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ABSTRACT 

 

Zeolites are widely used in commercial processes spanning from ion exchange in 

detergents to catalysis in the (petro)chemical industry. Understanding the mechanisms of zeolite 

growth at a molecular level aids a priori selection of synthesis parameters to tailor their 

physicochemical properties. Despite significant effort in the past two decades to elucidate the 

mechanisms of nucleation and crystal growth, these pathways in zeolite synthesis are not well 

understood. This is due in large part to the inherent complexity of zeolite crystallization and the 

synthesis conditions (i.e., high pH, high temperature, etc.) that render in situ characterization 

challenging. Our group developed a way to carry out solvothermal in situ atomic force 

microscopy (AFM) wherein we can observe zeolite surfaces at near molecular resolution under 

realistic growth conditions. This dissertation focuses on in situ AFM studies of several 

industrially relevant zeolites (e.g., LTA, MFI). 

Interest in understanding zeolite A (LTA) formation stems from its widespread use as a 

commercial molecular sieve; however, recent discoveries that zeolite A is an active catalyst for 

environmental applications and methanol to olefins reactions has placed this material in the 

spotlight. Using in situ AFM, we observe distinct growth regimes as a function of supersaturation 

and temperature. At high supersaturation and low temperature, we observe the three-dimensional 

assembly and structural evolution of gel-like islands on zeolite surfaces. These features, which 

derive from molecularly-dispersed solute, constitute a unique mode of growth among reported 

cases of nonclassical crystallization. Time-resolved AFM imaging also reveals that growth can 

occur by (nearly) oriented attachment, which is a rare phenomenon for zeolites, but is observed 

during crystallization by particle attachment (CPA) for other minerals.  

A detailed analysis of zeolite A crystal growth at low supersaturation reveals a 

predominantly classical mechanism where the generation of new layers on <100> surfaces occurs 

via three distinct modes: spiral dislocations, 2-dimensional nuclei, and layers emanating from 
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protrusions (defects). Our findings indicate that the selection of silica source plays a vital role in 

the presence of amorphous deposits, which can become incorporated into advancing layers on 

zeolite A crystal surfaces. Moreover, in situ AFM measurements using growth solution with and 

without an organic structure-directing agent reveal that the latter induces the formation of gel-like 

islands, analogous to conditions of much higher supersaturation and lower synthesis temperature.   

The presence of amorphous colloidal particles is ubiquitous in many zeolite syntheses, 

and has led to extensive efforts to understand the driving force(s) for their self-assembly and 

putative roles in processes of nucleation and growth. We use a combination of in situ scanning 

probe microscopy, particle dissolution measurements, and colloidal stability assays to elucidate 

the degree to which silica nanoparticles evolve in their structure during the early stages of 

silicalite-1 (siliceous analogue of the widely used ZSM-5 zeolite) synthesis. We show how 

changes in precursor structure are mediated by the presence of organics, and demonstrate how 

these changes lead to significant differences in precursor-crystal interactions that alter preferred 

modes of crystal growth. Our findings provide guidelines for selectively controlling silicalite-1 

growth by particle attachment or monomer addition, thus allowing for the manipulation of 

anisotropic rates of crystallization. In doing so, we also address a longstanding question regarding 

what factors are at our disposal to switch from a nonclassical to classical mechanism.   
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Chapter 1  

Prior Work on Zeolite: Rational Design and Growth Mechanism 

1.1. Introduction  

Zeolites are aluminosilicate minerals and have been known for almost 250 years. The 

mineralogist Axel Fredrik Cronstedt, coined term “zeolite”, from the Greek word zéō, meaning 

"to boil" and líthos, meaning "stone" as he observed that upon heating the material (believed to be 

Stilbite) produced a large amount of steam from the absorbed water.  There is a lot of interest in 

zeolite research due to its widespread use in ion exchange, gas separations, and catalysis; 

however, natural occurring zeolites are of limited use due to the presence of impurities. It was 

only the advent of synthetic zeolites in the 1950s that zeolites began to play a key role in 

commercial applications. The development of synthetic routes of zeolites A (LTA type) and X 

(FAU type) for their use as absorbents was the first breakthrough in zeolite commercialization
1
. 

One of the most significant events in zeolite science was the introduction of faujasite (FAU) as a 

fluid catalytic cracking (FCC) catalyst in 1962
2
. These new materials were not only more active 

than previously used amorphous silica, but the advent of FAU-based FCC catalysts also led to a 

significant increase in the production of gasoline
3
 . It has been estimated that the cost of 

worldwide petroleum refining would be higher by at least $10 billion per year if synthetic zeolites 

were not available today
4
.  After 1962, zeolite catalysts rapidly replaced existing catalysts in the 

field of petroleum refining and various processes in the petrochemical industry. The major 

processes where zeolites are used today are hydrocracking of petroleum distillates, octane 

enhancement by isomerization, and synthesis of ethylbenzene, to name a few
5,6

. Although 

catalysis is the most important application of zeolites, with estimates of its expected market share 
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being about 33.80 billion USD in 2022
7
 , zeolite research is expanding with new opportunities in 

a broad range of applications with applications spanning energy to medicine
8-17

. 

Zeolites are crystalline microporous aluminosilicates and are composed of covalently 

bound TO4 tetrahedral units. The T atom in the zeolite tetrahedra is either Si or Al with O atoms 

connecting adjacent T atoms. On the other hand, zeotypes are the structural analogs of zeolites 

with a broad range of heteroatoms at T sites (e.g. T = Ge, Ga, Sn, B, etc.) 
18-20

. Prominent 

examples of zeotype families include silicoaluminophosphates (SAPOs) and aluminophosphates 

(AlPOs).  

.  

Figure 1.1: Faujasite zeolite framework depicting its cage and adjoining channels. T-sites are 

often occupied by Si and Al. The negative charge on Al is counterbalanced by extra-

framework cations.  

The tetrahedral units TO4 are the primary building units of zeolites, and they combine to 

form over 30 periodically repeating secondary structural arrangements or secondary building 

units (SBUs). These SBUs are usually comprised of 8-12 membered rings resulting in small, 

medium, and large pores which can range in aperture from 3 to 10 Å
21-23

.  These pores are 

interconnected in several different ways forming a network of pore channels.  Depending on the 

connectivity of the pore channel, they can be divided as 1-dimensional (1D), 2D, and 3D, thereby 

forming intersecting or non-intersecting networks. The different network of channels results in 

over 235 different zeolite frameworks
24

 each with unique arrangement of TO4 units and is 

referred by three letter code by international Zeolite Association (IZA), such as FAU for 

faujasite-type zeolite, LTA for Linde type A zeolite,  and so on. 
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The composition of aluminosilicate zeolites can vary over a wide range, from Si/Al = 1 to 

infinity. The lower limit of Si/Al = 1 of a zeolite framework
18

 arises because of electrostatic 

repulsion between the negative charges on adjacent framework Al(OH)
-
4 species or Al-O-Al bond 

is not formed in usually zeolites (Löwenstein's rule) 
25

. The amount of Al incorporated into the 

crystal lattice depends on the synthesis conditions and can be altered by post-synthetic 

modifications. A purely siliceous zeolite consists of all silicon T sites and has no charge in defect-

free crystals (noting that defects, such as silanol vacancies and surface silanol groups, can lead to 

negative charge). The replacement of silicon T atoms by aluminum leads to a negative charge on 

the framework which has to be compensated by “extra-framework” cations (Figure 1.1). These 

cations can be alkali earth metals, transition state metals, or a proton, leading to Brønsted and/or 

Lewis acids sites in the zeolite framework
26

. The presence of these acids sites makes zeolites a 

unique class of catalysts with tunable acidity and whose selectivity and activity is enhanced by 

the well-defined pore channel.  Hence, they are often considered to be catalytic micro-reactors 

(Figure 1.2). Furthermore, these extra framework cations are ion exchangeable leading to their 

widespread use in applications in ion exchange
27-32

.  The amount of Al within the framework is a 

critical property. The hydrothermal stability and the hydrophobicity increases with the Si/Al ratio, 

while catalytic activity is also dependent on the Si/Al ratio.  
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Figure 1.2: The shape selectivity effects during chemical reactions mediated by well-defined pore size 

and cage arrangements. Scheme has been adapted from previous work by Davis.
33

  

 

1.2. Applications of zeolites 

Zeolites are used commercially as catalysts and adsorbents owing to their unique properties 

such as (i) high surface area, (ii) well-defined pore size of molecular dimension, (iii) high 

adsorption capacity, (iv) their ability to partition reactants/products, (v) the possibility of 

modulating the electronic properties of active sites, (vi) high thermal stability, and (vii) the 

possibility for pre-activating the molecules in the pores by strong electric fields and molecular 

confinement 
33,34

. In additions to applications in catalysis and adsorption (Figure 1.3), other novel 

applications (i.e., drug carriers, photonic devices) are being explored
18

. 
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Figure 1.3: Some of the major operations found in modern refineries with current and emerging 

applications for zeolites 
36

 

 

1.2.1. Catalysis 

Catalysis is the most important area of zeolite applications. Zeolites can mediate 

reactions through Brønsted acid sites, Lewis base sites, and bifunctional active sites (e.g., 

transition metal with an acid site that either act cooperatively or in tandem). The common 

applications of zeolites as catalysts are cracking, hydrocarbon isomerization, and hydrocarbon 

synthesis.  

The reactions within the confined volume of zeolite pores can provide better control of 

selectivity of products. Fluid catalytic cracking is the largest and the oldest use of zeolite 

catalysts.  The FCC units are the most important unit in refinery where most of the gasoline and 

diesel are produced from crude oil or it can be used to optimize the propylene production by 

changing operating conditions (with minor modification using catalyst additives)
2
. For instance, 

Faujasite (zeolite Y or USY) is the main FCC catalyst with ZSM-5 (MFI) additives to increase 
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the yield of propylene and butenes leading to a boost in gasoline octane
37-40

. In addition to its use 

as a FCC catalyst, zeolite Y is also used in hydrocracking, which enables the refinery to process a 

wide variety of feedstocks by converting vacuum gas oil (VGO) and heavier residue into mainly 

transportation fuels, i.e. converting low value products into higher value products. This also 

provides the refinery flexibility in operating based on crude quality and market/legislative 

requirements.   

Zeolites are also widely used in selective catalytic reduction (SCR) due to increasing 

need to control of greenhouse gases (NOx, SOx) from various sources such as automobiles 
41

. 

Strict environmental legislation has spurred efforts to develop new, and more effective, catalysts 

to reduce the NOx content in automobile exhaust streams. The discovery of Cu
+
 exchanged SSZ-

13 has proven to be a good alternative and is used extensively in catalytic conversion of NOx to 

N2 
42-46

. Recently, high silica LTA has been found to have high thermal stability under NOx 

reaction conditions and is being explored for this application
47

.  

Fuel production from biomass is a rapidly expanding field to supplement the limited 

resource of fossil fuels 
48-51

. There have been several efforts to explore the options of converting 

bio-feed stock to bio-fuel 
50

. Given widespread success of zeolites in refining and the 

petrochemical industry, there is a growing interest in the use of zeolites for biomass processing
50

. 

Several biomass conversions studies have been reported using the unique chemistry of zeolites 
52-

54
; however, there are several obstacles before the successful commercialization of a zeolite 

catalyst for biomass conversion can be realized. These obstacles include unstable products, the 

low structural stability of zeolites in the reaction media and limited active site accessibility by 

large biomolecules 
54

. 

The advent of shale gas as an energy source has a dramatic effect on the energy landscape 

and spurred research in conversion of smaller and saturated hydrocarbons into aromatics and 

olefins 
55

. Zeolites and related materials (zeotypes) are being explored as potential candidates for 
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methanol-to-olefin (MTO) processes. To this end, the zeotype SAPO-34 (CHA type) is used in 

commercial MTO processes 
55

.   

 

1.2.2. Absorbents  

Zeolites can selectively adsorb molecules on the basis of their electrical charge and size. 

Hence, they are also called molecular sieves.  The large surface area and large micropore volume 

make them excellent absorbents. Also, they have high (hydro)thermal stability, which makes 

them suitable for applications requiring multiple regenerations under relatively harsh 

environments. Hence, zeolites account for 85% for all inorganic absorbents 
24

.  They are also used 

as non-regenerative adsorbents for desiccants, NH4
+
 removal, promising hemostatic agent

56
 and 

odor control
57

. Zeolites are used for bulk gas phase separation for N2/O2 and CO2,CO from syngas 

58
. They are also used for gas purification, such as absorbing NOX and/or SO2 from gas effluent. 

The effectiveness of microporous zeolites in these applications can be fine-tuned by varying the 

pore size or changing the distribution of cations within the pores 
59

.  

 

1.2.3. Ion exchange 

Cations within the zeolite pores can readily exchange with other cations in aqueous 

media. Hence, low silica zeolites such as zeolite A, are used extensively in ion exchange 

applications 
60,61

. In fact, it is the most widely used application of zeolites by weight 
1
. Zeolites 

are used in detergents and soaps for its water softening properties 
28,32,33

; and zeolites can also be 

used to remove radioactive ions from water 
62

. 

The economics of these applications and the zeolites selected for these applications 

depend on: (i) the performance of zeolites and (ii) the cost involved in zeolite synthesis. There 

exists structure-property-performance relationship which determines the overall performance of 

zeolites towards specific applications, which is described in more detail in the following section. 

For example, small crystals with reduced mass transport limitation has longer catalyst life time 
63

. 
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1.3. Structure-property and performance of zeolites  

The demand for more efficient zeolites has spurred efforts to control their synthesis and 

resulting physicochemical properties. In this section, some of the important properties which 

affect the performance of zeolites and strategies used to tailor these properties of zeolites are 

discussed.   

 

1.3.1. Acid site density  

The amount of aluminum in the zeolite is an important property. It determines the 

number of active sites (i.e. total acidity) in catalytic processes. Also, the high aluminum content 

of zeolites, such as LTA and FAU, make them suitable for gas adsorption and ion exchange 
34

. 

Moreover, the composition of zeolites (i.e. Si/Al ratio) has a significant impact on their 

hydrothermal stability as well as catalyst lifetime 
64

. For example, low silica faujasite is not 

suitable as a catalyst for FCC reactions due to low thermal stability; however, the desilication of 

ultrastable Y (USY) by steaming or acid treatment affects the structural integrity of zeolite. Often 

high silica zeolites require the use of fluoride. Furthermore, siliceous zeolites are ideal for 

emerging applications in gas separations, sensors, and the next generation of low-k dielectric 

materials 
65

. For these reasons, substantial effort has been directed into research and development 

to tailor the composition of zeolites 
47,64,65

.  

 

1.3.2. Aluminum siting  

The spatial distribution of acid sites in zeolites may differ in density with changes in bulk 

elemental composition (Si/Al ratio). Even at fixed bulk composition for a specific zeolite 

framework, the arrangement and distribution of framework Al atoms can lead to structural and 

catalytic diversity. The use of organic structure-directing agents (OSDAs) in zeolite synthesis 

have the potential to direct Al siting 
66

. For example, the use of tetrapropylamonium (TPA) in 
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ZSM-5 (MFI) synthesis can place Al sites preferentially within 10-member ring(MR) channel 

intersections 
67

. Conversely, Al is placed both in both the straight and sinusoidal channels of 

ZSM-5 synthesized in the presence of TPA and Na
+
 

66
, which serves as an inorganic structure-

directing agent.  The distribution of Al at different T sites of a given zeolite influences its 

catalytic activity, because reactive intermediates and transition states stabilization depends on the 

geometry of the localized confined environment 
68

. The Al distribution at different T sites also 

influences the structural stability of a given zeolite 
69

. Also, the proximity of Al atoms with the 

framework can affect catalyst activity and its structural stability 
52,66

. Furthermore, the spatial 

distribution of acid sites affects the shape selectivity of product distribution 
70

. Hence, approaches 

to tailor the spatial distribution of acid sites with specific channels or cages have been developed. 

Notable examples include the use of OSDAs 
66,71

 , whereas a more macroscopic control of Al 

distribution can be accomplished through the synthesis of core-shell structures 
72

 or so-called Si-

zoned materials. 

 

1.3.3. Diffusion path length 

The micropores of zeolites affect the diffusion of molecules throughout their porous 

networks. In zeolites, the reaction is often limited by internal diffusion of molecules which affect 

the catalyst lifetime and product selectivity 
73

. The diffusion path length of zeolites, in turn, 

depends on the catalyst size, morphology, and any mesoporosity that may be present in the 

zeolite.  Conventional syntheses of zeolites often lead to materials with pore dimensions aligned 

along the longest dimension of the crystal, which generates a long diffusion path length. Hence, 

there is a considerable number of studies that are focused on controlling the morphology of 

zeolites 
74-76

. Some notable examples include the use of zeolite growth modifiers (ZGMs) 
74-76

, 

novel OSDAs 
77

, and the control of synthesis conditions (e.g. pH, temperature, water content, and 

aging, among others) 
78,79

. We have shown how ZGMs can be used to tailor the properties of 

several zeolite frameworks 
74-76

. Similarly, it is widely reported in literature that the size of 
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zeolites can be reduced by using low temperature aging 
78

. Many nanosized zeolites have been 

synthesized, as documented in a review by Mintova 
79

.  Finally, the internal diffusional path 

length can be controlled by generating hierarchal zeolites, which consist of additional 

mesoporosity in addition to the zeolite micropores that reduce mass transport limitations 
80,81

.  

These hierarchal zeolites can be synthesized by either top down or bottom up approaches 
73,82,83

. 

In first method, the additional mesoporosity is generated by post-synthetic treatment of zeolites 
84

, 

while the bottom up approach introduces mesoporosity during the synthesis 
85

. Some notable 

examples of hierarchal zeolites were reported by Ryoo
77,86

, Tsapatsis 
87

, and Garcia-Martinez 
84

. 

The advantage of top down methods is that it is high facile however the Si/Al ratio and 

crystallinity is affected. While bottom up approach often required costly organic molecules 

(mostly OSDAs) which make the synthesis economically infeasible and also the removal OSDA 

leads to toxic gases and sometime framework collapses upon calcination.  

 

1.4. Economics of zeolite synthesis 

The chemicals used for zeolite syntheses include Si and Al sources. Often zeolite 

synthesis requires the use of organic molecules, either as OSDAs or modifiers, to tailor material 

properties and avoid the formation of impurities (e.g. polymorphs). The incorporation of these 

reagents can have a negative impact on the overall cost of zeolite synthesis. Often the removal of 

organics (post synthesis) leads to the generation of toxic gases, which require further mitigating 

measures that can further impact the overall economics of the process.  As mentioned in previous 

sections, the synthesis of certain zeolites and post-synthesis treatments may require the use of 

fluoride ions, which is a safety concern, and hence fluoride-free syntheses are preferred.  Thus, 

the overarching goal of zeolite synthesis optimization involves methods to eliminate OSDAs 
88

 

and the selection of inexpensive chemicals 
89

.  Purity is another factor which is vital for zeolite 

synthesis. To this end, a seed-assisted synthesis approach has been used to avoid the formation of 

polymorphs and to reduce the synthesis time 
90,91

. Improved heat exchange is another factor that 
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can lessen the time of crystallization. Indeed, Okubo and co-workers reported rapid hydrothermal 

treatment to produce zeolites using tubular reactor 
92,93

 .  Other strategies reported are microwave 

assisted zeolite synthesis, which facilitates rapid crystallization 
94

. The temperature used for 

zeolite synthesis is another important parameter that can affect the economics of commercial 

zeolite production as it impacts not only operational costs, but also equipment costs.  

1.5. Zeolite growth mechanisms  

Owing to the complexity of zeolite growth, the optimization of zeolite synthesis and its 

properties is difficult. The conventional synthesis of zeolite involves mixing of silica and alumina 

sources with a mineralizing agent such as NaOH or KOH in water. The mixture is hydrothermally 

treated for days to weeks at temperature from ranging from 35 to 200 °C 
95

. The overall free 

energy change for a zeolite formation is typically small as the product and raw materials have a 

similar bond type
95,96

. Hence, zeolite formation is often kinetically controlled 
95

. Moreover, 

zeolites are metastable species wherein a slight change in the kinetics or thermodynamic driving 

force can lead to different phases. This places greater emphasis on optimizing the synthesis 

conditions to promote the nucleation and growth of one phase over others. Despite significant 

effort over the last five decades from multiple research groups 
95

, the guidelines for selecting 

synthesis parameters a priori is lacking due to the presence of complex and diverse precursors 

involved in zeolite synthesis.  

The crystallization of zeolite proceeds via two steps: (1) nucleation of particles of new 

zeolite phase and (2) further growth of zeolite crystals. During nucleation, the smallest entities 

characteristic of a crystalline zeolite are formed, upon which additional growth species attach as 

the crystal grow.  Crystal growth is often described by sigmoidal curves defined by an induction 

period followed by an almost linear crystal growth rate. During nucleation and crystal growth, the 

attachment of solute is governed by the degree of supersaturation σ, which is defined as σ =
C

Ce
−

1, where C is the solute concentration and Ce is the solubility of the zeolite. Supersaturation is the 



12 

 

driving force behind the formation of a new phase and its growth. Interzeolite transformations are 

putatively governed by the free energy of the new phase, which is less than the free energy of the 

initial phase 
97

. 

 

1.5.1. Nucleation 

Crystallization is initiated by the nucleation of a new phase and further crystal growth 

occurs by the addition of solute. The early stage(s) of crystallization is crucial for the properties 

of the final crystal, such as the phase formed, its purity, and size (as determined by the number of 

nuclei generated in the growth solution). There have been numerous mechanistic studies of 

zeolite nucleation, both in industry and academia. Zeolite synthesis is usually carried out using a 

sol-gel mixture 
98

. The mixing of Si and Al sources can lead to formation of a sol, which is clear 

solution containing colloidal particles. The mixture can also be a gel, which is a polymeric chain 

of aluminosilicates.     

The molecular level understanding of solid state formation from the solution comprised 

of soluble species is not completely understood. Classical nucleation theory (CNT) is the 

common model to study the nucleation from the solution.  It states that nucleation occurs via the 

formation of embryos of a new phase from the solution by the aggregation of solute at high 

supersaturation when the molecules come and arrange to form a cluster 
99

. The free energy 

change determines the formation of nuclei and there are two opposing forces which determine 

whether they grow or they dissolve. The surface energy decreases while the bulk lattice energy 

increases with size. The surface contribution dominates until the critical size is reached. All the 

nuclei greater than the critical size grow whereas those less than the critical size dissolve. This 

phenomenon in solutions is called homogenous nucleation. The presence of foreign particles 

accelerates nucleation as it reduces the critical radius requirement. After nucleation, further 

growth occurs via the addition of solute to the growing crystal. 
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In zeolite syntheses, the events taking place are more multifaceted. The interface between 

the particle formed and solution is ill-defined as in the case of gel precursors where the transition 

from solution (or gel) to a solid phase occurs in multiple stages. In CNT, it is assumed that the 

nanosized particles to have similar properties as bulk materials
100

, which may not be true. For 

example, small particles usually have much higher surface area to volume ratio. Hence, the 

properties of silica gels are in stark contrast to those of bulk materials, such as siliceous zeolite 

crystals or quartz.  There is growing evidence that CNT is not applicable to zeolite nucleation. 

The process is more akin to the so-called two step mechanism observed for a wide range of 

materials
101,102

. Furthermore, the vast number of species and their size is a major obstacle in the 

understanding the zeolite nucleation which is further aggravated by the lack of suitable analytical 

techniques. In next section, studies related to soluble species in zeolite synthesis mixtures are 

discussed.   

 

1.5.2.  Soluble silicates in solution  

Zeolite synthesis is usually carried out in alkaline solutions at a temperature ranging from 

25 to 200 ºC with Si and Al concentrations in the range of 0.5 – 6.0 mol/L 
103

. At these 

conditions, aluminum in the solution (in the absence of silicon) exists as Al(OH)4
-
 in basic media. 

