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Abstract 

Over the last century, zeolites have become ubiquitous materials in a wide array of 

applications due to properties such as high acidity, large surface area, and size/shape restriction. 

Although they have a longstanding precedent of exceptional performance, further optimization 

has been limited due in part to a lack of fundamental understanding of their growth 

mechanism(s). Knowledge of these processes can be used to address key issues, such as diffusion 

limitations, that arise from the suboptimal orientation of pores along the longest crystal 

dimension. Despite advances toward this goal, an efficient and inexpensive technique capable of 

producing zeolite crystals with tailored morphology remains elusive.  

To this end, silicalite-1 (MFI framework type) was chosen as the platform for a novel 

synthesis scheme that employs zeolite growth modifiers (ZGMs), or molecules that selectively 

bind crystallographic faces and minimize growth in the normal direction by blocking the 

attachment of incoming building units, resulting in a tuned zeolite crystal habit. ZGMs that bind 

to each of the three silicalite-1 faces were indentified. Furthermore, this study revealed several 

highly potent molecules capable of reducing MFI [010] thickness (preferred pathway for sorbate 

diffusion) by more than an order of magnitude. 

This design approach was extended to a 1-dimensional zeolite (LTL framework type). In this 

study, systematic testing of ZGMs aimed to identify key aspects responsible for selective ZGM-

LTL crystal surface binding, such as the spatial distribution and density of terminal silanol 

groups, and hydrophobic and electrostatic interactions. The analysis of polyols resulted in the 

identification of two heuristic guidelines that can lead to enhanced ZGM-crystal affinity: an 

optimal C3 carbon length, as well as 1-3 alcohol group spacing. 

Lastly, we developed a new in situ AFM protocol capable of observing the silicalite-1 growth 

mechanism under realistic synthesis conditions (elevated temperature, high pH, and long times). 

This technique provided the first direct confirmation that nanoparticle and silica molecule 
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attachment, as well as surface restructuring due to Ostwald ripening, are the dominant silicalite-1 

growth modes. Furthermore, the information gleaned here will be used to guide future 

optimization of ZGM design in order to produce zeolites with enhance physicochemical 

properties. 
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1. Introduction 

1.1 Zeolites: Background 

Beginning with their initial discovery by Jöns Jakob Berzelius in 1836, and further 

refinement by Ostwald, Langmuir, Brunaur and Thiele, catalysts have become integrated in over 

80% of hydrocarbon processes worldwide. Throughout their rich 140 year history, their impact on 

conversion, yield, selectivity, and process economics has positively influenced the development 

of an array of applications1-3 such as fuel cells, pharmaceuticals, food processing, emissions4-9, 

and separations10. Due to their versatility, catalysts have been placed at the forefront of ongoing 

research. As their demand continues to grow due to stringent environmental regulations and the 

emergence of new global markets, innovative technologies are needed to develop optimized 

catalysts at a competitive cost that can supplement existing operations as well as drive novel 

applications into everyday use. 

Zeolites are a particularly important class of catalysts. These crystalline microporous 

aluminosilicate materials, which contain periodic pore channels, are commonly used as shape-

selective catalysts due to their outstanding selectivity, high surface area and acidity compared to 

traditional homogeneous catalysts, and exceptional structural integrity, which can resist 

temperatures up to 1300 °C. Due to these properties, zeolite catalysts are currently utilized in 

processes such as reforming, alkylation, isomerization, and hydrocracking.  

Zeolites are comprised of tetrahedral units (TO4), where the T-atom, or the framework atom, 

can be a variety of post-transition metals, metalloids, or other non-metals, with silicon or 

aluminum being the most common. These units combine to form over 30 secondary building 

units such as cancrinite and sodalite cages, as well as d6R units, which serve as the scaffold for 

zeolitic channels. These channels can vary in size between 4Å and 8Å, and are comprised of 8, 

10, or 12 membered-rings, resulting in what are termed small, medium, or large pores, 

respectively. Different arrangements of channels can form intricate 1 to 3 dimensional networks, 



2 
 

resulting in over 200 distinct zeolite frameworks, both natural and synthetic, each possessing a 

unique arrangement of TO4 units and denoted by a three letter code assigned by the International 

Zeolite Association (IZA)11.  

Traditionally, zeolites are synthesized under various conditions12-14, however three main 

components are always present: water, a silica/alumina source, and a mineralizing agent. A fourth 

component, a structure directing agent or SDA, is also common. Within this context, the silica 

(and/or alumina) source provides the building blocks for the tetrahedral units, while the water 

facilitates the hydrolysis of the silica in the presence of the mineralizing agent. Common silica 

sources include TEOS (tetraethylorthosilicate), LUDOX, and Cab-O-Sil. Out of these, Cab-O-Sil 

is the most frequently used industrially due to its low cost. Aluminum isopropoxide and 

aluminum oxide are typical sources of alumina. SDAs also play an important role, and serve as 

space fillers that direct the formation of pore channels during the rearrangement of amorphous 

silica/alumina precursors15. These quaternary ammonium compounds are not necessarily unique 

to a particular framework, but can lead to the formation of various pore sizes and zeolite 

dimensionalities. SDAs account for the majority of raw material costs associated with zeolite 

synthesis.  

Zeolite synthesis mixtures can form either clear solutions or gels, depending on the nature 

and concentration of the various constituents, such as silica and alumina. For example, TEOS 

gives rise to clear homogeneous solutions upon hydrolysis of Si(OC2H5)4 to silica 

monomers/oligomers and ethanol, and as such is one of the most prevalent silica sources 

encountered in fundamental studies of zeolite growth. Mixtures of the components enumerated 

above, in various ratios, are then subjected to heat treatment for periods of time ranging from 

hours to months, in order to form crystallites of varying size and shape. 

      The presence of alumina in the zeolite framework is responsible for the high acidity of these 

materials, and as such is a pre-requisite for zeolite function as a catalyst. The incorporation of 

alumina induces a negative charge that must be balanced by the inclusion of extraframework 
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cations such as H+, which serve as Brønstead acid sites for reactions. Furthermore, the 

hydrophobicity of zeolite crystals can be selectively tuned by adjusting the Si/Al ratio to produce 

either hydrophilic (Al-rich) or hydrophobic (Si-rich) materials, a tool that can be beneficial 

particularly for separation processes. Moreover, Lewis acidity can be introduced into zeolite 

crystals through post-synthesis ion exchange of transition metals, namely Pt, Pd, Cu, Co, and Fe, 

in order to couple high zeolite selectivity and acidity with a metal catalyst function.  

Despite the extensive integration of zeolites in the chemical and petrochemical industries, the 

complexity of zeolites’ multivariable crystallization mechanism has severely hampered 

optimization efforts. Propagated by the absence of viable experimental methods that can 

adequately probe the highly basic dilute environments and nanometric scales that yield zeolites in 

order to quantify shapes, sizes, and short/long-range order in the early stages of crystallization, a 

comprehensive understanding of these materials remains elusive. Furthermore, due to the 

exceedingly high computational expense of effectively describing this system, coupled with a 

lack of experimental validation, molecular modeling has been unable to accurately predict zeolite 

crystal growth. As a result, issues such as mass transport limitations, coking, and deactivation 

have largely remained unresolved.  

Diffusion limitations are of particular importance, and have been shown to negatively impact 

catalytic performance1-3, specifically in emerging applications such as biofuels that involve multi-

component systems of bulky reactive molecules. These issues arise from the tendency of zeolites 

to form anisotropic crystals with pore openings presented on low surface area faces and channels 

oriented axially along the longest crystal dimension. These types of morphologies effectively 

limit molecule access to pores on exterior crystal surfaces and increase the internal path length for 

diffusion, thereby imposing severe mass transport limitations that reduce molecular flux and 

decrease the yield and/or lifetime of zeolite catalysts. As such, the development of a method that 

can selectively tailor crystal size, shape, and overall morphology is a pervasive challenge to 

zeolite crystallization. 



4 
 

1.2 Current Techniques Used to Modify Zeolite Morphology  

To date, most synthesis schemes rely on trial and error techniques that fortuitously navigate a 

discontinuous design space to produce zeolite crystals12-14,16.  Adjustments to synthesis conditions 

such as molar composition17-30,  pH20,31,21,23,27,28,32, and temperature24,25,29,  have marginal effects 

on the kinetics and thermodynamics of crystal growth2. However, certain generalizations can be 

made in regards to the effects of factors such as Si/Al ratio, pH, synthesis temperature, synthesis 

time, and silica source, on the crystallization process. Quantitatively, it has been shown that 

decreased Si/Al ratios and/or increased pH yield smaller crystals. Longer synthesis times usually 

produce larger platelets, however size plateaus once the silica is consumed14. The silica source 

also affects crystal size due to intrinsic variations in the starting silica unit from source to source 

(either polymeric silica, silicic acid, etc.). Temperature effects are more complicated to 

characterize, and can vary with the solution composition, however a general trend of increasing 

growth rates with increasing temperature has been observed. 

More recent work has focused on the incorporation of additives33, surfactants (microemulsion 

techniques34-36), multiple SDAs, or non-traditional structure-directing agents37-40, as well as 

sacrificial templating strategies, in order to synthesize zeolite crystals with improved properties. 

A brief overview of these techniques can be found below. 

Takahashi and coworkers investigated the addition of triethylamine into silicalite-1 gel 

growth solutions prepared with silicon alkoxide in the presence of TPABr, and determined that 

increased TEA and TPABr concentrations result in decreased crystal size41. They also tested the 

effect of other types of amines on silicalite-1 crystal size and shape, and concluded that silicalite-

1 morphology is dependent on the basicity of the amine additive42. A similar methodology was 

then applied to zeolite L. It was concluded that lower temperature and addition of KCl, in 

combination with TEA, produced puck like zeolite L crystals, while decreased KOH 

concentrations resulted in higher aspect ratio rods43.  
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Gomez et al., investigated the effect of ethanol as a “co-solvent” in LTL synthesis, and found 

that low aspect ratio LTL crystals, which have been shown to perform better in n-hexane and n-

octane aromatization reactions, can be crystallized much faster at lower temperatures and 

concomitant high water content using ethanol44. They also tested the use of diols as co-solvents, 

and found that zeolite L syntheses were very sensitive to the introduction of organics, and only 

produced crystals in the presence of triethylene glycol. They postulated that the alcohol acts via a  

confinement mechanism whereby the TEG network imposes a size restriction on the maximum 

obtainable particle size45.  

Guo et al., created a new synthesis scheme capable of producing hierarchical ZSM-5 zeolites 

(~ 700 nm sized nanoparticle aggregates) with improved conversion in a benzene alkylation with 

ethane, by using organosilane additives such as APTM46. Tsapatsis and coworkers investigated 

the role of ethanol in sodalite formation, and found that varying ethanol concentration can 

produce a myriad of shapes, and at high values, can even result in the formation of hollow core-

shell sodalite particles. However, XRD revealed the presence of zeolite A, indicating that purity 

was negatively affected47.  

Iwasaki et al., quantified the growth rates of silicalite-1 faces in the presence of aluminum, 

iron, and various organics, and found that the presence of Al reduced the (001) growth, producing 

rounded crystals with lower aspect ratios but with higher degree of twinning, while the addition 

of tetramethylammonium chloride (TMA), triethylenetetramine (TETA), and citric acid were 

found to increase crystal aspect ratio33.   

Sano et al., studied the role of six aliphatic alcohols of varying carbon chain lengths (1 to 10), 

on MOR crystallization, and observed that higher aspect ratios and larger crystal sizes (compared 

to the control) can be synthesized in this manner due to a postulated “buffering effect”. In these 

instances however, the formation of a secondary phase (besides MOR) was also detected. 

