in the 1Ge-UTL model. The 

hydrolysis of Ge-O bonds in low Ge conditions is initiated via an equatorial mechanism 

reported previously
63, 66-68, 70, 123

,
 
see Figure 3.1a, with the reaction barriers of at least 65 kJ 

mol
-1

 and rather unstable products (endothermic reactions with reaction energies above 33 kJ 

mol
-1

). We considered only three representative T sites (T1, T4, and T7). The hydrolysis of 

multiple symmetrically inequivalent Ge-O bonds for each T site were considered (see Figure 

3.1b-d). The equatorial mechanism starts with the approach of a water molecule to the Ge-O 

bond. The water oxygen (Ow) atom interacts weakly with the Ge atom, with a local minimum 

on the potential energy surface corresponding to adsorption (see previous section). A four 

center transition state is reached, in which a bond is formed between Ow and Ge, and a second 

bond is formed between water hydrogen (Hw) and the framework oxygen (Of) adjacent to Ge. 

These new bonds are formed as the intramolecular water O-H bond and the framework Ge-O 

bonds are weakened. The reaction is completed to form an unstable Q
3
Ge product, comprising 

of adjacent germanol and silanol groups. The germanol and silanol groups are well aligned to 

undergo the reverse dehydroxylation mechanism, which heals the framework and releases a 

water molecule
58, 63

. This facile dehydroxylation has been previously proposed to explain the 

slow kinetics of zeolite desilication. In addition, formation of similarly unstable (Er ~ 60 kJ 

mol
-1

) equatorial Q
3
Ge products was reported also for low-germanium Ge-BEC models

77
. 

The instability of the equatorial products lead us to consider alternative hydrolytic products 

and we found a stable Q
3
Ge product (Er = 2-14 kJ mol

-1
), the axial product, from which the 

further hydrolysis may proceed. The axial Q
3
Ge products are formed upon inversion of the 

Ge(-OH)(-OSi)3 tetrahedron at germanium atom accompanied by transfer of (Ge)-OH group 

to axial position with respect to initially adjacent silanol group (see  Figure 3.1a). Similar 

inversion mechanisms were reported earlier for tin-containing zeolites
78-79

. The inversion is 

not always favorable, in particular for the T sites located in the UTL layer, since for some of 

the symmetrically inequivalent Ge-O bonds (T1-(O1,O2), T4-(O15,O18,O19), T7-(O1,O19), 

the inversion ends up in germanol group being in large steric repulsion with the framework 

(see Figure 3.1b-d). In case of favorable inversion steps (T1-(O3,O4), T7-(O14,O21), the 

inversion is associated with the activation barrier of approx. 35-45 kJ mol
-1

, making the 

overall effective barrier for breaking the first Ge-O bond in UTL as high as 100-120 kJ mol
-1

. 

We denote this whole two-step process as an equatorial-inversion mechanism. The most 
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favorable low-energy hydrolysis path is the path for the scission of the Ge(T1)-O3 bond 

located in D4R with the effective energy barrier of 106 kJ mol
-1

 and the reaction energy of 

only 2 kJ mol
-1

. 

 

Figure 3.1: a) The schematic diagram of equatorial-inversion mechanism. b)-d) The potential 

energy profiles for the first Ge-O bond scission (the Q
4
→Q

3
 hydrolysis step) with Ge atoms 

located at T1, T4 and T7 sites, respectively. 

 

Starting from most favorable Q
3
 hydrolysis product, i.e., with the Ge(T1)-O3 bond broken, we 

calculated the further hydrolysis steps employing equatorial mechanism until the full removal 

of an Ge(OH)4 group from the framework. The results are shown in the Figure 3.2. Each step 

of the hydrolysis reaction is accompanied by the adsorption of an additional water molecule, 

with the water molecule splitting and breaking one Ge-O bond at each step. The reaction 

energy for Q
3
→Q

2
 step is 10 kJ mol

-1
, for Q

2
→Q

1
 step it is -3 kJ mol

-1
 and for Q

1
→Q

0
 step it 
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is 24 kJ mol
-1

. The reaction energies for these later hydrolysis steps are much more favorable 

than for the first Q
4
→Q

3
 step and thus do not necessitate the inversion step to stabilize the 

products. The products of later steps (Q
2
, Q

1
, Q

0
) apparently benefit from larger flexibility of 

the partially hydrolyzed Ge center, being able to rotate away from the alignment optimal for 

the reverse dehydroxylation. The reaction barriers for the subsequent steps are 74 kJ mol
-1

, 84 

kJ mol
-1

 and 83 kJ mol
-1

, respectively, and they are all lower than the reaction barriers of the 

Q
4
→Q

3
 step, indicating that the first step hydrolysis is the rate-limiting step.  

 

Figure 3.2: The reaction profile for the further hydrolysis steps following the equatorial 

mechanism from Q
3
Ge to Q

0
Ge. The most stable structures with adsorbed water molecule at 

each step are considered as the initial states and their energy is set to 0 kJ mol
-1

. 

 

The silanol and germanol groups formed after the first step hydrolysis step greatly improve 

the hydrophilicity of the 1Ge-UTL models. Water molecule is able to form a strong hydrogen 

bond with the germanol group of the hydrolytic intermediates, with water oxygen (Ow) acting 

as hydrogen bond acceptor and the germanol oxygen (O-Ge) as a hydrogen bond donor, i.e., 

the Ge-OH•••Ow-H2 motif is formed. Hence, the water adsorption energies at the hydrolytic 

intermediates (see Figure 3.2) in the UTL channel are -64 kJ mol
-1 

for the Q
3
Ge product, -61 

kJ mol
-1

 for Q
2
Ge product and -68 kJ mol

-1
 for Q

1
Ge product. Such stabilization is 

comparable to the stabilization of a water molecule in liquid water at room temperature
124-125

 

(approximately 60-70 kJ mol
-1

 since water molecule in liquid can form about 3.5 hydrogen 

bonds, each about 20 kJ mol
-1

 strong) or only slightly lower than the stabilization of water on 

Brønsted acid sites in zeolites
126

 (approximately 80 kJ mol
-1

). Since the water adsorption 
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energy in pristine 1Ge-UTL models (see Table 3.1 above) is approximately 30 kJ mol
-1

, this 

means that the affinity of water molecules to UTL has increased by more than twice after 

partial hydrolysis. 

3.1.2 Low water and high Ge conditions 

We have also investigated the role of increased concentration of germanium in the UTL 

framework on the water adsorption and reactivity. These models are denoted as nGe-UTL (n = 

2, 3, 4, 8) and the corresponding most stable single water adsorption configuration are 

depicted in Figure 3.3. We focused on increasing germanium content in D4R unit only, which 

means that only germanium substitution in T1 and T2 sites is considered. The focus on 

germanium substitution in D4R is in line with previous studies which report that Ge atoms in 

UTL tend to occupy primarily the D4R unit
37, 81-83

.  

Compared to 1Ge-UTL models, the water adsorption energies increase only once more than 

two (adjacent) germanium atoms are present in the D4R unit. The increase in stabilization 

(over the most stable 1Ge-UTL T2 site with 30 kJ mol
-1

) is consistent but rather mild (in range 

of 2-6 kJ mol
-1

). Enhanced stabilization can be tracked to changes in the structure of water 

adsorption complex. Namely, starting from 3Ge-UTL model, water is able to interact with 

both germaniums forming a D4R edge, inducing formation of two penta-coordinated 

germanium centers by occupying one of the vertices of the trigonal bipyramid (see Figures 

3.3d-f). Admittingly, the perturbation of the initial tetrahedral arrangement of Ge centers 

towards trigonal bipyramid is rather mild (the two Ow-Ge close contacts are approx. 2.47-2.99 

and 3.09-3.78 Å, respectively) but the tendency of water to insert in-between two Ge atoms is 

quite clear. The fact that we do not observe similar behavior for 2Ge-UTL model seems to be 

related to increased flexibility of D4R unit at higher Ge content. In particular, we relate it to 

sharper Ge-O-Ge angles (in range of 125-135°) in comparison to Ge-O-Si angles (135-150°) 

in D4R
127-128

, which allow for facile formation of (two) adjacent trigonal bipyramids (see 

Figure 3.3d-f). Despite a rather minor additional stabilization of water brought about by 

increased Ge content, one can distinguish intriguing non-trivial changes in structure of water 

adsorption complexes in UTL models with high Ge content, that can have pronounced effects 

not only for water physisorption but also for the reactive water interaction with Ge-UTL. 
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Figure 3.3: The representative water molecule adsorption complex structures with different 

degree of germanium substitution in D4R. a) The pristine purely siliceous UTL, b)-f) the nGe-

UTL (n =1, 2, 3, 4 and 8) models. 

 

In order to consider the affinity of water molecules to the germanium Lewis sites more 

realistically, we also considered the influence of temperature using ab initio molecular 

dynamics (AIMD) simulations on all nGe-UTL (n = 0, 1, 2, 3, 4, 8) models. All calculations 

were performed for approximately 20 ps with the temperature set to 370 K. The trajectory of 

water molecules indicates that water molecule can move freely in the 12/14R channels, 

however, it does preferentially occupy the adsorption ‘pockets’ above the purely siliceous 5- 

and 8-rings at the bottom of the channels (see Figure 3.4a). Evaluation of the mean internal 

energy U for these adsorption ‘pockets’ indicates that the water molecule is more stable in the 

12R than in the 14R by ~10 kJ mol
-1

 (see Figure 3.4b for a representative 8Ge-UTL model). 

The germanium adsorption sites observed in static calculations (see above) are visited during 

the AIMD simulations, but only very briefly, with the minimum distance between water 

molecules and germanium atom staying most of the time above 3 Å (see Figure 3.4c), this is 

significantly more than for the static O-down water complexes on germanium Lewis sites 

discussed in the previous section, for which the Ow-Ge distance is in a range of 2.34-2.83 Å. 

Hence, at low water loading conditions, the water affinity for germanium Lewis sites 

decreases with the increasing temperature up to a point that germanium Lewis sites become 

dynamically unstable at 370 K. 
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Figure 3.4: a) The trajectory lines (pink lines) of a single water molecule adsorbed in 8Ge-

UTL model during the AIMD simulation. b) The averages of the internal energy during the 

equilibrium AIMD run on the same model. c) The minimal distance between O in the water 

molecule and Ge atoms during AIMD simulation on the same model. 