Silica chemistry, however, is more complex.  At low concentrations, silica can exist as a 

monomer, or silicic acid Si(OH)4, but with increasing pH (>8) these neutral monomer species 

become deprotonated  to various degrees. At high silica concentration, various oligomers have 

been observed using techniques such as 
29

Si NMR
104

.  The degree of connectivity of tetrahedral 

silicon atoms is often denoted as Q
n
 and one typically finds 

29
Si NMR resonances corresponding 

to Q
0
 (monomer, T(OH)4), Q

1
 (terminal), Q

2
 (singly bridging,-O-T-O-), and Q

3
 (corners of cage 

structures) centers. The formation of oligomers is favored by high Si concentration, low pH, and 

low temperature
105

.  Some of the oligomers can be stabilized by cations, which are counterions to 

negatively charged silanol groups. For example, tetramethlammonium (TMA
+
) is known to 
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promote the formation of double 4-membered rings (D4R) at high silica concentrations. Similarly 

tetraethylammonium (TEA
+
) is reported to promote the formation double 3-membered ring (D3R) 

oligomers; however, even for conditions favorable to their formation, growth solutions are often 

comprised of different kinds of oligomers
106

. 

 An important observation from 
29

Si NMR measurements is that the formation of D4R 

species occurs slowly over many hours at room temperature in TMA-silicate solutions, which 

denotes the kinetic inertness of Q
3
n cage species 

107
. It may be due to the absence of bound proton 

– notably, a Q
3

n cage is not expected to have protons attached, even under moderately alkaline 

conditions (pH>10) 
108

.  The stability of D4R species has also been confirmed by mass 

spectroscopy (MS) where D4R was found to reach isotopic equilibrium within hours, while TEA-

silica oligomers (e.g. D3R) were found to reach equilibrium much faster
109

 . It is uncertain 

whether the difference between two species is due to an inherent different in the stability of these 

oligomers or due to differences in the stabilization of these species by the cation.  For instance, it 

is known that TMA
+
 has much higher charge density, and hence it will prevent the hydrolysis 

much more effectively, than TEA
+
. 
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Figure 1.4: Various silicate oligomers detected in aqueous alkaline media by 
29

Si NMR. The 

black filled circles represent Si atoms in tetrahedral sites surrounded by oxygen 

atoms; connecting lines represent shared oxygen atoms 
110

 

 

1.5.3. Soluble aluminosilicates in solution 

It is expected that silicates will react rapidly with aluminates in an alkaline solution 
110

. 

Using 
27

Al NMR and 
29

Si NMR, various aluminosilicate oligomers have been detected in alkaline 

media
110

.  These oligomer species have also been detected by Raman 
111

, mass spectroscopy 
109,112

 

and other spectroscopic techniques
110

. However, 
29

Si NMR is a preferred method as it gives 

sharp, well-resolved peaks in contrast to broad peak from the quad polar 
27

Al nucleus. One 

negative aspect is that 
29

Si has low natural abundance and fairly long spin relaxation time in 

solutions, which requires long experiments and often enrichment. Various aluminosilicates have 

been identified using NMR (shown in Figure 1.5).  
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Figure 1.5: Various aqueous aluminosilicate oligomers for which NMR evidences have been 

reported
110

. Symbols are similar to those in Figure 1.4,with open circles indicating 

Al atoms at T sites surrounded by shared oxygens
110

. 

Chemical exchange between different species leads to broadening of peaks in NMR and 

affects identification of aqueous aluminosilicate species. Harris et al. 
113

 reported that the more 

highly connected Al (q
3
, the aluminum counterpart of silica Q

3
) in aqueous aluminosilicates are 

relatively inert kinetically, approaching equilibrium only over many hours in solutions prepared 

at room temperature. Furthermore, it has been concluded that small, acyclic aluminosilicate 

species are much more reactive than any silicate oligomers, and that ring or cage structures are 

particularly unreactive, whether or not they contain Al 
110

. However, there are limited data 

available on the exchange rate of aluminosilicates. For instance, no information is available about 

the stability of the aluminosilicate D4R in solution, which has been postulated to be key precursor 

for zeolite A crystallization 
114

. The stability of these species may affect whether they are 

involved as direct growth units in zeolite crystallization.  

It has been inferred that the small aluminosilicate species are the active precursors in the 

hydrothermal crystallization of zeolites.  Based on NMR analysis, it has postulated that larger 

aluminosilicate solutes may simply be a nutrient reservoir of small acyclic aluminosilicates 
110

. 

One important implication of the stability of cyclic oligomers is that the critical radius during 
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zeolite crystallization by 2D nucleation is putatively small. Even for given growth mixture, a 

large number of variables can impact zeolite nucleation. Furthermore, zeolites are metastable 

materials that can undergo a series of transformations leading to structures that are more 

thermodynamically stable 
95

, and thus growth is largely kinetically controlled. 

One of the pioneering studies of zeolite A nucleation is by Mintova et al. 
115

. They 

studied the formation of zeolite A crystallization at room temperature in the presence of an 

OSDA (TMA) by means of high resolution transmission electron microscopy (HRTEM). Their 

HRTEM images revealed that the first crystallites were embedded in amorphous gel-like 

aggregates with each amorphous aggregates containing one nucleus which grew with the 

consumption of amorphous precursors. On the other hand, in a similar study with FAU type 

zeolite by the same group revealed an interesting observation
116

. The nucleation of faujasite was 

observed on the periphery of the amorphous gel. One important difference between the two 

studies was that the temperature. The study with faujasite was carried at 100 °C compared to 

room temperature for the study of LTA.  In both of their experiments, measurements were carried 

out in the presence of an OSDA and both zeolites are low silica zeolites.  

Another landmark study of zeolite nucleation is the room temperature study of silicalite-1 

conducted over the course of a year to capture events of nucleation
117

. Silicalite-1 is a siliceous 

zeolite with a MFI framework and it serves as a model system for mechanistic studies of zeolite 

crystallization. The clear growth solutions used to prepare silicalite-1 consist of amorphous 

nanoparticles with dimensions of 1 to 6 nm
117

 . Tsapatsis and coworkers used cryogenic 

transmission electron microscopy (cryo-TEM) to track the evolution of precursors during 

crystallization at room temperature 
117

. With the increased synthesis time, the initially formed 

aggregates of nanoparticles became completely crystalline with ~5-nm protrusions on crystal 

exteriors which were commensurate with the size of initial nanoparticle precursors.  

It is interesting to compare these studies with the nucleation of zeolite in the absence of 

OSDAs. Valtechev et al. 
118

 reported the OSDA-free synthesis of FAU zeolite at room 
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temperature. Their extensive investigation by HRTEM was coupled with dynamic light scattering 

(DLS), synchrotron X-ray diffraction (XRD), N2 adsorption measurements, and chemical 

analysis. Their study suggested that the nucleation of FAU occurred inside the gel, within regions 

reported as “negative crystals” with liquid trapped in the gel phase.     

1.6. Zeolite crystal growth 

1.6.1. Classical growth  

Classical crystal growth typically involves 2-dimensional (2D) nucleation of layers and 

their subsequent spreading by the addition of monomers 
102

. Similar to the critical radius observed 

in homogeneous crystal nucleation, there exists a critical radius for 2D nucleation. If the size of 

the nucleus is less than its critical radius, the layer will dissolve, whereas layers with sizes larger 

than the critical radius most frequently lead to layer growth.  As supersaturation increases, the 

critical radius decreases and becomes less than the size of the growth units resulting in kinetic 

roughening (i.e. a condition when the barriers for nucleation are low, and a single solute ion or 

molecule may serve as a nucleus). 

 

Figure 1.6: (A) Classical crystallization occurs through monomer-by-monomer attachment (B) 

Kossel crystal where monomers attach either by their direct incorporation or by their 

adsorption onto terraces followed by surface diffusion and incorporation 
119

. 
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A Kossel crystal (Figure 1.6) is a model system that illustrates the three most typical sites 

on crystal faces for solute to attach: kinks, steps, and terraces 
99

. Monomer attachment to a kink 

site is the most energetically favorable as it leads to the formation of three monomer–crystal 

bonds (compared to two bonds and a single bond for step and terraces). Depending upon the 

supersaturation, the attachment of monomer occurs at kinks, steps, and edges. The solute can only 

attach to kink sites at low supersaturation.  Conversely, they attach to all the sites at high 

supersaturation, resulting in rapid 2D nucleation and rough growth. The distinct regimes of 

growth for classical mechanisms are broadly differentiated based on the relative supersaturation 

(Figure 1.7) 
99

. 

 

Figure 1.7: Scheme showing the different growth mechanisms of layer-by-layer growth on a 

crystal surface as a function of supersaturation. 

 On the other hand, as supersaturation decreases, the size of nuclei becomes large, and no 

nucleation happens. In these growth occurs via spiral growth resulting in the formation of growth 

hillocks emanating from a spiral dislocation source.  This spiral growth usually occurs at low 

supersaturation. The spiral growth increase the growth rate as the addition of solutes on the steps 

does not decrease in the kinks site, and the growth rate continues forever. However, no all the 

hillocks are due to spiral dislocation as has been observed in zeolites and other crystals. They can 

be due to intergrowth or twin plane crystal. This twin plane crystal again helps in reducing the 

critical size requirement similar to heterogeneous nucleation. 
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1.6.2. Nonclassical growth 

Crystal growth can occur via the attachment of a wide range of species (Figure 1.8) 
120

. 

Often multiple pathways are at play throughout zeolite synthesis. The presence of unfinished 

layers on fully grown crystals often seems to suggest classical growth by monomers attachment in 

zeolite surfaces 
121

; however, zeolite syntheses are carried out in a way that the silicon and 

aluminum sources do not dissolve completely leading to formation of a sol gel. The presence of 

particles during crystallization seems to suggest a nonclassical growth mechanism governed by 

particle attachment. The presence of amorphous precursors of varying structure, size and shape 

leads to a complicated mechanism of crystallization. In contrast to classical growth, the 

knowledge of nonclassical growth mechanism is limited due to the lack of suitable techniques to 

observe dynamics process in situ with sufficient spatiotemporal resolution
120

.  

 

Figure 1.8: Scheme showing various pathways for crystallization
120

. Growth by monomer 

attachment is defined as classical while growth via other complex precursors is 

considered nonclassical pathways.  

 



21 

 

At low supersaturation, zeolites can grow classically by monomer addition
121

. At high 

concentrations, monomers can assemble into oligomers or larger particles, which may serve as 

growth precursors. At even higher amounts of nutrient, monomer or oligomers can form gels or 

liquid aggregates or can self-assemble to form primary particles. These particles can directly 

attach to crystal surface or can evolve in size and microstructure to attach to the crystal surface 

121
. The kind of particle formed in the growth solution depends on the selection of Si and Al 

sources, the mineralizing agent, pH, and temperature.  For example, when a Si source such as 

colloidal silica or fumed silica is added to alkaline solutions in the presence of alkali metal ions, 

these particles aggregate and fuse to form so-called worm-like particles (WLPs) 
98

. These 

particles have been observed in various zeolite systems that include (but are not limited to) LTL 

122
, MFI 

123
,CHA 

124
, and LTA 

125
. Despite their presence reported throughout synthesis of various 

zeolites, their role is not fully elucidated. There are two hypotheses regarding their role in zeolite 

crystal growth 
119

: (1) They are a nutrient source that dissolve to produce molecular species, 

and/or (2) they directly attach to the crystal surface. 

The choice of silica can have dramatic impact on the crystal growth mechanism. For 

example, when tetraethyl orthosilicate (TEOS) is used as silica source in the presence of OSDAs, 

they assemble into amorphous nanoparticles at sufficiently high silica concentration with 

physisorbed OSDA on their surfaces 
126

. The exact microstructure of these nanoparticles is 

unknown, but they have been shown to evolve during zeolite nucleation 
127

. Prior studies in our 

group have directly confirmed that these evolved particles attach to the crystal surface and 

undergo a disorder-to-order transition 
128

. 

 

1.7. In situ studies of zeolite crystallization 

The investigative work to understand zeolite growth mechanisms has been ongoing for 

the last 30 years 
95

. Over the years, a variety of techniques have been used to study zeolite growth 

mechanisms. One way to study zeolite growth is by ex situ techniques where the growth mixtures 
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are quenched and particles are extracted from the growth medium and analyzed by batteries of 

techniques. However, the effects of sample preparation during quenching and extraction can 

limits the interpretation of data. Hence, in situ techniques are preferred. In this section, we will 

discuss some of the in situ techniques used to unravel zeolite growth. 

1.7.1. Nuclear magnetic resonance spectroscopy  

NMR spectroscopy can provide information of the atomic environment of framework 

elements in solids and in liquids. One of the advantages of NMR is that there is very little sample 

preparation required for analysis. Hence, it has been widely used in ex situ studies of zeolite 

synthesis. It can also provide detailed information of species present in the solution and to probe 

Si/Al chemistry.  One of the limitations of NMR previously described is that Si has low natural 

abundance and also low sensitivity, which requires long experiment time. At high temperature, 

the sensitivity of NMR decreases, which is further aggravated by the rapid exchange between 

species to limits such analyses.  In situ NMR can be carried out in two modes: (1) MAS (Magic 

Angle Spinning) mode to probe species in solids and (2) Liquid state mode to probe soluble 

species.  One of first in situ NMR studies of zeolite A was carried out by Shi et al. 
129

. In this 

study, 
27

Al and 
29

Si MAS NMR were used to track the species in solution and the solid phases. A 

parallel in situ X-ray diffraction study was used to investigate the crystallinity of the product.  At 

the synthesis temperature, only monomers were observed in the solution phase.  The 

concentration of dissolved Al monomers decreased during crystallization and it was concluded 

that the zeolite A growth occurs via solution mediated monomer addition.    

In another study, in situ 
27

Al NMR spectroscopy was used to measure the kinetics of 

zeolite A crystallization at 80 °C
130

. The changes of aluminum species present in the solid and 

solution phases during synthesis were monitored. From the gap in changes of alumina 

concentration, certain intensity curves of 
27

Al NMR line from the solution phase, an ‘autocatalytic 

nucleation’ model of zeolite crystallization was inferred. Additionally, this study demonstrated 
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that in situ measurements do not require a specially constructed rotor as for 
27

Al MAS NMR, 

which simplifies sample handling. Recently, the first in situ NMR study under hydrothermal 

conditions was reported for zeolite BEA 
131

. The solution-based and solid-based growth was 

observed for two different synthesis procedures. The synthesis of silicalite-1 from clear solution 

is one of most studied zeolite crystallization systems. Liquid state 
29

Si NMR of silicalite-1 has 

been used to monitor the oligomers present in solutions at room temperature 
132

. The NMR peaks 

of the silica nanoparticles are broad in contrast to sharp peaks of oligomers
132

. Thus, 
29

Si NMR 

can be used to monitor the connectivity of the silica nanoparticles during hydrothermal treatment. 

Due to the low natural abundance of silicon, the NMR experiments must be carried out in very 

high silicon concentration.  Furthermore, the resolution of NMR peaks reduces at high 

temperature due to rapid exchange. Hence, most of the 
29

Si NMR are carried out ex situ where the 

solution is cooled to room temperature after a set period of hydrothermal treatment. It has been 

concluded that the connectivity of silica nanoparticles increases upon heating 
133

, suggesting 

nanoparticles evolve in structure.   

1.7.2. Dynamics light scattering 

Dynamics light scattering (DLS) can provide information of the average size of particles 

in the solution. It has been used to monitor the crystal growth rate 
134

. It can be also used to 

monitor the change in the growth precursor size. However, DLS only provides limited 

information about the size of the particle. Also, the application of DLS is limited to zeolite 

crystallization in clear solutions, which is a minor percentage of all zeolite growth media. It has 

been used for room temperature synthesis of zeolite A to monitor crystallization as a complement 

to other techniques, such as HRTEM 
135

.   

1.7.3. Small-angle x-ray Scattering 

Similar to DLS, small-angle x-ray scattering (SAXS) can also be used to estimate the size 

of smaller particle. Hence, SAXS is often used along with DLS and wide-angle x-ray scattering 
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(WAXS) to study zeolite growth.  In addition to measurements of particle size, SAXS can be used 

to estimate the number density of particles.  Hence, in situ SAXS/WAXS has been used to follow 

crystallization of silicalite-1 
132

 and zeolite A 
136

.  These scattering techniques can provide 

information regarding the formation of particles, but they do not provide information about the 

chemical nature of particles. Small-angle neutron scattering (SANS) contrast measurements have 

been used to probe spatial distribution of OSDAs throughout precursors during silicalite-1 growth 

137
.   

1.7.4. UV raman 

Raman spectroscopy is a suitable to investigate species present in both solid and liquid 

phases.  The use of in situ UV Raman was first reported by Li and coworkers for FAU growth 
111

. 

A band at 575 cm
-1

 was observed in the solid, which decreased in intensity with crystallization 

time. The band was assigned to 4-ring species and was suggested to be a key precursor of zeolite 

X (FAU) synthesis. The same group later reported an in situ UV Raman study of zeolite A (LTA) 

crystallization where D4R species were reported to be a key precursor 
114

.  

In addition to the aforementioned techniques, other in situ techniques, such as XRD 
129

 

and calorimetry 
138

, have been used to probe zeolite crystallization. Recently, Kirschhock and 

coworkers 
139

 reported in situ electrochemical impedance spectroscopy to monitor the formation 

of nanoparticle and aggregates. One of the limitations of spectroscopy techniques is their inability 

to provide full spatiotemporal resolution that is required to fully elucidate the mechanism(s) of 

zeolite formation.  

1.7.5. Atomic force microscopy 

Atomic force microscopy (AFM) is a versatile and powerful microscopy technique to 

investigate sample surfaces at nanoscale resolution. It can not only provide three-dimensional 

topography of surfaces, but it can also provide information about the material properties with a 

high spatiotemporal resolution. AFM imaging requires minimal sample preparation, which makes 
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it a convenient tool to probe the surface at a molecular scale. Furthermore, it can be used in a 

variety of environments, including in air and in solution, which allows in situ investigation of 

crystal growth.  

AFM is a type of scanning probe microscopy (SPM) that uses the interaction of a probe 

with a surface (Figure 1.9). AFM uses a flexible cantilever with a sharp tip to scan across the 

sample surface. As the tip approaches the sample, the attractive force between the surface and the 

tip causes the cantilever to bend towards the sample. However, the repulsive force dramatically 

increases as the cantilever is brought even closer to the surface. This leads to the cantilever to 

bend away from the sample surface.  

 

Figure 1.9: Diagram showing the basic operation of an AFM instrument. A cantilever with a 

sharp probe is used to track the surface. Laser based detection is used to monitor the 

deflection of tip to generate 3-D image of the surface.  

The cantilever deflection is tracked using a laser where the incident beam is reflected off 

the flat top of the cantilever, and any change in cantilever deflection will result in changes in the 

direction of the reflected beam. A position-sensitive photodiode (PSPD) is then used to track 

these changes in deflection.  As the AFM tip scans over an elevated surface feature, it results in a 

change in cantilever deflection and the subsequent shift in the direction of the reflected beam, 

which is registered by the PSPD. In contact mode imaging, the distance of the tip above the 



26 

 

surface is controlled by a feedback loop to maintain the constant deflection of the cantilever. A 

3D image of the surface is generated from these movements of the probe in the z (vertical) 

direction as the probe raster across the surface in the x-y (lateral) plane. 

Some of the disadvantages of contact mode imaging are the possibility of sample damage 

and decreased lateral resolution due to tip blunting depending upon the applied force. These 

obstacles can be overcome by operating in tapping mode (or AC mode).  In tapping mode, the tip-

sample forces are significantly reduced and thereby lessen sample damage during scanning. In 

this mode of operation, rather than measuring the static deflection of the tip, the cantilever is 

oscillating, and a similar laser beam deflection system is used to track the movement of the 

cantilever. The oscillation of the cantilever amplitude and phase are analyzed. Usually, the 

amplitude is used as a feedback signal for imaging sample surface. In other words, the amplitude 

is compared with a set point, and the difference is used to control the tip-sample distance, similar 

to contact mode.  Moreover, the phase of the driver oscillation can be compared to that of 

cantilever oscillation, and the observed phase shift appears to reflect the various properties of the 

surface. The phase image is useful in identifying the surface feature that cannot be spotted in the 

height or amplitude image.  

Another advantage of tapping mode is its extensive, linear operating range, which makes 

the vertical feedback system stable. Hence, tapping mode can be used to track the surface for an 

extended period during in situ crystal growth.  This is more imperative during in situ zeolite 

growth studies where long imaging time is required for zeolite crystal growth at a high 

temperature. As the temperature of the solution is increased from the room temperature to 

synthesis temperature, it can take many hours to reach the thermal equilibrium resulting in 

unstable cantilever deflection. Hence, contact mode imaging tends to be unsteady while AC mode 

is comparatively more stable as the amplitude does not change with a minute change in 

temperature.   
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AFM has been used to probe the crystal surface of different materials, including 

biominerals (e.g. calcite), viruses, and proteins. With the introduction of the liquid cell, it has 

been extensively used for in situ studies of crystal growth. It has also been used to study the effect 

of modifiers 
140

, supersaturation, and impurities, among other factors.  

AFM has also been to study the zeolite crystal growth; however, the vast majority are ex 

situ studies 
129,141-144

. The first study in zeolites was reported by Weisenhorn et al. 
145

. Anderson 

and coworkers have published a series of ex situ AFM studies, including analyses of zeolite Y 

showing evidence of classical layer growth 
143

. Subsequent studies from the same group extended 

to other zeolites, such as silicalite-1 
141

, zeolite A 
142

, and zeolite L 
144

. Due to slow growth at 

room temperature and corrosive solutions, Anderson and coworkers were only able to report in 

situ measurements for limited cases, such as dissolution studies 
146

 or analyses of metal organic 

frameworks(MOFs) that grow at near ambient conditions 
147

. The general conclusion of these 

AFM studies is the zeolite mainly grows via a classical pathway, which may be true at later stages 

of growth when solutions are depleted of precursors and the medium is at low supersaturation.  

1.8. Thesis overview 

Recently, our group developed a custom AFM solvothermal liquid cell for in situ 

measurements of zeolite growth. This AFM system can be carried out high temperature (30 – 80 

°C) and crystal growth can be observed under realistic conditions of zeolite synthesis (including 

caustic solutions). It was previously observed using this AFM system that silicalite-1 grows via 

complex pathways involving the addition of both silica molecules and precursors 
121

. This thesis 

expands upon these studies to more closely examine zeolite growth mechanisms over a variety of 

conditions, such as supersaturation and temperature, and in the presence of organic molecules 

(OSDAs and ZGMs) for different zeolite frameworks. Chapters 2 and 3 discuss the effect of 

supersaturation, temperature, and OSDA on the zeolite A crystallization under conditions leading 

to nonclassical and classical modes of growth, respectively.   
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One method to mediate zeolite growth is the use of organics as either zeolite growth 

modifiers or structure-directing agents. Given the multiple pathways of zeolite crystallization, the 

organics can affect growth by several ways.  They can alter the speciation of different precursors 

(monomers, oligomers, nanoparticles, aggregates); and they can also affect nanoparticle 

evolution, or provide steric stabilization, that mediates the rate of particle attachment (i.e. 

nonclassical growth mechanisms). Another potential factor with the application of organics in 

zeolite synthesis is their chemical stability. In chapter 4, we explore the effect of D-Arginine, a 

zeolite growth modifier, on silicalite-1 crystallization. It is shown that the modifier decomposes 

in situ with the release of acid. A resulting reduction in solution pH provides a distinctive method 

to shift the growth from a classical mode by monomer addition to nonclassical growth by 

nanoparticle attachment. 