Irrespective of this, in the presence of ethanol, MOR crystals were found to contain fewer 

structural defects48.  
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Scott et al., incorporated triethanol amine (TEOA) into NaA zeolite solutions, and found that 

it increased the size of the crystal, however, if too much was added, a new NaX phase appeared. 

It was hypothesized that this occurs due to an “Al complexing role”, as determined by NMR. 

Furthermore, after testing close analogs of TEOA, which did not produce similar effects to 

TEOA, it was postulated that the structure and electronic arrangement between the additive 

(TEOA) and silica species is very important in order for this complexation to occur. Furthermore, 

it was concluded that TEOA does not act as an SDA (it was not incorporated into the NaA zeolite 

pores)49. TEOA was shown to have no effect on ZSM-5. 

Terasaki and coworkers found that addition of benzene-1,2-diol to silicalite-1 growth 

solutions produces large, high aspect ratio, single crystals, due to the formation of a silicon-

benzene-1,2-diol complex as determined by 29Si-NMR50. Tian et al., investigated the use of PEG 

as a “co-solvent” in AlPO4-5 (AFI framework) syntheses, and found that aspect ratio is inversely 

proportional to PEG concentration. The presence of PEG in Cr-substituted and Ti-substituted 

AFI, resulted in the formation of unique flower like shapes, or “kiwi-fruit-like” morphologies, 

respectively51.  

Shantz and coworkers studied the effect of synthesis composition, microemulsion 

composition, electrolyte content, alkali content, synthesis duration and surfactant identity on the 

morphology of silicalite-1 crystals grown in cationic52, anionic53, and non-ionic54 emulsions55, at 

low53 and high56 temperatures. They found that the crystallization of silicalite-1 is extremely 

sensitive to salt concentration, and also greatly depends on the surfactant; amorphous material 

was observed in the presence of linear surfactants like CTAB, while branched molecules readily 

facilitated silicalite-1 formation. Furthermore, they suggested that the morphological changes 

observed for silicalite-1 are due to an interfacial interaction between the surfactant and silica 

particle, as opposed to a confinement effect.  

Lin and Yates discovered that silicalite-1 could in fact be grown in the presence of CTAB, 

but required a co-surfactant (butanol), and resulted in the formation of smaller crystals (compared 
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to what one would encounter in the absence of the oil-surfactant emulsion), with rod-shaped 

morphologies57. In their earlier work, they also demonstrated that fibrous AlPO4-5 (AFI) particles 

could be prepared in the presence of cetylpyridinium chloride and butanol58. The formation of 

zeolite particles in confined syntheses59, in systems often referred to as “reversed micelles” 60-62, 

were also investigated. This procedure was used to make various frameworks, and produce 

nanosized ZSM-560, as well as small and smooth FAU-type zincophosphate crystals62.  

Others have incorporated organic SDAs, or OSDAs, in order to adjust chemical properties 

such as the Si/Al ratio (basicity and hydrophobicity) 63-67.  For example, Wang et al., adjusted the 

TEA to TEAOH ratio in order to produce SAPO-34 materials with optimized acidity for methanol 

to olefin (MTO) conversions, and found that SAPO materials with different acidities, and 

therefore different lifetimes and selectivities, could be successfully synthesized via this 

technique64. Goossens et al., attempted to enhance the Si/Al ratio of MAZ-type zeolite using new 

SDA molecules. To this end, they developed a Lennard-Jones potential model, and determined 

that hexamethonium cation, 1,6-diaminohexane and 1,6-hexanediol could effectively template the 

MAZ framework to reach a new Si/Al threshold value of 5.368. Feng et al., tested polyethylene 

glycol  (PEG) as a potential SDA for  ZSM-5 and MOR crystallization due to its low cost, and 

found that PEG can template the formation of both types of zeolite frameworks69; however, this 

effect is only observed for certain growth solution compositions and only when using certain 

reagents. Furthermore, it was found that PEG becomes occluded inside the ZSM-5 pores, but not 

inside MOR channels. A brief overview of alcohols and crown ethers that have been used as 

SDAs in zeolite syntheses is also given in this work.  

Additionally, OSDAs, have been shown to affect zeolite morphology70 as well, as shown by 

Tsapatsis and coworkers37,38,71, in an effort to create improved MFI membranes. In these studies, 

various dimers and trimers of TPAOH were used, and found to reduce crystal aspect ratio with 

increasing nitrogen content37,38. Williams et al., utilized a “bulk material dissolution technique” 

using silica glass as the silica source, in the presence of n-butylamine, diethylamine, or 
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diaminohexane, and found that n-butylamine was the only amine able to produce pure ZSM-22 

(TON) zeolite with distinct morphologies ranging from very long needles, to lower aspect ratio 

twinned aggregates of hexagonal crystals. In the presence of diethylamine, or diaminohexane, 

although interesting spherical clusters of platelets were observed, ZSM-48 was the dominant 

phase72. Notably, the Ryoo group synthesized single-unit-cell MFI nanosheets, which performed 

exceptionally well in methanol-to-gasoline reactions73, as well as tunable “mesoporous molecular 

sieves”, or MMSs, using dual-porogenic surfactants74 containing centralized quaternary 

ammonium groups bound by hydrophobic chains of various lengths. These surfactants were able 

to simultaneously direct the formation of micro and meso pores, resulting in a material with an 

MFI-like structure and long range hexagonal order. Their performance in reactions such as 

aromatic substitution and Friedel Crafts showed significant improvements compared to standard 

zeolites, ranging from a two-fold increase in conversion to an upsurge from 5% to 82% in the 

case of bulkier molecules. 

Recently, the Corma group successfully synthesized a new zeolite named ITQ-43 using a 

unique SDA named (2´R,6´S)-2´,6´-dimethylspiro[isoindoline-2,1´-piperidin]-1´-ium hydroxide, 

in the presence of germanium (stabilizing agent)75. This framework, which contains 

interconnected mesopores and micropores made up of 28-membered rings that measure 

approximately 2.19 nm by 1.96 nm in diameter, is the first of its kind. However, this material 

does not exhibit exceptional thermal stability, and undergoes an amorphous to crystalline 

transition upon heating. 

Others have exploited using mesoporosity as a means of alleviating diffusion limitations. For 

example, the Bein group investigated the use of polydiallyldimethylammonium chloride (PDDA) 

in order to induce flocculation in a zeolite slurry, resulting in aggregated, mesoporous particles76 

ranging in size from 50 nm to 1200 nm, with a total surface area of approximately 600 m2/g. 

However, micropore volume, as well as crystallinity, were dramatically reduced. Zhu et al., 

investigated the formation of mesoporous ZSM-5 zeolites in a conventional hydrothermal seeded 



9 
 

growth synthesis in the presence of hexadecyl trimethyl ammonium bromide (CTAB) and 

ethanol77. It was found that through optimization of CTAB and ethanol concentration, 

hierarchical zeolites with superior conversion rates (compared to MCM-41, an amorphous 

mesoporous material, as well as standard ZSM-5) were observed for aldol condensation reactions. 

Fu et al., synthesized zeolite Y crystals with mesopores ranging from 8 nm to 30 nm in the 

presence of N,N-dimethyl-N-octadecyl-N-(3-triethoxysilylpropyl)ammonium bromide (TPOAB) 

resulting in almost 100% conversion for the hydrodesulfurization reaction of 4,6-DM-DBT 78. 

Kitev et al., used commercially available FER zeolites, subjected them to base treatment, 

followed by addition of cetyltrimethylammonium bromide (template), to produce aggregates of 

thin FER flakes that showed increased catalytic conversion79. Shan et al., employed diatomite, a 

siliceous fossil of a diatom, to produce ZSM-5 spherical aggregates possessing a ternary set of 

pores: micro, meso, and macro80. Valtchev et al., produced zeolites with tunable, uniform, 

straight, macropores that extend the full length of the crystal, by exposing crystals to a 238U ion 

beam, followed by immersion in an hydrofluoric acid solution81. The catalytic properties of the 

mesoporous ZSM-5 were tested, resulting in an improved conversion of m-xylene by 10%, as 

well as decreased deactivation. Zhou et al., synthesized hollow mesoporous zeolite microspheres 

(HMZS) of approximately 700 nm, via a two-step method, using steam-assisted crystallization 

and mild alkaline etching approach (SAE-MAE), followed by careful desilication using a NaCO3 

solution82. It was found that HMZS markedly improved adsorption of methylene blue, a test 

molecule for dye adsorption, by a factor of 5.  

The use of templates83-87 such as fibers and porous solids has also been employed to 

synthesize crystals with morphologies that mimic spatial features of the template. These 

hierarchical zeolites of various frameworks (MFI, LTA, FER, MOR, BEA, etc.) have already 

been shown to increase conversion, yield, and selectivity in a number of important reactions such 

as aldol condensation, esterification, isomerization, cracking, and dehydrogenation88-91 as a result 
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of their dual functionality: zeolitic walls that retain activity and shape selectivity properties, 

permeated by nanometer sized channels92-94 that promote access of bulkier molecules to acid sites. 

Hierarchical zeolitic materials86,93,95 have been synthesized in a variety of ways, either by 

conventional methods that include exposure to base (desilication)96, acid (dealumination), or 

steam treatments, or more recently through the use of templating strategies capable of producing 

tunable mesopores97. These techniques are centered around the idea of a sacrificial material that is 

incorporated into the crystallization solution, only to be removed via calcination post-synthesis, 

ultimately revealing cavities formerly occupied by the template. There are two classes of 

materials used as templates, either polymers or surfactants that readily self-assemble to form 

supramolecules such as micelles (“soft templates”), or readily available, inexpensive carbon 

nanofibers, silica, silicon, sponges, starches, and resins (“hard templates”). These techniques can 

lead to uniform mesopores that can either transverse the entire crystal axis, or that can exist 

heterogeneously in the crystal volume as dictated by the initial dispersion. Additionally, these 

methods can produce crystal aggregates comprised of nanosized crystals with intercrystalline 

mesoporosity, or single crystals with intracrystal mesoporosity97.  

There are several prominent examples of the successful implementation of such techniques. 

Most notably, the Tsapatsis group utilized a “three-dimensionally ordered mesoporous” carbon 

template to produce 3DOm-i crystals via hydrothermal synthesis98.  In this technique, a tunable, 

porous, 3-dimensional carbon structure was re-dispersed in a growth solution, left to crystallize, 

and then calcined to remove the carbon scaffold, and leave behind the well ordered zeolite crystal 

array. Overall, 4 unique zeolite frameworks were produced via this method. Additionally, they 

also developed a protocol for the synthesis of self pillared pentasil (SPP) zeolite nanosheets, or 

orthogonally connected 2 nm thick MFI lamellae layers99 using tetra(n-butyl)phosphonium 

hydroxide (TBPOH). The SPP material showed exceptional conversion in an etherification 

reaction (5-hydroxymethyl-2-furaldehyde (HMF) to 5,5′-oxy(bismethylene)-2-furaldehyde 
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(OBMF). Okubo and coworkers employed a similar strategy, in the absence of a template, to form 

sequentially intergrown MFI zeolites100.  

These studies have elegantly demonstrated the impact of crystal engineering on zeolite 

performance (i.e., structure–function relationships)37,73,101 and the synthesis of new frameworks63; 

however, high costs and increased production times associated with multistep sacrificial template 

construction and SDA synthesis, coupled with the inability to recycle SDAs or added surfactants 

due to their thermal decomposition during zeolite post-treatment, limits the commercial viability 

of these techniques. As such, a strategic aim is to design more effective, facile, and inexpensive 

synthetic pathways to selectively tailor crystal habit with precise and predictive control. 