 

In high Ge conditions, the hydrolysis of UTL can commence via another more competitive 

mechanism, the geminal mechanism (see Figure 3.5a). The geminal mechanism starts with 

water adsorbing in-between two Ge atoms in D4R edge (see also Figure 3.3f). In the transition 

state, the incoming water deposits one of its hydrogens (Hw) to the framework oxygen (Of) of 

the Ge-Of-Ge unit, with the remaining OH group attaching to one of the Ge atoms in the Ge-

Of-Ge unit. The reaction is finalized by distortion of the D4R unit that allows OH group from 

water to bridge to the second germanium in the Ge-Of-Ge unit. The final geminal product 

contains the Ge-(OfHw)(OwHw)-Ge motif, in which both Ge centers are five-coordinated with 

all Ge-O bonds being mildly elongated (1.93-1.99Å in the geminal motif and 1.77-1.85 Å for 

other remaining Ge-O bonds).The geminal mechanism has an activation barrier of 70 kJ mol
-1

 

and reaction energy of 29 kJ mol
-1

, which is significant improvement over the (best) 

competing equatorial route at the T1 site (Er = 60 kJ mol
-1

 and Ea = 86 kJ mol
-1

 for equatorial 

step only and Ea = 82 kJ mol
-1

 for equatorial step followed by inversion – see Figure 3.5b). 

Similar geminal mechanisms were reported earlier for (alumino)silicate zeolites by Malola et 

al.
59

, although much higher reaction barriers were observed when either geminal disilanols or 

geminal aluminol and silanol pair were formed. From the geminal product the hydrolysis can 

proceed further via the standard equatorial mechanism. We exemplify this by investigating 

the hydrolysis of the Ge-O bond on the Ge center hosting the Ge-(OfHw)(OwHw)-Ge motif. 

This hydrolysis is now very exothermic (Er = -49 kJ mol
-1

) with the product reminiscent of the 

axial Q
3
Ge product in low Ge case (see section 3.1.1). The product keeps the geminal 

digermanol motif and is apparently stabilized by the internal germanol-germanol hydrogen 
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bond (see Figure 3.5c). Hence, increasing germanium content is apparently capable of 

significantly improving the probability of germanosilicate UTL hydrolysis to commence even 

at low water concentration conditions. However, the activation barriers are still sizable (and 

initial reactions are quite endothermic) and thus one should not expect a particularly fast 

hydrolysis taking place under such conditions. 

 

Figure 3.5: a) The schematic diagram of the geminal mechanism. b) The potential energy 

profile for the initial hydrolysis step in the 8Ge-UTL model via the geminal mechanism (pink 

line) and equatorial-inversion mechanism (green line). c) The potential energy profile for the 

further hydrolysis steps after the formation of the geminal product.  

 

3.1.3 High water and low Ge conditions 

Using the AIMD simulations complemented with the methods of biased dynamics (slow 

growth and thermodynamic integration), we first investigated the hydrolysis mechanism of 

1Ge-UTL models at high water loading, which means that there are 18 waters in the UTL unit 

cell. In this low Ge conditions, we focused on the model with germanium substituted in D4R 
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unit (at T1 site). First, we performed 40 ps equilibrium AIMD simulation. During this AIMD 

run, a water molecule binds to germanium atom to form a five-coordinated Ge center, as 

shown in Figure 3.6a., with the Ow-Ge bond being much shorter (as low as 1.9 Å) than 

observed even for the most stable O-down complexes in the static low water concentration 

case (see Section 3.1.1 above), for which the Ow-Ge bond is at least 2.3 Å long. The Ge center 

becomes five-coordinated with five almost equivalent Ge-O bonds (approximately in the 

range of 1.80 Å to 1.96 Å). However, the five-coordinated Ge center is not stable throughout 

the whole trajectory with water desorbing from germanium after few ps. Nevertheless, water 

molecules stay rather close to Ge site (minimal Ow-Ge distance is approx. 3.9 Å) and attempts 

to adsorb on it intermittently (see Figure 3.6b). In general, increasing water molecules content 

seems to improve the affinity of water molecules to the germanium Lewis sites and the five-

coordinated Ge centers can be formed at least intermittently. 

 

Figure 3.6: a) Snapshot from the AIMD simulation of the 1Ge-UTL model filled with water 

depicting water molecule adsorbing on the Ge atom inducing formation of the five-

coordinated Ge center. b) The minimal distance between all oxygen atoms from the water 

solvent and germanium atom during the AIMD simulation of the same model. 

 

The five-coordinated Ge centers turned out to be intermediates in a novel low-barrier Ge-O 

hydrolysis mechanism that leads directly to formation of stable axial Q
3
 products (see Figure 

3.7a). The free energy barrier, ΔA
≠
, for the reaction mechanism, denoted as axial, is as low as 

37 kJ mol
-1

 and it is calculated through thermodynamic integration of constrained AIMD 

simulations. The mechanism starts with the water adsorption on the Ge atom and formation of 

the five-coordinated Ge center. Next, a proton is detached from the adsorbing water and 

shuttled via a chain of solvent water molecules between this interacting water and the adjacent 
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framework oxygen in an axial position. The proton shuttled via the Grotthuss mechanism 

helps breaking the Ge-O bond, which is followed by inversion of the Ge(O)3OH tetrahedron, 

and the mechanism finishes with the formation of silanol and germanol groups that are in 

anti-positions to each other, i.e., the axial Q
3
 product. The axial Q

3
 product is similarly to the 

low water loading case, only by 11 kJ mol
-1

 less stable than the reactants (see Figure 3.7b). 

Basically, the same mechanism has been observed previously by some of us for Si-O-Si 

hydrolysis in purely silicious CHA model
7
, hinting at a more general nature of such 

mechanism, that could be expected to take place at higher water loadings also for other 

heteroatoms such as tin or titanium. The axial reaction mechanism has been studied only for 

hydrolysis at O3 framework oxygen atom, however, we expect similar mechanism and 

similarly low barriers to take place also for O4 oxygen. For O1 and O2 oxygens, due to the 

framework topology, we do not expect axial mechanism to apply due to steric constraints of 

the reaction products with the germanol group ending up either inside the D4R unit or in the t-

non composite building unit, respectively.  

 

Figure 3.7: a) The scheme of the axial mechanism. b) The reaction profiles for the initial Ge-

O bond hydrolysis via the axial mechanism at high water loading. The structure close to 

transition state depicting the proton-shuffling water chain is also inserted in the figure. 
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To shed light on the seemingly larger lability of framework oxygen in axial position to 

incoming water in comparison to oxygens in equatorial positions, we carried out multiple 

analyses of the five-coordinated Ge center, namely the bond-length analysis, Mulliken 

population analysis, electrostatic potential map evaluation and evaluation of the projected 

density of states (see Figure 3.8 and Table 3.2). These analyses clearly show that framework 

oxygen in axial position Oax should be more reactive than equatorial oxygen Oeq as 

exemplified by: i) Oax being more nucleophilic than equatorial Oeq, ii) the Ge-Oax being on 

average longer than Ge-Oeq, and iii) that the top of the valence band is occupied primarily by 

electron density at Oax. In summary, increasing water loading in UTL channels opens a new 

hydrolysis path, the axial mechanism, that significantly decreases (by two thirds) the 

activation barrier for the first Ge-O hydrolysis step compared to the low water loading case.  

 

 

Figure 3.8: a) and c) The partial density of states and electrostatic potential map for water-

adsorption complex in the 1Ge-UTL model with a single H2O/UC (a static DFT-optimized 

structure). b) and d) The partial density of states and electrostatic potential map for the water-

adsorption complex in the 1Ge-UTL model with 18 H2O/UC (a snapshot from the AIMD 

simulation). 
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Table 3.2: Mulliken charges and Ge-O bond lengths for water-adsorption complexes in the 

1Ge-UTL model (see Figure 3.8a-b for notation). 

 DFT-optimized 

structure 

A snapshot from AIMD with 

5-coordinated Ge center 

Mulliken charge [eV]   

Ow -0.94 -0.87 

O1 -1.07 -1.04 

O2 -1.07 -1.07 

O3 -1.08 -1.04 

O4 -1.09 -1.07 

Ge-O bond length [Å]   

Ge-Ow 2.440 1.956 

Ge-O1 1.776 1.835 

Ge-O2 1.780 1.770 

Ge-O3 1.785 1.803 

Ge-O4 1.803 1.902 

 

3.1.4 High water and high Ge conditions 

In the high Ge content conditions, we again considered nGe-UTL (n = 2, 3, 4, 8) models with 

germanium concentrated in the D4R unit. Initially, we performed at least 20 ps equilibrium 

AIMD simulation for all high Ge models at high water loading. For 2Ge-UTL and 3Ge-UTL 

models, the affinity of water molecules for germanium atoms is improved and water molecule 

can spontaneously adsorb on germanium atom after a few ps of AIMD simulation. This leads 

to formation of the five-coordinated Ge centers as described above. Once this five-

coordination Ge structure is formed, it survives throughout the whole subsequent AIMD run 

(more than 15 ps) as illustrated in the Figures 3.9a and 3.9c, that trace the Ge-Ow distances for 

2Ge- and 3Ge-UTL models. In addition, the adsorbed water molecule will intermittently 

deprotonate during the AIMD run, forming short-lived Ge-OH group and H3O
+ 

complex 
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nearby, i.e., another precursor of axial mechanism described above is formed (see Figures 3.9 

b and d). 

 

Figure 3.9: a) and c) The minimum distance time evolution between the all oxygen atoms in 

the water solvent and all the Ge atoms during the equilibrium AIMD simulations for 2Ge-

UTL and 3Ge-UTL, respectively. b) and d) The coordination number of the oxygen atom from 

adsorbed water molecule with all hydrogen atoms in the unit cell for 2Ge-UTL and 3Ge-UTL, 

respectively. The representative structures of the five-coordinated Ge centers are also inserted 

into the figures. 