 Synthesis at low temperature is often dominated by nonclassical pathways where 

organics can mediate the rate of precursor evolution, which can lead to significant differences in 

precursor-crystal interactions that alter the preferred mode of crystal growth. Chapter 5 

summarizes studies of various organics (both OSDAs and ZGMs) on the change in precursor 

structure and how disorder-to-order transitions can be used to selectively control precursor-crystal 

interactions in a manner that allows for the dominant mode of crystal growth to be shifted from a 

nonclassical to classical pathway. 
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Chapter 2  

Transient Modes of Zeolite Surface Growth from 3D Gel-Like 

Islands to 2D Single Layers  

2.1. Motivation 

Identifying pathway(s) of crystallization is critical to understanding, and ultimately 

controlling, the formation of natural
148

, synthetic
149

, or biological
150

 materials. It is increasingly 

evident that many crystalline materials exhibit nonclassical mechanisms involving the assembly 

and attachment of precursors that range in complexity from oligomers and liquid-like droplets to 

amorphous particles and small crystallites
151

. Examples include biominerals 
152

, metals
153

, and 

metal oxides
154

, as well as microporous zeolites that grow from diverse precursors
155

 and by 

complex pathways involving monomer addition
156,157

, particle attachment
158-160

, and gel-to-crystal 

transformations
161,162

. Knowledge of zeolite crystallization is derived predominantly from ex situ 

studies that are insufficient to elucidate mechanism(s) of growth. For this study we focus on LTA 

(or zeolite A), which is a 3-dimensional small-pore (0.42 nm) zeolite. Conventional synthesis of 

LTA results in a high aluminum content (Si/Al = 1.0) that is ideal for adsorption and ion 

exchange
163

, whereas high-silica LTA (Si/Al > 10) has garnered interest as a catalyst owing to 

recent findings
47

 that Cu-exchanged LTA possesses unique properties for the selective catalytic 

reduction of NOx. Hypotheses of LTA crystallization derived from spectroscopy
164,165

, 

microscopy
166,167

, and molecular simulations
168,169

 postulate diverse pathways that include gel 

transformations
170

, precursor agglomeration and densification
171

, and the attachment of composite 

building units (CBUs)
172,173

. Such broad disparity of pathways underscores the need to reconcile 

the mode(s) of LTA crystallization over a range of synthesis conditions. 

Herein, we use atomic force microscopy (AFM) to track the dynamics of LTA (100) 

surface growth. The growth media used for this study are the supernatants of a reported synthesis 

mixture
88

 after pre-heating for periodic times to generate a range of supersaturation with respect 
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to silica. In situ AFM measurements at two different temperatures (35 and 45°C) and variable 

supersaturation reveal multiple modes of growth that range from classical molecule-by-molecule 

addition to nonclassical pathways that, to our knowledge, have not been previously reported for 

zeolite crystallization. In this study, we show that time-resolved AFM imaging is able to capture 

the dynamics of these processes, thereby offering new insight into the mechanisms of LTA 

growth. 

 

2.2.  Result and discussion 

2.2.1. Preparation of growth solutions with varying supersaturation 

LTA crystals are prepared with Na
+
 ions as inorganic structure-directing agents to 

facilitate the formation of a cubic lattice with tetrahedral sites that are occupied by Si and Al 

atoms supplied from colloidal silica and sodium aluminate, respectively. Growth solutions are 

comprised of amorphous precursors containing undissolved silica surrounded by a shell of 

alumina
174

. X-ray diffraction (Figure 2.1A) reveals the onset of nucleation within 3 h of heating 

at 65°C and the near completion of crystallization (Figure 2.1B) after approximately 4 h. 

Extraction and analysis of the supernatant after periodic heating times confirms that 

supersaturated solutions (Figure 2.1C and Table A1) have sufficient nutrient for the nucleation 

and growth of cubic LTA crystals (Figure 2.2B and Figure A1). Elemental analysis of the 

supernatant reveals a monotonic decrease in silicon concentration within the first 4 h of heating, 

followed by a gradual decrease to the equilibrium value after 24 h (solution S24 in Figure 2.1C).  

Solutions S2 to S4 in Figure 2.1C are used as growth solutions for in situ measurements. 

A combination of small-angle X-ray scattering (Figure 2.2A and Figure A2) and dynamic light 

scattering show no trace of particulates in the supernatant, suggesting these clear solutions 

(Figure A3) are predominantly comprised of soluble monomers and/or small oligomers. Prior 

studies have shown that (alumino)silicate particles or sol gels in LTA growth solutions are sites 

for heterogeneous nucleation
170

, while homogeneous nucleation has been observed in solutions 
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devoid of amorphous precursors
175

. The clear solutions used in this study differ from those of 

other zeolites, such as silicalite-1, which are predominantly suspensions of nanoparticles (1 – 6 

nm)
176-178

 that attach to crystal surfaces and undergo structural rearrangement to incorporate into 

the underlying crystal lattice
156

. As we report here, LTA crystallization occurs by an alternative 

mechanism. 

 
Figure 2.1: A. XRD patterns obtained after heating growth solutions at 65°C for various times. 

B. Electron micrograph of a LTA crystal after heating for 4 h. C. Silicon 

concentration in solution obtained at various times. All scale bars equal 200 nm  

 

Figure 2.2: A. SAXS patterns of supernatant S4 and the background (water). B. Electron 

micrograph of a crystal prepared by heating supernatant S4 for 24 h at 45°C. C. 

AFM image of a LTA crystal surface. All scale bars equal 200 nm 

2.2.2. AFM measurements at low temperature 

Crystal substrates prepared for AFM (Figure A4) are laden with hillocks (Figure 2.2C 

and Figure A4) consisting of layers with step heights equal to the unit cell (Figure A5). The 

topography of LTA surfaces is similar to other zeolites extracted from their growth solutions at 

equilibrium (i.e., solubility). The appearance of unfinished layers suggests that growth occurs by 

layer advancement from the addition of monomers (or possibly small oligomers). Upon 

introduction of a highly supersaturated solution (S2) to an AFM liquid cell at room temperature, 
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there is no apparent change in surface topography. Once the cell is heated at 35°C, we observe the 

formation of islands (Figure 2.3A) that render faceted hillocks rough and individual layers less 

defined with time. Continuous imaging in tapping mode leads to a smoothening of crystal 

surfaces (Figure 2.3B and Figure A6) owing to the temporal reduction in island height (Figure 

2.3C). An enlarged image (Figure 2.3D) clearly shows a smooth region (I in Figure 2.3D) 

corresponding to an original scanning area and the surrounding rough region (II in Figure 2.3D) 

outside of the previously imaged area. The rough region has a much broader distribution of 

surface feature heights than the former (Figure 2.4A and Figure A7).  

Elemental analysis (Table A2) reveals that the amorphous islands contain more 

aluminum (Si/Al = 0.7). Ex situ studies of LTA crystal seeds grown in a S2 solution reveal a shift 

with increased heating time to the expected composition of LTA crystal surfaces (Si/Al = 1.1,  

Table A2) along with the reemergence of hillocks comprised of roughened steps (Figure A8). 

This suggests that growth occurs within the gel in close proximity to the crystal surface, thereby 

creating a growth front that advances normal to the gel-crystal interface. It is difficult to measure 

the rate of layer advancement by AFM owing to the absence of a constant baseline to accurately 

measure changes in height; however, bulk crystallization at 35°C confirms that LTA nucleates 

and grows into fully crystalline cubes under conditions that mimic the AFM liquid cell (Figure 

A8).  

 

Figure 2.3: A and B. AFM images of a crystal surface at 35°C:(A) 30 min after reaching 

temperature and (B) after 3 h of imaging. (C) Time-resolved height profiles of the 

region. (D) Enlarged scan area showing (I) a smooth and (II) the rough region. 
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Figure 2.4: (A) Statistical analysis of feature heights in regions I and II . (B) CFM approach-

retract curves as a function of distance z from substrates. Schematics depict an AFM 

tip far from the surface (i) and in contact with the surface (ii).  

 

Figure 2.5:(A) 30 min after reaching the set point, (B) after 6.3 h of imaging, and (C) the same 

area after removing the AFM tip for 30 min and reimaging. (D). Height profiles 

along the dashed line in image B for times 6.3 and 6.8 h Scale bars equal 500 nm  

A reduction of island height with AFM tip rastering implies the removal of loosely-bound 

material from the crystal surface, which we attribute to a unique gel-like quality of the islands. 

Additional evidence is gleaned from chemical force microscopy (CFM) using a non-

functionalized cantilever in S2 growth solution. CFM measurements prior to and after heating 

examine AFM tip interactions with pristine (crystalline) and gel layers, respectively (Figure A9). 

The approach curve for pristine surfaces is typical of most hard substrates, whereas the nonlinear 

profile on the gel layer (Figure 2.4B) is similar to those produced by elastic substrates (e.g., 

lipids)
179,180

. Nonlinear approach curves (Figure A9E) have an average breakpoint force F of 

1.8 ± 0.6 nN and an approach distance z’ of 52 ± 26 nm (Figure A10) that is commensurate 

with the height of surface features in AFM images (Figure 2.4A). Moreover, analysis of the 

retraction curves reveals a higher tip-substrate adhesion force on rough surfaces (Figure A9F) 

and a hysteresis of approach-retraction curves, consistent with an elastic response of gel layers. 

To our knowledge, this is the first observation of nonclassical crystal growth involving 



34 

 

molecularly-dispersed solute forming gel-like islands on crystal surfaces. The presence of gel-like 

islands are prevalent on LTA surfaces at 35°C. This is true even at reduced supersaturation (S3) 

where AFM tip-induced smoothening of crystal surfaces is observed (Figure 2.5, A and B, 

Figure A11). The latter is confirmed by removing the AFM tip from an area after continuous 

scanning and reengaging after a period of time (Figure 2.5C) to show the recovery to a 

roughened crystal interface (Figure 2.5C and Figure A12). One notable difference between gel-

like islands formed from solutions of low (Figure 2.5D) and high (Figure 2.4A) supersaturation 

is larger feature sizes at the latter condition. 

2.2.3. AFM measurements at higher temperature 

AFM measurements at higher temperature (45°C) reveal crystal surfaces (Figure 2.6A) 

covered with smaller islands (ca. 6 nm, Figure A13). At these conditions, the temporal 

smoothening of surface features (Figure 2.6, B – D) is attributed to layer spreading. Indeed, there 

is a negligible difference in the topography of a continuously-imaged area (dashed box in Figure 

2.7A and Figure A14) and its surrounding area, which suggests the islands are less gel-like at 

higher temperature, potentially due to the faster rate of crystallization. The image in Figure 2.7A 

shows a bimodal distribution of surface feature size owing to the presence of large islands (arrow 

in Figure 2.7A).  Video 2 captures the generation of a large island, which occurs by the 

deposition of a particle from solution. These particles appear to be crystalline, suggesting their 

addition to the crystal surface involves (nearly) oriented attachment, similar to processes reported 

for iron oxide minerals 
181

. Evidence of particle crystallinity is gathered from time-resolved AFM 

images that reveal the immediate growth of deposits with visible facets (Figure 2.7, B and C). 

Our findings indicate that the residence time of the growth solution in the AFM liquid cell (5 h) is 

sufficient for nucleation of nanocrystals. Reduced temperature increases the nucleation time well 

beyond the average liquid residence time in the AFM cell (Figure A1), which can explain why 

(nearly) oriented attachment is not observed during AFM measurements at 35°C.  
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AFM measurements at high temperature and low supersaturation (S4) reveal a different 

mode of growth: 2-dimensional (2D) layer nucleation and spreading. This mechanism is common 

in classical crystallization, but has never been observed in situ for zeolites. Other groups have 

inferred this mode of growth using ex situ microscopy images 
142,182

 of LTA surfaces removed 

from saturated solutions and from in situ dissolution studies 
183

 in undersaturated media; however, 

such approaches are incapable of fully resolving the mechanisms of layer nucleation and 

spreading. On the contrary, we report time-resolved images in Figure 2.8 that were taken from 

Video 4 showing the dynamics of 2D growth. In these images, the original hillock is still 

discernable during growth, though the terraces are covered with newly generated layers as the 

steps advance across the surface (Figure A15). White arrows in high resolution images (Figure 

2.8A, regions a1 to a3) depict steps that advance across the surface whereas yellow arrows 

indicate the generation of 2D nuclei.  

Quantitative analysis of features over multiple crystal surfaces shows two distinct 

populations with average heights of 0.5 and 0.9 nm (Figure 2.8B). The exact molecular structure 

of these features cannot be established from AFM; however, it is interesting to point out that their 

heights are comparable to the sizes of double-4-member ring (d4R) and sodalite (sod) composite 

building units depicted in Figure 2.8C. Park et al.
184

 proposed that high silica LTA crystallization 

occurs by the formation of sod cages around lta cages. Other groups have placed more emphasis 

on the role of d4R units in LTA crystallization
,172,173

. Studies of LTA surface terminations by 

transmission electron microscopy
185

 and energy minimization models
186

 suggest the possibility of 

both CBUs as well as other configurations. It remains to be determined from our AFM data if 

layer generation occurs by the direct addition of CBUs or their concerted formation at the crystal 

interface via the assembly of molecular species. 
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Figure 2.6:(A – C) Time-resolved AFM images showing the deposition of a particle from 

solution to the crystal surface (D). Temporal change in the root mean square (RMS) 

roughness  

 

 
Figure 2.7:(A) Enlarged scan area that encompasses a region (dashed box) that was continuously 

imaged (B) Snapshots showing the growth of a island. (C) Graph showing the 

variation in height and length of a deposit with time. Scale bar equals 500 nm. 

The comparison of newly formed nuclei and fully developed layers reveals that the latter 

have a much narrower distribution of step height (Figure 2.8B) with an average size of 1.2 nm, 

equal to the lta cage. As supersaturation is increased at high temperature, we observe a transition 

to a roughened interface (Figure 2.9, A and B) that grows by a mode resembling kinetic 

roughening in classical theories
187,188

. The micrograph in Figure 2.9A captures two neighboring 

hillocks that merge with increased imaging time as a result of in-plane layer advancement 

(Figure 2.9C). Analysis of out-of-plane growth is challenging due to the changing baseline. 

Indeed, the merging of adjacent hillocks gives the false appearance of decreasing height owing to 

the reduced interstitial region separating the hillocks.  
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Figure 2.8:(A) AFM image of a crystal surface in solution S4. Time-elapsed images in areas A1-

A3 (imaging time = 30 min). (B) Statistical analysis of nuclei and step heights (C). 

LTA framework and CBUs. Scale bars equal 200 nm unless otherwise labelled. 

 

Figure 2.9:(A) and (B). Time-resolved AFM images of a crystal surface growing in solution S3 

(A) 1 h and (B) after 19 h of growth. (C) Temporal changes in the height profile 

along the dashed line in image A. Scale bars equal 200 nm unless otherwise labelled. 
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2.2.4. Diverse modes of LTA crystallization 

Figure 2.10 depicts various pathways of LTA crystallization. Monomer-by-monomer 

addition is a classical pathway that falls within one of three modes of growth that depend upon 

supersaturation (Figure A17): spiral, layer-by-layer, and roughened growth
189

. Low 

supersaturation (near equilibrium) is reached at the end of zeolite synthesis where ex situ AFM 

images of zeolite surfaces are comprised of hillocks. Sacco and coworkers
167

 previously showed 

the presence of spiral dislocations on the upper terrace of hillocks. Higher supersaturation results 

in layer-by-layer growth, which is marked by 2D generation and spreading of layers via the 

addition of monomers and/or oligomers. At high supersaturation, classical theories posit rough 

growth as a result of low energetic barriers for nucleation whereby solute can bind at all possible 

sites, allowing for the rapid formation of nuclei with critical sizes less than those required for 

layered growth. This phenomenon, commonly referred to as kinetic roughening, is observed for 

LTA growth at high temperature; however, the roughness observed at low temperature derives 

from a new type of surface feature that has not previously been reported. Notably, the formation 

of gel-like islands from molecularly-dispersed solute constitutes a unique mode of growth among 

reported cases of nonclassical crystallization. Measurements of LTA crystallization also reveal 

the first direct observation of zeolite growth by the (nearly) oriented attachment of crystals, which 

is an established nonclassical pathway in the formation of other types of minerals
151

. 
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Figure 2.10: Illustrative renderings of crystal growth mechanisms for classical and nonclassical 

pathways.  

These findings offer new insight into the complex processes of sol gel chemistry that are 

integral to zeolite formation and that are potentially applicable to other minerals that crystallize 

via similar routes. Elucidating the mechanism(s) of zeolite crystallization is challenging owing to 

the multitude of species that serve as putative growth units, as well as the lack of in situ 

techniques that are capable of resolving growth processes at sufficient spatiotemporal resolution. 

To this end, solvothermal AFM is a suitable tool for capturing time-resolved events of surface 

growth. Beyond identifying the modes of LTA growth, we have used these observations to 

establish that the choice of synthesis conditions governs distinct regimes of zeolite growth, and 

therefore, can be integral to rational design. Moreover, our findings reconcile disparate 

hypotheses of LTA growth wherein gel-to-crystal transitions have for many years been assumed 

to play a key role in zeolite crystallization. Given that the conditions selected for this study are 
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similar to a wide range of zeolite framework types, the pathways of crystal growth for LTA may 

prove to be representative of other related materials. 

2.3. Material and methods 

2.3.1. Chemicals for zeolite synthesis and growth experiments  

The following chemicals were used as reagents: sodium hydroxide (98% pellets, 

MACRON Fine Chemicals), sodium aluminate (Al2O3·Na2O or NaAlO2, 54.41% Al2O3 and 

41.02% Na2O, Alfa Aesar), Ludox AS-40 (40%, Sigma Aldrich), tetraethylorthosilicate (TEOS, 

98%, Sigma Aldrich, St. Louis, MO), and triethanolamine (TEA, 100%, J.T. Baker). Deionized 

(DI) water was prepared using an Aqua Solutions RODI-C-12A purification system (18.2 MΩ). 

All reagents were used as received without further purification. 

2.3.2. Synthesis of zeolite substrates for scanning probe microscopy 

Cubic crystals of zeolite LTA were synthesized using a previously reported protocol 
166

. 

The growth solution was prepared by mixing the required quantity of all components to yield a 

solution with molar composition 1.23 SiO2: 1 Al2O3: 2.71 Na2O: 5.5 TEA: 288 H2O. To obtain 

a 15 g mixture of the growth solution, 0.28 g of NaOH was added to 11.80 g of DI water and 

mixed in a polypropylene (PP) container. Thereafter, 0.43 g of sodium aluminate was added to 

this mixture and stirred for 30 min to obtain a clear solution, followed by the addition of 1.89 g of 

TEA. To this mixture was added 0.60 g of TEOS. The solution was then aged at room 

temperature for 4 h while stirring. The PP container was heated in a Thermo-Fisher Precision 

Premium 3050 Series gravity oven at 85°C for 11 days and was quenched to room temperature. 

The precipitate was isolated using a 0.45 μm GHP filter (Pall Corporation) and washed multiple 

times with DI water. 
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2.3.3. Preparation of zeolite growth solutions  

The growth solution for in situ atomic force microscopy (AFM) experiments was 

prepared from a 60 g mixture with molar composition 1 SiO2: 0.87 Al2O3: 11.2 NaOH: 190.6 

H2O. In a PP container, 5.47 g of NaOH was added to 49.86 g of degassed DI water. Thereafter, 

2.44 g of sodium aluminate was added and the resulting mixture was stirred for 30 min. To this 

solution was added 2.24 g of Ludox AS-40 and the mixture was left aging at room temperature 

for 24 h while stirring. The growth solution was heated in a Thermo-Fisher Precision Premium 

3050 Series gravity oven at 65°C for various times and quenched in an ice bath. The precipitate 

was removed after centrifuging the solution at 13,000 rpm for 45 min in a Beckman Coulter 

Avanti J-E instrument. The supernatant was decanted and filtered twice, using a 25mm syringe 

filter fitted with a 0.45μm nylon membrane (VWR international). The resulting clear supernatant 

was used as a growth solution for in situ AFM measurements. The solutions (labelled in Fig. 

2.1c) are referred to as S1, S2, S3, etc., where “S” refers to supernatant and the number represents 

the total hours of pre-heating at 65°C.  

2.3.4. In situ atomic force microscopy 

All AFM measurements were performed on an Asylum Research MFP-3D-SA instrument 

(Santa Barbara, CA) equipped with a custom-designed liquid sample cell for imaging under 

solvothermal conditions. A detailed description of the liquid cell is provided in a previous 

publication
156

. Cubic LTA crystals prepared as substrates for AFM were firmly placed on a 15-

mm specimen disk (Ted Pella, Inc.) using quickset Loctite epoxy (Henkel Corporation) that was 

cured in an oven at 60°C for 1 h. The sample was then removed from the oven and cooled to 

room temperature in air. The sample was rinsed with DI water to remove loosely-bound crystals, 

and dried under inert Ar gas to remove dust. The sample was then placed in a closed AFM liquid 

cell (total volume ≈ 3 ml). AFM images were collected using a Cr/Au-coated silicon nitride 

cantilever (Olympus RC800PB) with a spring constant of 0.82 N m
-1

. The LTA crystal substrate 
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was first scanned in air to locate a desired imaging area. The growth solution was then introduced 

into the AFM cell by a syringe and the sample was left to equilibrate with the solution at room 

temperature for ca. 30 min. The temperature was then ramped to a pre-determined set point at a 

rate of 1°C min
-1

. Growth solution was continuously supplied to the liquid cell using a syringe 

pump (Razel Scientific Instruments, Model R100-E) at a rate of 0.9 cm
3
 h

-1
. Once the sample cell 

reached the set point temperature, the liquid flow rate was reduced to 0.6 cm
3
 h

-1
, which equates 

to an average residence time of 5 h. The sample cell was allowed to equilibrate for 0.5 to 1 h 

before imaging. AFM images were collected in tapping mode (to minimize tip-substrate contact) 

at a scan rate of 1.2 Hz and 256 lines per scan. Select areas were periodically imaged in contact 

mode when it was necessary to resolve large surface features. 

2.3.5. Chemical force microscopy 

CFM has proven to be a useful technique for measuring the unbinding force between 

AFM tips and sample interfaces 
179,190

. AFM tips can be functionalized with an array of chemical 

moieties 
191,192

 or larger macromolecules (e.g., DNA or proteins) 
193-199

. The information gleaned 

from these studies ranges from thermodynamics of tip-substrate bond breakage 
200-204

 to the 

dynamics of unraveling segments of macromolecules 
198,205

. Recently, CFM has been used to 

investigate elastic substrates, such as lipids, surfactants, and thin films 
180,206-210

. These studies 

have shown that the elastic-like character of substrates can yield nonlinear approach-retraction 

curves. We used the MFP-3D-SA instrument to measure the unbinding force between an AFM tip 

and LTA crystal surfaces. All measurements were carried out using a non-functionalized Cr-Au-

coated silicon nitride cantilever (Olympus RC800PB) with a spring constant of 0.15 N m
-1

. The 

cantilever was calibrated in air to determine the spring constant using an algorithm provided by 

the vendor. Growth solution S2 was introduced into the AFM liquid cell and was allowed to 

equilibrate for 2 h at room temperature. We first imaged as-synthesized LTA crystal surfaces in 

contact mode to locate regions for CFM measurements. Force curves at room temperature 
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correspond to pristine surfaces (see Supplementary Fig. 9). We selected a tip speed of 1 m s
-1

 

and trigger points of 2, 5 and 10 nN. A dwell time of 1 s was used for all measurements to 

promote tip-substrate interactions (note that the dwell time refers to a period when the tip is held 

in direct contact with the surface after engaging). We analyzed surface areas of 4 x 4 m
2
 to 

gather more than 250 data points for statistical analysis. After measuring pristine surfaces, the 

temperature was ramped to 35°C at a rate of 1°C min
-1

 while maintaining constant flow of growth 

solution at 0.9 cm
3
 h

-1
. Once reaching the set point, the flow of growth solution was reduced to 

0.6 cm
3
 h

-1
 and the system was equilibrated for 30 min. LTA crystal substrates were allowed to 

grow for an additional 4 h. The surface was imaged to confirm the presence of gel-like islands 

(i.e., rough surfaces). The temperature was then ramped down to room temperature and the AFM 

sample holder was removed and washed with DI water. The sample was again placed in the liquid 

cell with a new cantilever that was calibrated in air. Fresh growth solution (S2) was introduced 

into the liquid cell. After 2-h equilibration at room temperature, CFM measurements were 

performed as described above (see Figure A9). 

2.3.6. Small-angle x-ray scattering (SAXS) 

SAXS measurements were performed to check for the presence of (alumino)silicate 

nanoparticle precursors in the supernatant growth solutions used for in situ AFM studies. Clear 

growth solutions, prepared using the aforementioned protocol, were injected into a clean sample 

holder (1.5 mm quartz capillary cell). Scattering patterns were collected under vacuum at 25°C 

for 30 min using a Rigaku S-MAX3000 instrument (CuKα radiation λ = 1.54 Å; q = 0.008 – 0.24 

Å
-1

). Calibrations of the scattering vector q and beam center were performed on raw data using 

the SAXS gui software provided by Rigaku and a reference pattern from a AgBeh standard that 

was collected for 500 sec. A background (DI water) was subtracted from each sample. 