1.3 Thesis Overview 

 In the present work, we describe the development of a novel 1-step synthesis scheme 

whereby commercially available molecules termed zeolite growth modifiers (ZGMs) added in 

low quantities to synthesis solutions act as inhibitors to frustrate growth in specific directions, 

resulting in 3-dimensional control over crystal habit without compromising the zeolite framework 

type, phase purity or yield (Chapter 2). Through the judicious selection of chemicals that exhibit 

specificity to particular crystal faces (Chapter 2 and 3), in combination with traditional synthesis 

parameter optimization, we have been able to produce silicalite-1(MFI-type) (Chapter 2) and LTL 

(Chapter 3) single crystals with various shapes, sizes, and surface features. Guided by an in situ 

AFM technique that we developed (Chapter 4), capable of resolving dynamics of silicalite-1 

growth for the first time, we have been able to determine key factors responsible for ZGM 

efficacy (Chapter 5).  
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2. Tailoring Silicalite-1 Crystal Morphology with Molecular Modifiers 

2.1 Introduction 

Silicalite-1, the purely siliceous form of MFI, was chosen as the initial test case for the novel 

platform aimed at controlling zeolite crystal morphology presented in this work. Several reasons 

contributed to this selection: ZSM-5, the Al-containing analogue of MFI, is one of the most 

utilized catalysts in the petroleum industry; silicalite-1 is relatively easy to synthesize; MFI 

synthesis readily produces large hexagonal platelet crystals with three distinct surfaces, (010), 

(100), and (101) faces on the order or microns, making it well suited for atomic force microscopy 

studies; and its crystallization mechanism is heavily studied. The MFI framework is orthorhombic 

with a Pnma space group (a = 20.1, b = 19.7, c = 13.1 Å; α = β = γ = 90°), and is comprised of a 

3-dimensional (3D) pore network consisting of 10-membered intersecting straight and sinusoidal 

channels (diameter = 5.6 Å), with a maximum occluded diameter of 6.36 Å. Straight channels 

oriented along the [010], or b direction, present the least tortuous path for sorbate molecule 

diffusion, as shown in Figure 2-1. As such, a desired outcome of MFI shape-engineering is the 

design of thin platelets with reduced [010] pore lengths to increase diffusional flux.  

In an effort to minimize the thickness of silicalite-1 platelets, we investigated a phenomenon 

that is ubiquitous in biological systems, whereby crystal growth modifiers (e.g., proteins) with 

 

Figure 2-1. The MFI framework consists of straight (main pathways for diffusion) and sinusoidal 
10-membered ring pores, with openings to (010) and (100)  surface planes. 
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specificity for binding to select crystal faces alter the anisotropic rates of surface step growth102-

104, thereby mediating the rate of bulk growth5,102-122. Such interactions are responsible for the 

mechanism by which cold weather species prevent ice formation, using antifreeze proteins which 

bind to ice crystals through epitaxial H-bonding and entropic hydrophobic interactions107,123. 

Additional examples of modifier–crystal interactions include the formation of mollusk shells 

(calcite), human bone (hydroxyapatite), and pathological diseases such as kidney stones and 

atherosclerosis115,122,124,125. Modifiers are used in the oil and gas industry to inhibit the 

crystallization of minerals (e.g., BaSO4) 126. Additionally, biomimetic modifiers have been used 

to direct the assembly of oxides (TiO2, amorphous silica, etc.)5,111,113,127 with a wide range of 

shapes and sizes. Moreover, Rimer et al., applied this concept to design synthetic modifiers as 

viable drug targets for cystinuria (a genetic kidney stone disease caused by l-cystine 

crystallization)128.  

The mechanism of growth inhibition is illustrated in Figure 2-2. Modifiers adsorb on crystal 

surfaces and block the attachment of growth units, thereby reducing the rate of growth normal to 

the surface. Modifiers generally possess two moieties129: a “binder” that interacts with crystal 

surface sites and a “perturber” that sterically hinders the attachment of growth units. Effective 

modifiers closely mimic crystal surface features and orient in solute vacancies by hydrogen-bond, 

van der Waals, or electrostatic interactions. 

 

Figure 2-2. Mechanism of molecular inhibition whereby modifier molecules adsorb to different 
sites on an individual crystal face and prevent the adsorption of incoming growth 
units, resulting in a shift in step velocities.  
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Zeolite growth near equilibrium is described by a layer-by-layer model130 in which hillocks 

nucleate with well-defined steps that advance across the surface by the addition of growth units to 

step sites (Figure 2-2). Modifiers that bind to kink sites are the most potent inhibitors of step 

advancement (i.e., exhibit high efficacy at low concentrations). Modifiers that bind to ledge sites 

also reduce the rate of step growth, while those adsorbed on terrace sites inhibit hillock 

nucleation. In synthesis conditions that promote surface roughening, such as high 

supersaturation131, studies of biominerals have shown that macromolecule modifiers (e.g., 

polymers) are more effective growth inhibitors than smaller molecules (e.g., monomers) due to 

their proximal binding groups that block layer nucleation and reduce step propagation through 

step pinning mechanisms132.  

A challenge of this design approach is the identification of modifiers with molecular 

recognition for specific crystal faces. To this end, our selection of modifiers was derived from the 

functional moieties of silica proteins which have been shown to mediate the hierarchical 

assembly of intricate amorphous silica exoskeletons in unicellular organisms, such as sponges 

and diatoms106,116,133. These silica proteins, termed either silicateins (in sponges) or silaffins (in 

diatoms), along with long-chain polyamines (LCPAs), enable silica condensation at interfaces 

under ambient conditions by the following general reaction, 

    nSi(OH)4  ↔ SinO4n-m H4n-2m + mH2O.              Eqn. 2-1 

More importantly, these proteins seem to have a templating effect on the general architecture of 

the exoskeleton. Until recently, the exact amino acid sequence of these proteins was unknown; 

however, a new effort aimed at isolating these molecules from biological systems has finally shed 

light on their structure and composition108-110,112,114,117,119,120. Belton studied an array of linear 

amines, with varying chain lengths, varying spacings between amine groups, and variable number 

of amine groups, and their effect on silica condensation108. He found that C3N7 had a relative rate 

constant of 15, a five-fold increase compared to the control. Kröger studied the effect of silaffins, 
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in particular natSil1A, and has found that this molecule affects the electrostatics of exoskeleton 

formation through the interaction of its phosphate residues with the hydrated silica, and forms 

aggregates that serve as a scaffold around which the exoskeleton can form117. Furthermore, 

Patwardhan has shown that when a sequence of 19 amino acids, termed R5 (SSKKSGSYSGSK 

GSKRRIL)121, was combined with sucrose, other peptides and/or silk proteins, a variety of 

different shapes ranging from disks to tubes can be produced. Patwardhan also showed the effects 

of five synthetic polymers on silica formation and concluded that they can produce similar results 

to their biological counterparts, even under ambient conditions120. Additionally, Shantz and 

coworkers have shown that different confirmations of poly-l-lysine, either β-sheets or α-helixes, 

can lead to changes in pore diameter114.  

A number of key findings emerged out of these studies. Notably, the structures of silica 

proteins and LCPAs were found to contain several very interesting patterns: silaffins and 

silacinids tend to be on the order of 30 amino acids and contain heavily phosphorylated serine 

and/or threnonine residues; silaffins contain mainly lysine, proline, and serine amino acids, while 

serine, aspartmate and glutamate are often found in higher than average ratios in silacinids 

(Figure 2-3); LCPAs contain  non-protein propyleneamine chains connected via 1,4-diamino 

butane or putrescine molecules that exhibit variable levels of methylation on the terminal amines 

(Figure 2-3).  

 

Figure 2-3. Chemical structure of silaffin and long-chained polyamine molecules isolated from 
diatoms and sponges117.  
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Based on the themes and patterns outlined for silaffins and LCPAs above, over 30 molecules 

were selected and tested in zeolite synthesis in hopes of achieving three-dimensional control over 

zeolite crystal morphology. These molecules are thought to interact with zeolites via selective 

binding to crystal surfaces, thereby impeding subsequent growth in the normal crystallographic 

direction, resulting in an altered crystal habit, as shown in Figure 2-2. Adsorption to porous 

surfaces reduces the length of the nanochannels normal to that plane, while maintaining a high 

accessible surface area. From the standpoint of catalyst design, this will minimize the diffusion 

path length of molecules reacting within the zeolite pores, potentially increasing the time-on-

stream yield and decreasing coking (internal pores). Conversely, the length can be increased for 

reactions that require prolonged residence times by tailoring modifier binding to crystal surfaces 

with openings to tangential pore channels (secondary diffusion pathways), or non-porous surfaces 

in the case of 1- and 2-D zeolite frameworks. Additionally, this technique can influence the 

number of surface reactive sites, most often kink or ledge sites, by increasing external surface 

area and step sites (i.e., crystal defects). The molecules utilized in this research, that are thought 

to interact via the mechanism described above, have been termed zeolite growth modifiers, or 

ZGMs. It is of significance to note that by selectively tailoring the specific ZGM-crystal surface 

interactions, a wide range of effects can be induced, resulting in a method capable of producing 

uniquely optimized crystals for particular applications.  

2.2 Silicalite-1 Synthesis 

Silicalite-1 hexagonal platelets were synthesized from clear solutions containing a molar ratio 

of 40SiO2:40TPAOH:9420H2O:160EtOH and tetrapropylammonium (TPA+) as the structure-

directing agent. TPAOH was added to deionized water followed by dropwise addition of TEOS. 

The mixture was stirred at room temperature for two hours to yield a growth solution with an 

average pH of 12.7. The growth modifier of choice was added (in various weight percents) to 10 

g of growth solution (described above). The pH of the ZGM-growth solution mixture was 
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recorded, and compared to 12.7, in order to ensure pH did not changed as a result of ZGM 

addition. The solution was placed in a Teflon-lined stainless steel acid digestion bomb and heated 

at autogenous pressure in an oven (ThermoFisher Precision Premium 3050 Series gravity oven) 

without rotation for 65 hours at 160 °C. The micron-sized crystals were filtered (1-µm Whatman 

Nuclepore Track-Etch membrane), washed three times with deionized water, and dried in air. 

Crystals synthesized by this procedure in the absence of growth modifier are referred to as the 

control. All samples for microscopy studies (SEM, AFM, optical) were prepared from the 

isolation of crystals on the 1-m membranes. For XRD measurements, which required a larger 

silicalite-1 crystal yield than the control sample, we used a solution with the following molar 

composition, 165SiO2:40TPAOH:9170H2O:660EtOH, for the synthesis. 

      Over 30 commercial organic molecules were tested as potential zeolite growth modifiers 

(Table 2-1). We selected molecules with overlapping structures and functional groups as those 

presented in Figure 2-3, notably functional sequences with amine groups, hydroxyl and methyl 

terminal chains, as well as phosphates. 

 

Table 2-1. Commercial organic molecules tested as potential zeolite growth modifiers. 