 

For 4Ge-UTL and 8Ge-UTL models, the D4R unit's reactivity increases dramatically 

following a geminal-like mechanism
59, 121

, termed S2R mechanism (see Figure 3.12) since it 

involves formation of Ge-(O)2-Ge species (see Section 3.1.2). For the 4Ge- and 8Ge-UTL 

models, almost immediately after the AIMD start, the water inserts itself into the Ge-Of-Ge 

unit (see Figure 3.10a and c), it loses a proton and pushes the framework oxygen Of (of Ge-

Of-Ge unit) inside the D4R unit. After few ps, the newly formed Ge-(Of)(OwHw)-Ge unit gets 

deprotonated further forming the Ge-(Of)(Ow)-Ge unit, with both protons from the incipient 

water now solvated in the channel, significantly acidifying the solution nearby. However, one 



40 
 

of the protons tends to intermittently reattach to Ge-(Of)(Ow)-Ge unit. Interestingly, the 

framework oxygen Of inside the D4R is not firmly attached to the incipient Ge-(Of)(Ow)-Ge 

unit but is mobile and can hop between the Ge-O-Ge units in the D4R (see Figure 3.10d 

which, e.g., shows the S2R product being composed of Ge2-(Oinside)(Ow)-Ge3 unit during the 

first 1-12 ps of AIMD, and shifting to Ge7-(Oinside)(Ow)-Ge8 S2R-like product at 35-40 ps of 

the AIMD). Such migration is more frequent in the 8Ge-UTL model compared to the 4Ge-

UTL model (compare Figures 3.10b and 3.10d). Presence of such species occupying the 

inside of the D4R unit is reminiscent of well-known case of F
-
 anions observed in D4R units 

after the zeolite synthesis in hydrofluoric acid
129-131

.  

 

 

Figure 3.10: a) and c) The coordination number of the oxygen atom from the adsorbed water 

molecule with all hydrogen atoms in the unit cell for 4Ge-UTL and 8Ge-UTL models, 

respectively. For 4Ge-UTL model, the representative structures depicting deprotonation steps 

are shown in the inset. b) and d) The minimal distance between oxygen atoms inside the D4R 

unit and all Ge atoms in D4R unit for 4Ge-UTL and 8Ge-UTL, respectively. The structure 

inserted in b) shows the trajectory line (in pink) of the Oinside during the AIMD simulation. 
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Lastly, we also considered alternative distribution of germaniums in 4Ge-UTL model (Figure 

3.11), putting all germaniums in the S4R ring parallel with the layer rather than in the S4R 

ring perpendicular to the layer, with motivation being that the hydrolysis of S4R ring parallel 

to the layer is expected to allow layer delamination1. We observed that these two 4Ge-UTL 

models behave qualitatively the same and hence the orientation of the germanium-filled S4R 

ring in D4R unit is not expected to play a big role in hydrolytic reactivity. 

 

Figure 3.11: The partial radial distribution functions for the water-filled 4Ge-UTL models 

with different orientation of the Ge-filled S4Rs. a) and b) the results for S4R occupied by Ge 

being perpendicular to the layer, c) and d) are the results for S4R occupied by Ge being 

parallel with the layer. The structures inserted in b) and d) show the trajectory lines (in pink) 

of the Oinside during the AIMD simulation. 

 

To quantitatively understand the energetical preference for the S2R mechanism in the high Ge 

conditions, we calculated the free energy profiles of S2R reaction for all high Ge models 

through thermodynamic integration of constrained ab initio molecular dynamics simulations. 

All free energy barriers and local minimum values are summarized in the Figure 3.12b. The 

results show that the reaction barriers are lower than 15 kJ mol
-1

 for all models, and that the 
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energy barrier decreases further as the Ge content increases. The main difference between 

lower (2Ge- and 3Ge-UTL) and higher Ge (4Ge- and 8Ge-UTL) models is in a stability of the 

S2R products; reactions are very exergonic for models with high Ge content (ΔArxn < -30 kJ 

mol
-1

), while almost free energy neutral for models with low Ge content (ΔArxn = 0 ± 10 kJ 

mol
-1

). Hence, with enough germanium in the D4R unit, the S2R step is able to provide a lot 

of excess energy to the system (between 30-50 kJ mol
-1

), which could be used for further 

reactive transformations, such as hydrolysis of Ge-O bonds, e.g., using axial and equatorial 

mechanisms discussed above (see Sections 3.1.1-2). All this indicates that with enough 

germanium clustered in S4Rs, one should expect the UTL framework to become much less 

hydrolytically stable, with the water solution inside the zeolite channels becoming extremely 

acidic (with two protons solvated in 17 waters, i.e., pH ~ -1).  This phenomenon may help 

explain that the use of strong acid in Ge-rich zeolites can remove germanium without 

destroying the crystalline structure
132

. 

 

Figure 3.12: a) The scheme of the S2R mechanism. b) The free energy profiles for the S2R 

mechanism in the multiple nGe-UTL models (n = 2, 3, 4, 8) at high water loading conditions. 

The representative structure of the S2R product for the 8Ge-UTL model is showed in the inset. 
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Figure 3.13: The summary diagram for all the hydrolysis mechanisms discussed in this 

section as a function of water loading and germanium content. The representative reaction 

barriers and reaction energies corresponding to each mechanism are marked above and below 

the arrows, respectively. 

 

3.1.5 Summary 

We studied the hydrolysis process for Ge-substituted zeolite UTL (Ge-UTL) with different 

Si/Ge ratios and water loading. Different water and germanium content will cause the 

hydrolysis of the Ge-O bond to proceed according to completely different mechanisms. The 

Figure 3.13 summarizes the discovered mechanisms corresponding to different reaction 

conditions. Both in low- and high-water loading conditions, increasing the concentration of 

germanium atoms can reduce the barrier of Ge-O bond scission. In the low Ge model with 

sufficient water molecules, the energetically favorable axial mechanism proceeds via 

Grotthuss-type proton shuttling, and a stable axial product can be formed with a very low 

barrier. In the high Ge models, germanium clustering opens a new extremely favorable (in 

terms of very low reaction barriers and large exergonicity of the reactions) S2R reaction 

pathway, that can energize further decomposition of the germanosilicates as observed in the 

experiments
1-6

. Lastly, we identified the existence of a critical germanium content at about 3-4 
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Ge/UC (clustered in D4R unit) that abruptly changes the hydrolysis dynamics and which we 

relate to the increased favorability of the S2R mechanism at and beyond this critical 

germanium content.  
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3.2 Hydrolysis of siliceous zeolite CHA under alkaline conditions
133 

3.2.1 Non-catalytic hydrolysis with pure water 

We investigated first the siloxane (Si-O-Si) bond hydrolysis of purely silicious CHA zeolite 

under neutral conditions with minimal water content (one water per CHA unit cell) assuming 

it proceeds via the previously discussed equatorial(-inversion) mechanism
66-67, 69-70

 (see 

section 3.1.1 for more details on the mechanism). Within this section, we denote it as the M1 

mechanism (Figure 3.14a). We calculated the complete desilication pathway of a Si site 

starting from the pristine CHA framework with the results summarized in the Figure 3.14b. 

We considered scission of all four inequivalent Si-O bonds, however in Figure 3.14b, only the 

most favorable desilication pathway is depicted. We reiterate (see also section 2.1.1) that 

water molecule adsorbs weakly in the pristine purely siliceous CHA with the water adsorption 

energy reaching only -28 kJ mol
-1

 with the minimal distance between Ow-Si being as much as 

3.41 Å. The reaction barrier of the initial Q
4
→Q

3
 hydrolysis step via equatorial mechanism is 

147 kJ mol
-1

, and the equatorial product is unstable with high reaction energy 145 kJ mol
-1

. 

Then the inversion step occurs, with an intrinsic barrier 53 kJ mol
-1

 can forming the more 

stable axial disilanol product. The first step of hydrolysis following the equatorial-inversion 

mechanism is thus endothermic (Er = 29 kJ mol
-1

) with the effective barrier of 198 kJ mol
-1

, 

which is consistent with the high stability of the high silica zeolite under neutral conditions. 

We then considered the further hydrolysis process assuming equatorial mechanism in each 

step until the full removal of an Si(OH)4 group from the framework, i.e., going from Q
3
Si to 

Q
0
Si. Each step of the hydrolysis is accompanied by the adsorption of an additional water 

molecule with the water molecule splitting and breaking one of the remaining Si-O bonds in 

each step. Note, that the Si-OH groups formed by partial hydrolysis significantly increase the 

hydrophilicity of the CHA framework as documented by the approx. twofold increase (Eads in 

the range between -54 and -67 kJ mol
-1

) in water adsorption energies for partially hydrolyzed 

CHA (Figure 3.14b) compared to pristine CHA. The reaction barriers for the Q
3
→Q

2
, Q

2 
→Q

1
 

and Q
1
→Q

0
 hydrolysis steps are 152 kJ mol

-1
, 132 kJ mol

-1
 and 110 kJ mol

-1 
(Figure 3.14b), 

respectively. The barriers for further steps are thus all lower than the reaction barriers of the 

Q
4
→Q

3
 step, indicating that the first step hydrolysis is the rate-limiting step.  

 



46 
 

 

Figure 3.14: a) The scheme of the equatorial(-inversion) (M1) mechanism. b) The reaction 

profile for the complete hydrolysis process from Q
4
Si to Q

0
Si. The energy of the most stable 

structure with the adsorbed water at each step is taken as the initial state with its energy set to 

0 kJ mol
-1

. 

 

The final hydrolysis product includes silanol nest and an external-framework Si(OH)4 

complex as shown in Figure 3.15a. Out of interest, we have examined different silanol nest 

arrangements after removal of an external-framework Si(OH)4 complex, and found that the 

most stable configuration of a silanol nest is the ideal four-membered hydroxyl ring in which 

each silanol group acts both as a hydrogen bond donor and acceptor (Figure 3.15b) with 

hydrogen bond length varying from 1.56 Å to 1.78 Å. Previous studies have shown that the 

optimal hydroxyl nest arrangement for zeolite SOD is a three-membered hydroxyl ring and 

one dangling Si-OH group
134

. We also considered such a conformation in CHA but found it 

not to represent a local minimum in CHA. Rather, a three-membered ring conformation was 

located (Figure 3.15c) in which the fourth hydroxyl donates a hydrogen bond to the three-ring, 

but this structure is less stable than the four-ring configuration by 21 kJ mol
–1

. 
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Figure 3.15: a) The silanol nest product with the extra-framework Si(OH)4 bound to it. b) The 

most stable empty silanol nest configuration with four-membered hydroxyl ring. c) The 

alternative empty silanol nest configuration with three-membered hydroxyl ring. 