Normalized SAXS patterns were compared to those reported in previous studies of silicalite-1 

precursors 
126,159,160,211,212

 to check for the presence of nanoparticles in LTA growth solutions. 
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2.3.7. Dynamic light scattering (DLS) 

DLS was performed on a Brookhaven Instruments BI-200SM machine equipped with a 

TurboCorr Digital Correlator, a red HeNe laser diode (35 mW and 637 nm), and a decalin vat 

fitted with a filter to remove dust. Supernatant solutions (described previously) were used for 

particle size measurements. At least three measurements were performed per sample using a 

scattering angle of 90°. Autocorrelation functions were collected over 2 min and the data was 

evaluated using the method of cumulants to extract particle size assuming a refractive index of 

pure water and a viscosity that was measured using a calibrated CUC-25 Cannon Ubbelohde 

Viscometer (9721-K50, kinematic viscosity range 0.4−2.0 mm
2
s

-1
). In order to perform in situ 

DLS measurements, clear growth solutions were transferred to 20 ml disposable scintillation vials 

that were placed inside the decalin vat. Measurements were first taken at a temperature of 25°C, 

which was maintained using a Polyscience digital temperature controller. Thereafter, the 

temperature was ramped to 45°C at the rate of 1 °C min
-1

. After reaching the set point 

temperature, measurements were taken periodically to track the average particle size. Time-

elapsed measurements of growth solutions S1 and S2 are shown in Figure A1. Counts were too 

low for measurements of S3 and S4 growth solutions (even after 24 h of heating).    

2.3.8. Scanning electron microscopy (SEM)   

Scanning electron micrographs were obtained with a FEI 235 dual-beam (focused ion-

beam) system operated at 15 kV and a 5 mm working distance. All SEM samples were coated 

with a thin carbon layer (ca. 20 nm) prior to imaging. 

2.3.9. Energy-dispersive x-ray spectroscopy (EDX) 

EDX analysis was performed using a JEOL JSM 6330F field emission SEM operated at 

12 kV and 15 mm working distance. 
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2.3.10. X-ray photoelectron spectroscopy (XPS)  

XPS spectra were collected from a Physical Electronics Model 5700 XPS instrument. A 

monochromatic AlKα X-ray source (1486.6 eV) was used with the power at 350 W. All spectra 

were obtained once reaching a vacuum of 5×10
−9

 torr or better. 

2.3.11. Powder x-ray diffraction (XRD) 

Powder XRD patterns of as-synthesized zeolite samples were collected on a Siemens 

D5000 X-ray diffractometer using a Cu Kα source (40 kV, 30 mA). The LTA framework was 

confirmed using a reference pattern provided by the International Zeolite Association Structure 

Database 
213

.  
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Chapter 3  

Multiple Pathways of Zeolite A Crystallization by Monomer 

Addition 

3.1. Motivation 

The demand for zeolite materials with preferred physicochemical properties has 

stimulated studies of zeolite growth mechanism to enable rational design of zeolite. Despite 

tremendous effort to elucidate the mechanisms of nucleation and crystal growth, these pathways 

in zeolite synthesis are not well understood due to inherent complexity of zeolite crystallization. 

Zeolite crystals are known to grow via complex pathways which can be classified as either 

classical pathway by monomer addition or nonclassical pathways by particle attachment wherein 

precursors range from oligomers to nanoparticles and amorphous phases. There is growing 

evidence that zeolite grows predominantly via nonclassical pathway by particle attachment.  In a 

prior study, we used in situ atomic force microscopy (AFM) to show that silicalite-1 grows by a 

complex growth pathway involving the attachment of particles to crystal surfaces, as well as 

monomer addition
121

. Similarly, it has been previously discussed in Chapter 2 that zeolite A can 

also grow via nonclassical pathways.  Furthermore, nonclassical growth by precursors attachment 

has been suggested for several framework types, such LTL 
122

, MFI 
123

, and CHA 
124

. In many 

cases, it is postulated that growth occurs through the attachment of soluble small precursors that 

range from (alumino) silicate monomers/oligomers to composite building units (CBUs). On the 

other hand, zeolite crystallization towards the end of crystallization often involves classical 

growth via 2D nucleation and layer growth. Anderson and co-workers provided evidence of layer 

growth for faujasite (FAU) and other zeolites from ex situ AFM studies
141-144

. The classical 

growth by monomer addition can be exploited to tailor the crystal properties such as to reduce 

mass transport limitations in MFI zeolite
214

. Hence, the understanding of classical growth 

mechanism is central to the rational design of zeolite crystal.  



47 

 

Classical crystal growth via layer by layer mechanism typically involves 2-dimensional 

(2D) nucleation of new layers and their subsequent growth by the attachment of solutes to the 

advancing steps
99

. The new layer may grow or dissolve depending upon their radius (Figure 

3.1A), and the limit of which is defined as the critical radius (Rcrit). The increase in 

supersaturation results in the reduction in the critical radius (Rcrit). On the other hand, as 

supersaturation decreases, the size of critical radius becomes large, and consequently, further 

nucleation ceases. Under these conditions, crystallization can occurs via spiral growth which 

results in the formation of growth hillocks.. Similar to Rcrit, there exists a critical length for spiral 

growth. The small segment of spiral below the critical length does not advances (Figure 3.1B). 

When segment is  greater than the critical length (Lcrit), it advances. Similar to critical radius, Lcrit 

reduces with the increase in supersaturation.  At very high supersaturation, Rcrit is less than the 

size of the growth units where a single solute ion or molecule may serve as a nucleus leading to 

rough crystal surface. Depending on the degree of supersaturation, classical growth can occur via 

spiral growth, 2D nucleation, or kinetic rough growth.  

 

 

Figure 3.1:  (A) Illustration of the critical radius of 2D nucleation. (B) Illustration of the critical 

length of spiral growth. (top scheme) the smallest step is below the critical length 

and is not moving. In (bottom) it has exceeded the critical length and begun to move 
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Given widespread commercial application of zeolite A and its rapid crystallization at low 

temperature, we have selected zeolite A as a model system to investigate the classical growth 

mechanism. Zeolite A was one of the first zeolite to synthesized and used commercially and has 

been extensively studied by various groups using a variety of techniques.  One of the pioneering 

studies of zeolite A growth is by Mintova and coworkers, in which experiments were conducted 

at room temperature by means of high resolution transmission electron microscopy (HRTEM). 
135

  

Their HRTEM study revealed that the nucleation occurs inside the amorphous gel-like 

aggregates, with each amorphous aggregates containing one nucleus which grew with the 

consumption of amorphous precursors. Studies by various other groups have postulated that 

zeolite A crystallizes via the attachment of composite building units (CBUs). For instance, Park et 

al. proposed that the high silica LTA growth  occurs via the formation of sod(sodalite) cages 

around lta cages while other groups have suggested that D4R(double 4 rings) plays a role in the 

LTA growth
114,215

. And, the studies of zeolite A surface by transmission electron microscopy 

(TEM) indicate the terminal structure of zeolite A surface to be incomplete sod cages
185

. 

Furthermore, ex-situ AFM has also been extensively used to study zeolite A surface at nanoscale 

142,146
. These studies indicated growth via classical growth via 2D nucleation and step propagation 

with a step height ~ 1.2 nm (i.e half unit cell). Sugiyama et al. observed step of 0.5 and 0.7 nm in 

addition to 1.2 nm steps , suggesting that D4R is a growth unit of zeolie A crystallization
216

. 

Along the same line, Anderson and coworkers have carried out extensive study of zeolite A 

surface using AFM and concluded that that D4R is the most stable surface termination
146

. In 

addition, Sacco and coworkers observed growth spirals and pyramids with the protrusions on the 

zeolite A surface in their study
217

. They postulated these protrusions are either a foreign particle 

or twin crystal at the apex of hillock, which promotes layer nucleation via twin-plane re-entrant 

corner mechanism. Most of these investigations were carried out ex-situ where crystal surface is 

analyzed after growth under ambient conditions.  In our previous chapter, we carried out the in 
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situ zeolite A studies over a range of synthesis conditions and showed zeolite A grow via diverse 

pathway including 2D nucleation and layer propagation at low supersaturation.      

In this chapter, we carry out in situ AFM measurements of zeolite A surface growth at 

low supersaturation to unravel the different modes of classical layer growth, and the specific role 

of surface protrusions in the formation of hillocks. Experiments are performed in the presence of 

an inorganic structure-directing agent, Na
+
, as well as the commonly used OSDA for LTA 

crystallization, tetramethylammonium (TMA). The slow growth rate at low supersaturation 

allows us to carry out a detailed analysis of various growth dynamics occurring during the 

classical growth of zeolites. To this end, our findings are instrumental in deciphering the 

mechanism of zeolite growth by layer propagation. 

3.2. Result and discussion 

Here we used in situ AFM to monitor the growth of zeolite A <100> surfaces at 50 °C. 

Measurements of as made crystal substrates reveal the presence of two types of growth hillocks: 

(i) layers advancing from screw dislocations (Figure 3.2B) and (ii) layers emanating from 

protrusions at the apex of the hillock (Figure 3.2C). During in situ growth measurements we also 

observed the generation of 2D layers (Figure 3.2D) that are not evident on the surfaces of as 

made crystals, which is consistent with classical theories predicting growth by spiral dislocations 

at low supersaturation (i.e. during the final stage of zeolite synthesis prior to the extraction of 

crystals from the mother liquor). Growth solutions for AFM studies were prepared according to a 

previously reported method in chapter 2 wherein mixtures containing (alumino)silicate colloidal 

precursors and soluble species were heated for a period of time before extracting the supernatant 

by centrifugation and filtration. The resulting clear solutions contain no evidence of residual 

particulates, as confirmed by dynamic light scattering and small-angle X-ray scattering. Analysis 

of solutions by 
27

Al NMR indicates only a single species, Al(OH)4
-
 monomer, without any 

detectable aluminosilicate oligomers.  
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Figure 3.2: (A) Schematics of CBUs and LTA unit cell dimensions. AFM images reveal three 

types of layers on the crystal surface: (B) Hillocks formed by spiral growth; (C) 

Hillocks with a protrusion at their apex; and (D) 2-D layers that advance and merge. 

 

We first focus on 2D generation and spreading, which was observed at a supersaturation 

of 0.6. This value was calculated from elemental analysis of the Si and Al molar compositions in 

growth solutions and the supernatant of a fully crystalline LTA synthesis mixture (Table B1). 

The latter is taken to be the approximate solubility of zeolite A at the particular temperature and 

pH of the growth conditions used in this study. It is uncommon to find supersaturation reported in 

studies of zeolite crystallization owing to the presence of multiple species (e.g., oligomers, gels, 

and colloidal particles); however, the solutions used in this study are predominantly comprised of 

monomers. It is important to emphasize that the reported supersaturations are considered to be 

approximate given that trace quantities of particulates or oligomers, below the threshold of 
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detection, may be present in these solutions. Assuming only the presence of monomeric species, 

the supersaturation (σ) was calculated using the following formula as 

σ =
[Al][Si]

Ksp
− 1. (1) 

The solubility product, Ksp = [Si]e[Al]e, is estimated to be first-order in each component, 

which is consistent with the composition of the crystal (Si/Al = 1).    

Time-elapsed AFM images of a <100> surface growth extracted from Movie S1 reveal 

2D layer generation and spreading (Figure 3.3A – D). During continuous imaging, a minor 

fraction of the layers dissolve (Figure 3.3A, III) while the majority of layers grow (Figure 3.3A, 

I and II) and eventually merge into a single layer. Statistical analysis of islands that dissolve 

(Figure 3.3E) and grow (Figure 3.3F) reveal a distribution of sizes. The critical radius of 2D 

nucleation is defined as the size at which a layer grows 50% of the time. The stochastic nature of 

nucleation leads to situations where layers with sizes less than Rcrit can grow and those with sizes 

larger than Rcrit can dissolve; thus, the determination of Rcrit is the statistical average size of 

islands that tend to grow in size with time. Based on the relatively limited data from our study, 

island dissolution and growth are both observed within a similar range of radius = 15 – 30 nm, 

which provides an estimate of the critical nucleus size for zeolite A. 
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Figure 3.3: (A-D) Time-elapsed image showing 2D nucleation and layer propagation. (E,F) 

Statistical analysis of radius of 2D islands that dissolve and growth. (G, H) Time-

elapsed images showing the birth of a new step segment from a screw dislocation. 

For crystals that are grown classically, it is common that a reduction in supersaturation 

switches the predominant mode of layered growth from 2D nucleation/spreading to spiral 

dislocations. Time-elapsed AFM images of surface growth extracted from Movie S2 reveal the 

presence of screw dislocations (Figure 3.3G and H). Analysis of sequential images for multiple 

dislocation centers shows that the first turn in the spiral occurs once reaching a critical length in 

the range of 25 – 40 nm  

The third mode of growth observed from AFM measurements is that of layer generation 

from protrusions (Figure 3.3D). There are two different types of protrusions observed on zeolite 

A surfaces. The first type corresponds to larger features that are present on as made substrates 

(Figure 3.4A, I), which are almost always observed at the apex of hillocks. The second type 

corresponds to smaller features (Figure 3.4A, II) that only appear when imaging in growth 

solutions prepared with a colloidal silica source, which is evidence for the presence of a small 

quantity of particulates in the growth solution. For comparison, growth solutions prepared with an 

alternative silica source (e.g. sodium silicate) do not result in the formation of the second type of 

protrusions (Figure 3.4B). A similar effect was observed when the colloidal silica source was 
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first mixed with an alkaline solution to dissolve the silica particles prior to the addition of the 

aluminum source. 

High resolution AFM images of type I protrusions (Figure 3.4C) reveal that these 

features are faceted. This observation suggests that the feature is crystalline, although its exact 

structure is unknown and difficult to identify by AFM or other techniques. It is possible that the 

cubic-like feature is an intergrowth of LTA, which has a cubic Pm-3m space group. A prior study 

by Burchart et al. 
218

 has also shown that faujasite (FAU), which possesses a cubic Fd-3m space 

group, is capable of growing epitaxially on the surfaces of zeolite A crystals. Syntheses of LTA 

and FAU are typically performed in Al- and Si-rich media, respectively 
88

. Although in situ AFM 

measurements are performed in Al-rich growth solutions (Si/Al < 0.1), the protrusions are 

generated during the synthesis of substrates using growth solutions with Si/Al = 0.6 and an 

organic growth modifier, triethanolamine (TEA). The latter is known to sequester aluminates 
218

, 

and can potentially generate a pseudo Si-rich environment for FAU crystallization. This leads to 

greater uncertainty regarding the structure of type I protrusions. 

The height of type I protrusions is nearly 3-4 times larger than those of type II (Figure 

3.4D). During in situ growth of <100> surfaces, the height of type I features is approximately 

constant with few exceptions where the height can increase with imaging time. Type II features, 

which we attribute to undissolved colloidal silica, do not seem to impact the velocity of 

advancing layers. Time-resolved images of surface growth often show that layers advance 

through these features without their incorporation; however, there are examples, such as 

snapshots taken from Movie S3, showing that type II protrusions can be incorporated into 

advancing layers (Figure 3.4E – G). In this set of images, the protrusion highlighted by the 

dashed white circle in Figure 3.4E lies at the front of an advancing layer. Once the layer reaches 

the protrusion, it appears as though the entire feature is consumed within the advancing front 

(Figure 3.4F); however, the feature reemerges at a later time (Figure 3.4G), but with a height 

that is less than its original value (Figure 3.4H). More specifically, the original height of the 
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protrusion is nearly the same size as that of the layer, while the net difference in height once the 

layer has advanced past the protrusion is approximately one-half that of the step height. This 

suggests that only a fraction of the protrusion is occluded within the layer, which seems to 

indicate that the feature is partially raised from the surface during the process. This suggests that 

growth in the presence of type II protrusions leads to the occlusion of amorphous species within 

the crystal, thus leading to defects in LTA crystals prepared from colloidal silica sources. To our 

knowledge, these defects are not reported in literature. 

 

 

Figure 3.4: AFM images of crystal surfaces prepared with (A) colloidal silica and (B) sodium 

silicate. (C) High resolution image of feature I. (D) Statistical analysis of heights for 

features I and II. (E-G) Time-elapsed images showing layer advancement through 

feature II. (H) Height profile of the particles marked by white circles  

 

Here we examine layer generation and spreading from type I protrusions in greater detail. 

For this study we selected a substrate (Figure 3.5A) that is representative of most samples where 
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protrusions are located at the apex of nearly all hillocks. Focusing on a single hillock with a 

protrusion located at the center of the upper terrace (Figure 3.5B), time-resolved images during 

in situ growth reveal the nucleation of a new layer on one side of the protrusion (Figure 3.5C). 

These new layers originate at a 45-degree angle and advance towards the nearest edge of the 

square hillock. This leads to an asymmetric growth front that wraps around, but is initially unable 

to encircle, the protrusion (Figure 3.5D). At a later time (Figure 3.5E), the growth is sufficient to 

generate a more symmetric layer, which has a geometry that is commensurate with the hillock. 

The square geometry of the new layer is achieved at later times owing to the initial rounded edges 

that grow more rapidly into (100) steps. This phenomenon is analogous to the recent study by 

Tsapatsis and coworkers
219

  who reported the anisotropic growth of micron-sized silicalite-1 

(MFI) nanosheets around silicalite-1 seed crystals. 

 

 

Figure 3.5: (A) AFM image showing multiple hillocks with deposits at the apex (arrows). (B-E) 

Time-elapsed images of the region in panel A showing a new layer emanating from 

the edge of the deposit with schematics depicting the different stages of growth.   

Comparison of step velocities advancing from the three different sources of layer 

nucleation (Figure 3.3B – D) reveals that the kinetics are similar within error (Figure 3.6), with 

the rate of 2D advancement being slightly higher. This indicates that the rate of in-plane growth is 

comparable. 
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Given that 2D nucleation is observed at higher supersaturation, a direct comparison with 

the other two cases measured at lower supersaturation is not reasonable. If we then compare the 

two different types of hillocks generated from dislocations and protrusions, we observe that the 

latter results in much higher growth rates normal to the surface.  

 

Figure 3.6: Comparison of <100> step velocities of layer advancement during in situ 

measurements at 50 °C. The steps correspond to 2D layers (Figure 3.3A), spiral 

dislocations (Figure 3.3G), and hillocks emanating from deposits (Figure 3.5A).  

Liquid phase NMR spectroscopy can be used to obtain information concerning chemical 

species present as well as their relative concentrations. One of the advantages of liquid NMR is 

that it requires almost no sample preparation and can be carried out under in-situ conditions.  

Hence, NMR spectroscopy was utilized to characterize the aluminosilicates species present in the 

growth solution. Our growth solution is dilute in silicon; hence we carried out liquid 
27

Al NMR 

(Figure 3.7A). We observe only monomers of aluminum (Al(OH)4
-
) at room temperature. Further 

NMR analysis was carried out at a higher temperature to ascertain if oligomers are formed at the 

higher temperature. No additional peaks were detected during the experiment. However, there 

was a reduction in peak area upon heating. To verify whether the decrease in peak area is due to 

oligomer formation or due to reduction in the sensitivity of NMR with temperature, we carried 
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out a controlled experiment with sodium aluminate solution which is reported to contain only 

monomer. The comparison of peak areas (Figure 3.7B)of two solutions suggests that the 

reduction in peak area is due to a reduction in the sensitivity of NMR with increasing 

temperature.  Another viable reason for the absence of oligomer peaks can be the rapid exchange 

between different species in the presence of Na
+
, leading to peak broadening and merging with 

baseline. We carried out an experiment with a solution in which Na
+
 was replaced entirely with 

TMA
+
 to diminish the exchange rate. No oligomers were detected in NMR analysis of TMA

+
 

solution((Figure B3), further suggesting the growth solution consist of predominantly monomer 

of Al and Si. This is consistent with the previous report of the Yokoyama et al. that at the high 

alkalinity, the solution consists of monomers 
220

. Also, it is known that Al cannot form bond with 

Al monomer in alkaline solution as per Lowenstein’s rule and while low Si concentration imply, 

the alkaline solution of Si will only consist of monomer. Moreover, the pH of the solution is >14, 

which is higher than pKa
2
 of Si(OH)4, leading to -2 charge on silica monomers. This further 

lessens the reaction between Si and Al monomers.   

 

Figure 3.7: (A) Liquid 
27

Al NMR spectrum of growth solutions at various temperatures. (B) 

Comparison of monomer ( = 80 ppm) peak areas for the growth solutions in (A) 

along with solutions prepared with only sodium aluminate.   
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An important implication of the NMR study is that the growth solutions can be prepared 

by mixing the alkaline solutions of Al and Si since these solutions will have Si and Al monomers.  

It should be noted that the growth solution in this study was prepared using the previously 

reported procedure in chapter 2 that is the clear solution was obtained by removing the particles 

from the opaque LTA growth mixture.  Based on the result of the NMR analysis and elemental 

analysis of the growth solution, we attempted to prepare an AFM growth solution by adding Si 

and Al sources. The AFM study with this growth solution suggests there is no difference between 

the solution made via two methods: (1) Solution prepared by removing particles from opaque 

LTA growth mixture (2) Solution prepared by mixing Al and Si in composition estimated from 

the ICP analysis of the solution made from method 1. We also experimented to see the effect of 

aging, pretreatment and silica sources which can point out the difference in speciation. The AFM 

experiment and NMR experiment does not show any impact of these parameters. However, we 

observe the deposition of Ludox particles when Ludox AS-40 was added into a sodium aluminate 

solution, and the growth rate was slower. These results further support our conclusion that the 

growth solutions contain primarily monomers and layer growth of LTA occurs via direct 

attachment of monomers.    

 

Figure 3.8: (A) AFM mode image taken from a series of continuous images showing the 

dissolution of zeolite A with steps retreating and the generation of square base 

pyramid shaped etch pits. (B) Corresponding 3-D height mode of the same surface. 
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 For the experiment at very low supersaturation, we did not observe any growth, 

suggesting that the solution is at equilibrium with LTA crystal.  The growth solution is deficient 

in Si i.e. Si/Al <0.1. The ICP analysis suggests Si = 7mM that is consistent with value previously 

reported ([Si] = [Al] =5-10 mM) for LTA under similar condition (NaOH=3 M and 50-65 °C). 

However, our growth solution contains a much higher amount of aluminum.  To ascertain the 

solubility of LTA, we carry experiment with growth solution Si=Al=7 mM, and we observe 

dissolution with the formation of square-shaped etch pits at the center of the hillock and also at 

other locations (Figure 3.8). We also observe dissolution by step retreat. Anderson et al.
146

 

estimated the value of 0.002-0.2 nm/min from their dissolution studies at room temperature. 

Additionally, they reported a reduction in step height from 1.2 nm to 0.9 nm during dissolution. 

However, our AFM experiment does not suggest any change in height. The step height was 1.2 

nm (Figure B4)for most of the layers, and the similar value was observed for single layer etch 

pits.  

 

Figure 3.9: Zeolite A growth in the presence of TMA
+
. (A and B) Time-elapsed images show 

growth via gel-like islands, and the progressive smoothening of the surface (C) 

Increased scan size shows the area of continuous imaging (white dashed box). 

We also studied the effect of TMA
+
 on the growth of LTA. TMA

+
 is the most commonly 

OSDA used for the synthesis of LTA and has been used to synthesize nanosized LTA
136,221

 and 

high silica LTA
221

. In order to observe the effect of TMA
+
, we prepared a growth solution by 

replacing NaOH with TMAOH keeping the total [OH
-
] constant. AFM experiment at 

[TMA+]/[OH
-
]=0.5, we observe the nonclassical mode of growth by gel-like particle attachment 
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even at high temperature while we encountered this kind of growth at a lower temperature in the 

presence of Na
+
. This can be attributed to the previous report

106
 of stabilization of the oligomers 

by TMA
+
 and preventing their hydrolysis which is also consistent with the slow exchange of 

oligomers in a TMA-aluminosilicates solution, observed by NMR spectroscopy while the 

addition of Na
+
 leads to faster exchange.  