Compound Name MW Formula Structure 

 
Dipropylamine 
 

 
101.2

 
(CH3CH2CH2)2NH  

 
Ethylenediamine  
 

 
60.1

 
NH2CH2CH2NH2  

 
Hexamethylenediamine 

 
116.2

 
H2NCH2(CH2)4CH2NH2 

 

 
N,Ndimethylbutylamine 

 
101.2

 
CH3(CH2)3N(CH3)2 

 

 
Polyethyleneimine (linear) 
(PEIM) 
 

 
1300

 
H(NHCH2CH2)nNH2  
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Table 2-1 (continued)    

Compound Name MW Formula Structure 

 
Polyethyleneimine 
(branched) (PEIM b) 
 

 
10K

 

 

 
Spermine 
 

 
202.3

 
NH2(CH2)3NH(CH2)4NH-

(CH2)3NH2 
 

 
Tert-butylamine 

 
73.1

 
(CH3)3CNH2 

 
Tetramethylethylenediamine 

 
116.2

 
(CH3)2NCH2CH2N(CH3)2 

 
Triethylenetetramine 
(TETA) 

 
146.2

 
NH2CH2CH2(NHCH2CH2)2N

H2 

 

 
Tris(2-aminoethyl)amine  
(T2TETA) 

 
146.2

 
(NH2CH2CH2)3N 

 
3-amino-1-propanol 
 

 
75.1

 
HO(CH2)3NH2  

 
Diethanolamine 
 

 
105.1

 
HN(CH2CH2OH)2  

 
2-dimethylethanolamine 
(DMEA) 

 
89.1

 
(CH3)2NCH2CH2OH 

 

 
Ethanolamine 
 

 
61.1

 
H2NCH2CH2OH  

 
Ethylenediamine tetraacetic 
acid 
(EDTAA) 

 
292.2

 
(HO2CCH2)2NCH2CH2N(CH2

CO2H)2 

 
Methylaminoethanol 
 

 
75.1

 
CH3NHCH2CH2OH  

 
Tris(hydroxymethyl)aminome
thane 
(THAM) 

 
121.1

 
NH2C(CH2OH)3 
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Table 2-1 (continued) 

Compound Name MW Formula Structure 

 
D-Arginine 
(D-Arg) 

 
174.2

 
H2NC(=NH)NH(CH2)3CH(NH

2)CO2H 
 

 
L-Lysine 

 
146.2

 
H2N(CH2)4CH(NH2)CO2H 

 
Poly-L-lysine 

 
.5-2K

 
(HNCH((CH2)4NH2)CO)n 

 
L-Threonine 

 
119.1

 
CH3CH(OH)CH(NH2)CO2H 

 
Diethyl 
ethylamidophosphate  
 

 
181.2

 
C6H16NO3P 

 
Diethyl t-
butylamidophosphate 

 
209.2

 
C8H20NO3P 

 
1,8-Octanediphosphonic acid 

 
274.2

 
C8H20O6P2 

 

 
O-Phospho-DL-serine 

 
185.1

 
C3H8NO6P 

 
Tributylphosphine oxide  
(TBPO)  

 
218.3

 
[CH3(CH2)3]3P(O) 

 
Triethylphosphine oxide 

 
134.2

 
(C2H5)3PO 

 
Tris(2-
carbamoylethyl)phosphine 
oxide 

 
263.4

 
C9H18N3O4P 
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Many of the molecules in Table 2-1 are acids, bases, or zwitterionic compounds. Given the 

reported relationship between zeolite growth rate (crystal size) and solution pH12,42,134,135, 

silicalite-1 growth solutions with ZGMs were adjusted to ensure a pH equal to that of the control. 

Equations 2-2 through 2-8,  

 

Acid:     HA → A- + H+,                  Eqn. 2-2 

     H2A2 → HA2
- + H+,                Eqn. 2-3 

     HA2
- → A2

2- + H+,                Eqn. 2-4 

Base:     HB+ → B + H+,                 Eqn. 2-5 

Water:      H2O → OH- + H+,                       Eqn. 2-6 

Mass:    [A]total = [HA] + [A-] + [H2A2] + [HA2
-] + [A2

2-], and      Eqn. 2-7 

Electroneutrality:   0 = [TPA+] + [H+] + [HB+] - [OH-] - [A-] - [HA2
-] – [A2

2-],                Eqn. 2-8 

 

were used to calculate the expected net change in alkalinity, ΔpH, due to modifier addition. This 

facilitated the addition of an equivalent molar amount of hydroxide or acid in order to 

compensate for the reduction or increase in pH, respectively. By eliminating such effects from 

our experiments, we ensured that any observable changes in silicalite-1 size are attributed to the 

effect of the modifier, and not to the change in solution pH. This compensation was only required 

in a select number of cases, which varied based on the control solution pH (a function of the 

growth solution composition), and the nature of the modifier (i.e., pKa of the modifier). For 

example, the addition of spermine to solutions of nominal pH below ~11.5 led to a significant 

increase in pH. Above this pH ~11.5 threshold, spermine had an insignificant effect on the growth 

solution pH. This phenomenon can be attributed to the pKa of spermine (which corresponds to 

the 11.4). When spermine is added to solutions with pH below its pKa values, the molecule draws 

hydronium ions from solution in order to become protonated, resulting in an increase in the 
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solution pH. Above the pKa, spermine is deprotonated and has a negligible effect on the pH of 

the growth solution. 

To date, the use of organics in zeolite synthesis has traditionally been limited to quaternary 

ammonium cations acting as structure directing agents (SDAs) to direct the formation of a wide 

range of zeolite frameworks. In the absence of SDA, the presence of impurities in the form of 

unwanted polymorphs is a common concern. A distinct possibility that must be accounted for in 

these studies is that any given ZGM may act as a SDA (even in the presence of TPAOH), and 

generate polymorphs. To this end, verification of the final crystal phase is required. XRD was 

used to confirm that that MFI framework remained unchanged in the presence of ZGMs. XRD 

patterns collected on a Siemens D5000 X-ray diffractometer using CuKα radiation (40 kV, 

30mA) validated that the d-spacing for MFI diffraction peaks in Figure 2-4 agree with the values 

reported in the International Zeolite Association crystal structure database11. This confirms that 

the crystal structure of MFI is not altered by the addition of molecular modifiers (shown here for 

TBPO).  

 

Figure 2-4. XRD patterns of silicalite-1 crystals prepared in the absence of ZGM (control), and 
those synthesized with 0.56 wt% TBPO. 
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Due to the relatively small size of most ZGM molecules, their inclusion within zeolite pores 

is a common concern that can result in inefficient post-synthesis recovery of modifiers and 

increased processing costs associated with calcination (required in order to remove occluded 

organic). Additionally, their potential presence inside zeolite crystals suggests an alternative role 

as a co-SDA. Therefore, it is crucial to determine whether ZGM molecules are in fact located 

within zeolite channels. This is not a trivial task, given that all syntheses in this study were 

performed in the presence of TPA+, the structure-directing agent for MFI. Determination of the 

organic content in silicalite-1 crystals is rendered difficult by the similarities in elemental 

composition of TPA+ and ZGMs screened in Table 2-1; however, one effective ZGM, TBPO, is 

distinctly different (i.e., it contains a phosphorus atom). As such, elemental analysis of crystals 

synthesized in the presence of TPBO was performed by Galbraith Laboratories, Inc. (Knoxville, 

TN). Uncalcined crystals were washed several times with a 50:50 water/ethanol solution to 

remove organic molecules adsorbed on the external surfaces. Table 2-2 compares the carbon, 

nitrogen, and phosphorus content of crystals extracted from a control synthesis and a synthesis 

with TBPO using a 2 TPA+:1 TBPO molar composition (i.e., 4.7 wt% TBPO). Elemental analysis 

shows a trace quantity of TBPO (< 0.02 wt%) in silicalite-1 crystals that is below the detectable 

limit of the instrument, which suggests very little, if any, TBPO is occluded within the silicalite-1 

pores. Trace amounts of TBPO in the sample may also be attributed to adsorbed species on the 

external surface that were not removed by rinsing. 

Table 2-2. Elemental analysis of silicalite-1 crystals grown with and without TBPO. 

Element Control Sample TBPO Sample 

C 9.31 %    9.19 % 
 

N 
 

1.17 % 
 

   1.20 % 
 

P 
 

-------- 
 

< 0.02 % 
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2.3 Silicalite-1 Bulk Crystallization Studies 

The influence of ZGMs on silicalite-1 (010) aspect ratio, measured as the ratio of [001] 

length to [100] width of the basal surface, was assessed by bulk crystallization studies. Modifiers 

were introduced in low concentration (< 0.8 wt%) to synthesis solutions prior to hydrothermal 

treatment. As previously mentioned, the adsorption of modifiers to a zeolite surface reduces the 

rate of growth normal to that surface. Modifiers that preferentially bind to the (100) surface will 

increase the c/a aspect ratio, while modifiers that bind to the (101) surface will reduce the c/a 

aspect ratio (as defined in Figure 2-5 below).  

 

Figure 2-5. The aspect ratio of MFI hexagonal platelets was defined as length (c-axis) /width (a-
xis), or [001]/[100]. 

The aspect ratio of silicalite-1 (010) basal surfaces was analyzed using optical microscopy. 

For each aspect ratio calculation, the length (c-axis) and width (a-axis) of the hexagonal platelets 

were measured on more than 50 crystals from a single batch. A select number of experimental 

results for different ZGMs are shown in Figure 2-6. The solid red line represents a constant aspect 

ratio equal to that of the control (c/a = 3.7), and the red dotted circle corresponds to the average 

size of control crystals. Data are averages of more than 50 measurements with error bars equal to 

two standard deviations (see Table 2-1 for the full chemical name of each organic molecule). 

Several effects of ZGMs on aspect ratio were observed. ZGMs which produced crystals with a 

higher c/a aspect ratio than the control (above red line in Figure 2-6, light blue triangle), 

preferentially bind to (100) faces. Examples of such ZGMs include 2-dimethylethanolamine 

(DMEA), spermine, and ethylenediamine tetraacetic acid (EDTAA).  
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Conversely, ZGMs that resulted in crystals with aspect ratios in the lower portion of Figure 

2-6 (green triangle) bind to (101) planes thereby reducing the c/a aspect ratio. Examples of such 

ZGMs include triethylenetetramine (TETA) and D-Arginine (D-Arg).  

 

Figure 2-6. Measurements of silicalite-1 basal (010) surface length ([001]), and width ([100]) of 
crystals grown in the presence of various modifiers at concentrations less than 0.8 
wt%. 

We also observed a translation along the solid red line, which indicates nonspecific binding 

of modifiers to both the (100) and (101) surfaces. Nonspecific binding to all sides of the 

hexagonal platelet yields a constant c/a aspect ratio, but produces smaller or larger crystals 

relative to the control – a result that suggests modifiers influence the total number density of 

silicalite-1 crystals. Furthermore, we observed that the control crystals exhibited polydisperse 

sizes (Figure 2-6, Figure 2-7B). Similarly, several experiments with modifiers in Figure 2-6 

resulted in multimodal distributions of crystal size. These experiments employed a dilute modifier 

concentration (< 0.8 wt%), suggesting that ZGMs which resulted in polydisperse populations 
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were less potent than those that produced relatively monodisperse crystal sizes. Spermine, for 

example, produced a narrower size distribution than that of the control, even at a concentration of 

0.2 wt% as shown below in optical micrographs (Figure 2-6A). Furthermore, it was found that 

increasing concentrations of modifier can enhance their effect on crystal aspect ratio. By 

increasing the concentration of D-Arg from 0 (control) to 0.35 wt%, it was found that a 62 % 

reduction in aspect ratio (c/a), from 5.5 to 2.1, can be achieved (Figure 2-7D). This suggests that a 

large range of sizes and aspect ratios can be achieved by proper selection of the ZGM molecule 

concentration 

 

 

Figure 2-7. Representative optical micrographs of silicalite-1 crystals (A) with spermine, and (B) 
without any modifier. (C) Silicalite-1 platelet size distribution of the length of basal 
(010) surfaces. (D) Silicalite-1 aspect ratio as a function of D-Arg concentration. 