 

3.2.2 Non-catalytic hydrolysis with NaOH 

In the next step, we investigated the siloxane bond scission under purely alkaline conditions, 

NaOH acting as a reagent directly breaking the Si-O-Si bond. The strong NaOH interaction 

with CHA can lead to two distinct initial states with NaOH being either dissociated or non-

dissociated. The hydrolysis mechanism that initiates from the non-dissociated NaOH is 

termed as M2 and the mechanism that initiates from the dissociated NaOH is termed M2* (see 

Figure 3.16).  

The non-dissociated NaOH is strongly chemisorbed on the framework (adsorption energy as 

high as -202 kJ mol
-1

) with the Na atom occupying the face of the 6-membered ring and 

coordinating with several oxygen atoms in the 6-ring, while the -OH group being bound to the 

Si atom. The Mulliken charge analysis shows that the -OH group donated about 0.3 electrons 

to the Si atom. In addition, the interaction with the framework stretches the Na-OH bond 

length from 1.99 Å (in vacuum) to 2.23 Å, and the framework Si-O bond axial to the newly 

formed Si-OH bond is also stretched from 1.63 Å (in pristine CHA) to 1.73 Å. The M2 

mechanism (Figure 3.16b) start with Na-OH bond scission followed by the -OH group driven 

inversion of the Si tetrahedron generating a Q
3
 inverted silanol group and a Q

3
 silanolate 

anion, which is bound to the Na cation. The activation barrier for this reaction is 59 kJ mol
-1

 

and the reaction energy is 27 kJ mol
-1

. Hence, the first step of the M2 hydrolysis pathway 

leads directly to rather stable axial Q
3
Si product without a need for intermediate inversion 
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step as in the pure water (M1) case and the reaction barrier is significantly lower than for the 

M1 case. 

For the M2* mechanism, the initial state is the CHA framework with the dissociated NaOH 

bound to it (see Figure 3.16b). The -OH anion is bound to the Si atom in the axial position to 

the Na cation, which is being coordinated to oxygens in the 6-ring. The dissociated state is 

higher in energy than the nondissociated state, by 26 kJ mol
-1

. However, it is found to activate 

the Q
4
→Q

3
 siloxane scission, resulting in the same product as the nondissociative route, with 

an intrinsic barrier lower by 11 kJ mol
-1

 (see Figure 3.16a). 

 

Figure 3.16: a) The reaction profile for the initial Q
4
→Q

3
 hydrolysis step via M1, M2 and 

M2* mechanisms. b) The structures illustrating the M2 and M2* mechanisms. 

 

The subsequent M2 reaction steps (Q
3
→Q

0
) follow the similar mechanism as the first step 

with an additional NaOH added in each step, with the results for this process being 

summarized in Figure 3.17. The intrinsic barrier for the Q
3
→Q

2
, Q

2
→Q

1
, and Q

1
→Q

0
 steps 

(33, 57, and 14 kJ mol
-1

) are similar or lower than for the first step and significantly lower 

than for the M1 mechanism in pure water. Also, all the subsequent steps are extremely 

exothermic. These results (low barriers and large exothermicity) are in agreement with the 

previous work
71

  for Q
3
→Q

0
 desilication in purely alkaline conditions for MFI surface model. 

However, the M2 mechanism consumes large quantities of NaOH as it takes four NaOH to 

remove one Si atom from the framework, and it results in a formation of bulky Si vacancy 

defect site with many sodium silanolate groups in close proximity (see Q
0
 structure on the 

right of Figure 3.17b). 
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Figure 3.17: a) The scheme of the M2 mechanism. b) The reaction profile for the complete 

desilication following the M2 mechanism from Q
4
Si to Q

0
Si. 

 

We also considered an alternative hydrolysis mechanism in which Na cation acts as spectator 

after the first Q
4
→Q

3
 M2 step (Figure 3.18). Such a mechanism does not change the intrinsic 

reaction steps involved, but introduces spectator ions which may affect the energetics of the 

reaction. We test this mechanism starting from the more favourable product of the Q
4
→Q

3
 

step that is reached via direct reaction by NaOH (M2 mechanism).  An additional water 

molecule is introduced, which binds preferentially to the Na cation. Framework hydrolysis is 

found to occur in two stages. First, a relatively facile migration of the water molecule occurs, 

from the Na ion to the Q
3
 Si(OSi)3(OH) site, with an intrinsic barrier of 54 kJ mol

-1
. This is 

followed by the water splitting equatorial mechanism, leading to the Q
2
Si product. The 

equatorial step has a high intrinsic barrier of 183 kJ mol
-1

, which is similar to the activation 

energy of water splitting in the absence of NaOH (M1 mechanism). The effective barrier from 

water adsorption to the Q
2
Si product is 218 kJ mol

-1
. Hence, the equatorial mechanism is not 

helped by the presence of a nearby sodium cation. Sodium merely provides a stable 

adsorption site for additional water, which introduces an additional migration barrier prior to 

hydrolysis. Therefore, alternating water and NaOH driven steps do not benefit from any 

synergy and are limited by the high barriers for equatorial water splitting, as is the case for 

mechanism M1. 
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Figure 3.18: The reaction profile for the Q
3
→Q

2
 hydrolysis step via “Na as spectator” 

mechanism, the corresponding structures are inserted into the figure. 

 

Effect of microsolvation conditions 

The presence of additional water molecules in the vicinity of the reactive centre is possible, 

given that under experimental conditions water is both the carrier of NaOH and is in excess
135-

136
. However, the hydrophobicity of the zeolite interior suggests a saturation water density of 

far less than 1 g cm
-3

. We model this situation via introduction of excess water molecules as a 

microsolvating environment in the pore. This water can affect the dissociation equilibrium of 

reactive NaOH, the stabilisation of hydrolysis intermediates, provide new collective 

hydrolysis mechanisms, or modify the propensity of Na cations towards clustering around 

defects. Therefore, we consider the implications on the energetics and mechanisms of 

hydrolysis upon inclusion of small amounts of excess water and modelled it using AIMD 

simulation accompanied by a subset of static calculations.  

In reaction M2, we observed that non-dissociated NaOH is energetically preferred to 

dissociated NaOH (see Figure 3.16). To investigate the role of water loading on the NaOH 

dissociation equilibrium, molecular dynamics simulations were performed with varying 

degrees of microsolvation, corresponding to no water, one water molecule per unit cell and 

full water loading (corresponding to a water density of 1 g cm
-3

). The results are summarized 

in Figure 3.19. In the absence of water, the simulations agree closely with static DFT 

calculations. Non-dissociated NaOH is 25 kJ mol
-1

 more stable than dissociated NaOH, and 
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the product of the hydrolysis reaction is endothermic by 21 kJ mol
-1

. The inclusion of one 

water molecule slightly stabilises the dissociated initial state and the product state (+17 and 

+16 kJ mol
-1

, respectively). This is due to the adsorption of water to the sodium atom, which 

weakens the Na-OH bond, and helps to satisfy the coordination of Na
+
 after hydrolysis. At 

high water loading, the energetics are dramatically shifted. The dissociated NaOH is preferred 

by 14 kJ mol
-1

, and the hydrolysis reaction becomes exothermic (see Figure 3.19). Hence, 

microsolvation of NaOH allows for spontaneous access to the optimal hydrolysis mechanism, 

while simultaneously increasing the equilibrium constant of the forward reaction.  

 

Figure 3.19: The water loading effect on the relative stability of dissociated and non-

dissociated NaOH and Q
3
Si product. 

 

After the first hydrolysis step, the zeolite contains new water condensation sites: either two 

silanol hydroxyl groups, or a hydroxyl and a sodium silanolate. In order to determine the 

stabilisation afforded by water adsorption, we considered the binding of microsolvating water 

to the most favourable Q
3
Si product as a function of water loading, from one to five 

molecules per defect. In all cases, inclusion of water molecules stabilises the products of 

hydrolysis, with respect to unincorporated water molecules (Table 3.3). This adsorption is 

stronger than that of water to the pristine zeolite (-28 kJ mol
-1

), which is indicative of the 

increased hydrophilicity of the defective framework. It is notable that while increasing the 

water content decreases the binding energy per water molecule, it is a slow function of water 
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loading. This implies that several water molecules will adsorb to the Q
3
 defect, provided 

sufficient molecules are present nearby and diffusion limitations are overcome. 

Upon generation of hydrolysis defects, the increased hydrophilicity of the zeolite pore allows 

for a wide range of possible water cluster configurations. We observe that water preferentially 

adsorbs at the sodium silanolate, rather than the silanol, for all water loadings considered 

(Table 3.3). For the locally optimal configurations, a structural trend emerges. The most stable 

configuration for a given water loading always includes an interaction between Ow and Na, 

and an interaction between Hw and Of at the silanolate. For n=1, the water molecule adopts a 

strained configuration which achieves both bonds, leading to a four-ring local minimum 

(Figure 3.20b). For n=2 and n=3, separate water molecules can bind to Na and to OSi. These 

molecules are connected by hydrogen bonds. For n=4, the additional water molecule binds O-

down to Na. In this configuration, Na interacts with three Of atoms and two Ow atoms, in a 

distorted trigonal prismatic configuration, and therefore the first interaction shell of Na
+
 is 

complete. For n=5, the addition water does not interact with the sodium ion directly but 

contributes to the hydrogen bonding network between Na and the silanolate Of. Hence, under 

microsolvation conditions, the silanol group will be exposed and the sodium maximally 

solvated. 

 

Figure 3.20: The optimal water adsorption configurations on the Q
3
Si product with different 

amounts of water molecules n(H2O) (0 ≤ n < 6).  
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Table 3.3: Energetics of preferred water adsorption configurations at Q
3
 Si(OSi)3OH and 

Si(OSi)3ONa. Eads (see section 2.1.6 equation 2.17) is given with respect to the Q
3
Si structure 

and single H2O gas phase molecule. 