The nucleation of a crystal and a 2D layer is governed by the formation and dissolution of 

nuclei. Due to the stabilization effect of TMA
+
, we expect the critical radius will decrease, 

thereby, promoting nucleation. However, the dissolution rate will also reduce; thus, we expect the 

crystallization rate will decrease as well. Hence at high concentration of TMA
+
, it is possible that 

the rate of growth units’ attachment on the crystal surface reduces. But, at the same time, their 

dissolution decreases by a more significant amount, thereby leading to a rapid formation of nuclei 

but with slower crystallization rate. This decrease in the crystallization rate might leads to the 

formation of gel-like particles, and a similar phenomenon can be happen at a lower temperature in 

the presence of Na
+
. This hypothesis is consistent with the fact that the nucleation rate is favored 

by lower temperature while the crystallization rate promoted at a higher temperature. If this 

hypothesis is correct, we would expect the kinetic roughening at lower supersaturation in the 

presence of TMA
+
. So, further studies are underway to confirm this hypothesis. 

We have shown in chapter 2 that LTA grows via diverse pathways that depend upon the 

supersaturation and temperature of the growth solution. In this study, we have focused on the 

classical growth regime at lower supersaturation and have found different modes of growth: 

hillock growth, spiral growth, and, 2D nucleation and layer growth. The LTA crystal substrate is 

mainly comprised of hillocks with protrusions at the center. We have elucidated the role of these 

protrusions in zeolite growth using in situ AFM experiments. The analysis of growth solution 

suggests that growth occurs by the addition of monomers. We have also reported the effect of 

silica sources and sequence of addition of alumina and silica sources. Finally, experiments with 

TMA show non-classical growth even at higher temperature due to the stabilization effect of 
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TMA. These results elucidate the complex sol-gel chemistry of zeolite A and will assist in the 

rational design of zeolites. 

3.3. Material and methods 

3.3.1. Chemicals for zeolite synthesis and growth experiments 

The following chemicals were used as reagents: sodium hydroxide (98% pellets, 

MACRON Fine Chemicals), sodium aluminate (Al2O3·Na2O or NaAlO2, 54.41% Al2O3 and 

41.02% Na2O, Alfa Aesar), Ludox AS-40 (40%, Sigma Aldrich), tetraethylorthosilicate (TEOS, 

98%, Sigma Aldrich, St. Louis, MO), Sodium silicate (Na2SiO3, 29%, J.T. Baker) and 

triethanolamine (TEA, 100%, J.T. Baker). Deionized (DI) water was made using an Aqua 

Solutions RODI-C-12A purification system (18.2 MΩ). All reagents were used as received 

without further purification. 

 

3.3.2. Synthesis of zeolite substrates for scanning probe microscopy   

Large cubic crystals of zeolite LTA were synthesized using a previously reported 

protocol 
166

. The growth solution was prepared by mixing the chemicals in 125 ml polypropylene 

(PP) container to yield a solution with molar composition 1.23 SiO2: 1 Al2O3: 2.71 Na2O: 5.5 

TEA: 288 H2O. The solution was then aged at room temperature for 4 h while stirring. The PP 

container was heated in a Thermo-Fisher Precision Premium 3050 Series gravity oven at 85°C for 

14 days and was quenched to room temperature. The zeolite crystals were recovered using a 1 μm 

GHP filter (Pall Corporation) and washed multiple times with DI water. 

 

3.3.3. Preparation of zeolite growth solutions 

The growth solution for in situ atomic force microscopy (AFM) experiments was 

prepared from a 90 g mixture with molar composition 1 SiO2: 0.87 Al2O3: 11.2 NaOH: 190.6 

H2O. In a PP container, NaOH was added to degassed DI water with subsequent addition of 
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sodium aluminate. The silica source, Ludox AS-40 was added to the resulting solution after 30 

min of stirring and the mixture was left aging at room temperature for 48 h while stirring. The 

growth solution was heated in a Thermo-Fisher Precision Premium 3050 Series gravity oven at 

65°C for various times and quenched in an ice bath. The precipitate was removed after 

centrifuging the solution twice at 13,000 rpm for 45 min in a Beckman Coulter Avanti J-E 

instrument. The supernatant was decanted and filtered twice, using a 25mm syringe filter fitted 

with a 0.20μm nylon membrane (VWR international). The resulting clear supernatant was used as 

a growth solution for in situ AFM measurements.  

 

3.3.4. In situ atomic force microscopy 

Large LTA crystals were firmly placed on a 15-mm specimen disk (Ted Pella, Inc.) using 

quickset Loctite epoxy (Henkel Corporation) that was cured in an oven at 65°C for 12 h. The 

sample was then removed from the oven and cooled to room temperature in air. The sample was 

rinsed with DI water to remove loosely-bound crystals, and dried with N2 gas. All AFM 

measurements were performed on an Asylum Research MFP-3D-SA instrument (Santa Barbara, 

CA) equipped with a custom liquid sample cell.
156

  The sample was then placed in a closed AFM 

liquid cell. AFM images were collected using an uncoated silicon nitride cantilever (Olympus 

TR800PSA) with a spring constant of 0.60 N m
-1

. The LTA crystal substrate was first scanned in 

air to locate a desired imaging area. The growth solution was then introduced into the AFM cell 

by a syringe and the sample was left to equilibrate with the solution at room temperature for ca. 

30 min. The temperature was then ramped to a 50 °C at a rate of 1°C min
-1

. Growth solution was 

continuously supplied to the liquid cell using a syringe pump (Razel Scientific Instruments, 

Model R100-E) at a rate of 1.2 cm
3
 h

-1
. The sample cell was allowed to equilibrate for 1 h before 

imaging in tapping mode at a scan rate of 1.2 Hz and 256 lines per scan. 
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3.3.5. Liquid Nuclear magnetic resonance spectroscopy 

All 
27

Al NMR were performed on a JOEL ECA-600 NMR spectrometer operating at 600 

MHz with 10 wt% deuterated water added to the solution for frequency lock. NMR 

measurements were carried out room temperature as well as high temperature. The temperature 

was ramped at pre-determined temperature at the rate of 1°C min
-1

. The solution was allowed to 

equilibrate for 10 min before collecting spectrum. 
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Chapter 4  

Molecular Modifiers Suppress Nonclassical Pathways of Zeolite 

Crystallization  

4.1. Motivation 

The unique physicochemical properties of zeolites are ideal for industrial applications in 

ion-exchange,
222

 selective separations,
223,224

 and catalysis.
225-231

 The vast majority of zeolites are 

aluminosilicates with approximately 20 framework types used in commercial processes relative to 

more than 235 known structures. Only a small fraction of zeolites have been prepared as purely 

siliceous crystals, which have more limited applications than their aluminosilicate analogues, but 

have traditionally been used as model systems to elucidate the mechanisms of zeolite 

crystallization.
134,232-240

 Moreover, the propensity for an all-silica zeolite synthesis to yield 

controllable, monodisperse crystal sizes has permitted systematic studies of diffusion in their 

confined pores.
241-245

 Despite significant efforts over the past 30 years to understand the 

mechanism(s) of zeolite crystallization, there are many unanswered questions owing to their 

complexity.  

One of the many motives for understanding zeolite crystallization is the potential for 

using this knowledge to tailor their properties – notably the preparation of ultrasmall crystallites. 

Different strategies have been implemented to generate nanosized zeolites.
246

 To a limited extent, 

the modification of zeolite size and morphology can be accomplished through the judicious 

selection of synthesis conditions, such as molar composition
247

 and temperature.
248,249

 Examples 

include the work of Mintova and coworkers
249

 who applied a low temperature aging method to 

maintain highly uniform precursor particles and ultimately achieved ultrasmall FAU-type 

zeolites. Alternative approaches include the design of organic structure-directing agents 

(OSDAs), such as those introduced by Ryoo and coworkers,
250

 to synthesize nanosheets (ca. 2nm 

thick) and other 2-dimensional zeolites.
251-253

 Similar methods have been used by Tsapatsis and 
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coworkers
254

 to produce self-pillared zeolite nanosheets of unit cell thickness, and by Okubo and 

coworkers
255

 to prepare hierarchical zeolites with sequential intergrowths. 

We previously demonstrated an approach to tailor the anisotropic growth rates of zeolites 

using zeolite growth modifiers (ZGMs).
256-260

 Growth modifiers are molecules or macromolecules 

that either interact with specific facets of zeolite crystals or associate with amorphous precursors 

to mediate the kinetics of nucleation and growth, thereby altering crystal morphology and/or 

size.
119

 Modifiers that bind to specific crystal surfaces inhibit the attachment of growth units, 

thereby reducing the growth rate normal to the surface. This mechanism is illustrated in Scheme 

4.1 for zeolite MFI, which exhibits a coffin-like habit. ZGMs that preferentially bind to the {101} 

and {010} surfaces result in increased or decreased crystal thickness in the [010] direction (b 

direction), respectively. To date, this approach has been successfully demonstrated by our group 

and others for numerous zeolite frameworks, such as MFI (silicalite-1),
257,260,261

 LTL (zeolite 

L),
256,259,262

 CHA (SSZ-13, SAPO-34),
258,263

 FAU (zeolite Y),
264

 MWW (MCM-22),
265

 IWR 

(ECNU-20),
266

 AEL (SAPO-11),
267

 and MTW (ZSM-12)
268

. Inspiration for this approach derives 

from natural and biological systems where organic-inorganic interactions are of paramount 

importance for the regulation (inhibition or promotion) of crystal growth.
269-283

 

Silicalite-1 is the purely siliceous form of ZSM-5, which is one of the most commonly 

used zeolites in commercial applications, and has been a prototype for mechanistic studies of 

zeolite crystallization. Silicalite-1 and ZSM-5 both have an MFI framework with 3-dimensional 

pores consisting of interconnecting straight and sinusoidal channels oriented along the [010] and 

[100] directions, respectively. The straight channels present the least tortuous path for internal 

diffusion; therefore, for applications in catalysis it is desirable to selectively reduce the [010] 

thickness of MFI crystals. We previously identified modifiers, such as tributylphosphine oxide 

(TBPO), that preferentially interact with the silicalite-1 (010) surface.
260

 Likewise, we reported 

that the amino acid D-arginine (D-Arg) increases the [010] thickness, which was attributed to its 

binding specificity to silicalite-1 {101} surfaces.
260

 This conclusion was derived from 
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experimental observations using a combination of bulk crystallization and ex situ atomic force 

microscopy measurements. The latter showed a larger population of step bunches on the (010) 

basal surface, which seemed to indicate a preferential binding to step sites on layers advancing 

across the (010) surface, consistent with scanning electron micrographs indicating an increased 

crystal thickness. 

 

 

Scheme 4.1: Idealized effects of modifiers on MFI-type zeolite 

In this study, we explore the mechanism for D-Arg modification of silicalite-1 

crystallization and show that its mode of action is more complex than previously reported. Here, 

we selected two growth solutions with distinct populations of precursors. Using a combination of 

experiments and modeling, we assess modifier-zeolite interactions and their effect on the size and 

morphology of silicalite-1 crystals. Our findings indicate that D-Arg is chemically unstable 

during synthesis and decomposes to a new product that is the active component in growth 

modification. We also show that there is a marked reduction in growth solution alkalinity that 

accompanies D-Arg decomposition, which appears to shift the predominant growth unit involved 

in silicalite-1 crystallization. The latter effect is responsible for increased [010] thickness, 

whereas the preferential binding of modifier to zeolite surfaces is deemed to be less influential. 

4.2. Result and discussion 

4.2.1. Chemical decomposition of D-Arg 

A potential outcome of employing organics in zeolite synthesis as either structure-

directing agents or modifiers is their propensity to chemically decompose in alkaline media at 

high temperature (i.e. typical conditions of zeolite synthesis). This is particularly true for an 
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amino acid, such as D-Arg, which is susceptible to hydrolysis. To test the stability of D-Arg, an 

alkaline solution containing 3 wt% D-Arg was heated at 160°C for 3 days and the resulting 

organic(s) were isolated and analyzed by mass spectroscopy (Figure C1) and 
13

C NMR (Figures 

C2 and C3). These analyses confirmed that D-Arg undergoes a chemical decomposition to (R)-

ornithine-lactam (R-OL). The proposed decomposition reaction is shown in Figure 4.1 where the 

first step (the hydrolysis of D-Arg) leads to the generation of urea as a byproduct. Although urea 

reportedly acts as a modifier of zeolite MFI growth 
284,285

,  it can undergo hydrolysis under typical 

synthesis conditions to form ammonia and carbonic acid. A detailed kinetic study of urea 

decomposition by Sahu et al.
286

 revealed that at 160°C there is ca. 65% loss within one hour. To 

test the long-term thermal stability of urea, we performed a similar study where urea was heated 

in alkaline solution at 160°C for periodic times and then analyzed by 
13

C NMR to reveal complete 

decomposition within 8 h (Figure C4). An identical study was performed on the second 

intermediate, D-ornithine, which fully decomposes to R-OL with similar hydrothermal treatment 

(Figure C5). Under the alkaline conditions of zeolite synthesis, the final product of 

decomposition, R-OL, is neutral, i.e., the pH of the growth solution lies between the two 

dissociation constants (pKa) of ornithine-lactam, 7.8 for the primary amine group and 16.0 for the 

amide group.
7,287

 

 

Figure 4.1: Putative decomposition of D-arginine (D-Arg) during hydrothermal treatment in 

alkaline media (pH > 11). The final product, (R)-ornithine-lactam (R-OL), retains 

the chirality of the original amino acid.  
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In a previous study
260

 we reported that D-Arg preferentially binds to silicalite-1 {101} 

surfaces and increases crystal thickness along the b-direction. Prior experiments used small 

quantities of modifier (0.3% D-Arg) and a dilute silica concentration with an equimolar ratio of 

SiO2 and TPAOH, which we refer to as solution S(I). Here, we performed syntheses over a much 

broader range of D-Arg concentration (0 – 7 wt%, Figure 4.2A). We observed that silicalite-1 

crystals synthesized from solution S(I) exhibit an elongated hexagonal platelet morphology with 

an average c/b aspect ratio of 15 (Figure 4.2B). Similar to what was reported previously
260

, the 

presence of D-Arg in small quantities increases the crystal thickness (Figure 4.2C); however, 

bulk crystallization assays reveal an unexpected trend in crystal morphology whereby the relative 

thickness increases with modifier addition at low D-Arg concentrations, reaches a maximum at 

ca. 1 wt% D-Arg, and then monotonically decreases with further increase in D-Arg concentration. 

At the most concentrated D-Arg condition assessed in this study (7 wt%) we observe thinner 

crystals (Figure 4.2E) than those prepared in the absence of modifier (Figure 4.2B, control). 
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Figure 4.2: (A) Ratio of the crystal thickness in the presence of D-Arg or R/S-OL relative to the 

crystal thickness of the control, as a function of modifier content (B – E) SEM of 

crystals prepared with (B) control (C) 1 wt%, (D) 3 wt%, and (E) 7 wt% D-Arg. 

In order to validate that the effect of silicalite-1 habit modification is due to R-OL (the 

byproduct of D-Arg decomposition), we replaced D-Arg with an equivalent concentration of R/S-

OL (racemic mixture). As shown in Figure 4.2A, R/S-OL has the same effect on silicalite-1 

crystal size. There is a slight difference in the relative thickness of silicalite-1 crystals, which we 

attribute to the chirality of OL (as discussed in Section 4.2.3). Evidence for the decomposition of 

D-Arg to R-OL is also gleaned from the change in pH during hydrothermal treatment. The pH of 

the growth mixture during room temperature aging is constant, irrespective of D-Arg 

concentration (Figure 4.3, open blue squares), which indicates that D-Arg is stable under these 

conditions. The constant pH is expected due to D-Arg being zwitterionic where the dissociation 

of the carboxylic acid is offset by the protonation of the amidinium group (pKa = 3.1 and 12.5, 

respectively). The measured pH after hydrothermal treatment (Figure 4.3, closed blue squares) 

reveals that there is a monotonic decrease in alkalinity with increasing D-Arg content. This is 
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consistent with the release of carbonic acid (H2CO3) during the chemical decomposition of D-Arg 

(Figure 4.1). The plateau in solution pH around 10.2 is likely a buffering effect given that the pH 

roughly coincides with the range of silanol dissociation constants reported for silicates (i.e., 

soluble species, amorphous precursors, and zeolite crystals).
288

 

 

Figure 4.3: Changes in the pH of silicalite-1 growth solutions S(I) and S(II) prior to (pHi, open 

symbols) and after (pHo, solid symbols) hydrothermal treatment as a function of D-

Arg. weight percent.  

 

4.2.2. Hypothesis of growth modification. 

Here we propose a mechanism for the trend in Figure 4.2A based on a putative shift in 

the predominant mode of crystallization from a classical route involving the addition of soluble 

species to a nonclassical pathway governed by the addition of amorphous nanoparticles. 

Silicalite-1 has been shown to grow via complex pathways involving both monomer/oligomer 

species and amorphous silica nanoparticles.
156

 Prior studies 
288-290

 have shown that nanoparticle 

self-assembly occurs at a silica concentration, referred to as the critical aggregation 

concentration (CAC), with an approximate molar ratio SiO2:OH
–
 = 1. Silicalite-1 growth 

mixtures are prepared using tetraethylorthosilicate (TEOS) as a silica source and 

tetrapropylammonium (TPA
+
) as the structure-directing agent. The hydrolysis of TEOS leads to 

the assembly of amorphous nanoparticles at silica concentrations exceeding the CAC. This is 
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depicted in Figure 4.4A where region I refers to solutions containing soluble species (monomer 

and oligomers) and region II refers to solutions containing metastable silica nanoparticles in 

pseudo-equilibrium with soluble species. The dashed line dividing these regions is the CAC. 

 

Figure 4.4: (A) Silica phase diagram for silicalite-1 synthesis
290

. The solid lines are reported for 

TEOS addition to mixtures containing molar ratios x TPAOH:H2O with x=(i) 40 

(ii)18 (iii) 9 and (iv)4. (B) Schematic of classical and nonclassical growth pathways 

Growth mixture S(I) lies within region I of the phase diagram (Figure 4.4A, open blue 

square). A sufficient quantity of D-Arg added to S(I), followed by its decomposition to R-OL, 

reduces the pH and shifts the growth mixture to region II (Figure 4.4A, solid blue square). This 

suggests that crystallization in the absence of modifier occurs predominantly by molecule 

addition (classical pathway), whereas crystallization in the presence of modifier occurs by a 

nonclassical pathway that involves the addition of nanoparticle precursors, as illustrated in 

Figure 4.4B. We surmise that the increased thickness of silicalite-1 crystals at low D-Arg content 

(≤1 wt% in Figure 4.2A) is due to an inherent change in the growth pathway. This is seemingly 

consistent with the finding of Shete et al.,
291

 who showed that the ability to shift the predominant 
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pathway of silicalite-1 growth to a classical route leads to enhanced growth in the a- and c-

directions with reduced growth in the b-direction (note that this was not accomplished by altering 

silica concentration or pH, but rather by exchanging TPA
+
 with tetraethylammonium, TEA

+
). A 

shift from classical to nonclassical growth can explain the trend in Figure 4.2A at low modifier 

concentration where nanoparticle addition leads to enhanced growth in the [010] direction; 

however, as the concentration of modifier increases, there is a monotonic reduction in crystal 

thickness indicating a reduced rate of growth normal to the basal (010) surface. 

We previously reported that a low concentration of D-Arg (0.3 wt%) increases crystal 

thickness via its preferential binding to silicalite-1 {101} surfaces; however, in view of the 

current findings, it is now evident that this effect is attributed to the switch from region I to II in 

the phase diagram based on changes in solution alkalinity. It should be noted that the CAC line in 

Figure 4.4A is based on room temperature measurements and is considered approximate. At 

higher temperature it is likely that there is a shift in the division between the two regions. Indeed, 

the 0.3 wt% D-Arg result seems to suggest that the crossover from region I to II occurs at higher 

pH than indicated in the phase diagram. To further test this observation, we performed two 

experiments where the pH of the growth solution S(I) was lowered. We first replaced D-Arg with 

urea using a molar equivalent of 0.3 wt% D-Arg and observed the expected pH reduction due to 

its thermal decomposition, which increased the thickness of silicalite-1 crystals (Figure 4.5A).  

 

Figure 4.5: Modified S(I) growth solutions to assess the effects of urea decomposition and lower 

TPAOH content. SEM images show crystals prepared with (A) addition of 1 wt% 

urea to solution S(I) and (B) a solution with reduced TPAOH content  
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In a second test we reduced the quantity of TPAOH to lower the pH of the growth 

solution to 10.7 (in the absence of modifier) and observed a net reduction in crystal size (Figure 

4.5B). It is evident that a reduced pH increases the number of silicalite-1 nuclei. Moreover, the 

crystals exhibit larger b/c aspect ratios than the control (Figure 4.2B), indicating that a switch 

from region I to II in the phase diagram enhances the rate of silicalite-1 growth in the b-direction. 

The stark differences in crystal habit between Figure 4.5B and those in Figures 4.2C and 4.5A 

indicate that D-Arg and the products of its thermal decomposition (e.g. urea and R-OL) inhibit 

nucleation in region II, leading to a reduced population of crystals with larger size. 

The trend in Figure 4.2A at higher D-Arg concentration corresponding to a reduction in 

silicalite-1 crystal thickness would seem to indicate a preferential interaction of the modifier R-

OL with the MFI (010) surface; however, an alternative explanation is that R-OL impedes the 

attachment of nanoparticles to silicalite-1 surfaces. The multiple routes of growth (and growth 

inhibition) are illustrated in Figure 4.4B where crystallization in the absence of modifier can 

occur by molecule addition, the attachment of nanoparticles, or combinations thereof. In the 

presence of R-OL, a putative reduction in nanoparticle attachment is consistent with bulk 

crystallization assays indicating a slower rate of growth in the [010] direction. To assess the 

hypothesis that preferential interactions between modifier and zeolite surfaces leads to the 

reduction in [010] thickness, we investigated the interaction of R-OL with different silicalite-1 

surfaces using USMD simulations to compute the adsorption free energy profile 𝐹(𝑧). As shown 

in Figure 4.6, the function 𝐹(𝑧) is approximately constant for 𝑧 > 0.5 nm for each surface, 

indicating that the interactions between R-OL and silicalite-1 are short ranged and negligible 

beyond this distance. Near the surface, however, 𝐹(𝑧) exhibits a global minimum at the 

characteristic distance (𝑧 = 𝑧min) where R-OL interacts most strongly and binds to silicalite-1. 

The absence of a maximum in 𝐹(𝑧) larger than 𝑘B𝑇 at intermediate distances reveals that the 

binding process is essentially barrierless, as is typical for small molecules.
292,293

 Adsorption of R-

OL into the pores of silicalite-1, by contrast, is inhibited by a large barrier (> 10 𝑘B𝑇 ) observed 
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at 𝑧 <  0.2 nm for each surface. The presence of these barriers is consistent with the observation 

that R-OL does not diffuse into the pores of silicalite-1 during long (> 100 ns) unbiased MD 

simulations and the hypothesis that R-OL influences growth by a surface adsorption mechanism. 

 

Figure 4.6: Free energy as a function of the R-OL center-of-mass distance from the (100), (010), 

and (101) surfaces of silicalite-1 computed using USMD. In each case, the z=0 plane 

is defined as the positions of the protons on the surface silanol groups.  