C D

A B
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There are several effects of ZGMs on the [010] thickness (Figure 2-8), which were quantified 

using SEM (Nova NanoSEM 230 instrument with ultra-high resolution FESEM; operated at 15 

kV and a 5 mm working distance). For example, spermine, which is an exact mimic of an amine 

segment of long-chain polyamines found in diatom cells (Figure 2-3), reduces the thickness of 

MFI platelets by a factor of four (Figure 2-8A).  

 

 

Figure 2-8. Modifier effect on silicalite-1 crystals thickness (b-axis). (A) Spermine reduces the 
[010] thickness, while (B) D-Arginine increases platelet [010] dimension. (C) TBPO 
reduces platelet thickness by an order of magnitude, and TETA has little effect. 

This is consistent with the preferential binding of spermine to basal (010) faces, which 

reduces the rate of growth along the b-axis. Interestingly, triethylenetetramine (TETA), which has 

a structure that is similar to spermine (see Table 2-3 below), proved to be a much less effective at 

inhibiting silicalite-1 [010] growth (Figure 2-8C), which emphasizes how subtle changes in 

molecular structure impact ZGM efficacy.  

Table 2-3. Comparison of spermine and TETA structures. 

Name Formula Structure 

Spermine C10H26N4  

TETA C6H18N4 
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 Overall, the ZGM with the highest efficacy for binding to the (010) surface and reducing 

platelet thickness was tributylphosphine oxide (TBPO), which produced micron-sized platelets in 

the ac-plane with a thickness less than 150 nm in the b-axis (Figure 2-8C); however, TBPO phase 

separates in aqueous solution at appreciable concentrations (> 0.3 wt%). This draws attention to 

an important point: ZGM solubility is a critical parameter in determining the potential of a ZGM 

for industrial applications. 

Some of the modifiers tested had an opposite effect on silicalite-1 [010] thickness. Notably, 

D-Arg produced a marked increase in platelet thickness (Figure 2-8B) by a factor of three, as well 

as a concomitant reduction in platelet [001] length (c-axis). Additionally, the formation of a new 

face was observed in the presence of D-Arg (arrow in Figure 2-8B). THAM was also found to 

increase [010] thickness, but to a lesser extent than D-Arg. A potency study of THAM performed 

at two different modifier concentrations, 0.2 wt% (Figure 2-9A) and 3.0 wt% (Figure 2-9B), 

revealed that even after an order of magnitude increase in THAM concentration, only a two-fold 

increase in platelet thickness can be achieved, compared to the three-fold increase in thickness 

produced by 0.3 wt% D-Arg. These studies indicate that D-Arg is a more potent modifier. 

 

Figure 2-9. SEM images of silicalite-1 crystals synthesized in the presence of THAM at (A) 0.2 
wt%, and (B) 3.0 wt%. 
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2.4 Silicalite-1 Growth Kinetics  

We used dynamic light scattering (DLS) to evaluate the effect of ZGMs on growth kinetics 

by monitoring changes in the hydrodynamic diameter of silicalite-1 seeds in growth solutions 

with and without ZGMs. Silicalite-1 crystal seeds used for DLS studies were synthesized from a 

clear solution with molar composition 25SiO2:9TPAOH:360H2O:100EtOH. TPAOH was added 

to deionized water followed by dropwise addition of TEOS. The mixture was aged at room 

temperature for two hours, then placed in a Teflon-lined stainless steel acid digestion bomb and 

heated at 60°C for two weeks. The solution containing ca. 60 nm silicalite-1 spheroidal crystals 

was centrifuged at 12,000 rpm for two hours (using a Sorvall RC-5B refrigerated superspeed 

centrifuge). The crystals were washed with deionized water and centrifuged two additional times 

(under the same conditions) and re-dispersed in deionized water to produce a 1.0 wt% solution, 

which served as the seed source for all DLS experiments. Prior to DLS measurement, the 

suspension was sonicated for five minutes to break apart any potential aggregates. 

The growth solutions used for DLS measurements had a molar ratio of 8SiO2:7TPAOH: 

9500H2O:32EtOH, which was prepared by the same procedure as the synthesis solution (Section 

2.2). A 100 L aliquot of the 1.0 wt% seed solution was added to 100 mL of growth solution 

while stirring. After 10 min of mixing, the appropriate amount of modifier was measured and 

added to the solution, followed by an additional five minutes of mixing. The resulting mixture 

was divided equally into eleven 15 mL plastic centrifuge tubes, and placed in a water bath 

regulated at 85 °C. At each time point, the tube was removed from the water bath, quenched to 

room temperature in an ice water bath, sonicated for 1 min, and filtered through a 0.2 m 

membrane prior to DLS measurements. The zero time point was removed after five minutes of 

equilibration in the water bath. The temperature of the DLS sample was regulated at 25 °C. A 

total of four measurements were taken for each sample (two minutes for each measurement). DLS 
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data was collected using a Brookhaven Instruments BI-200SM machine equipped with a 

TurboCorr Digital Correlator and a HeNe laser diode (35 mW, 637 nm). 

Silicalite-1 seeds grown in the presence of ZGMs revealed several key effects. Silicalite-1 

seeds grown in the presence of spermine resulted in a reduced growth rate (i.e., slope of the 

curves in Figure 2-10A) compared to that of the control. This effect is qualitatively consistent 

with bulk crystallization studies. Furthermore, increasing spermine concentration resulted in a 

monotonically decreasing growth rate that exhibits nearly linear behavior (Figure 2-10B). 

 

 

Figure 2-10. (A) Temporal changes in the hydrodynamic diameter of silicalite-1 seeds suspended 
in a silica growth solution at 85 °C in the presence of spermine. (B) Linear 
regression of slopes calculated from (A), reveals an R2 value of 0.88. 

A 

B 
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The error bar in Figure 2-10B, corresponding to a spermine concentration of 0.12 wt%, 

equals two standard deviations (calculated from three different ex situ seeded growth 

experiments), show in Figure 2-11 below. This error can be attributed to minor variations in 

solution pH resulting from growth solution preparation.    

 

Figure 2-11. 3 DLS experiments of silicalite-1 seed growth in a pH 11.27 supersaturated solution 
containing 0.12 wt% spermine at 85 °C reveal there can be up to a 0.7 nm/hr 
standard deviation in reported growth rates. 

 

2.5 ZGM Effect on Silicalite-1 Surface Features  

Anderson and coworkers used atomic force microscopy (AFM) to investigate the surface 

features of a variety of zeolite frameworks, including silicalite-1136-141. Collectively, these studies 

suggested a common layer-by-layer mechanism for surface growth. Here, we used AFM imaging 

to quantify changes in microscopic features of zeolite surfaces resulting from modifier-crystal 

interactions, and validate bulk crystallization observations. For these analyses, samples were 

prepared by transferring crystals isolated from growth solutions on 1-µm membranes to a thin 

film of partially-cured epoxy (Lens Bond Type SK-9) on Ted Pella 15 mm metal disks. The 

epoxy was fully cured by exposure to UV light for 1 hour to securely anchor silicalite-1 platelets 
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with the basal (010) surface normal to the AFM tip. The sample was washed with deionized water 

to remove loosely-bound crystals and dried before use. Contact mode imaging in air was 

performed with Olympus probes (0.05 to 2N/m) using 256 scans/line and an average scan rate of 

1.4 Hz. AFM was performed on a MFP-3D-SA instrument (Asylum Research, Santa Barbara, 

CA). A representative image of a 1.5x1.5 m2 area on a (010) surface of a silicalite-1 control 

crystal (Figure 2-12) reveals the presence of triangular-like layers. Systematic analysis of many 

surface areas on multiple crystals reveals a population of steps with 1 nm height (equivalent to 

b/2) and very few step bunches. The step height of 1.0 ± 0.1 nm corresponds to the height of a 

single pentasil chain (a structural subunit of MFI), as previously reported for MFI layer-by-layer 

growth142. 

 

Figure 2-12. (A) AFM height image of a silicalite-1 control crystal (010) surface. (B) The line 
profile of features on the (010) surface reveals layers of approximately 1.0 nm in 
height. Scale bar is 400 nm. 

The step density, , of silicalite-1 (010) surfaces was calculated in order to determine 

possible effects of ZGMs on surface layer nucleation. Step density was calculated as follows. A 

square area (1.5 m x 1.5 m) was scanned at multiple (random) locations on the crystal surface. 

Six cross-sectional lines (similar to the red line in Figure 2-12) were placed on each AFM image 

in a grid pattern. The line width was adjusted to 0.125 m to examine a ~0.19 m2 area. The total 

number of steps in each cross-section were counted and divided by the area. For example, an 

A B
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analysis of the line in Figure 2-12 would result in four step sites (corresponding to the sides of 

each layer). For crystal surfaces with step bunching (i.e., step heights equal to multiples of 1 nm), 

each step bunch was counted as a single step. Images of silicalite-1 control surfaces revealed 

triangular-shaped layers with a step density ρ = 30 um-2 (Figure 2-13A).  

 

Figure 2-13. AFM height images of silicalite-1 (010) surfaces in the (A) absence of additive 
(control), and in the presence of 0.2 wt% (B) TBPO, (C) THAM, and (E) D-Arg.  
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Modifiers that preferentially bind to (010) surfaces block the attachment of growth units, thus 

reducing the rate of layer nucleation and decreasing ρ. Indeed, we observe two- and four-fold 

reductions in step density on silicalite-1 crystals grown in the presence of spermine and TPBO 

(Figure 2-13B), respectively. This is consistent with bulk crystallization studies that reveal TPBO 

is the more potent inhibitor of growth along the [010] direction.  

Conversely, modifiers that bind to the (100) and (101) faces such as tris(hydroxymethyl) 

aminomethane (THAM, C4H11NO3) produced a large step density (ρ ~ 80 um-2; Figure 2-13C). 

This is due to the following reason: modifiers that preferentially bind to (010)∩(100) or 

(010)∩(101) ledge sites on the basal surface inhibit step advancement across the (010) plane. 

Since ZGM adsorption at step sites does not affect layer nucleation on terraces, a reduction in 

step velocity leads to higher ρ. Furthermore, THAM binding to silicalite-1 ledge sites also altered 

the morphology of layers from the characteristic triangular-like shape of control crystals (Figure 

2-13A) to more rounded, elliptical-shaped layers (Figure 2-13C). 

It was also observed that D-Arg resulted in higher degree of step bunching (Figure 2-13E, F). 

Syntheses with D-Arg produced silicalite-1 crystals with a small fraction of single steps and a 

larger population of step bunches with average heights of ~ 1.7 nm (i.e., two pentasil layers). 

Stoyanov and Michailov143 derived the relationship ρ α N-1/2 for multinuclear layer-by-layer 

growth where N is the number of nuclei (i.e., layers on a crystal surface). Differences in step 

height for THAM (N = 1) and D-Arg (N = 2) account for the decrease in ρ (ρ is lower for D-Arg). 

Classical theories of crystal growth also predict an inverse relationship υ α h-1 between the step 

height, h, and the velocity of step advancement, υ. This is consistent with the observed increase in 

[010] growth due to the preferential binding of D-Arg to (101) surfaces, which produces step 

bunches that advance across the (010) surface with reduced velocity, υ [101].  

A comparison of D-Arg and THAM modifiers reveals that their effect on ρ is determined not 

only by ZGM specificity, but also by their binding strength to silicalite-1 surfaces. The effect of 

THAM on silicalite-1 growth is much less pronounced than D-Arg, as previously mentioned.  
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This can be attributed to weaker THAM-crystal binding as well as the competitive adsorption 

between modifier and TPA+ on silicalite-1 surfaces. Growth solutions with 0.2 wt% ZGM contain 

~15 moles of TPA+ for every one mole of ZGM. If the strength of ZGM binding to silicalite-1 

surfaces is weaker or comparable to that of TPA+, the latter will have a higher surface coverage. 