 

 

 

 

These findings from static calculations are corroborated by AIMD simulations. First, water 

molecules are observed to organise around the Na
+ cation to form distinct solvation shells 

which are stable over the timescale of the AIMD simulation (20 ps). The configuration which 

is maintained throughout the simulation is one in which Na
+ forms two bonds to framework 

oxygen atoms, and approximately three bonds to water oxygen atoms (Figure 3.21b). Second, 

the interaction between Na
+ and the oxygen atom of the framework Q

3 silanolate (Of) is stable, 

even in the presence of water molecules. The Na-Of distance oscillates around an average 

value of 2.33 Å, without dissociation and solvation over the course of the simulation (Figure 

3.21a).  

n(H2O) Number of H2O at 

ONa:OH sites 

 Eads/H2O (kJ mol
-1

) 

1 1:0 -83 

0:1 -54 

2 2:0 -65 

1:1 -57 

0:2 -41 

3 3:0 -50 

2:1 -44 

1:2 -39 

0:3 -35 

4 4:0 -38 

3:1 -37 

0:4 -29 

5 5:0 -34 

4:1 -31 

0:5 -24 
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Figure 3.21: a) Distance trace for the Na-Of bond over the AIMD simulation. b) The 

coordination number between Na
+ 

and 15 water oxygen atoms during the AIMD simulation, 

employing a cut-off distance of 3 Å for Na-Ow bonding, the snapshot structure at t = 7.5 ps of 

the Q
3
 product state is inserted into b). 

 

After the first NaOH-driven hydrolysis step, the possibility to introduce an additional NaOH 

molecule allows for two competitive processes to occur. The second NaOH molecule may 

bind to the defect, driving the second hydrolysis step via the M2 reaction. Alternatively, it can 

bind to another region of the framework, causing another instance of the first hydrolysis step 

at another site, forming a new Q
3
Si defect. Under anhydrous conditions, we observe that the 

clustering of NaOH at a single defect is preferred energetically by 19 kJ mol
-1

 (see Figures 

3.22a-b). Hence, we should expect that desilication will be focused on a single defective site 

under alkaline anhydrous conditions. However, we found that the interaction between water 

molecules and the Na
+
 cations is strong (see Table 3.3). To investigate the effect of solvation 

on the clustering propensity of NaOH, we simulated the two configurations under full water 

loading conditions via AIMD. Under such conditions, the energetic preference is reversed 

with respect to anhydrous conditions, with the isolated Q
3
Si defects with a single NaOH each 

being 26 kJ mol
-1

 more stable than the clustered NaOH configuration at a single Q
3
Si defect 

(see Figures 3.22c-d). This result implies that increasing water loading hinders subsequent 

steps of the M2 mechanism at a Q
3
Si defect, which involve a large degree of Na cation 

clustering (see Figure 3.17b). 
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Figure 3.22: The AIMD energy trajectories with relative running averages for the structures of 

Q
3
Si product with an additional NaOH, the breath of the sampling bins was varied from 1000 

to 5000 snapshots per data point. a) and b) The clustered and non-clustered configurations in 

absence of water, respectively. c) and d) the clustered and non-clustered configurations under 

high water loading conditions, respectively. 

 

3.2.3 Catalytic hydrolysis with minimal water 

Instead of excessive consumption of NaOH via M2 mechanism, NaOH may be instead 

regenerated by water after reacting with the framework, thereby catalytically driving 

hydrolysis. We term this mechanism the M3 mechanism (see Figure 3.23a). In the M3 

mechanism, NaOH acts as a catalyst via direct hydrolysis of siloxane bonds, with regeneration 

of NaOH in situ, which is achieved by the decomposition of an additional water molecule. 

This mechanism avoids the need for consumption of multiple NaOH molecules. The 

regeneration of NaOH begins at the product of the NaOH-driven first step (Q
4
→Q

3
 step). A 

water molecule binds to the sodium ion, which is the most stable site for the water molecule 

(see Table 3.3 and Figure 3.20b). Then, a water splitting step transfers Hw to Of, substituting 



56 
 

thus-formed NaOH for a hydroxyl (silanol) group ("IM1” system in Figure 3.23b). The NaOH 

molecule then migrates to the Q
3
Si atom, binding O-down to form a penta-coordinated Si 

which is activated for hydrolysis (("IM2” in Figure 3.23b)). This regeneration step has an 

effective barrier of 104 kJ mol
-1

 under conditions of minimal water loading and is therefore 

feasible under moderate heating and low solvation conditions (Figure 3.23b). Further 

hydrolysis from Q
3
Si to Q

2
Si proceeds via a small intrinsic barrier (25 kJ mol

-1
). A siloxane 

bond is broken and the Na-OH molecule dissociates, forming a Q
2 

Si(OSi)2(OH)2 species and 

a Q
3
 sodium silanolate species. In the M3 mechanism, hydrolysis is enhanced with respect to 

M1, both by utilising the preferable NaOH-driven Q4→Q3 step and by the lower effective 

barrier for the Q3→Q2 step. It also avoids the requirement of high concentrations of 

incorporated NaOH molecules in the zeolite pores, that are inherent in mechanism M2 (M2*).  

 

Figure 3.23: a) The scheme of the M3 mechanism under minimal water conditions. b) The 

reaction profiles for the Q
3
→Q

2
 hydrolysis step via M1(black line), M2 (red line), and M3 

(blue line) mechanisms, respectively. 

 

Later steps along the M3 pathway are similar and require one additional water molecule per 

step, which binds to Na, followed by catalyst regeneration, NaOH migration, formation of the 
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penta-coordinated silicon, and finally Si–O–Si scission (see Figure 3.24). The effective 

barriers for Q
2
→Q

1
 and Q

1
→Q

0
 steps are 94 and 110 kJ mol

-1
, respectively. At each stage, the 

NaOH regeneration step has higher barrier than the Si-O bond scission step.  

 

Figure 3.24: The reaction profile for the subsequent hydrolysis steps via M3 mechanism under 

minimal water conditions: a) Q
2
→Q

1
, and b) Q

1
→Q

0
. The representative structures are 

inserted into the figure. 

 

3.2.4 Catalytic hydrolysis with microsolvation 

To test the role of microsolvating water in the catalytic mechanism (M3), we considered the 

effect of additional water on the regeneration and hydrolysis step between Q
3
Si and Q

2
Si. We 

added two water molecules to the reactive centre after the first hydrolysis step, rather than the 

single water molecule necessary to regenerate NaOH. The optimal initial structure is shown in 

Figure 3.20c, in which the first water molecule (W1) binds to Na via Ow, and the second 

molecule (W2) forms a hydrogen bonding complex in which it is a hydrogen acceptor from 

W1 and a hydrogen donor to the framework silanolate oxygen atom (Of). The Q
3
→Q

2
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hydrolysis reaction proceeds via three elementary steps, denoted “water migration”, “water 

splitting” and “siloxane scission” (see Figure 3.25).  

In the water migration step, W2 replaces W1 as the proton donor to Of, forming a strained 

structure similar to that found in Figure 3.20b under single water conditions. W1 migrates 

across the face of the 6-ring and rotates, becoming a hydrogen donor to Ow of W2. This step 

has a barrier of 35 kJ mol
-1

. The water splitting step involves a concerted mechanism in which 

W1 splits, replacing Na with hydrogen on the silanolate group, which is equivalent to the 

catalyst regeneration step in M3 under minimal water conditions. Concurrently, W2 transfers 

a proton to W1, which recovers the H2O adsorbed to Na, and converts W2 into a hydroxyl 

group, which binds to Q
3
Si. The product of this step is a penta-coordinated Q

3
Si moiety, a 

silanol group and Na-OH2, which is located near the siloxane bond that is to be broken. The 

intrinsic barrier is 64 kJ mol
-1

, which is significantly lower than the analogous single water 

barrier (104 kJ mol
-1

 – see Figure 3.23) and is a result of the cooperative effect of the 

additional water molecule. The final step is the scission of a framework siloxane bond to form 

the Q
2
Si product and a sodium silanolate group, with a barrier of 36 kJ mol

-1
. This step does 

not benefit from any cooperative mechanism and therefore has similar barrier than the 

analogous single water step (25 kJ mol
-1

).  

 

Figure 3.25: The reaction profile for the Q
3
→Q

2
 step via the M3 mechanism under 

microsolvation conditions. 
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Subsequent steps, according to the M3 mechanism under microsolvation showed similar 

trends (see Figure 3.26). The mechanism for each step involves water migration, water 

splitting, and siloxane scission and, for each step, it proceeds with significantly lower barriers 

than the minimal water M3 mechanism. For Q
2
→Q

1
 step, the highest intrinsic barrier for 

catalyst regeneration is 65 kJ mol
-1

, and it is 66 kJ mol
-1

 for the Q
1
→Q

0
 step. These highest 

barriers are for the water splitting step, which is also the most highly activated elementary 

step in the minimal water M3 mechanism. This is also the elementary step that is enhanced 

most by the presence of additional water molecules in the reactive center. 

We conclude that the inclusion of additional water provides the necessary environment to 

reduce the highest intrinsic barriers in NaOH-catalysed hydrolysis (M3 mechanism), which 

belongs to catalyst regeneration steps. This is achieved through the establishment of a flexible 

hydrogen bonding environment which facilitates hydrogen transfer. The catalytic M3 

mechanism thus becomes even more competitive with the non-catalytic M2 route under 

microsolvation conditions that is expected to be impeded by microsolvation (see Figure 3.22).  