The adsorption free energy for R-OL interactions with silicalite-1 was computed using 

the relation ∆𝐴𝑎𝑑𝑠  =  𝐹(𝑧min)  −   𝐹(𝑧 → ∞), yielding values of ∆𝐴(100)
𝑎𝑑𝑠 ≈ −3.5  ± 0.5 𝑘B𝑇, 

∆𝐴(010)
𝑎𝑑𝑠 ≈ −5.7  ± 0.5 𝑘B𝑇, and ∆𝐴(101)

𝑎𝑑𝑠 ≈ −5.7  ± 0.5 𝑘B𝑇 for the (100), (010) and (101) 

surfaces, respectively. The small magnitudes of the  ∆𝐴𝑎𝑑𝑠 values indicate that R-OL adsorption 

is reversible on each surface, in accord with our previous experiments showing a negligible mass 

of modifiers on extracted solids after post-synthesis washing.
258,259

 Analysis of the simulation 

trajectories reveals that R-OL binding is driven by adsorption into hydrophobic pockets on the 

surface created by partially formed pores (representative images are shown in Figure 4.6). In 

each case, R-OL adsorbs with the hydrophobic region of its aromatic carbon ring is inside a 

pocket such that its hydrophilic amine and carboxyl functional groups are left exposed to form 

hydrogen bonds with surface silanol (SiO
– 

and SiOH) groups and water molecules near the 

interface. Deep pockets on the (101) facet (Figure C7) formed by the major sinusoidal channels 
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oriented along the [100] axis of silicalite-1 provide favorable adsorption sites for R-OL. The 

accessible pockets on the (100) and (010) surfaces are relatively shallow by comparison. The 

narrow width of the pockets on the (010) surface, however, enhances confinement and facilitates 

stronger interactions between the functional groups of R-OL and the surface silanols of silicalite-

1. Thus, the adsorption free energies for the (010) and (101) surfaces are comparable and more 

favorable than for the (100) surface. This finding is consistent with the experimental observation 

that R-OL (the product of D-Arg decomposition) reduces the [010] thickness of silicalite-1; 

however, it cannot fully rationalize the insensitivity of [001] length to the presence of R-OL  

 In order to provide additional evidence for the effect of R-OL, we examined a growth 

mixture with increased silica concentration. To this end, we selected a molar ratio of 157 SiO2:47 

TPAOH, referred to as solution S(II), which has a silica concentration three times higher than the 

CAC, thus placing this composition well within region II of the phase diagram. This indicates that 

the majority of silica species are in the form of nanoparticle precursors (with sizes of ca. 1-6 nm). 

Silicalite-1 crystals synthesized in S(II) without modifier are relatively homogenous in size 

(Figure 4.7A) with dimensions that are smaller than the crystals prepared in S(I) (Figure 4.2B). 

When evaluating changes in silicalite-1 morphology, we define the length and thickness of 

crystals using dimensions in the c- and b-directions, respectively. We observed that 3 wt% R-OL 

reduces the thickness (b-direction) of silicalite-1 by a factor of two (Figure 4.7B). Examination 

over a broader range of modifier concentration (Figure 4.7C) revealed a monotonic reduction in 

crystal thickness with increasing R-OL content, while the crystal length is relatively constant. 

This seems to indicate a preferential binding of modifier to the basal (010) surface, which is only 

partially consistent with USMD simulations that predict equal binding affinity for the (010) and 

(101) surfaces. This seems to suggest that [010] size reduction is not attributed to a preferential 

binding of R-OL to the basal surface, but rather an inherent ability of the modifier to impede the 

attachment of nanoparticles to zeolite interfaces.  
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Figure 4.7: SEM images of crystals prepared (A) in the absence of modifier and (B) with 3 wt% 

R-OL (C) Changes in silicalite-1 [001] length and [010] thickness as a function of 

increasing modifier weight percent 

The high silica concentration of solution S(II) exhibits lower pH owing to the 

dissociation of additional silanol groups. Measurements of pH during room temperature aging 

(Figure 4.3, open triangles) reveal that D-Arg, which is stable under these conditions, does not 

alter the alkalinity of solution S(II), analogous to measurements of S(I). During hydrothermal 

treatment there is an increase in S(II) solution pH in the absence of modifier that is attributed to 

the evolution of silica nanoparticles. Notably, it has been shown that nanoparticle precursors 

evolve in both size and microstructure with prolonged aging time and/or hydrothermal 

treatment.
137

 This process occurs by Ostwald ripening wherein a population of nanoparticles 

grows at the expense of others that dissolve. During growth, there is a progressive (albeit not well 

understood) change in microstructure from an initially amorphous material to one that is more 

structured, but still lacks long-range order. During this process, silica condensation reduces the 

number of silanol groups, which increases solution pH. Interestingly, hydrothermal treatment of 

solutions S(I) and S(II) results in nearly identical pH. The same is true during the addition of 
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modifier, where the generation of R-OL and concomitant decrease in solution pH are identical for 

both growth solutions. This confirms that the mode of R-OL action on silicalite-1 growth is not 

attributed to differences in alkalinity. 

We compared the temporal change in solution pH (Figure 4.8A) with powder X-ray 

diffraction (XRD) patterns of extracted solids at periodic times of silicalite-1 crystallization to 

determine if D-Arg decomposition occurs prior to nucleation. In the absence of modifier, the pH 

of solution S(II) increases with heating time and reaches a plateau within 4 h, whereas the pH of 

solution S(I) is relatively unchanged. In the presence of 3 wt% D-Arg, the pH of solution S(I) 

rapidly decreases from 12.3 to a steady value of 10.5 within 4 h of heating, which signals the 

completion of D-Arg decomposition to R-OL. For solution S(II), the presence of D-Arg resulted 

in an initial increase in pH (t < 1 h), followed by a decrease to a value that coincides with that of 

solution S(I). Powder XRD patterns of extracted solids (Figure 4.8B) reveal that the onset of 

Bragg peaks around 24 h of heating, which indicates that D-Arg decomposition occurs during the 

early stages of the induction period, well before nucleation. Conversely, ex situ analysis of 

powder XRD patterns of extracted solids from solution S(II) reveal Bragg peaks at 4 h of heating 

(Figure C9), which indicates that nucleation occurs prior to the complete decomposition of D-

Arg. As such, we cannot preclude the potential involvement of D-Arg and other organics (i.e. the 

products of D-Arg thermal decomposition) during the early stages of silicalite-1 crystallization. 
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Figure 4.8: (A) Ex situ measurements of growth solution pH as a function of hydrothermal 

treatment time in the absence of D-Arg and in the presence of 3 wt% D-Arg (B) 

Powder XRD patterns of extracted solids from S(I) growth  

We also investigated whether the incorporation of aluminum in the synthesis (leading to 

the formation of ZSM-5) would alter the effect of R-OL on zeolite crystallization. Using a 

S(II)’growth solution composition that was modified to include aluminum (Si/Al = 50), we 

observed a monotonic reduction in the relative thickness of ZSM-5 crystals with increasing D-

Arg concentration (Figure C9). Interestingly, the change in crystal morphology is due to an 

increased [001] length of crystals, whereas the [010] thickness remained relatively unchanged by 

the presence of R-OL. This trend is opposite the one observed for silicalite-1 (Figure 4.7C), 

although the net result for both cases is qualitatively consistent in that R-OL leads to a reduction 

in the [010]/[001] ratio of MFI crystals. It is evident that additional experiments are required to 
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fully understand the impact of Al on MFI zeolite growth mechanisms in the absence and presence 

of modifiers. Moreover, it remains to be determined whether the introduction of R-OL alters 

zeolite nucleation or if the effect is solely attributed to changes in the anisotropic rates of crystal 

growth. In the next section, we discuss in more detail the potential impact of modifiers on zeolite 

nucleation.  

4.2.3. Impact of modifier chirality. 

Examples in prior literature have shown that enantiomers of a particular modifier can 

have markedly different effects on crystal growth, which can be attributed to changes in 

molecular recognition for binding to the surfaces of crystals and/or precursors.
294,295

 The 

decomposition of D-Arg generates a single enantiomer, R-OL. Comparison of silicalite-1 growth 

in solutions containing R-OL and a racemic mixture, R/S-OL, reveals nearly identical trends 

(Figure 4.2A); however, the exact percentage of each enantiomer in the racemic mixture 

(obtained and used as received from the vendor) is unknown. To assess the potential differences 

in modifier chirality on silicalite-1 crystallization, we performed a synthesis with solution S(I) 

using 1 wt% of the enantiomer S-OL. Scanning electron micrographs reveal that crystals grown 

in the presence of R-OL (Figure 4.2C) and R/S-OL (Figure 4.9A) exhibit almost identical size 

and morphology; however, synthesis with S-OL (Figure 4.9B) results in an approximate order of 

magnitude reduction in crystal size (with a more uniform size distribution) and fewer defects 

associated with the presence of intergrowths on basal (010) surfaces.  
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Figure 4.9: SEM images of silicalite-1 crystals prepared in solution S(I) with (A) 1 wt% R/S-OL 

and (B) 1 wt% S-OL. (C and D) Binding configurations for (C) R-OL and (D) S-OL 

on the (101) surface of silicalite-1 identified in USMD simulations.  

To rationalize the effects of modifier chirality, USMD simulations were performed to 

characterize the interactions between S-OL and idealized surfaces of silicalite-1. The adsorption 

free energy profiles 𝐹(𝑧) for S-OL were found to be statistically indistinguishable from those 

calculated for R-OL, yielding binding energies similar to those reported in  Figure 4.6. Moreover, 

inspection of the simulation trajectories suggests that the dominant binding configurations of the 

two enantiomers are energetically indistinguishable due to underlying symmetries of the 

silicalite-1 surfaces. This fact was confirmed by using energy minimization to characterize the 

binding conformation of the enantiomers in vacuo. On the (101) surface, for example, it was 

observed that R-OL and S-OL both favor conformations in which their aromatic ring resides in 

the primary surface pocket and their amine and carboxyl groups are each hydrogen bonded to a 

nearby silanol (Figure 4.9C and D). Despite the differences in chirality, the binding 

configurations for R-OL and S-OL are energetically similar due to the pocket’s symmetry. 

Similar results were observed for the other surface of silicalite-1. 

Experimental and modeling results indicate that the changes in crystal morphology 

cannot be explained by differences in the adsorption of R-OL and S-OL to the surfaces of 

silicalite-1 crystals. Previous investigations of other molecules have shown that interactions 
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between the adsorbate and extra-framework cations can result in enantioselective behavior in 

achiral zeolites.
296,297

 It is possible that similar interactions, or the presence of surface defects that 

are expected during growth, which are not accounted for in the models examined here, could 

cause differences in adsorption of R-OL and S-OL and hence modifier chirality effects observed 

in experiment. However, it is more probable that S-OL impacts zeolite nucleation, which is 

consistent with the observed increase in crystal number density with a concomitant reduction in 

average crystal size (similar to the effects of reduced solution pH in the absence of modifiers; 

Figure 4.5B). The exact mechanism for this process is unknown and difficult to extract from ex 

situ measurements, but may involve interactions between S-OL and amorphous precursors that 

are distinctly different than those of R-OL. 

 

4.2.4. Conclusions 

In summary, we have identified a system that uniquely provides a way to direct the 

pathways of silicalite-1 growth. The decomposition of arginine and resulting reduction in solution 

pH acts as a switch that changes the predominant growth species. Few examples exist where the 

pathways of zeolite crystallization can be selectively shifted to classical modes governed by the 

addition of soluble species. The presence of multiple precursors in silicalite-1 growth solutions 

(i.e. monomer, oligomers, nanoparticles) renders it difficult to determine how modifiers impact 

processes of nucleation and crystal growth. Our findings seem to suggest that ornithine-lactam 

impedes the attachment of amorphous nanoparticles, thereby suppressing nonclassical pathways 

of crystallization.  

Molecular dynamics simulations revealed unexpectedly low binding energies between 

modifiers and zeolite surfaces. These results seem to suggest that traditional viewpoints of crystal 

growth modifiers acting through preferential interactions with crystal surfaces are not solely 

responsible for their effects on zeolite formation. Indeed, we posit alternative modes of action 

involving modifier-precursor interactions that impede (or significantly slow) the rate of precursor 
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attachment to crystal surfaces. Molecular modeling of these interactions are difficult owing to the 

unknown microstructure of silica nanoparticles, and the fact that these species evolve with 

synthesis time. We hypothesize that there are distinct differences in the surface structures of silica 

precursors and silicalite-1 given the ability of S-OL to impact nucleation, which has been shown 

to occur through the aggregation of nanoparticles. Conversely, R-OL has a seemingly more 

pronounced effect on zeolite growth.  

Collectively, these studies highlight the complexity of elucidating the role of modifiers in 

zeolite synthesis. It is evident that the judicious selection of modifiers can be a facile and highly 

efficient method of tailoring crystal size and morphology. Indeed, subtle changes in the functional 

groups and/or stereochemistry of modifiers can markedly change the nature of their mode(s) of 

action. To this end, continued studies are required to gain a more fundamental understanding of 

molecular modification in zeolite crystallization.  

 

4.3. Material and methods 

The following reagents were used for the preparation of zeolite growth solutions: 

tetrapropylammonium hydroxide (TPAOH, 40%, Alfa Aesar), tetraethylorthosilicate (TEOS, 

98%, Sigma-Aldrich), and aluminum sulfate hydrate (Al2(SO4)3∙18H2O, 98%, Sigma-Aldrich). 

The following reagents were used as zeolite growth modifiers: D-arginine (D-Arg, 98% TLC, 

Sigma-Aldrich), (S)-3-aminopiperidine-2-one((S)-ornithine-lactam, Sigma-Aldrich), urea (EMD 

Chemicals Inc.), and 3-aminopiperidin-2-one(racemic ornithine-lactam, AK Scientific, Inc.). D-

ornithine (Sigma-Aldrich) was used for thermal stability tests. Deionized (DI) water was 

produced with an Aqua Solutions RODI-C-12A purification system (18.2 MΩ). All reagents were 

used as received without further purification. 
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4.3.1. Materials 

Silicalite-1 crystals were synthesized from two different clear growth solutions with 

molar compositions of 40 SiO2:40 TPAOH:9420 H2O:160 EtOH and 157 SiO2:47 TPAOH:9420 

H2O:628 EtOH. These are referred to as growth solutions S(I) and S(II), respectively. The organic 

structure-directing agent TPAOH was added to DI water followed by the addition of the silica 

source, TEOS. The mixtures were aged at room temperature for two hours under continuous 

stirring. The ZGM of choice was added to the solution after aging, followed by an additional 10 

min of stirring. The growth solution was then placed in a Teflon-lined stainless steel acid 

digestion bomb (Parr Instruments) and heated at 160°C under autogenous pressure for 65 h. For 

the synthesis of ZSM-5, we used a growth mixture with a molar composition of 157 SiO2:1.57 

Al2O3:47 TPAOH:9420 H2O:628 EtOH:3 H2SO4. The protocol for ZSM-5 was identical to that of 

silicalite-1 with aluminum sulfate added after TPAOH. The pH of growth mixtures was measured 

with a Thermo Scientific Orion 3-Star pH meter and an Orion Ross Ultra electrode. The pH meter 

was calibrated with standardized pH 7, 10, and 12 buffer solutions (Orion). 

 

4.3.2. Zeolite crystallization 

Crystals were isolated from the supernatant by three cycles of centrifugation at 13,000 

rpm for 45 min and washings with DI water. The solid phase was dried in air prior to 

characterization. Powder X-ray diffraction (XRD) patterns were collected on a Rigaku 

diffractometer using Cu K radiation (40kV, 40 mA). Scanning electron microscopy (SEM) was 

conducted at the Methodist Hospital Research Institute in the Department of Nanomedicine SEM 

Core using a Nova NanoSEM 230 instrument with ultrahigh resolution FESEM (operated at 15 

kV and a 5-mm working distance).  
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4.3.3. Materials characterization 

Crystals were isolated from the supernatant by three cycles of centrifugation at 13,000 

rpm for 45 min and washings with DI water. The solid phase was dried in air prior to 

characterization. Powder X-ray diffraction (XRD) patterns were collected on a Rigaku 

diffractometer using Cu K radiation (40kV, 40 mA). Scanning electron microscopy (SEM) was 

conducted at the Methodist Hospital Research Institute in the Department of Nanomedicine SEM 

Core using a Nova NanoSEM 230 instrument with ultrahigh resolution FESEM (operated at 15 

kV and a 5-mm working distance).  

4.3.4. D-arginine decomposition. 

A NaOH solution (pH 12.3) was made by mixing NaOH pellets with DI water. To this 

solution was added D-Arg and the mixture was heated at 160C for 3 days. The solution was 

analyzed by high-resolution mass spectroscopy using an Orbitrap MS equipped with a TriVersa 

NanoMate nano-electrospray source to obtain the molecular weight information for the dissolved 

species in the mixtures. The resulting species were collected by air drying for carbon nuclear 

magnetic resonance (
13

C NMR) measurements. All 
13

C NMR were performed on a JOELECA-

600 NMR spectrometer operating at 600 MHz in deuterated dimethyl sulfoxide (DMSO-d6). The 

13
C chemical shift was referenced to the DMSO-d6 resonance at 39.5 ppm. The 

13
C-NMR 

spectrum of R/S-ornithine-lactam(OL) in deuterated DMSO was used to confirm the product of 

D-Arg thermal decomposition. The stability of urea and D-ornithine was tested by heating a 

NaOH solution (pH 12.3) containing 3 wt% of urea or D-ornithine at 160 C for 0 to 8 h. 

Deuterated DMSO (10 wt%) was added to each sample before NMR analysis. 

 

4.3.5. Molecular modeling. 

Umbrella sampling
298,299

 molecular dynamics (USMD) simulations were conducted with 

GROMACS 4.6.7
300

 to study the adsorption of modifiers on (010), (100) and (101) surfaces of 
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silicalite-1. Atoms in the silicalite-1 framework were described using the clay force field 

(ClayFF) of Cygan et al.,
301

 and the SPC/E model
302

 was used for water. The modifiers, R- and S-

orinithine-lactum (R-OL and S-OL, respectively), were modeled using the generalized AMBER 

force field (GAFF),
303,304

 with partial atomic charges derived using the RED III web server.
305

 

Standard Lorentz-Berthelot combining rules were used to specify potential parameters for unlike 

atoms. All interactions were truncated using a cutoff of 1.2 nm, and the particle mesh Ewald 

(PME) method was used to treat long-range electrostatics. Parameters for the PME method were 

chosen to ensure a relative error of less than 10
-4

 in the computed energy. 

The silicalite-1 framework was modeled using crystallographic data (atomic positions 

and lattice parameters) from the International Zeolite Association database. The periodic unit cell 

of silicalite-1 was replicated to create a 3  3  3 supercell. Model surfaces were created by 

cleaving the supercell along different crystallographic planes. The size of the simulation box was 

subsequently increased in the normal direction to expose the cleaving plane and create a 

region of vacuum approximately 8 nm in height above the surface. The cleaving planes were 

chosen to minimize the number of exposed SiO
– 

groups on each surface, creating terminations 

consistent with those observed in high-resolution transmission electron micrographs of ultra-thin 

silicalite-1 crystals by Tsapatsis and co-workers.
306

 The alkaline conditions of the silicalite-1 

growth solution were mimicked by randomly protonating under-coordinated surface oxygens to 

achieve an areal density of ~0.7 SiO
– 

per nm
2
, in accord with estimates obtained by Emami et 

al.
307

 from analyzing titration data for siliceous materials. Following the method reported by 

Kroutil et al.
308

, excess surface charge was neutralized by distributing a counter charge over 

atoms in the bulk framework. 

USMD simulations were conducted to compute the adsorption free energy profile 

(potential of mean force) 𝐹(𝑧), where 𝑧 is the vertical distance between the zeolite surface and 

the center of mass of the sorbate. Initial configurations for the USMD simulations were prepared 
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by inserting a molecule (modifier) in the vacuum space above each surface and then solvating this 

region with SPC/E water. Solvation was followed by energy minimization using the steepest 

decent algorithm to remove pair-wise forces larger than 10 kJ mol
-1 

nm
-1

. The system was 

subsequently equilibrated at ambient temperature and pressure for 5 ns in the NPzT ensemble 

using the leapfrog algorithm with a 1 fs time step to integrate the equations of motion. 

Temperature was maintained using a Bussi-Parinello velocity rescaling thermostat
309

  with a 0.2 

ps time constant. A Parrinello-Rahman barostat
310

 with a relaxation time of 1 ps was applied to 

the major axis (z-axis) of the simulation cell to impose a constant pressure (stress) in the direction 

normal to the zeolite surface. The equilibrated system was used to initialize USMD simulations in 

the NVT ensemble, with the z-dimension of the simulation cell fixed to the average value 

calculated from the last 2 ns of the NPzT simulation. Independent USMD simulations were 

conducted in 50 windows along z. Sampling in each window was performed by applying a 

harmonic umbrella restraint along z with a spring constant of 2000 kJ mol
-1 

nm
-2

 using the 

PLUMED 2.2.1
311

 plugin for GROMACS. The USMD simulations were run for 12 ns. Data from 

the last 5 ns in each window were analyzed using a Bayesian reformulation of the weighted 

histogram analysis method (BayesWHAM
312

) to obtain an unbiased estimate of 𝐹(𝑧) and the 

associated statistical uncertainties. 
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Chapter 5  

Regulating Nonclassical Pathways of Silicalite-1 Crystallization 

through Controlled Evolution of Amorphous Precursors 

5.1. Motivation 

The widespread use of zeolites in commercial processes such as ion-exchange 
313

, 

adsorption 
314

, and catalysis 
35,49,229,315

 has stimulated efforts to optimize their physicochemical 

properties. Different strategies have been used to control zeolite crystallization, which include the 

design of sophisticated organic structure-directing agents (OSDAs) 
316-322

 and the judicious 

selection of synthesis conditions
249

, such as growth solution composition and/or 

supersaturation.
120,323,324

 The lack of fundamental understandings of zeolite crystal growth 

mechanisms is a significant obstacle for the a priori selection of synthesis conditions. This is due 

to in large part to the inherent complexity of zeolite crystallization from solutions comprised of 

multiple species, which renders the identification of growth units challenging. For instance, the 

presence of monomers, small oligomers, and amorphous nanoparticles allows for growth by a 

classical pathway (i.e. monomer-by-monomer addition) and/or nonclassical pathways involving 

gel 
115,325

 or solid-state transformations 
252

, the attachment of oligomers and larger 

precursors
323,326-329

, or combinations thereof.
120

 

In this study we focus on the siliceous zeolite silicalite-1 to better understand how 

organics influence the mode(s) of crystallization. Silicalite-1 and its aluminosilicate isostructure 

ZSM-5 both have a MFI framework consisting of 3-dimensional pores. ZSM-5 is one of the most 

widely used zeolites in commercial applications,
330

 whereas silicalite-1 is commonly used as a 

model system for mechanistic studies of zeolite growth.
134,232,331-334

 It is well established that 

silicalite-1 growth solutions are sols comprised of uniform silica nanoparticles (1 – 6 nm). These 

precursors are solvated amorphous silicates with OSDA molecules physisorbed on the exterior 

surfaces, thus forming core-shell structures (Scheme 5.1).
126,335

 Upon heating, nanoparticles 
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evolve in both size and microstructure, but still lack long-range order.
127,137

 It has been 

hypothesized that the degree to which nanoparticles structurally evolve leads to differences in 

their kinetic rates of attachment to silicalite-1 surfaces (ki, Scheme 5.1).
127

 In a previous study, we 

used in situ atomic force microscopy (AFM) to show that silicalite-1 growth occurs by a 

combination of classical and nonclassical pathways.
156

 In a recent study by Shete et al.
336

 it was 

shown that changes in the OSDA can suppress nonclassical growth by inhibiting nanoparticle 

attachment to yield desirable changes in crystal size and shape. These findings qualitatively agree 

with previous studies by our group showing that organic additives, referred to as zeolite growth 

modifiers (ZGMs), can hinder particle attachment with a similar effect on the anisotropic rates of 

zeolite crystallization.
328,337

  

 

Scheme 5.1: (top) Idealized core-shell structure of as-synthesized nanoparticles with a shell of 

TPA molecules and a core of hydrated amorphous silica. (bottom) Putative pathways 

of silicalite-1 crystallization illustrating growth by monomer or oligomer addition  

Herein we use a combination of experimental techniques to assess the degree to which 

nanoparticle structure influences nonclassical pathways. To this end, we investigate the impact of 
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various organic additives (OSDAs and ZGMs) on the extent of precursor evolution, and the 

degree to which structural changes influence precursor-precursor and precursor-crystal 

interactions. This study underlies a growing interest in zeolite synthesis with broad efforts to 

characterize growth species (i.e. soluble silicates and particulates) and elucidate their 

impact,
119,257

 in combination with organics
119

, on zeolite crystal growth. Using methods to assess 

the evolution of silica nanoparticles, we show that a switch from growth by particle attachment to 

one involving classical monomer addition is achieved by restricting the disorder-to-order 

transition of precursors during the early stages of synthesis. 

 

5.2. Result and discussion 

Here we use in situ atomic force microscopy (AFM) to monitor silicalite-1 (010) surface 

growth in the presence of various tetraalkylammonium (TAA) cations and tributylphosphine 

oxide (TBPO), a known zeolite growth modifier.
74,260

 The most common TAA cation employed in 

silicalite-1 (MFI) synthesis is tetrapropylammonium (TPA), which functions as an OSDA. It has 

been shown that silicalite-1 can be prepared in the presence of either tetraethylamonium (TEA) 

when using crystalline MFI seeds
338

 or tetrabutylammonium (TBA) that often leads to the 

formation of silicalite-2 (MEL) impurity.
338

 To our knowledge, it is not possible to synthesize 

silicalite-1 using tetramethylammonium (TMA) as an OSDA.  