As the free concentration of TPA+ in solution decreases with synthesis time (due to SDA 

occlusion in MFI pores), ZGM coverage on silicalite-1 surfaces will increase. Likewise, silica 

supersaturation decreases with synthesis time. Collectively, both effects reduce the rate of step 

advancement; and if step growth is slow relative to nucleation, fewer step bunches and higher ρ 

are observed (Figure 2-13C). The lack of step bunching is consistent with classical models of 

crystal growth, which invoke the power-law dependence R α σn for the rate of step growth, R, and 

the solute (silica) supersaturation, σ. As the silicalite-1 synthesis approaches equilibrium (σ ~ 1), 

layers on (010) terraces do not grow fast enough to generate step bunches. To test this hypothesis, 

we increased the concentration of THAM in silicalite-1 syntheses to 3.7 wt% (2 TPA+:1 THAM) 

and observed an appreciable increase in platelet thickness (Figure 2-9) and step bunching (i.e., 

reduced ρ, Figure 2-14A). This suggests higher THAM concentrations lead to increased THAM 

coverage on silicalite-1 surfaces at earlier times in the synthesis (when σ >> 1), which is 

qualitatively consistent with theory and the trends observed in Figure 2-14B. 

 

Figure 2-14. (A) AFM height image of the (010) surface of a silicalite-1 crystal grown in the 
presence of 3.7 wt% THAM. (B) Comparison of silicalite-1 (010) step densities for 
crystals grown in the absence of additives, and in the presence of THAM and D-Arg. 

A B
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2.6 Chemical Force Spectroscopy Measurements 

In order to examine specific interactions between ZGM functional groups and the (010) 

silicalite-1 surface, we used an AFM technique that has proven useful for probing ligand-receptor 

interactions144,145 in biological systems, and for measuring the unbinding force (or adhesion force, 

FA) of tips modified with proteins or peptides. AFM force spectroscopy quantifies changes in the 

deflection, Δz, of a cantilever with an appropriately modified tip, as it is retracted from a 

contacting surface, thereby producing a pull-off curve with FA α Δz. This technique was used to 

identify strong modifier binding moieties to help guide the design and/or selection of new ZGMs. 

Notably, we tested AFM tips (Olympus RC800PB - Au coated, 0.06N/m, and RC800PSA - Si3N4, 

0.05N/m) modified with chemicals that mimic silaffin functional groups, such as cationic amines, 

hydroxyl groups, and hydrophobic residues.  

All AFM adhesion force measurements were performed in basic clear aqueous solutions 

prepared with molar composition of 4SiO2:9TPAOH:9500H2O. Systematic studies of amidinium-

modified tip adhesion force as a function of pH (mercaptoethylguanidine used as the D-Arg 

mimic) were performed using molar compositions of 10SiO2:11TPAOH:55000H2O (pH 10.8) and 

10SiO2:125TPAOH:55000H2O (pH 12.9) to produce positively-charged and neutral amidinium 

moieties at pH values below and above the pKa of amidinium (pKa ~ 12.1, Figure 2-15), 

respectively. The silanol groups on the exterior surface of silicalite-1 crystals are dissociated in 

alkaline solutions, as illustrated in Figure 2-15 below. The pKa values for amidinium 

(approximated from D-Arg) and silicalite-1 silanol groups were obtained from literature146,147. 

   

Figure 2-15. Dissociation reaction for the amidinium group in D-Arginine (left), and for the 
silanol groups on the exterior surface of silicalite-1 (MFI) crystals (right). 
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The force of adhesion was measured between a monolayer of functional groups immobilized 

on AFM tips and silicalite-1 control crystal (010) surfaces in alkaline solutions (note that 

negatively-charged silicalite-1 surfaces at high pH are representative of growth conditions). A 

small concentration of silica (below solubility) was used to minimize dissolution of the crystal 

surface. AFM tip functionalization was carried out in accordance with reported procedures in the 

literature using two chemistries to immobilize small molecules144,148: gold-coated cantilevers 

(Olympus RC800PB) were functionalized with organothiols using Au-S coupling chemistry; and 

Si3N4 tips (Olympus RC800PSA) were functionalized with organosilanes via a covalent Si-O-Si 

bond between the silane and SiOH groups on the surface of the tip. AFM tips were cleaned by 

exposure to UV light (60 min) and placed in a 0.1 wt% solution of the organic reagent (i.e., 0.06 g 

of thiol or silane) in anhydrous toluene. The cantilevers were immersed in the solution at room 

temperature for 40 min, rinsed with toluene, and placed in fresh toluene for storage. The tips were 

dried in air prior to AFM measurements.  

To ensure statistical accuracy, we analyzed two separate batches of control silicalite-1 

crystals using two different functionalized tips. Adhesion force measurements for each 

functionalization group (-CH3, -OH, -NH2
+, -NH2) were performed on multiple areas of different 

crystals. This resulted in more than 8400 points per functionalization group (i.e., 4200 

measurements per experiment). The average and standard deviation represents an average of the 

two experiments. The following settings were used for all measurements: 500 pN trigger point, 

500 nm force distance, 1.0 Hz scan rate, and a 1.0 µm/s approach/retraction velocity. All set-point 

values fall within the accepted range reported in literature for protein adhesion force 

measurements149,150. An analysis was performed for each modified tip to determine the 

appropriate tip-crystal contact time. The tip can be held in contact with the crystal surface for a 

set period of time, termed the dwell time. Past studies of ligand-receptor (i.e., tip-substrate) 

interactions reveal a Langmuir-like behavior for adhesion force as a function of dwell time151,152. 

Longer tip-crystal contact time allows functional groups on the tip to rearrange or diffuse to 
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optimize their interaction with the crystal surface. The adhesion force increases monotonically 

with dwell time, reaching a plateau at time, tdwell. This time was calculated for each modified tip 

(average tdwell = 1 to 1.5 sec) and was used to measure the adhesion force.  

A large data set is crucial to obtaining statistically significant adhesion force data. Large 

standard deviations and wide adhesion force distributions are often obtained in these 

measurements, as shown below for a tip functionalized with pentanethiol, interacting with 

silicalite-1 (010) surfaces in a pH 12 solution (Figure 2-16).  

 

Figure 2-16. Sample distribution of adhesion forces in a single AFM experiment of a 
pentanethiol modified Au-coated tip, interacting with silicalite-1 (010) surfaces 
in a pH 12 solution. 

Furthermore, tip functionalization must be performed carefully to produce uniform thiol or silane 

self-assembled monolayers on the surface of Au-coated or Si3N4 tips, respectively, as this can 

impact the statistical accuracy of data analysis. This is particularly important for silane chemistry, 

where trace amounts of water readily lead to silica polymerization. The anhydrous toluene used to 

modify tips with organosilanes adsorbs water from the atmosphere, which causes polymerization 

of silane groups. The presence of silane polymers on the tip can be gleaned by the presence of 

multiple peaks in tip-crystal pull-off curves (Figure 2-17A), which is attributed to polymer 

unbinding during tip retraction from the crystal surface.  
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Figure 2-17. Representative tip-crystal pull-off curves for tips modified with (A) 
triethoxypentylsilane, (B) pentanethiol, and (C) 4-mercapto-1-butanol. 

Comparison of thiol and silane tips modified with similar functionality (1-pentanethiol and (3-

aminopropyl) triethoxysilane)) reveal differences in their force of adhesion (Table 2-4). As such, 

data is only reported for tips modified with organothiols, which exhibit single peaks in their pull-

off curves (Figure 2-17B, C). However, the selection of thiol chemistry limits the types of 

functional groups that can be immobilized on the exterior surfaces of AFM tips. For example, 

organothiols with primary amines (i.e., mimics of spermine) are not commercially available. 

Table 2-4. CH3(tip)-silicalite-1(010) adhesion force using thiol and silane tip functionalization 
chemistry. 

  Functionalization Group Adhesion Force  (pN) * 

 
            CH3 silane 143 ± 76 

              CH3 thiol   584 ± 195 

     * Average and standard deviation were obtained from 2 experiments (total of 8000 pull- 

off curves) 
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Another factor that must be considered is the density of thiols (or silanes) on functionalized 

tip surfaces. The adhesion force is a summation of interactions between many functional groups 

on the surface of the tip (which has a 20 – 50 nm radius of curvature) and the silicalite-1 surface. 

Therefore we selected organothiols with comparable alkyl length (n = 3 to 5). Assuming full 

monolayer coverage, variations in thiol density will depend on the area of the alkanethiol terminal 

group, which can alter the packing of molecules in self-assembled monolayers (SAMs). It is 

reported that alkanethiols with –NH2 and –OH terminal groups form SAMs on gold substrates 

with similar packing density153. Packing densities of other thiol terminal groups, such as –CH3 

and –COO, do exhibit some disparities. Therefore, we expect there to be subtle differences in the 

number of immobilized thiol groups on AFM tips among different functionalized tips, which may 

yield small variations in the adhesion force (i.e., < 5 % error).  

To validate the immobilization of functional groups on AFM tips, we peformed experiments 

with bare (unmodified) tips. The conditions for these experiments were the same as those 

previously stated using a pH 12 solution, control crystals, and an average of 8000 pull-off curves. 

The tip-crystal adhesion force with bare tips (Table 2-5) is much smaller than the adhesion force 

measured using functionalized tips (Table 2-4), which confirms the  immobilization of 

organothiols and organosilanes on AFM tips. 

 

Table 2-5. Adhesion force between bare AFM tips and the silicalite-1 (010) surface. 

  Bare Tip     Adhesion Force  (pN) 

Si3N4 104 ± 288 

Au 391 ± 157 
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Adhesion force measurements performed using organothiols that mimic ZGM moieties in a 

pH 12 solution resulted in various trends. Specifically, an increasing FA was observed for 

different tip functional groups: amidinium (neutral charge) < methyl ≈ alcohol < amidinium 

(positive charge) (Figure 2-18). These effects can be attributed to several sources: alcohol groups 

can form H-bonds with surface silanols, while methyl groups can bury into vacancies on the 

crystal surface to remove entropically unfavorable solvent layers. AFM tips modified with 

amidinium groups (pKa ≈ 12.1) exhibit neutral or positive charge depending on the pH. Tips with 

positively-charged amidinium groups exhibit a 6-fold increase in FA relative to neutral amidinium 

tips. To our knowledge, this is the first AFM chemical force spectroscopy study of zeolite 

surfaces. 

 

Figure 2-18. AFM adhesion force between Au-coated AFM tips modified with a layer of 
organothiols and the silicalite-1 (010) surface. 

Additional analysis of the effect of functional group charge on silicalite-1 – crystal strength 

of interaction was carried out using mercaptoethylguanidine, which has an amidinium group with 

a pKa value 12.1 that is either neutral or positively-charged depending on the pH of the solution. 
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For example, in a pH 11 solution, below its pKa, the amidinium group will be protonated and 

positively charged, whereas in a pH 13 solution, above its pKa, the amidinium group will be 

neutral. The results in Table 2-6 reveal a monotonic decrease in adhesion force from low pH 

(positively-charged -CHN2H4
+ tip) to high pH (neutral –CHN2H3 tip). This result is not surprising 

since silicalite-1 surfaces are negatively charged (Figure 2-15). 