 

Figure 3.26: The reaction profile for the subsequent hydrolysis steps via M3 mechanism under 

microsolvation conditions: a) Q
2
→Q

1
 and, b) Q

1
→Q

0
  steps, respectively. 
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3.2.5 Summary 

The hydrolysis mechanisms of silicious zeolite CHA under neutral/alkaline conditions with 

various degrees of water loading have been systematically investigated. We found that the 

water and NaOH concentration play an important role for the kinetics and thermodynamics of 

the zeolite hydrolysis process. The NaOH greatly increases the rate of zeolite hydrolysis 

relative to neutral water, and we discovered that NaOH may not only act as a reactant but also 

as a catalyst. Both M2 (“NaOH as a reactant") and M3 (“NaOH as a catalyst")  mechanisms 

are determined to be feasible under mild conditions, and which one is preferred in practice 

depends on the concentration of water and NaOH in the zeolite pores. The microsolvating 

water in the zeolite pores pores facilitates the first hydrolysis step of pristine silicious zeolite 

and decreases the barriers for NaOH regeneration by the hitherto unseen cooperative 

mechanisms. 
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3.3 Nature of framework-associated Al(Oh) under wet conditions  

3.3.1 Structures and the formation path  

The conversion of the regular framework tetrahedrally-coordinated Al(Td) species into 

framework-associated octahedrally-coordinated Al(Oh) species was investigated. The model 

of CHA zeolite with Si/Al=3 and six water molecules present in the cavity was adopted. The 

detailed reaction process shown in Figure 3.27a with the corresponding structures depicted in 

Figure 3.27b. The Al(Td)→Al(Oh) transformation consists of three steps, with each of the 

four minima on the free-energy surface has its distinct aluminum environment (see Figure 

3.27b). The initial CHA structure, in which all Al atoms are four-coordinated to Of in the 

tetrahedral environment, is used as reference state. This reference is labeled BAS(4). The 

transformation starts with the formation of the Lewis acid site LAS(4), which is nearly 

isoenergetic with BAS(4), overcoming a moderate barrier of ΔA ≈ 40 kJ mol
-1

. The LAS(4) is 

formed together with the silanol on adjacent framework Si and the Al atom remains in a 

tetrahedral environment coordinated to three Of atoms and one Ow atom. In a subsequent step, 

a penta-coordinated LAS(5) structure is formed when the second water molecule attaches to 

Al and the two previously solvated protons bind to two of the three remaining Al-Of-Si 

bridges. The free energy barrier for this step is around 39 kJ mol
-1

 and the LAS(5) structure is 

slightly less stable than LAS(4) (by 11 kJ mol
-1

). Finally, the transformation to octahedral 

aluminum, denoted also as LAS(6), is accomplished by accepting an additional water 

molecule into the first coordination shell of the Al atom. This process has a low free energy 

barrier (15 kJ mol
-1

), and it is an exergonic process with the reaction energy of about -30 kJ 

mol
-1

. All in all, there are four stable intermediate structures, as shown in Figure 3.27b, which 

are separated by modest free-energy barriers, which are less than 40 kJ mol
-1

 high each. This 

means that fast transitions between them are allowed even at the room temperature (RT). The 

octahedral LAS(6), which has a slightly lower free energy than the other intermediates, is 

thermodynamically the most stable configuration. 

The Al in the framework-associated Al(Oh) is coordinated to three Of and to three Ow in the 

fac-Al(Of)3(H2O)3 arrangement (see Figure 3.28a). Thus, the octahedral aluminum is formally 

a Lewis acid site – it coordinates three water molecules – and it is denoted as LAS(6). Such 

framework-associated Al(Oh) is formed from one of the aluminum atoms constituting the Al-

O-Si-O-Al pair: one of the Al-O-Si bonds in the six-ring is hydrolyzed, thus forming a silanol 

(Figure 3.28b). None of the three original Brønsted protons in the CHA cavity is solvated 
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upon the formation of Al(Oh): two of them are firmly attached to Of atoms of Al(Oh) and the 

third one is consumed in the silanol formation (vide infra). Thus, the Al(Td) → Al(Oh) 

conversion is associated with the loss of Brønsted acidity (three Brønsted protons are 

consumed).  

 

Figure 3.27: Structural and thermodynamic characteristics of tetrahedral and octahedral 

aluminum in CHA zeolite with Si/Al=3. a) Schematic free energy profile connecting Brønsted 

acid site (BAS) with Lewis acid sites LAS(n), where n denotes the number of oxygen atoms 

in the first coordination shell of the aluminum. b) The structure of the four stable 

intermediates. 

 

Figure 3.28: a) The cluster showing octahedral arrangement of the central Al atom in LAS(6) 

species. b) LAS(6) structure formed in the D6R in CHA zeolite, with positions of all three 

Brønsted protons also shown. 



63 
 

Table 3.4: Charge distribution analysis of LAS(6) performed with four different models: 

Bader, (Loewdin), [Mulliken] and <crystal-orbital-overlap-population>.  

Group/molecule 6 water/unit cell 

 

3 water/unit cell 

 

Al1(Td) -0.72(-0.44)[-0.54]<-0.77> -0.73(-0.53)[-0.44]<-0.75> 

Al2(Oh) 1.45(1.25)[1.08]<1.32> 1.51(1.28)[1.42]<1.37> 

Al3(Td) -0.72(-0.45)[-0.54]<-0.78> -0.71(-0.53)[-0.44]<-0.77> 

water no. 1 -0.04(0.05)[0.13] -0.04(0.13)[0.03] 

water no. 2 -0.02(0.06)[0.15] -0.02(0.14)[0.05] 

water no. 3 -0.04(-0.04)[0.05] 0.00(0.15)[0.06] 

water no. 4 0.03(0.08)[0.10]  

water no. 5 0.02(0.08)[0.09]  

water no. 6 0.04(0.08)[0.08]  

 

The framework-associated octahedral aluminum, LAS(6) structure is formed in the CHA unit 

containing three BAS(4) sites initially. Only two (former) BAS(4) sites remain upon the 

LAS(6) formation and there are no charge compensating protons on either of two (former) 

BAS(4) sites, since protons are located on the LAS(6) structure. It is therefore expected that 

there are positive and negative charges localized on LAS(6) and (former) BAS(4) sites. To 

quantify this charge separation we analyzed the charge distribution for two different water 

loadings: 6 and 3 water molecules in UC. Since the partial charges are model-dependent 

quantities we have used four different models: Bader, Löwdin, Mulliken, and crystal-orbital-

overlap-population charge analysis
117

. Charges on octahedral and tetrahedral Al are calculated 

as a sum (q
Al

+ q
H
+ ½ q

O
) assuming that the half of the charge on oxygen atoms bound to Al 

belongs to the AlOx unit. Results are summarized in Table 3.4. The presence of two H
+
 on 

octahedral AlO6/2 unit results in large positive charge on the unit that is neutralized by 

negative charge equally distributed between two (former) BAS(4) sites (-0.72 with Bader’s 
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model). The charges on individual atoms (including O and H) are rather insensitive to its 

environment. Only small charges were found for water molecules. 

3.3.2 Conditions for the existence of the framework-associated Al(Oh) 

Both experimental evidence (investigation of samples with different Si/Al)
46

 and the 

computational studies suggest that a critical local concentration of framework aluminum (and 

Brønsted sites) is required in order to form octahedral Al(Oh) species. The role of Si/Al, BAS 

site concentration, distance between framework Al atoms (all somewhat correlated) and the 

role of degree of hydration was thus investigated next.   

Si/Al ratio: Experimental results show that the framework-associated Al(Oh) can be only 

detected for samples with sufficiently low Si/Al ratio and that this critical Si/Al ratio depends 

on the zeolite topology
52, 137

.
 
All attempts to localize a stable LAS(6), or any other octahedral 

Al structure, have failed for a CHA(Si/Al=11) model containing just one Al atom in the D6R 

(Figure 3.29a). Such structures spontaneously transformed to BAS(4) or LAS(4) species 

during the first few ps of an AIMD simulation (Figure 3.29b). Thus, BAS(4) and LAS(4) 

were the only kinetically stable structures found for CHA(Si/Al=11). A previous study by 

some of us showed that BAS(4) and LAS(4) in CHA(Si/Al=11) are separated by a moderate 

barrier of ΔA
≠
< 40 kJ mol

-1
, while the BAS(4) structure is about 20 kJ mol

-1
 more stable than 

the LAS(4) one
7
, in contrast to CHA(Si/Al=3) where both structures are almost isoenergetic.  

 

Figure 3.29: a) The CHA structure with Si/Al=11. b) The AIMD (at 300 K) trajectory with 

relative running averages for internal energy for the same model. 
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BAS concentration: Three protons are involved in the BAS(4) → LAS(6) transformation 

(see Figure 3.28b): two of them are firmly bound to Al(Oh)-O-Si bonds  while the third one 

forms a silanol group. This third proton contributes to the LAS(6) stabilization via H-bonding 

between the hydroxyl hydrogen and an Al(Oh)-O-Si oxygen atom that is not binding a proton. 

We have attempted to determine how critical the presence of protons is on Al(Oh)-O-Si 

bridges (Figure 3.30): Moving one of the protons from LAS(6) to one of the BAS(4) oxygens 

within the same CHA cage does not lead to the destruction of LAS(6). However, AIMD 

shows that the process is connected with an increase of system energy (+56 kJ mol
-1

). Moving 

both protons from LAS(6) to BAS(4) sites also leads to an increase of the system energy (+19 

kJ mol
-1

, as is already seen from Figure 3.27). However, this process involves a spontaneous 

transformation of LAS(6) back to BAS(4) and solvation of one of the protons, as shown in 

Figure 3.30a. Hence, the presence of at least one proton on an Al(Oh)-O-Si oxygen atom 

appears to be necessary for the stabilization of the octahedral Al moiety. 

 

 

Figure 3.30: a) Structures and relative internal energies (at 300 K) of the CHA models with 

the framework Al with different number of protons on the framework oxygen atoms of the 

first coordination shell of Al; Al(Oh) with two protons is thermodynamically the most stable 

(middle). The structure with one proton remains octahedral but is the least stable (right). The 

structure with no protons collapses to tetrahedral LAS(4) with a single water molecule 

attached to an Al atom (left). b) AIMD trajectory for the three structures described above and 

their relative internal energies (the running average internal energy of the last 5000 snapshots 

in AIMD simulation). 
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Al-O-Si-O-Al pairing: One of the Al atoms of an Al-O-Si-O-Al pair transforms into LAS(6). 