In this study, we monitored silicalite-1 surfaces exposed to growth solutions of molar 

composition 48SiO2: 33TAA: 9500H2O: 192C2H5OH prepared with each of the four TAA 

molecules (Figure 5.1). Silicalite-1 crystals used as substrates for AFM studies are comprised of 

layers with step heights equal to 1 nm (Figure D1), one-half the unit cell of the MFI framework 

(b/2 = 0.99 nm). Exposing the substrate surface to growth solutions at 60 °C for 1 h reveals little 

change in topography when TAA = TMA (Figure 5.1A), TEA (Figures 5.1C and D2), and TBA 

(Figures 5.1G and D3); however, surfaces in contact with TPA-containing solutions (Figures 
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5.1E and D4) result in an incomplete coverage of attached silica nanoparticles. After 17 h of 

AFM imaging at discrete time intervals, we observe that TMA has little effect on the surface 

topography (Figure 5.1B) and the solution containing TEA (Figure 5.1D) results in few attached 

nanoparticles to the silicalite-1 surface (i.e. the original layers on the substrate are clearly visible). 

In solutions containing TPA and TBA, the original layers are indiscernible owing to a high 

coverage of attached nanoparticles (Figure 5.1F and H, respectively). These time-resolved 

studies indicate that TAA molecules can be grouped into two general categories: those that inhibit 

nanoparticle attachment (TMA and TEA) and those that enable attachment (TPA and TBA). 

 

Figure 5.1: Time-resolved AFM images of silicalite-1 surfaces Measurements were performed in 

growth solutions with the following TAA molecules: (A and B) TMA, (C and D) 

TEA, (E and F) TPA, and (G and H) TBA. The scale bar equals 500 nm. 

Prior calorimetry
128

 and NMR studies
339

 have shown that TPA is unique among TAA 

molecules. For instance, the enthalpy of formation for as-synthesized TPA-silica nanoparticles is 

ca. 20 kJ/mol SiO2 compared to values of ca. 5 kJ/mol SiO2 for other TAA molecules.
340

 This is 

qualitatively consistent with our observation that TPA-nanoparticles are distinct in AFM 

measurements via their ability to readily attach to crystalline substrates (Figure 5.1E); however, 

at later stages of growth, once the surface has a nearly complete coverage of precursor particles, 

the rate of nanoparticle attachment significantly decreases. This is evident in Movie S1 that 
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shows the dynamics of silicalite-1 (010) surface growth during continuous in situ AFM imaging. 

We hypothesize that the observed switch between rapid and slow addition of precursors to 

silicalite-1 surfaces is attributed to the disorder-to-order transition of nanoparticles (post-

attachment) that is necessary for the incorporation of amorphous precursors into the underlying 

crystal surface. This implies that the barriers for nanoparticle attachment to silicalite-1 (a 

crystalline interface) are less than its attachment to another nanoparticles (amorphous interfaces). 

This hypothesis agrees with the observed colloidal stability of precursors wherein prior studies 

have shown that isolated nanoparticles are observed throughout silicalite-1 crystallization, while 

relatively few nanoparticle aggregates are detected.
137

 The latter have been identified as sites for 

nucleation,
127,341

 which is consistent with nanoparticle aggregation being a rare event. Tsapatsis 

and coworkers
127

 have postulated that evolved particles more readily attach to crystalline 

surfaces, which they demonstrated with TPA-nanoparticles and a mica substrate. This suggests 

that evolved nanoparticles, which possess a higher degree of order, more favorably attach to 

silicalite-1 surfaces (i.e. kn >> k2 in Scheme 5.1). 

The fundamental basis for nanoparticle stability is not well understood. Colloidal models 

such as DLVO theory are incapable of predicting particle stability on the basis of surface 

charge.
134

 Thus, non-DLVO forces (e.g. solvation or steric stability) likely play critical roles. For 

instance, TAA molecules form an exterior shell (Scheme 1) that can impart steric stabilization, 

but this alone has been shown to be insufficient to fully rationalize the stability of as-synthesized 

nanoparticles. Notably, substitution of TAA molecules with less bulky ions such as Na
+
 lead to 

stable nanoparticles at room temperature,
342

 whereas we observe that TAA molecules do hinder 

nanoparticle aggregation at higher temperatures. Another aspect of silica nanoparticles that is 

difficult to resolve is their microstructure and changes thereof during synthesis. Precursors are 

amorphous by X-ray diffraction, although variations in local order have been detected by 

spectroscopy (e.g. FTIR and NMR).
343

 Electron microscopy, while able to detect amorphous-to-

crystalline transitions in nanoparticle aggregates,
127,341

 lacks the resolution to provide molecular 
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level details of precursor microstructure. Indirect methods, however, have been used to monitor 

changes in precursor structure. These approaches leverage the fact that silicates spanning from 

amorphous silica and zeolites to quartz exhibit sufficiently large differences in their rates (and 

enthalpies) of dissolution (Figure D5). Rimer et al. showed that as-synthesized silica 

nanoparticles have a rate of dissolution that lies between amorphous silica and silicalite-1; and 

that over the course of precursor evolution there is a monotonic reduction in the rate of 

dissolution towards that of silicalite-1. This observed shift in the rate of dissolution can be 

correlated to a disorder-to-order transition, although fully-evolved nanoparticles still lack long-

range order. 

Using dissolution assays as a surrogate to ascertain the net change in precursor 

microstructure, we quantified the kinetic rate of silica nanoparticle dissolution using small-angle 

X-ray scattering (SAXS) to track the temporal reduction in particle size. For these studies we 

used a more concentrated growth solution with higher nanoparticle number density. Excess 

TAAOH was added prior to the start of the experiment to increase solution pH, thereby initiating 

nanoparticle dissolution (Figure D6). Time-resolved SAXS patterns (Figures 5.2A) show a 

monotonic reduction in the scattering intensity at room temperature. The average size of 

nanoparticles was extracted from SAXS data using a previously reported protocol.
257

 This 

procedure was repeated for all TAA molecules using growth solutions aged at room temperature 

(0 h) and those heated at 60 °C for 5 h to assess the difference between as-synthesized and 

evolved nanoparticles, respectively.  

We observe several trends in the dissolution rates (Figure 5.2B) for various TAA ions. 

First, the dissolution rate of as-synthesized nanoparticles decreases with reduced TAA alkyl chain 

length in the following order: TBA >> TPA > TEA > TMA. Prior studies of silica dissolution in 

MOH solutions (where M = Na
+
 or K

+
) have demonstrated that the kinetics are significantly 

impacted by the selection of the alkali metal;
71

 therefore, we anticipate that the TAA shell 

surrounding silica nanoparticles has a distinct effect on the rate of dissolution depending on the 
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length of its alkyl group, which can account for the differences among as-synthesized samples in 

Figure 5.2B. 

 

Figure 5.2: (A) Time-resolved SAXS patterns of as-synthesized TPA-nanoparticles dissolved at 

25 °C. (B) Dissolution rate of as-synthesized (0 h) and evolved (5 h at 60 °C) TAA-

nanoparticles. The percentage change in dissolution rate is denoted for each sample  

We also observed a reduction in the rate of silica dissolution for all evolved TAA-

nanoparticles (Figure 5.2B), which indicates a change in nanoparticle microstructure. 

Interestingly, the percent reduction in the rate of dissolution (0 h vs. 5 h) differs among the TAA 

molecules, which implies that the organics impact the degree to which nanoparticles evolve. By 

normalizing the dissolution rates for each TAA (i.e. dividing the rate of the evolved sample by its 

corresponding as-synthesized sample), we assessed the degree to which TAA molecules impact 

nanoparticle evolution. There is an apparent demarcation between data sets around 50% reduction 
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in the rate of dissolution whereby TAA molecules that inhibit nanoparticle attachment to 

silicalite-1 surfaces (TMA and TEA) result in<50% reduction in silica nanoparticle dissolution 

rate. This suggests that TAA-nanoparticles evolving to a lesser extent (i.e. those that retain a more 

amorphous-like quality) are less likely to attach to silicalite-1 surfaces. Conversely, TAA 

molecules (TPA and TBA) that exhibit a more significant reduction in the rate of dissolution 

(>50%) have a greater tendency to attach to silicalite-1 surfaces. This is consistent with the 

hypothesis that more ordered (or structurally-evolved) nanoparticles have lower energetic barriers 

for their attachment to crystalline interfaces. 

To further explore the effect of TAA molecules on silica nanoparticle evolution, we 

performed a colloidal stability assay to characterize nanoparticle-nanoparticle interactions. Based 

on prior observations that evolved nanoparticles exhibit a greater propensity to attach to a 

crystalline interface, we posit that the colloidal stability of silica nanoparticles progressively 

decreases with increased microstructural evolution. To test this hypothesis, we performed critical 

coagulation concentration (CCC) experiments wherein the ionic strength of silicalite-1 growth 

solutions was increased by the addition of NaCl. In these studies, Na
+
 cations screen the 

electrostatic repulsion between negatively-charged silica nanoparticles, thus leading to their 

coagulation at a threshold salt concentration. Unlike traditional CCC experiments that observe 

nearly instantaneous coagulation of colloidal particles upon the introduction of salt, our 

experiments reveal a kinetic effect where the onset of coagulation occurs after an induction period 

that decreases with increasing salt concentration. The induction period also varies among TAA 

molecules, which likely reflects different timescales needed for alkali ions to displace adsorbed 

TAA cations on nanoparticle surfaces. Coagulation was monitored using UV-Vis to track the 

temporal change in absorbance of growth solutions. As shown in Figure 5.3A, there is a 

sigmoidal increase in UV-Vis absorbance after the addition of NaCl. The increase in absorbance 

is indicative of growth by nanoparticle coagulation that ceases once the solution becomes a gel 

(indicated by the plateau in absorbance). At low salt concentration (0.5 M NaCl), there is no 



95 

 

detectable absorbance until ca. 100 min; however, high salt concentrations (e.g. 0.8 M NaCl) 

result in a nearly instantaneous increase in absorbance. With increasing salt concentration for a 

given TAA molecule, we observe distinct trends in the induction period (Figure D7A), the rate at 

which the absorbance increases approximately linearly with time (Figure D8), and the final 

plateau in absorbance at longer times (Figure D8). When comparing growth solutions containing 

different TAA molecules, we use a fixed salt concentration (0.53 M NaCl) and estimate the onset 

of coagulation by extrapolating the linear increase in absorbance to the baseline, referred to as the 

coagulation time (Figure 5.3B). 
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Figure 5.3: (A) UV-Vis absorbance measurements of TPA-nanoparticle suspensions with 

different amounts of NaCl added to the growth solution. (B) Coagulation times for 

growth solutions as-synthesized and evolved TAA-nanoparticles  

Unlike trends in dissolution rates, the coagulation times for as-synthesized silica 

nanoparticles do not exhibit a clear trend with respect to TAA size (i.e. TEA >> TPA ≈ TBA > 

TMA). We hypothesize that these differences are attributed to at least two effects that cannot be 

easily discerned from CCC measurements: differences in the coverage of TAA molecules on 

nanoparticles surfaces and/or the energetic barriers for Na
+
 ions to displace TAA cations. One 

consistent trend is that all evolved samples exhibit a reduced coagulation time, which agrees with 

data in Figure 5.2B indicating a reduction in nanoparticle stability with increased structural 
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evolution. For each TAA-nanoparticle growth solution, the coagulation time monotonically 

decreases with increased heating time (Figure D7B). Similar to dissolution studies, we compared 

the difference in coagulation time between evolved particles (5 h heating) and their corresponding 

as-synthesized particles (0 h). Interestingly, colloidal stability assays also reveal an apparent 50% 

demarcation where TAA molecules that lead to less than 50% reduction in coagulation time 

(TMA and TEA) inhibit nanoparticle attachment to silicalite-1 surfaces, while TAA molecules 

(TPA and TBA) that exhibit larger reductions in coagulation time enable nanoparticle attachment. 

To our knowledge, this is the first demonstration that colloidal stability assays can be used as a 

proxy for dissolution studies to assess the relative extent of precursor evolution.  

Our findings suggest that the transition between a classical pathway (molecule 

attachment) and a nonclassical pathway (nanoparticle attachment) of silicalite-1 growth is 

governed by the degree to which silica precursors evolve. We previously posited that a similar 

switch between these two modes of growth is achieved using ZGMs. For example, we showed 

that organics such as TBPO (Figure 5.4A, inset) can alter the anisotropic growth of silicalite-1 

crystals, leading to reduced thickness along the [010] direction.
260

 We proposed a mechanism of 

steric hindrance wherein TBPO preferentially adsorbs on (010) surfaces and hinders the 

attachment of TPA-nanoparticles. This is consistent with in situ AFM measurements (Figure 

D10) that show a reduction in the root mean square (RMS) roughness of silicalite-1 (010) 

surfaces with increasing TBPO concentration (Figure 5.4A). In the absence of modifier, the 

increased RMS roughness with time is attributed to a progressive accumulation of TPA-

nanoparticles on the crystal surface, which creates a roughened interface (Figure 5.1). In the 

presence of TBPO, there is a reduction in the magnitude of RMS roughness as well as a reduced 

slope of roughness versus time. While this is consistent with the hypothesis that TBPO blocks 

nanoparticle attachment to silicalite-1 surfaces, we also observe that the ZGM hinders precursor 

evolution. Notably, the dissolution rate (Figure 5.4B) and coagulation time (Figure 5.4C) are 

both reduced by approximately 50%, which corresponds to the apparent boundary identified in 
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Figures 5.2 and 5.3 demarcating growth by nanoparticle attachment. The fact that TBPO-

nanoparticles lie at the boundary explains why we observe a reduction in nanoparticle attachment, 

but not complete inhibition. Therefore, it appears that the mechanism for ZGM action is related to 

its ability to slow the rate of precursor evolution. While we cannot fully rule out the previously 

proposed mechanism of steric hindrance, recent studies by Rimer and collaborators
337

 have shown 

that the binding energy of several ZGMs on silicalite-1 surfaces is weaker than expected. 

Therefore, the extent to which ZGM adsorption on zeolite surfaces influences nanoparticle 

attachment remains elusive. 
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Figure 5.4: (A) Temporal change in the roughness of a silicalite-1 surface area. Comparison of 

the (B) dissolution rate and (C) coagulation time of as-synthesized and evolved 

TPA-nanoparticles. The number on each bar denotes the percentage reduction 

 

In summary, we provide evidence showing how organic structure-directing agents and 

modifiers mediate pathways of silicalite-1 crystallization. Prior studies have demonstrated that the 

ability of organics to switch the predominant mode of silicalite-1 growth from a nonclassical to 

classical mechanism has practical advantages for reducing growth along the b-direction, thus 

leading to thinner crystals that improve their performance, for example, as silicalite-1 membranes 

or ZSM-5 catalysts, owing to reduced internal diffusion limitations along straight channels 
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oriented in the [010] direction.
86

 In this study, we show that the ability to alter silica nanoparticle 

evolution is a critical factor in the regulation of silicalite-1 growth pathways. It is evident from 

our findings that the crystallization of silicalite-1 via monomer addition can be achieved by 

preserving the amorphous nature of as-synthesized precursors. A significant challenge that 

remains is the ability to resolve structural features of silica nanoparticles at mesoscopic length 

scales, which is not yet possible using conventional microscopy, diffraction, or spectroscopy 

techniques. Here we present two alternative methods of characterization – dissolution and 

colloidal stability – that can be used as indirect methods of assessing the relative change in 

nanoparticle microstructure, thus serving as approximate descriptors for predicting the 

predominant mode(s) of silicalite-1 crystallization. 

5.3. Material and methods 

5.3.1. Preparation of zeolite substrates 

Large silicalite-1 crystals (ca. 25 m) were synthesized using a previously reported 

protocol
121

 from a growth solution containing the molar ratio 40SiO2: 40TPAOH: 9500H2O: 

160C2H5OH. The following reagents were used for the preparation of the growth solutions: 

tetrapropylammonium hydroxide (TPAOH, 40%, Alfa Aesar) and tetraethylorthosilicate (TEOS, 

98%, Sigma-Aldrich). Deionized (DI) water was produced with an Aqua Solutions RODI-C-12A 

purification system (18.2 MΩ). All reagents were used as received without further purification 

The organic structure-directing agent TPA was added to deionized water followed by 

dropwise addition of the silica source, TEOS. The mixture was stirred at room temperature for 2 

h, and was then placed in a Teflon-lined stainless steel acid digestion bomb (Parr Instruments) 

and heated at 160°C under autogenous pressure in a ThermoFisher Precision Premium 3050 

Series gravity oven without stirring or rotation. After heating for 65 h, the solution was quenched 

to room temperature and the crystals were isolated using a 1-μm GHP filter (Pall Corporation) 
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and washed multiple times with DI water. These crystals served as substrates for all atomic force 

microscopy (AFM) experiments. 

 

5.3.2. Preparation of growth solutions 

The growth solutions used for in situ AFM experiments were prepared as 60 g mixtures 

with molar compositions of 48SiO2: 33TAAOH: 9500H2O: 192 C2H5OH (where TAA = 

tetraalkylammonium). The following reagents were used as TAA molecules: 

tetramethylammonium hydroxide (TMAOH, 25% Sigma Aldrich), tetraethylammonium 

hydroxide (TEAOH, 35% Sigma Aldrich), TPAOH (same as above), and tetrabutylammonium 

hydroxide (TBAOH, 40% Sigma Aldrich). Each TAAOH reagent was added to de-gassed DI 

water followed by dropwise addition of TEOS. The mixtures were stirred at room temperature 

overnight. The solutions were filtered twice, using a 25-mm syringe filter fitted with a 0.45-μm 

nylon membrane (VWR International) before injection into the AFM closed cell. 

 

5.3.3. Atomic force microscopy 

All in situ AFM measurements were performed on an Asylum Research Cypher ES 

instrument (Santa Barbara, CA) equipped with a liquid sample cell for imaging at high 

temperatures. Silicalite-1 substrates were firmly placed on 15-mm specimen disks (Ted Pella, 

Inc.) with their basal (010) surfaces normal to the plane of imaging using quickset Loctite epoxy 

(Henkel Corporation) that was cured in an oven at 50 °C for 24 h. The sample was then removed 

from the oven and cooled to ambient temperature in air. The sample was rinsed with DI water and 

dried under inert Ar gas to remove loosely bound crystals. The sample was then placed in a 

closed AFM liquid cell holder. AFM images were collected using a Cr/Au-coated silicon nitride 

cantilever (Olympus RC800PB with a spring constant of 0.80 N m
−1

). The substrate was first 

scanned in air to locate a desired imaging area. AFM images were collected in tapping mode to 

minimize tip–substrate contact at a scan rate of 2 Hz and 256 lines per scan.  
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After locating areas on the silicalite-1 substrate for in situ AFM measurements, the 

growth solution was introduced into the liquid cell using a syringe pump (Razel Scientific 

Instruments, Model R100-E) at a flow rate of 1.2 cm
3
 h

−1
. The sample was left to equilibrate in 

the solution at room temperature for ca. 30 min prior to imaging. The temperature of the AFM 

liquid cell was then increased to a predetermined set point at rate of 1°C /min
-1

. AFM images 

were collected in tapping mode at time intervals of 1 h. In order to rule out potential tip 

interference, we compared random areas on the substrate and measured the root mean square 

(RMS) roughness among the different sampling areas (see Figure D11). 

We tracked the temporal change surface roughness of the (010) surface of silicalite-1 

crystals during in situ AFM measurements to compare the rate of nanoparticle attachment. The 

RMS roughness was calculated using the height image data for 500 x 500 nm
2 
area. We measured 

RMS roughness values (Figure 4A) using three AFM images for each time point.  

 

5.3.4. Dissolution and colloidal stability assays 

Growth solutions were prepared with a higher number density of silica nanoparticles 

(relative to solutions used for AFM studies) by preparing mixtures with molar composition 

40SiO2: 9TAAOH: 9500H2O: 192 C2H5OH (using the aforementioned protocol). The solutions 

were stirred overnight and filtered with a 0.45-μm nylon membrane (VWR International) prior to 

analysis. We denote solutions aged at room temperature as containing “as-synthesized” 

nanoparticles. Thermal treatment of these solutions was carried out by placing 10 mL of solution 

in a sealed propylene tube at 60°C in a water bath (Julabo ED version 2). Individual samples were 

removed at various times and quenched in an ice bath. These samples are referred to as “evolved” 

nanoparticles. 

Dissolution assays were performed using in situ small-angle X-ray scattering (SAXS) to 

monitor the temporal reduction in silica nanoparticle size. The dissolution of silica nanoparticles 

was induced by increasing pH via the addition of excess TAAOH to the solutions while stirring in 
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an ice bath. The adjusted TAAOH concentration for these measurements was 0.3 M. To monitor 

the temporal change in nanoparticle size, the solutions were injected into a clean SAXS sample 

holder (1.5-mm quartz capillary cell) and scattering patterns were collected under vacuum at 

25 °C for every 10 min using a Rigaku S-MAX3000 instrument (CuKα 

radiation λ = 1.54 Å; q = 0.008–0.24 Å
−1

). Calibrations of the scattering vector q and beam center 

were performed on raw data using the SAXS gui software provided by Rigaku and a reference 

pattern from a AgBeh standard that was collected for 500 s. A background measurement (pure DI 

water) was subtracted from each sample. The SasView software was used to fit SAXS patterns. 

Using an established method reported by Lobo, Vlachos, and Rimer, an oblate ellipsoid form 

factor, P(q), was used to model SAXS patterns and estimate the radii for the a-axis, Ra, and b-

axis, Rb, of the ellipsoid as 

 

𝑃𝐸(𝑞, 𝑅, 𝜀) =  ∫ (
3∙[sin(𝑞𝑟(𝑅,𝜀,𝛼))−𝑞𝑟(𝑅,𝜀,𝛼)𝑐𝑜𝑠(𝑞𝑟(𝑅,𝜀,𝛼))]

(𝑞𝑟(𝑅,𝜀,𝛼))
2 )

𝜋
2⁄

0

2

sin 𝛼𝑑𝛼. (S1) 

 

The solutions used for this study were sufficiently dilute to disregard the structure factor 

when fitting SAXS patterns (i.e. S(q) ≈1). In this study, we used an effective sphere radius, Reff, 

obtained from the ellipsoidal volume as a measure of the average of particle size as 

 

𝑅𝑒𝑓𝑓 = (𝑅𝑎 × 𝑅𝑏
2)

1

3. 
(S2) 

 

Colloidal stability assays were performed using a conventional critical coagulation 

concentration (CCC) analysis wherein sodium chloride salt was added to TAA-nanoparticle 

solutions. A stock solution of 5.4 M sodium chloride (NaCl, Alfa Aesar, 99.0%) was prepared by 

dissolving the salt in DI water. An aliquot (1 mL) of TAA-nanoparticle solution was placed in a 

plastic cuvette (3 mL). To this cuvette was added the salt solution by micropipette to give the 
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desired molarity. The temporal change in UV-Vis absorbance was measured in a Beckman 

Coulter DU 800 spectrophotometer at a wavelength of 500 nm at intervals of 5-10 min. The 

coagulation times were obtained by extrapolating the curves within the time period of linear 

increase in absorbance to the approximate baseline. 
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Chapter 6  

Summary and future outlook 

There has been considerable interest in zeolite synthesis with an overarching aim to 

improve the overall economics of zeolite-based processes. However, zeolite synthesis is more of 

an art rather than science despite the significant efforts by various research groups over the last 

several decades. There exists a substantial gap in our knowledge of zeolite crystallization, which 

occurs via complex pathways involving a range of precursors. This is further aggravated by a lack 

of suitable techniques to probe growth in situ with sufficient spatiotemporal resolution. Recently, 

Lupulescu et al. reported first in situ AFM measurements of zeolite growth under realistic 

synthesis conditions 
121

. The objective of this thesis was to use this novel technique to advance 

our molecular level understanding of zeolite crystallization. We have selected silicalite-1 and 

zeolites A in this study with the goals to (i) identify the growth species and (ii) understand how 

major synthesis parameters affect their respective roles in nucleation and growth. We expect the 

result of this study would further our understanding of zeolite growth mechanisms and ultimately 

enable us to select synthesis conditions a priori to tailor the physicochemical properties (such as 

size, morphology, and Si/Al ratio) of zeolites. 