Table 2-6. Tip-crystal adhesion force with amidinium-modified tips at different pH. 

pH Adhesion Force  (pN) 

11 1100 ± 29.5 

12   530 ± 67.8 

13   226 ± 37.6 

 

 

 

 

 

 

 

  



42 
 

3. Tuning Zeolite LTL Morphology using ZGMs 

3.1 Introduction 

Over the last twenty years zeolite L (LTL type) has attracted attention for its implementation 

in a variety of process which utilize its well-ordered pores as conduits for shape-selective 

catalysis, and as nanochannel hosts for ion, metal, or molecule inclusion154, mass transport, and/or 

occlusion processes; furthermore, the optical transparency of zeolite L crystals can be beneficial 

in detection and sensor devices. Combined, these characteristics have led to applications in 

catalytic processes155-160, ion-exchange and separations161,162, and photonic devices, such as 

FRET-sensitized solar cells163, luminescent solar concentrators (LSCs) 164, and color changing 

media165. Moreover, functionalized zeolite L organic−inorganic hybrids have been explored for 

use in biomedical applications, including diagnostic166, and imaging devices167,  drug delivery 

vectors168, and cell array scaffolds169,170. 

Conventional LTL syntheses yield cylindrical crystals with one-dimensional channels (ca. 0.7 

nm aperture) oriented along the c-axis (or [001]) length of the cylinder. The performance of LTL 

crystals in the aforementioned applications relies heavily upon their physical characteristics, such 

as crystal size, morphology (i.e., length-to-diameter aspect ratio), and surface roughness, as well 

as chemical properties such as acidity and ion-exchange capacity. Calzaferri has shown that low 

aspect ratio (disc-like) LTL crystals in photonic devices produce higher trapping efficiency165. 

Disk-like shapes can also facilitate c-oriented layering for the preparation of thin-film 

technologies, while high aspect ratio (rod-like) crystals can be useful as microcapillary devices 

for light harvesting antenna and luminescent labeling171. In some applications, it is desirable to 

tailor more than one property. Exemplary cases in catalysis include aromatization reactions 

involving Pt-LTL catalysts where some groups157,158 report that increased external surface area of 

LTL crystals exudes a greater influence on catalytic performance, while others156,158 argue that 

reduced pore length has a more significant impact on activity. These observations allude to a 
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more widespread realism that disparate applications often require distinct zeolite properties. 

Establishing structure−function relationships to delineate optimal zeolite properties necessitates 

the development of synthesis techniques capable of achieving set design objectives. This 

motivates the need for new platforms adept at precisely tailoring crystal size, morphology, and 

surface features.  

Past studies report the effects of adjusting synthesis parameters25,156,172-175, such as water, 

temperature, and alkali content, to produce zeolite L crystals of varying morphology ranging from 

30 nm particles135 to micrometer-sized cylinders (with length-to-diameter aspect ratios spanning 

0.2−13)43,174. Other studies have examined the incorporation of organic additives in zeolite 

growth solutions, such as surfactants55, ligands (e.g., triethanolamine and bis−tris)43, and 

cosolvents (e.g., ethanol, diols, etc.) 44,45. Organic additives have been used in the synthesis of a 

variety of zeolite framework types, including (but not limited to) LTL44,45,53, mordenite (MOR)48,  

offretite (OFF)176, zeolite A (LTA)49, and silicalite-1 (MFI)33,55,177. Several mechanisms describing 

the role of organic additives have been postulated on the basis of thermodynamic and kinetic 

arguments. Some groups have suggested that organics influence the anisotropic rates of growth 

by altering the surface free energy of zeolite crystals, while others hypothesize that organic 

complexation (or sequestration) of soluble silicate or aluminosilicate species alters the nature of 

available growth units48,178. A common function of organics in zeolite synthesis is their role as 

structure-directing agents (SDAs). Organic SDAs and so-called space fillers (i.e., a subcategory 

of SDAs) are typically selected with a size and shape commensurate with zeolite pores, cages, or 

channels13. Only a small fraction of zeolites (including LTL) crystallize in the absence of organic 

SDAs, whereas the vast majority of framework types require organics to facilitate the formation 

of building units (e.g., oligomers, rings, cages, etc.). The use of novel SDAs37,74,179 and space 

fillers180 has proven to be an effective method to modify zeolite crystal size and habit, and to 

produce new structures. 
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Herein we discuss the extension of the novel platform described previously in Chapter 2181 to 

a 1-dimensional zeolite (LTL framework) in order to identify inexpensive, commercially 

available chemicals with specificity for binding to the (001) crystallographic face of zeolite L 

(LTL type) that can mediate growth rates and selectively tailor LTL crystal size, morphology, and 

surface features182. Toward this goal, we examined over 30 molecules as potential zeolite growth 

modifiers (ZGMs) of LTL crystallization. ZGM efficacy was quantified through a combination of 

macroscopic (bulk) and microscopic (surface) investigations that aimed to identify modifiers 

capable of dramatically altering the cylindrical morphology of LTL crystals. We used several 

characterization techniques, including electron microscopy, X-ray diffraction, and atomic force 

microscopy, to examine the influence of commercial ZGMs on LTL crystal morphology and 

surface properties. Furthermore, we explored the physicochemical factors governing ZGM 

efficacy and specificity in order to identify heuristic guidelines for tuning ZGM-zeolite L 

molecular recognition. 

Through our versatile synthesis strategy, we were able to successfully demonstrate an ability 

to tailor properties critical to zeolite performance – namely the external porous surface area and 

pore length, which alter sorbate accessibility to LTL pores and the diffusion pathlength, 

respectively. As highlighted in the schematic in Figure 3-1D, the pathlength for sorbate diffusion 

in zeolite LTL channels is proportional to the [001] length L, while sorbate access to pore 

openings is dependent on the (001) surface area, or diameter D. We were able to identify ZGMs 

that preferentially bind to both crystal faces, thereby controlling zeolite crystal habit and surface 

architecture (i.e., topography and external surface area) in order to produce LTL crystals with 

remarkably small diffusion pathlength (< 100 nm) and concomitant large (001) surface area (1-10 

μm2/particle) as shown in Figure 3-1 below. ZGMs that preferentially bind to the (001) surface 

reduce the diffusion pathlength along the c-axis (butylamine, Figure 3-1B,E), while ZGM binding 

to {100} surfaces increases LTL crystal aspect ratio (poly(diallyldimethylammonium chloride) or 

PDDAC; Figure 3-1C,F) relative to the control (Figure 3-1A,D). 
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Figure 3-1. Electron micrographs of zeolite L crystals in the (A) absence of ZGM, in the 
presence of (B) 1,2,6-hexanetriol, and (C) PDDAC. (D) 12 MR pore orientation in 
LTL crystals, and (E-F) depict the various binding modes of ZGMs in this system. 

 

Furthermore, the synergistic combination of ZGMs and the judicious adjustment of synthesis 

parameters were able to produce LTL crystals with unique surface features, and a range of length-

to-diameter aspect ratios spanning three orders of magnitude. A systematic examination of 

different ZGM structures and molecular compositions (i.e., hydrophobicity and binding moieties) 

revealed interesting physicochemical properties governing their efficacy and potency.  

Collectively, these results suggest that the mechanism outlined previously, whereby organic 

molecules, termed zeolite growth modifiers (ZGMs), interact with a crystal surface via a general 

mechanism102,103,111,126,128,183 that  involves modifier physisorption to crystal surfaces, and inhibit 

the attachment of incoming building units thereby reducing the growth rate normal to the surface, 

can be successfully translated to other zeolite frameworks. This highlights the versatility of this 

strategy, in addition to its ability to cooperatively tune crystal properties, such as morphology and 
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surface architecture, to meet the growing needs of zeolite performance in processes spanning 

catalysis to selective separations.  

3.2 Selection of Potential ZGMs 

A critical challenge in the application of our design approach is the identification of modifiers 

with molecular recognition for a specific crystal face. A strategic target for zeolite LTL design is 

the identification of ZGMs that selectively bind to the basal (001) surface, thereby producing thin 

platelets with reduced diffusion path length along the c-axis parallel to the 1D pores (12-

membered ring aperture; Figure 3-1E). In order to identify potential structural features capable of 

promoting zeolite-ZGM binding, we first examined the molecular topology and connectivity of 

LTL crystal surfaces.  

 
Figure 3-2. The hexagonal crystal structure of LTL-type zeolite has a (C) 12-MR channel along 

the c-axis, and contains 2 surfaces, the (A) (001) face, and (B) a set of six equivalent 
planes, {100}, (D) each possessing unique arrangements of silanol groups.  
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As outlined in Figure 3-2, LTL 1-D channels are formed by ltl cages derived from the 

connection of can and d6R building units, and the bulk LTL crystal habit is a faceted cylinder 

with sides comprised of six symmetrically-equivalent {100} surfaces (Figure 3-2D). The 

projected unit cell, outlined by the dashed lines in Figure 3-2A and Figure 3-2B, identifies the 

positions of surface hydroxyl groups (SiOH or AlOH) on the (001) surface (Figure 3-2D blue 

circles) and {100} surfaces (Figure 3-2D green circles). 

The idealized (001) surface drawn in Figure 3-2 is depicted in accordance to the cleavage 

plane identified by Terasaki et al.,184,185 in transmission electron micrographs of LTL crystals. 

Inspection of the basal plane reveals that the density of hydroxyl groups (either SiOH or AlOH) 

protruding from the top of d6R building units is much higher on the (001) surface (4.2 OH 

groups/nm2) compared to the {100} surfaces (1.5 OH groups/nm2). This implies that molecules 

with H-binding moieties are suitable ZGMs; however, the close proximity of hydroxyl groups 

also suggests steric hindrance may influence ZGM binding to each d6R unit. Furthermore, 

entropic contributions from hydrophobic segments of organic modifiers must be considered since 

ZGMs may adsorb on crystal surfaces with their alkyl backbone oriented parallel to the (001) 

plane and/or within pore openings, which can reduce the ordering of hydration layers surrounding 

CH2 groups.  

Based on these observations, two molecules containing varying hydrophobic and isomeric H-

binding constituencies were chosen as initial case studies: ethanol, and propylamine. Systematic 

variation of alkyl length, terminal group number, composition and position led to the expansion 

of this list to cover more than 30 modifiers. A majority of them can be found in Table 3-1. A 

nomenclature, LNi,j,k, was formulated in order to facilitate discussion of ZGMs , where L = P for 

primary alcohols, D for diols, T for triols, and A for amines. N refers to the total number of 

carbons, and subscripts i, j, k, refer to the location of alcohol or primary amine groups along the 

alkyl backbone.  
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Table 3-1. List of zeolite growth modifiers (ZGMs). 
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3.3 Bulk Crystallization Studies  

LTL crystals were prepared according to the procedure reported by Gomez et al.,44 in the 

absence of a structure-directing agent using solutions with a molar ratio of 1.0Al2O3:20SiO2: 

10.2K2O:1030H2O. Potassium hydroxide (0.69 g, 0.0104 mol) was first dissolved in water (ca. 

7.6 g), followed by addition of aluminum sulfate hydrate (0.18 g, 0.00051 mol). This solution was 

stirred until clear (ca. five minutes). LUDOX (1.53 g, 0.0102 mol) was then added dropwise, and 

the resulting mixture was left to stir overnight at room temperature. Crystals synthesized by this 

procedure in the absence of growth modifier are referred to as the control. For studies of different 

ZGMs, the modifier of choice was added in a molar ratio of 1.5 ZGM: 1.0 SiO2 (unless otherwise 

stated) to 10g of growth solution (described above) yielding mixtures with a pH of 14.4 ± 0.2. 