A rather similar fac-Al(Of)3(H2O)3 complex was also found for the Al atom which is 

separated by at least two framework silicon from another framework aluminum and again, 

three protons were involved in the LAS(6) formation (see Figure 3.31a). However, this LAS(6) 

structure, formed by breaking of the Al-O bond at O4 oxygen (Figure 3.31a,d), is less stable 

than the reference BAS(4) structure (by +43 kJ mol
-1

). Formation of other prospective LAS(6) 

species by breaking the bonds at other oxygens (O1, O3) leads to (dynamically) unstable 

LAS(6) species (see Figures 3.31a-c). Thus, the transformation from BAS(4) to LAS(6) is 

kinetically allowed even for Al atoms that are not involved in Al-O-Si-O-Al pairs. However, 

such species are thermodynamically less stable and unlikely to be observed experimentally.  

 

 

Figure 3.31: a) The structures of BAS(4) and LAS(6)  on  the ‘isolated’ Al differing in the 

choice of the hydrolyzed Al-O bond. b)-d) the AIMD trajectories corresponding to the 

hydrolysis of Al-O1, Al-O3 and Al-O4 bonds, respectively. 
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Table 3.5: Detachment energies of individual water molecules from the LAS(6) octahedral 

structure; 1
st
 and 2

nd
 coordination shell water molecules are numbered 1-3 and 4-6, 

respectively (see equation 2.18). 

Removal of 6 water/unit cell 

 

3 water/unit cell 

 

water no. 1 137 145 

water no. 2 139 139 

water no. 3 118 118 

water no. 4 73  

water no. 5 94  

water no. 6 115  

 

 

Figure 3.32: The structures and relative stability of Al(Oh) and Al(Td) species with a) 6 and b) 

3 water in the unit cell obtained from AIMD simulations. The relative energies are calculated 

as the running average of internal energy from the last 5000 snapshots in the AIMD 

simulations. 
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Water concentration: Individual water molecules are firmly bound to Al(Oh) species. 

Interaction energies for water molecules in the first (denoted 1, 2 and 3 in Table 3.5) and 

second (denoted 4-6) coordination shell are either larger or smaller than -118 kJ mol
-1

, 

respectively. The role of water quantity on the relative stability of LAS(6) and BAS(4) 

structures was investigated, by decreasing the number of water molecules in the CHA cage 

from 6 to 3 (removing all water from the second coordination shell). Very similar relative 

energies were obtained for LAS(6) and BAS(4) structures for both water concentrations, 

which was confirmed further by running 20 ps long AIMD simulation for both water 

concentrations (see Figure 3.32). Thus, the stability of LAS(6) structure is not compromised 

even when the water loading is reduced to half.   

 

3.3.3 Summary 

The structure and formation mechanisms of the framework-associated Al(Oh) species have 

been proposed for the first time. The computational investigations on a CHA zeolite model 

with Si/Al=3 confirm that the framework-associated Al(Oh) is thermodynamically stable and 

kinetically connected to BAS at the room temperature. The conditions for existence of 

framework-associated Al(Oh) include: (i) Three BAS sites must exist in close proximity to 

each other to allow transfer and fixation of protons around the to-be-formed octahedral 

aluminum. (ii) Octahedral Al is formed from one of the Al atoms of the Al-O-Si-O-Al pair, 

where Al atoms are separated by a single framework silicon atom. (iii) The presence of water 

molecules is required to create and stabilize the Al(Oh) species, and realistic dynamical 

description of water solvation is thus of great importance. 
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4. Discussion 

4.1 Water loading 

The water concentration has a significant effect on both the mechanisms and energies of the 

hydrolysis process. Increasing the loading of water molecules can introduce new more 

competitive hydrolysis mechanisms, i.e., axial, S2R and the catalytic M3 mechanisms. The 

cooperation between water molecules can create an environment conducive to hydrolysis and 

effectively reduce the barriers of the reactions. Hence, it is essential to consider the effects of 

liquid-like water molecules present in the zeolite pores even if they are not directly involved 

in framework scission (see e.g., section 3.2.2).  

Due to the diversity of the zeolite frameworks, it's crucial to think about which factors affect 

the water loading in the zeolite pores and by extension also the related hydrolysis mechanism. 

The effective accessible volume for water in the pores zeolites is limited and assuming the 

water density is comparable to the room temperature water density (1 g cm
-3

) or lower, the 

water adsorption capacity of the zeolite unit cell is typically not very large. e.g., the water 

adsorption capacity of zeolite CHA is approximately five water molecules per CHA cage
7, 138-

139
. Several factors influence the actual water loading in the zeolite channels. The first factor 

is the heteroatom type (e.g., heteroatoms with the oxidation number IV such as Ge, Sn, Ti, etc. 

or with the oxidation number III such as Al or B which is accompanied by the presence of 

charge compensating cations) and their concentration. For aluminosilicate zeolites, the strong 

interaction between water molecules and cationic sites such as Brønsted acid sites (BAS) will 

increase hydrophilicity significantly, and many zeolites have been studied to establish a clear 

positive correlation between water adsorption and the framework aluminum content
31, 140-144

, 

showing, e.g., for the MFI case that up to 7 water molecules can be accommodated by a single 

BAS site
144

. The presence of other heteroatoms (Ge, Sn, Ti, …) also increases the 

hydrophilicity of the zeolites, however, to a much lower degree than aluminum and most of 

the hydrophilicity increase commonly associated with the increase in Ge, Sn or Ti 

concentration appears to be rather related with the increase in the defects concentration
31

. 

Hence, the second factor influencing water loading is the defect concentration, since the 

majority of the defects are hydrophilic such as the silanol nests, and the isolated silanol, 

germanol or stannol groups. For example, in section 3.1.1 we showed how partial hydrolysis 

of pristine hydrophobic UTL zeolite leads to generation of silanol/germanol-containing 

defects that adsorb water molecules twice as strongly as the pristine germanium Lewis sites 
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with the water adsorption energy being almost as high as for the water bound to the BAS site. 

Seeing new low barrier hydrolysis mechanisms taking place at the high water loading, it 

comes as no surprise that the rate of hydrolysis has been shown experimentally to be 

significantly influenced by the defect concentration
38

. The third factor is the distance from the 

external surface to the pores since the hydrolysis rate may be limited by the kinetics of water 

diffusion and a gradient in the reactant/water concentration is probably established as a 

function of depth. Each of these factors affects the amount of water available to participate in 

the zeolite hydrolysis and by extension it influences the hydrolysis mechanism and the 

hydrolysis rate. 

4.2 Ge content 

The germanium content in the zeolite UTL framework not only affects the water loading but 

also the hydrolytic lability of the structure. The introduction of germanium greatly improves 

the ability to guide the synthesis of zeolite as well as convert them into new materials by post-

synthesis modifciations
1-6

. Germanium has an important structure-directing effect, i.e., it can 

induce the formation of the precursors of D4R units, promote the crystallization of D4Rs-

containing zeolites, and stabilize the final structures
13, 145-146

. In addition, it is well 

documented in the literature
37, 81-83

 that germanium in many zeolites such as UTL, UOV, IWW 

are expected to preferentially occupy the D4R units, and the occupation of S4R units parallel 

to the layer may enable delamination
37

. Our analysis of such a preferential clustering of Ge 

atoms in our computational models (see Section 3.1.4) clearly shows that increasing the Ge 

content in S4R (as a part of D4R unit) from two to four atoms not only lowers the reaction 

barriers to the first hydrolytic step but also significantly stabilizes (by approximately 60 

kJ/mol) the resulting S2R products. As a result, the reaction becomes highly exothermic and 

may provide the necessary surplus energy for further reaction steps. Hence, we are able to 

relate the observed step-change in hydrolytic (in)stability of germanosilicate zeolites
1-6, 121

, as 

a function of germanium concentration, to reaching a critical concentration of about 4 

germaniums per D4R (or rather per S4R), which opens up new exergonic hydrolysis pathways 

with very low activation barriers. 

4.3 Neutral vs alkaline conditions 

Under the conditions of minimum water loading in neutral conditions, the effective barrier of 

the initial hydrolysis step, via the M1 mechanism (section 3.2.1), is 194 kJ mol
-1

. Such a high 

barriers make desilication at low water conditions unfeasible, at variance to the dealumination 
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with single water molecule
7, 60

, which explains: i) the observed selectivity of zeolites towards 

selective dealumination under steam conditions, and ii) good thermal stability of the high 

silica-zeolites. Therefore, M1 mechanism is unlikely to play an important role in the 

desilication of zeolites at moderate temperatures.  

Under the anhydrous alkaline conditions, NaOH acts as reactant breaking the siloxane bonds 

via the M2 mechanism. NaOH can drive the complete desilication from the pristine zeolite to 

the formation of orthosilicic acid. The energy barriers of each step are low (less than 60 kJ 

mol
-1

) and reaction energies for all but the first step are exothermic. In other words, the 

presence of NaOH greatly accelerates the desilication of high-silica zeolites. These results are 

consistent with the previous findings of Zhai et al.
71

 (see Figure 1.3d), who employed 

successive SN2-like mechanism to hydrolyze the surface of ZSM-5 with NaOH. However, 

work of Zhai et al. did not consider the effects of solvent and the proposed mechanism 

resulted in large consumption of NaOH. 

Hydrolysis under neutral, high water conditions, can proceed following the Grotthuss-type 

axial mechanism as shown previously by the work carried out in our group
7
. The initial 

Q
4
→Q

3
 hydrolysis step barrier for desilication (at 300 K) and degermanation (at 370 K) is 

only 65 kJ mol
-1

 and 37 kJ mol
-1

 (see section 3.1.3), respectively. Such low barriers allow the 

initial hydrolysis to be achieved under mild conditions. However, the preliminary calculations 

indicate that the subsequent Q
3
→Q

2
 hydrolysis step can be more difficult than the Q

4
→Q

3
 

step
121

, because the hydrophilic groups (silanols/germanols) formed by partial hydrolysis can 

interfere with the Grotthuss proton transfer, an essential step of the axial mechanism. Thus, it 

is predicted, at least for the desilication pathway, that the axial mechanism will rather lead to 

reversible partial hydrolysis of the framework than to the complete hydrolysis under ambient 

conditions, which was verified experimentally
7
.  