In chapter 1, we probed zeolite A crystallization using in situ AFM and studied the 

effects of various synthesis parameters. The AFM study showed that zeolite A grows via diverse 

pathways. At low temperature, the growth occurs via the generation of 3D gel-like islands, which 

constitutes a novel nonclassical pathway. At high temperature and high supersaturation, 

nonclassical growth by oriented attachment of nanocrystals was observed. A decrease in 

supersaturation resulted in a switch in growth to 2D nucleation and layer propagation. Prior to 

these studies, the modes of growth have been inferred from ex situ analyses; however, with the 

advent of solvothermal AFM, these processes can be observed in situ. Furthermore, the study of 
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2D island nucleation on zeolite surfaces reveals the putative role of the composite building units 

in the zeolite A crystal growth. 

In chapter 2, we extended these AFM studies of zeolite A crystal growth to low 

supersaturation. The surface of crystal substrates used for these measurements are laden with 

hillocks containing protrusions at their apex. The role of this protrusion in the formation of new 

layers is unknown; however, they are highly proficient at generating new layers, thereby leading 

to faster rates of growth in the direction normal to the interface. Our AFM studies at low 

supersaturation show that the protrusions promote 2D nucleation.  Chemical analysis by NMR 

reveals that the growth solutions are predominantly comprised of monomeric species, and thus 

crystal growth occurs via monomer addition (in contrast to reported hypotheses in literature of the 

role of oligomers and composite building units). Moreover, our studies indicate that TMAOH, a 

common additive in zeolite A crystallization, promotes nonclassical growth via the generation of 

gel-like islands under the conditions where classical growth occurs in the absence of organics 

(using only NaOH).  In summary, our study of zeolite A shows that its growth occurs via multiple 

pathways which can be controlled by conditions such as temperature, supersaturation, and organic 

additives. These methods to control the pathways of zeolite growth can also be leveraged to tune 

the final properties of the crystal.   

Organic additives are often used in zeolite synthesis to optimize the physiochemical 

properties of final products. Our group has pioneered the use of zeolite growth modifiers (ZGMs) 

to tailor the shape and size of crystals and demonstrated their efficacy in syntheses of various 

frameworks. However, there still is a lack of understanding regarding their mode(s) of action. 

Often classical models of modifier-crystal interactions are invoked to explain their effect on 

crystal habit. Nonetheless, recent studies have shown that ZGMs affect zeolite growth in diverse 

ways 
257,328

. Depending on synthesis conditions, they can either promote nucleation or have no 

apparent impact 
257

. A critical parameter in the use of organics in zeolite synthesis is their thermal 

chemical stability during the reaction conditions. In chapter 4, we examined the mechanisms by 
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which a modifier alters the growth of silicalite-1 at high temperature. The modifier, D-arginine, 

decomposes at high temperature, resulting in decreased pH, shifting the growth from classical to 

nonclassical growth. Hence, this study showed that a modifier can also affect the supersaturation 

of the growth solution, thereby altering zeolite crystal growth. This new finding provides us with 

a unique tool to control the properties of zeolite crystals. 

At low temperature, silicalite-1 crystallization proceeds by a predominantly nonclassical 

pathway. In chapter 5, we studied the effect of modifiers at low temperature and provided 

evidence of how organics can mediate nanoparticle precursor evolution and colloidal stability. 

Furthermore, we showed that the change in precursor microstructure is critical factor governing 

their attachment to crystal surfaces. Given the lack of analytical tools to probe the microstructure 

of the nanoparticle, we also reported a new method to assay the relative extent of precursor 

evolution. 

One of the pervasive questions surrounding zeolite growth mechanisms has been the 

identity of active growth precursors with associated challenges to distinguish them from spectator 

species. In situ AFM studies of zeolite are critical to address these questions as they often provide 

direct evidence of the role of growth precursors, which can further enhance our understanding of 

zeolite growth. My research in this dissertation has provided an improved foundation for 

understanding zeolite crystallization, and in doing so has helped the ongoing endeavor to develop 

models which can be used to select synthesis conditions a priori in order to tailor the 

physicochemical properties of zeolites with some degree of predictability. 
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Appendix A 
 

Chapter 2 Supplementary Information 

Note A1. Classical theories of crystal growth. 

Mechanisms of crystallization tend to involve the nucleation and spreading of layers via 

monomer-by-monomer addition. This mode of growth has been confirmed for numerous 

crystals
344

. There are various physicochemical parameters, such as supersaturation and 

temperature, which directly impact growth pathway(s). Supplementary Fig. 17 shows three 

distinct regimes of growth that are broadly differentiated on the basis of the relative 

supersaturation ,  

𝜎 =
𝐶

𝐶𝑜
− 1         (1) 

 

∆𝜇 = 𝑘𝑇𝑙𝑛(1 + 𝜎) ≡ 𝑘𝑇𝜎     (2) 

where k is the Boltzmann constant, T is temperature, ∆𝜇 is the change in chemical 

potential per molecule, C is the solute concentration, and Co is the equilibrium concentration (or 

solubility). 

At low  (Figure A17, Region I), surfaces grow by the direct addition of solute to defect 

sites (e.g., screw dislocations
345

), resulting in the formation of hillocks. AFM has proven to be a 

useful technique for capturing the presence and growth of such features on the surfaces of 

inorganic
346,347

 and organic crystals
348-350

. The growth of a crystal surface follows different 

dynamics depending on the limitations of solute addition. The Damköhler number (Da) is often 

used to differentiate the rate limiting steps. For instance, when Da << 1 the growth rate is limited 

by surface integration, and when Da >>1 the growth rate it is limited by bulk transport. In the 
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kinetic regime, the normal growth rate R of a surface
347,351

 exhibits a parabolic relationship with 

as 

 

𝑅 = ∁"𝜎2.      (3) 

 

The rate constant C” is a function of several parameters, 

 

∁" =
𝑛𝑘𝑇

19𝜒𝑎
 𝛽𝑠𝑡𝐶0𝜐𝑐     (4) 

 

where a is the step height, st is the kinetic coefficient of step growth, 𝜐𝑐 is the volume of 

a single building unit, and n is the number of dislocations. The parameter 𝜒 is given by 

  

𝜒 = (1 +
𝐷𝑠

𝜆𝑠𝛽𝑠𝑡
)−1     (5) 

 

where 𝜆𝑠 is the mean distance covered by adatoms during their lifetime, and Ds is the 

surface diffusion coefficient. 

At higher supersaturation (Figure A17, Region II), the rate of 2D nucleation becomes 

sufficiently high to compete with spiral growth, and there is a crossover to the regime where 

crystallization occurs by 2D layer nucleation and spreading
352

. This mode of growth has been 

observed for a wide range of materials that include metals
353

, inorganics
354

, and organics
355

. 

Nuclei can form on defect free terraces and generate a new layer that advances by monomer 

addition to steps sites (e.g., kinks). The rate of 2D nucleation determines the mode of growth. At 

low nucleation rate, the layer extends across the entire crystal surface prior to a new nucleation 

event. This phenomenon, which is typically referred to as monolayer growth, is more pronounced 

on small crystal faces at low supersaturation. In this regime, the nucleation rate varies 
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exponentially with supersaturation while the rate of step growth follows a linear trend. 

Conversely, the formation of new nuclei before the completion of the underlying layer gives rise 

to multilayer growth
356

. This regime can be subdivided into two categories depending on the 

growth area and nucleating area. If the growth area is larger than the nucleating area, the layer 

emanating from a sparse population of nucleating centers will start merging, and the growth rate 

of the crystal surface is dominated by the step velocity. However, if the rate of nucleation is high 

enough that steps merge quickly due to a large population of nuclei, it is referred to as the 

polynuclear regime. Our observations suggest that LTA surfaces exhibit multilayer growth, R2D, 

ML, via a birth and spread model as 

 

𝑅2𝐷,𝑀𝐿 =  𝜔(∆𝜇)
5

6 ⁄ exp (−
∆𝐺𝑐

3𝑘𝑇
)  .   (6) 

 

The term ∆Gc (α 1/∆μ) is the free energy barrier for 2D nucleation. The constant 𝜔 is 

expressed as  

 

𝜔 = [
𝐾1

√𝜎
(𝛽𝑠𝑡𝐶0𝜐𝑐 )

2]
1

3⁄  .             (7) 

 

Where K1 is a pre-exponential term for 2D nucleation in solution.  

As the supersaturation increases further, classical theory posits a transition from smooth 

(layered) to rough growth. This phenomenon, which is commonly referred to as kinetic 

roughening, has been observed for various crystalline materials. The transition from smooth to 

rough growth can be controlled by supersaturation and/or temperature
357-361

. During kinetic 

roughening, there is a loss of faceting on crystal surfaces owing to rounded step edges, which can 

have a concomitant effect on the bulk morphology of crystals
362-364

. Based on the Gibbs-

Thompson inverse correlation between a critical radius and supersaturation, the size of a nucleus 
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in this regime is generally smaller than the critical nucleus size for 2D generation of islands at 

higher supersaturation. This is attributed to a negligible energetic barrier
365

 for solute attachment 

to crystal surfaces, which renders molecules (i.e., monomers) or small clusters thereof as viable 

nuclei. Under conditions when barriers to monomer addition are small, there is a high density of 

nuclei on the surface wherein the average distance between layers is small (e.g., interatomic 

distances). This, in turn, leads to highly rough surfaces when monomers can attach at all possible 

binding sites on crystal surfaces.  

 

Various theoretical models
366-369

 based on either known or estimated thermodynamic 

parameters
370,371

 have been used to modify the original growth models of Burton, Cabrera, and 

Frank
372

 to account for kinetic roughening. Measurements of crystal growth in the kinetic 

roughening regime (Figure A17, Region III) reveal that the normal growth rate of crystal 

surfaces varies linearly with increasing supersaturation
373

, expressed as  

 

𝑅𝐾𝑅~ ∁𝐾𝑅𝐶𝑜𝜎            (8) 

 

where CKR is the kinetic rate constant for kinetic roughening (labelled “KR”). In our 

study, we show a unique form of roughening at low temperature owing to the formation of gel-

like islands. Our findings indicate that it is possible for 3D nucleation to occur in a cohesive 

region when there is partial wetting of the surface by solute. This regime requires higher 

supersaturation than that of 2D nucleation. The fact that we observe gel-like islands in LTA 

surface growth at sufficiently high  suggests a transition from an adhesive region (2D 

nucleation) to a cohesive region (3D nucleation). 
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Note A2. Statistical analysis of feature heights in AFM images. 

 Histograms of feature heights in AFM images were generated using the Igor Pro 

software provided by the vendor. The software plots the height distribution of individual pixels 

on AFM height images against the baseline of an average height, which is used as a scaling 

parameter. Standard deviations were calculated from Gaussian fits to each distribution of feature 

height. We used the image analysis tool to obtain Gaussian fits to our data. Negative values of 

height can occur due to scaling. 

 

Figure A1: Time-elapsed particle evolution. In situ DLS measurements of supernatant solutions 

S1 (blue squares) and S2 (red diamonds) heated at 45°C as a function of time. 

Solutions at initial times do not contain any detectable particles, consistent with 

SAXS measurements in figure 2.2A. 
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Figure A2: Determination of particle in growth solution: Small-angle X-ray scattering 

patterns of supernatant solutions S2 (blue), S3 (red), and S4 (black) with subtracted 

background patterns (water).  

 

 

Figure A3: Growth solution before and after filtration:( a) Growth solutions prepared for in 

situ AFM measurements prior to filtration are opaque. (b) The same growth solution 

after centrifugation at 13,000 rpm for 45 min and then filtering twice.  
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Figure A4: Zeolite A seed crystal: (a) Scanning electron micrograph of a representative LTA 

crystal used as a substrate for in situ AFM measurements. (b and c) Corresponding 

high resolution SEM images of crystal surfaces showing the presence of hillocks.  

 

 

 

 

Figure A5: Surface architecture of substrate LTA crystal:( a and b) A 3D and 2D height 

mode scan of a hillock on the surface of a LTA crystal. (c) Height profile along the 

dashed white line labeled in image B. (d) Schematics of composite building units 

(CBUs)  
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Figure A6: Surface evolution at low temperature and high saturation: Time-resolved AFM 

amplitude mode images of LTA surface growth at 35°C in growth solution S2.  
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Figure A7: Image depicting tip effect:.( a). High resolution AFM amplitude mode image of the 

smooth area (region I) in figure 2.3D with its corresponding narrow height 

distribution in figure 2.3A. b. High resolution amplitude mode image of the rough 

area in figure 2.3D  
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Figure A8: LTA crystallization at 35°C. (a and b) AFM images of the LTA samples used for 

XPS analysis after (a) 2 h and (b) 12 h of heating. (c) Powder XRD pattern of the 

product from a LTA growth mixture after 72 h heating. (d) SEM of LTA crystals  
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Figure A9: Chemical force microscopy before and after growth: (a and b) AFM mode 

images of a LTA crystal surface (A) before and (B) after growth,. (c and d) 

Discretized force measurements for sample areas corresponding to images A and B. 

(e) Representative approach-retract profiles from CFM analysis (f) Histograms of 

the unbinding force  
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Figure A10: Hysteresis analysis between approach and retraction curve. (a). Distribution of 

approach distances ∆z’ for CFM measurements of rough LTA surfaces (b) The 

corresponding distribution of breakpoint forces ∆F for the nonlinear approach curve.  
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Figure A11: Tip effect at intermediate saturation and low temperature: a. Time-resolved 

AFM image showing an area after continuous scanning in growth solution S3 at 

35°C. b. An enlarged scan area with the smooth region a surrounded by rough areas.  

 

 

Figure A12: Evolution of surface roughness. Changes in the root mean squared roughness of a 

LTA crystal surface as a function of time for a crystal substrate grown in solution 

S3.  
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Figure A13: Height histogram of nanoparticle deposits. Height distribution of islands on the 

LTA crystal surface shown in figure 1.3a. The substrate was heated in growth solution S2 for 1 h 

at 45°C prior to analysis.  

 

 

 

 

Figure A14: AFM images at high temperature .( a) AFM of the same area shown in figure 

1.3e. (b and c) AFM images taken in contact mode. Comparison of surfaces before 

and after continuous imaging show no visible signs of AFM tip effects. 
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Figure A15: Growth of hillocks. a and b. AFM images of a crystal surface after (a) 1 h and (b) 

2.5 h of imaging at 45°C in growth solution S4. (c) Height profiles along the yellow 

line in image a reveal an increase in the length of the hillock (x = 410 nm).  
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Figure A16: Evolution of crystal surface at high temperature and moderate 

supersaturation. Time-resolved AFM images of a crystal surface grown in solution 

S3 at 45°C.  
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Figure A17: Growth regimes with supersaturation. Illustrative renderings of crystal growth 

mechanisms as a function of the relative supersaturation . (bottom) Growth rate dependency on 

  (solid lines) for each regime according to the classical theories  
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Table A1: Elemental analysis of growth solutions using ICP-OES. 

 

Solution 
Concentration (M) 

[a], [b]
 

pH 
Si Al Na 

S2 0.025 0.292 2.81 13.7 

S3 0.011 0.228 2.96 13.7 

S4 0.009 0.218 2.90 13.7 

S24 
[c]

 0.007 0.204 2.96 13.7 
[a] 

Obtained by ICP-OES analysis (Intertek-Whitehouse)  

[b]
 The water content changes by less than 0.1 wt% 

[c]
 Approximate solubility of zeolite A; note that the 

supersaturation of zeolite growth solutions is difficult to 

define
182

 owing to the presence of various oligomeric species 

and amorphous precursors 
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Table A2: Elemental analysis (Si/Al ratio) of crystals before and during an 

intermediate stage of growth. 

 

Sample / Growth Conditions 
Si/Al Ratio 

[b]
 

EDX XPS 

LTA crystals 1.0 1.1 

Ex situ growth (S2, 45 °C, 2 h) 
[a]

 1.0 0.9 

Ex situ growth (S2, 35 °C, 2 h) 
[a]

 1.0 0.7 

Ex situ growth (S2, 35 °C, 12 h) 
[a]

 1.0 1.1 

[a] 
LTA crystals (ca. 10 mg) were suspended in a S2 growth solutions (ca. 3 

g) that was heated to the set point temperature. Samples were removed either 

after 2 h of heating (i.e., intermediate stage of growth) or after 12 h of 

heating (i.e., complete growth).  

[b]
 Energy dispersive X-ray spectroscopy (EDX) data is an estimate of the 

bulk (overall) crystal composition while X-ray photoelectron spectroscopy 

(XPS) is a surface-sensitive technique that estimates the composition of 

exterior regions of the particle. 
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Appendix B 
 

Chapter 3 Supplementary Information 

 

Table B1: Elemental analysis of growth solutions using ICP-OES. 

Solution 
Concentration (M)

[a]
 

σ[c] 
Si Al Na 

S_2D 0.03 0.24 3.03 2.7 

S_Spiral 0.01 0.24 2.97 0.6 

S_eq
[b]

 0.007 0.246 3.15 0.0 

      

 

[a]
 Obtained by ICP-OES analysis (Intertek-Whitehouse) 

[b]
 Approximate solubility of zeolite A 

[c]
Supersaturation (σ) =

[𝐴𝑙][𝑆𝑖]

[𝐴𝑙]𝑒𝑞[𝑆𝑖]𝑒𝑞
− 1   
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Figure B1: (A) Scanning electron micrograph of a representative LTA crystal after in situ AFM 

experiment at high supersaturation depicting oriented attachment. (B) AFM micrograph showing 

protrusions  
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Figure B2: AFM amplitude mode image of a crystal surface in solution in S2 (low 

supersaturation). High resolution images of selected areas A1, A2, and A3 highlight 

the dynamics of surface growth (total imaging time = 3.5 h). 
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Figure B3:(A) Liquid 
27

Al NMR spectrum of growth solutions at various temperatures (B) 

Comparison of monomer ( = 80 ppm) peak areas for the growth solutions in (A) 

along with solutions prepared with only sodium aluminate.   

 

Figure B4: Statistical  analysis of height of steps during dissolution process 
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Figure C1:Mass spectra of a solution containing D-arginine and NaOH (pH 12.3) that was 

measured (A) before and (B) after hydrothermal treatment at 160°C for 72 h. The 

m/z ratios correspond to D-arginine and (R)-ornithine-lactam, respectively  
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Figure C2:
 13

C-NMR spectrum in DMSO of (A) D-Arg and (B) organics that were extracted 

from a solution containing D-arginine and NaOH (pH 12.3) after heating at 160°C 

for 72 h. The pattern matches that of ornithine-lactam (see Figure C3). 
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Figure C3:
13

C-NMR spectrum of ornithine-lactam (R/S-OL) in DMSO. The reagent was 

purchased from AK Scientific Inc. to confirm the product of D-Arg. thermal 

decomposition. 
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Figure C4:
 13

C-NMR spectrum of urea measured in alkaline solution (A) without heating (i.e. as 

received reagent from EMD Chemicals Inc.), and after hydrothermal treatment at 

160°C for (B) 4 h and (C) 8 h. The final product of urea decomposition is carbonate. 
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Figure C5:
 13

C-NMR spectrum of D-ornithine measured in alkaline solution (A) without heating 

(i.e. as received reagent from Sigma Aldrich), and (B) after hydrothermal treatment 

at 160°C for 8 h. The pattern matches that of ornithine-lactam (see Figure C3).   
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Figure C6: Measurements of pH for silicalite-1 growth solution S(I) prior to (pHi, open symbols) 

and after (pHo, solid symbols) hydrothermal treatment at 160°C for 65 h as a 

function of R-OL weight percentage. 
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Figure C7: Model (hkl) surfaces of silicalite-1 used in the USMD simulations to investigate R/S-

OL adsorption.  
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Figure C8: Powder XRD patterns of extracted solids from S(II) growth solutions after 4, 12, 24, 

and 65 h of hydrothermal treatment at 160°C. 
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Growth modification of ZSM-5. The effect of R-OL on ZSM-5 (MFI type) crystal 

morphology and size was assessed by bulk crystallization studies in both the absence of modifier 

and in the presence of varying R-OL weight fraction. We added aluminum sulfate (Al2(SO4)3) to 

solution S(II)’ to make an initial gel Si/Al ratio of 50. The majority of aluminosilicate species are 

in the form of nanoparticle precursors. ZSM-5 crystals produced from growth solution S(II)’ 

(containing Al) in the absence of modifier exhibit a typical ZSM-5 morphology (Figure C9A). A 

systematic study of varying modifier content (Figure C9C) reveals little change in crystal 

thickness, while crystal length increases monotonically with increasing D-Arg concentration. The 

aspect ratio of length over thickness increases with increasing modifier concentration (Figure 

C9B). This agrees with the observations for silicalite-1 crystals synthesized in solution S(II). 

 

Figure C9: Effect of R-OL on the morphology of ZSM-5 crystals SEM of ZSM-5 crystals 

prepared (A) control (absence of D-Arg) and (B) 3 wt% D-Arg. (C) Plot of crystal 

length and thickness of ZSM-5 crystals as a function of modifier concentration  
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Figure D1: Representative silicalite-1 crystal used as a substrate  (A) SEM of crystals. (B) AFM 

image of a silicalite-1 (010) substrate. (C) Height profile of steps on the crystal 

substrates,. (D) Schematic of a (100) surface showing the pentasil chains in green,  
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Figure D2: Time-elapsed AFM images in contact with solutions with TEA-nanoparticle solution 

taken at the following times: (A) 1 h, (B) 7 h, and (C) 17 h. (D) AFM image of a different sample 

after 17 h of AFM imaging. Scale bar equals 500 nm.  

 

 

 

 

Figure D3: Time-elapsed amplitude AFM images of a silicalite-1 (010) surface in contact with a 

TBA-nanoparticle solution heated at 60 °C for the following times: (A) 1 h, (B) 7 h, 

and (C) 17 h. Scale bar equals 500 nm. 
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Figure D4: Time-elapsed AFM images (A – D) and corresponding height mode images (E – F) of 

a silicalite-1 (010) surface in contact with a TPA-nanoparticle solution for the 

following times: (A) 1 h, (B) 7 h, (C)13 h, and (D) 17 h. Scale bar equals 500 nm.  
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Figure D5: Dissolution rate as a function of solution pH for various silicates reproduced from 

Rimer et al.
128

. The inset contains a comparison of the dissolutions rates for TPA-

nanoparticles pre-heated for various times to amorphous silica and silicalite-1  
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Figure D6: Silica phase diagram for silicalite-1 synthesis adapted from Rimer et al.
128

. The solid 

lines are reported measurements for TEOS addition to growth solutions containing 

molar ratios x TPAOH:H2O with x =(i) 40, (ii)18, (iii)9, and (iv)  4.  

  



190 

 

 

Figure D7: Colloidal stability assay for a TPA-nanoparticle solution. (A) Coagulation time for 

as-synthesized nanoparticles as a function of salt concentration. (B) Turbidity 

measurements at salt concentration (0.53 M NaCl) pre-heated for various times  

 

Figure D8: Analysis of turbidity measurements to assess the colloidal stability of a TPA-

nanoparticle growth solution using various concentrations of NaCl.  (right axis) The 

slope of the linear region of increasing UV-Vis absorbance. (left axis)  
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Figure D9: Coagulation time of TAA-nanoparticle solutions heated at 60 °C for various times. 

The colloidal stability test was performed at a fixed concentration of salt (0.53 M 

NaCl). Solid lines are interpolated to help guide the eye.  

 

Figure D10: Time-elapsed AFM images during in situ growth measurements using solutions 

containing TPA-nanoparticles and 0.5 wt% TBPO. Images were taken at the 

following discrete times: (A) 1 h, (B) 9 h, and (C) 17 h. The scale bar equals 500 nm  
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Figure D11: Roughness measurement during in situ experiments with TPA. (A) AFM height 

mode image. (B) RMS roughness after 1 h (green). The net change in RMS 

roughness over a 17 h period (blue) is plotted as ΔRMS = RMS(17 h) – RMS (1 h).  
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