Hydrolysis under alkaline (NaOH) microsolvation conditions was found to initiate with a fast 

and exothermic Q
4
→Q

3
 step. This is due to a fact that the stabilization of the Na

+
 cation and 

the formation of a hydrogen bonding network around the Q
3
Si-OH moiety is energetically 

favorable when sufficient water molecules are present. The Q
4
→Q

3
 step provides energy for 

subsequent steps, which are expected to proceed by the novel catalytic mechanism (M3). This 

new mechanism accessible at microsolvation (two waters per reactive center) is feasible under 

mild conditions and it does not consume NaOH. Hence, it may to lead to substantial 

desilication, even with only small concentration of NaOH in the pores. 
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4.4 Generality of the mechanisms 

Novel mechanisms (axial, S2R, geminal, M2/M3) discovered in this work are expected to be 

of general nature, extendable in part to other zeolites with different Lewis acid sites, such as 

tin- and titanium-zeolites. First, the axial mechanism has been observed previously by some 

of us for Si-O-Si hydrolysis in purely siliceous CHA model
7
, confirming the general nature of 

such a mechanism. This expectation is corroborated by recent reports of the formation of a 

stable Q
3
 axial products in Sn-BEA  using static DFT calculations

78-79
. Although, these 

calculations were done in low water conditions, they at least confirm the stability of axial 

products also for tin-zeolites. Besides the axial mechanism, also the geminal and S2R 

mechanisms could be theoretically generalized also for tin- or titanium-zeolites, due to a 

propensity of these atoms to increase their coordination beyond four. However, since tin- and 

titanium-zeolites can be typically prepared only with very low heteroatom content, we expect 

that such mechanisms may not be applicable in selective hydrolysis of such zeolites.  

In addition, we see no clear reason why the novel mechanisms should not be applicable to 

other zeolite topologies. In case of axial mechanism, we note that its favorability will be 

contingent on: i) the accessibility of the T sites, and ii) ability to form a stable Q
3
Si/Q

3
Ge 

axial product that would not be in strong steric repulsion with the framework (see Section 

3.1.1). In particular, the T site needs to be well accessible to water both to allow water 

adsorption followed by the formation of penta-coordinated Si/Ge center and to allow proton 

attack to the framework oxygen in axial position. Taking UTL as an example (see Section 

3.1.1), the D4R and adjacent T sites are well-accessible to axial attack, however, most of the 

T sites in the UTL layer are not. Hence, this provides further justification for the (observed) 

increased hydrolytic stability of UTL layers in comparison to the interlayer
121

. Importantly, 

the accessibility notion can be straightforwardly extended to other zeolites and used to gauge 

their propensity for selective hydrolysis, justifying, e.g., the difficulties in selective 

delamination of zeolites with three-dimensional channel systems
132

. The alkaline hydrolysis 

(M2/M3 mechanisms) is also expected to be influenced by the accessibility, as the hydrolysis 

products are also of an axial type with inverted Si tetrahedron and -ONa and -OH bonds in 

axial positions with respect to each other. Hence, the accessibility of this product state is 

topology-dependent and may become a hindrance for the scission of siloxane bonds, which 

are not exposed to the pore from both sides. Hydrolysis is thus more likely to take place at 

intersection T sites and sites in interlayer rings. Besides the axial mechanism, the geminal and 

S2R mechanisms should be also applicable to other topologies. However, our calculations 
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show the S2R mechanism requires germanium to be densely clustered, e.g., in the S4R rings. 

Hence, we may expect that topologies that would disfavor such dense clustering of 

germanium might be hydrolytically stable even for rather high Si/Ge ratios while the contrary 

will be true for topologies favoring germanium clustering such as UTL.  

The applicability of the M2/M3 mechanisms to other topologies will likely depend on the pore 

confinement which determines the degree of solvation. For small pore zeolites, such as CHA, 

we assume that microsolvation conditions are realistic and thus we expect the catalytic M3 

mechanism to be of importance for this class of zeolites. Our preliminary calculations for FER 

zeolites confirm this assumption
133

. However, if bulkier species (countercations, co-solvents, 

reagents, etc.) are present in the system, which have larger excluded volume, the number of 

waters available for solvation/NaOH-dissociation may be limited and with it also the 

applicability of the M2/M3 mechanisms. Conversely, for large pore zeolites such as FAU, 

water can completely solvate the Na
+
 cation detaching it from the framework and thus 

changing the charge distribution at the reaction center
147-148

. In other words, full solvation 

conditions are expected to be more realistic than the microsolvation conditions considered 

herein (see section 3.2). This can affect the competitiveness of the M3 mechanism in 

particular. Overall, the microsolvation regime is expected to be applicable for small pore and 

highly siliceous zeolites, for which the M2 and M3 mechanisms are anticipated to play a 

significant role in zeolite desilication under alkaline conditions. 
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5. Conclusion 

In this dissertation, we performed the quantum chemistry calculations to systematically study 

the hydrolysis mechanism of zeolites under realistic conditions. The whole dissertation is of a 

purely computational nature, however, most of the research has been done in close 

collaboration with the experimentalists, and great attention has been paid to ensure 

comparability of computational models and experiments
120-121

. We produced simulation data 

that agree almost quantitatively with the experimental ones, including adsorption and NMR 

measurements. The dissertation focused on three self-contained but closely related topics with 

the following conclusions: 

(1) In the first project, we investigated the hydrolysis mechanism of the germanosilicate UTL 

with different Si/Ge ratios and water loading and found that the water loading and Ge content 

play a very important role in the disassembly process of this prototypical ADORable zeolite. 

The increase of germanium content lowers the hydrolysis barriers in both the low and the high 

water loading condition, in the latter significantly so. Ge atoms are known to cluster in the 

UTL framework
37

, and we show that especially the formation of Ge clusters in S4R units 

(embedded in D4R unit) can significantly destabilize the framework towards the water. In the 

high Ge models (and especially under high water loading conditions), the UTL framework 

easily interacts with water to form stable S2R products (involving Ge-(Of)(Ow)-Ge species) 

via the S2R mechanism, releasing a lot of energy in the process, which can be used for further 

hydrolysis. In the low Ge models, loading the micropores of UTL with water opens up an 

energetically favorable axial mechanism, which leads to formation of stable axial product 

through the Grotthuss-type proton shuttling. Both of these mechanisms (S2R and axial) are of 

highly cooperative nature either with respect to cooperation of waters in the proton shuttle or 

with respect to increased local flexibility and reactivity of the D4R units filled with 

germanium. This study clearly fills the gap in the research on the hydrolysis of 

germanosilicate zeolites, describing the degermanation process for the first time at the 

molecular level. In addition, the calculation methods used in this work adopt reasonably 

realistic models of the germanosilicate zeolite under realistic conditions, with an explicit 

consideration of temperature and solvation, which increases the significance of our results. 

Lastly, this work has a potential to inform future attempts to synthesize new zeolites from 

germanosilicate precursors. 
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(2) In the second project, we used a realistic model of siliceous zeolite CHA to conduct 

detailed research of the hydrolysis mechanism in the pore interior under neutral/alkaline 

conditions and we proposed several mechanisms taking place at different reaction conditions. 

This water-induced desilication was calculated sequentially, from the first bond breaking step 

to the full removal of an Si(OH)4 group from the framework. We found that the NaOH 

enhances the rate of zeolite hydrolysis in each step by a significant amount as compared to 

hydrolysis taking place in neutral conditions. We calculated the reaction pathway in which 

NaOH acts as a reactant (M2 mechanism), easily breaking siloxane bonds already at the room 

temperature, however, this pathway leads to large NaOH overall consumption and it will be 

hindered by microsolvating water. We also identified a pathway in which NaOH acts as a 

catalyst that is regenerated in situ (M3 mechanism), this catalytic mechanism requires very 

low concentration of NaOH present in the reaction mixture. Moreover, the presence of 

microsolvating water lowers the barriers for NaOH catalyst regeneration. Both mechanisms 

(M2 and M3) are energetically feasible, and the preference of one over the other will be 

determined by the concentration of NaOH and water in the zeolite pores. This study provides 

systematic mechanistical understanding of the role of alkali molecules in the desilication 

process of zeolite hydrolysis, and it also shows that although high silica zeolites are 

hydrophobic, the hydrolysis proceeding from the pore interior is feasible under alkaline 

conditions. 

(3) Lastly, we studied the reversible transformation between tetrahedral Al(Td) species and 

framework-associated Al(Oh) species in the zeolite CHA, obtaining the free energies profiles 

for the transformation all the way from Brønsted acid site (BAS) via tetrahedral Lewis acid 

sites (LAS) to the octahedral Al(Oh) species. We found that the framework-associated Al(Oh) 

is thermodynamically stable, it is kinetically connected to BAS at room temperature and it can 

be produced under the following conditions: (i) Three BAS sites must exist in close proximity 

to each other, to allow transfer and fixation of protons around the to-be-formed octahedral 

aluminum. (ii) Framework-associated Al(Oh) can be formed from one of the Al atoms of the 

Al-O-Si-O-Al pair, since the stability of Al(Oh) is greatly reduced for Al atoms separated by 

two framework silicon atoms from the other Al sites. (iii) The presence of water molecules is 

required (at least three waters in the CHA cage) for existence of Al(Oh). In summary, this 

study resolves the question about the nature and reversibility of framework-associated Al(Oh) 

species in CHA zeolite (applicable probably also for other topologies) and brings additional 

evidence that the framework of acidic zeolites becomes labile under wet conditions. 
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We have identified many intriguing hydrolysis mechanisms in zeolites covering a range of 

water loadings in the zeolites pores, range of conditions (neutral and alkaline) and also a 

range of zeolites types including purely silicieous (CHA), aluminosilicate (CHA) and even 

germanosilicate zeolites (UTL). Many of our findings can be straightforwardly extended to 

other zeolite frameworks and even contemplated to be applied to other heteroatom-exchanged 

zeolites such as tin- and titanium-exchanged zeolites. Our results will help to improve the 

understanding of the role of environmental factors in the behaviour of zeolites under the 

conditions in which they are actually utilized. The calculation methods used in zeolite 

hydrolysis will promote a new paradigm of modelling materials under realistic conditions. 

Ultimately, this study will open new avenues for the research in the future, by allowing us to 

develop a computational platform appropriate to a wider range of reactions, from adsorption 

in molecular sieves, to catalysis, and further towards assembly and disassembly of porous 

materials. This will eventually help experimentalists working to improve catalyst performance, 

decrease catalyst degradation and increase catalyst durability. 
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