The solution was placed in a Teflon-lined stainless steel acid digestion bomb and heated without 

mixing at autogenous pressure in an oven (ThermoFisher Precision Premium 3050 Series gravity 

oven) for three days at 180 °C. The reaction product was isolated as a white powder (ca. 300 mg) 

by vacuum filtration using a 0.4-μm membrane (47 mm Whatman Nuclepore Polycarbonate 

Track-Etched Membrane) with repeated deionized water washings. For the preparation of 

microscopy samples, a small amount of powder was re-dispersed in deionized water and shaken 

vigorously. An aliquot of this solution was then placed on a glass slide and dried overnight. All 

samples for microscopy studies were prepared via transfer of crystals from the glass slide to SEM 

or AFM sample holders.  

The aspect ratio of LTL crystals synthesized via the method describe above was defined as 

L/D, where the length is measured along the c-axis and the diameter along the a-axis. The two 

most common LTL crystal morphologies observed in these studies are depicted in Figure 3-3. For 

platelet (or disc-like) shapes, the maximum platelet thickness was used to measure L and the 

maximum width of the basal (001) surface was used to measure D. Crystals grown in the 

presence of modifiers that bind to the (001) surface tend to exhibit more anisotropic platelet 
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shapes with nonuniform thicknesses in the c-axis. Crystals prepared from control solutions and in 

the presence of ZGMs that bind to the {100} surfaces tend to produce cylindrical crystals with 

relatively smooth basal (001) surfaces. 

 

Figure 3-3. LTL crystal aspect ratio is defined as L/D, where L, is the length of the pores [001], 
and D is the diameter of the basal surface (001). 

 

       SEM micrographs were used to obtain statistical averages of the LTL length-to-diameter 

aspect ratio. For each ZGM, more than 30 crystals were measured from approximately 5 areas on 

the SEM sample to account for the polydispersity of each batch. Standard deviations reported are 

the variance of 3 separate crystal batches.  Electron micrographs of LTL crystals grown in the 

presence of various ZGMs are shown in Figure 3-4 below. Examples provided in this figure 

demonstrate the variety of LTL crystal populations achieved in any given synthesis. Crystals 

grown in the presence of glycerol (T31,2,3), 1,2-propanediol (D31,2), ethanol (P2), butylamine 

(A4), 1,2-hexanediol (D61,2), and 1,2,6-hexanetriol (D61,2,6)  are listed from A to F, respectively, 

in order of decreasing length-to-diameter aspect ratio. It is evident from these images, that most 

ZGMs produced a polydispursed distribution of LTL crystal sizes and morphologies compared to 

the control synthesis, which produced relatively monodisperse LTL cylinders (see Figure 3-1A). 

However, several ZGMs such as PDDAC (Figure 3-1C) did produce uniform crystal sizes. 

Powder XRD measurements were performed to verify the purity of crystals synthesized in the 

absence (control) and presence of ZGMs. The LTL framework has a P6/mmm space group (cell 

parameters: a = b = 18.1 Å, c = 7.6 Å; α = β = 90°, γ = 120°) and is comprised of 1-D pores with 
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Figure 3-4. SEM micrographs of LTL crystals grown in solutions containing ZGMs, with a 1.5 
ZGM:1.0 SiO2 molar ratio: (A) glycerol T31,2,3, (B) 1,2-propanediol D31,2, (C) 
ethanol P2, (D) butylamine A4, (E) 1,2-hexanediol D61,2, and (F)1,2,6-
hexanetriol D61,2,6. 

 

12-membered ring apertures (ca. 7.2 Å diameter). The control crystals were compared to 

simulated patterns (labeled as IZA) of zeolite LTL (Linde type L, [Na3K6(H2O)21][Si27Al9O72]) 

and MER (Merlinoite, [Na0.55K4.21Ca1.49Ga0.43(H2O)22.74] [Si22.69Al9.31O64]) obtained from the 

international zeolite association website.11  XRD patterns for this comparison were collected on a 

Siemens D5000 X-ray diffractometer using Cu Kα radiation (40 kV, 30 mA).  

MER type (or zeolite W) is a common impurity reported in past studies of LTL 

crystallization. The d-spacings of control crystals in Figure 3-5 agree with reference values for 

LTL referenced11. Example powder XRD patterns for LTL crystals prepared in the presence of 

poly(diallyldimethylammonium chloride) (PDDAC), propylamine (A3), 1,2,6 hexanetriol 

(T61,2,6), 3-amino-1-propanol (3-a-1-p), n-butanol (P4), and ethanol (P2) are provided in Figure 

3-5 below. In these samples, there were no peaks corresponding to MER type zeolite. There was 

one small peak in all patterns, including the control, at a 2θ value of 23.3 that could not be 
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indexed to LTL, suggesting the presence of an unknown trace impurity; however, these studies 

revealed that the sample was predominantly LTL and that ZGMs did not induce polymorphism. 

 

Figure 3-5. Powder XRD patterns of LTL crystals prepared in the absence of modifier (control) 
and in the presence of ZGMs. 

 

TGA measurements conducted on a SDT Q600 thermogravimetric analyzer (TA Instruments) 

were performed to determine the amount of ZGM incorporated in isolated LTL powders. Ethanol 

(P2, Figure 3-6 blue line), butylamine (A4, Figure 3-6 green line), and 1,2-pentanediol (D51,2, 

Figure 3-6 red line) were selected for this study. An isotherm for LTL crystals prepared in the 

absence of ZGM (control, black line) is also provided as a reference. Samples washed with 

deionized water were used without further post-treatment (i.e., no calcination). The temperature 

of TGA samples was ramped from 25 to 900 °C at a rate of 2 °C/min under a continuous stream 

of N2 (35 ml/min). The maximum temperature was held for 10 min before cooling. LTL crystals 
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prepared with several ZGMs were tested in these studies. It was concluded that for smaller 

molecules, such as ethanol (P2), there was an indiscernible difference between control samples 

and crystals prepared with P2 (see Figure 3-6). For larger molecules, such as 1,2 pentanediol 

(D51,2), a 0.74 wt% increase in mass loss was observed. This can be attributed to either ZGM 

incorporation within LTL pores or residual ZGM adsorbed on the exterior surfaces of LTL 

crystals. The weight loss from TGA measurements of several samples (e.g., A4 and D51,2) is 

approximately 0.007 wt% ZGM, revealing that post-synthesis washing with deionized water is 

sufficient to recover 99.993 wt% of the modifier. 

 

Figure 3-6. Thermogravimetric analysis isotherms for LTL crystals synthesized in the presence 
and absence of ZGMs. 

  

3.4 Effect of Modifier Hydrophobicity 

Distinct trends emerged when we plotted the aspect ratio of LTL crystals grown in the 

presence of ZGMs as a function of the logarithm of their octanol-water partition coefficient, or 

logP, which is a standard convention used to quantify molecular hydrophobicity. The octanol-

water partition coefficient, P or Kow, has been extensively utilized in the pharmaceutical 
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industry186 to describe substance absorption potential, in environmental science applications as a 

predictor of chemical adsorption in soil, and in agriculture187  as a guideline for improved 

pesticide and herbicide evaluation188. The logarithm of the octanol-water partition coefficient, 

logP, is defined by the relationship, 

                                          log /
 

.              Eqn. 3-1 

A molecule with a logP value equal to zero (i.e., denoting its equal solubility in water and 

octanol) is considered the division for labeling the molecule as either hydrophilic (logP < 0) or 

hydrophobic (logP > 0). There are several models that have been utilized to estimate P values, 

each using different algorithms with unique benefits and drawbacks. Examples of different 

algorithms include ClogP, AlogP, LogKow ACD/LogP, XlogP3, MlogP44, and ALOGPS189. The 

logP values reported herein were calculated using a common parametric evaluation technique 

detailed in Eqn. 3-2,  

            logP= Σaifi ,                Eqn. 3-2  

where fi is the contribution component assigned to a particular fragment and ai is the multiplier 

associated with the number of fragments in a given molecule190-195. Table 3-2 below lists the fi 

values used for this assessment. 

Table 3-2. Contribution values used to calculate logP. 

Fragment Contribution, fi 
194,195 

  CH2 0.530 

  CH3 0.702 

 OH -1.491 

   NH2 -1.428 

  CH 0.235 

O -1.581 
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For example, the logP value of ethanol (P2), was computed using the relationship 

              logP= (1)CH3 + (1)CH2 + (1)OH = (1)(0.702)+(1)(0.53)+(1)(-1.491)= -0.259.     Eqn. 3-3 

Calculated logP values using Eqn. 3-2 and fi contributions listed in Table 3-2 were used to 

compare ZGMs (Figure 3-7 below). The logP values calculated for each modifier using the 

method described above were compared against the values provided by a representative model, 

ACD/LogP, in order to ensure that trends reported in Figure 3-7 are independent of the chosen 

logP model. The ACD/LogP freeware is provided by ACD Labs (i.e., readily available on the 

ChemSpider website196), and contains partition coefficients for a wide range of molecules (see 

Table 3-3). The trends presented in Figure 3-7 are nearly identical for the calculated and predicted 

logP values (with only a slight shift in hydrophobicity). For instance, linear regression in Figure 

3-7 (i.e., plot of aspect ratio vs. logP) has a R2 value of 0.93 whereas the same plot using 

predicted logP values has a R2 value of 0.91. It should be noted that there are limitations to the 

applicability of the logP descriptor in Eqn. 3-2, such as the presence of ionizable groups that can 

induce large variations in solution pH. In this study, such limitations only pertain to the amines, 

A3 and A4, which are mild bases at lower pH; however, since the pH of LTL synthesis solutions 

in the absence and presence of ZGMs was fixed at pH 14.4 (i.e., well above the pKa values of 

both amines), it is reasonable to expect that the logP values calculated for these ZGMs are a good 

approximation of the hydrophobicity of each modifier. 

 

      Table 3-3. LTL crystal aspect ratios and growth modifier logP values. 

  
logP 

 
Symbol Name calculated           ACD/LogP196 Aspect Ratio, L/D 

P2 ethanol -0.259 -0.180 0.76 ± 0.06 

P3 propanol   0.271   0.329 0.50 ± 0.10 
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Table 3-3 (continued) 
   

P4 butanol   0.801   0.839 0.50 ± 0.10 

A3 propylamine   0.334   0.547 0.47 ± 0.07 

A4 butylamine   0.864   1.056 0.40 ± 0.10 

D21,2 ethylene glycol -1.922 -1.688 1.20 ± 0.40 

D31,2 1,2-propanediol -1.515 -1.340 1.00 ± 0.10 

D41,2 1,2 butanediol -0.985 -0.499 0.55 ± 0.07 

D51,2 1,2-pentanediol -0.455   0.011 0.46 ± 0.06 

D51,5 1,5-pentanediol -0.332 -0.599 0.49 ± 0.05 

D61,2 1,2 hexanediol   0.075   0.520 0.44 ± 0.06 

T31,2,3 glycerol -3.178 -1.850 2.09 ± 0.06 

T61,2,3 1,2,3-hexanetriol -1.711 -0.480 0.30 ± 0.01 

T61,2,6 1,2,6-hexanetriol -1.588 -1.386 0.43 ± 0.04 

 

After plotting aspect ratio values as a function of logP, several trends become evident. They 

are demonstrated in Figure 3-7 (each data point is an average of three separate experiments with 

error bars equaling two standard deviations). Notably, the LTL crystal aspect ratio decreases 

linearly with increasing hydrophobicity (Figure 3-7, solid line R2 = 0.93). This trend holds true 

for primary alcohols (Figure 3-7 red triangles), primary amines (Figure 3-7 green diamonds), 

diols (Figure 3-7 blue squares) and triols (Figure 3-7 purple circles) with three or fewer carbons, 

which include polyols (D21,2, D31,2, and T31,2,3), alcohols (P2 and P3), and n-propylamine (A3). 

For instance, the aspect ratio monotonically decreases from glycerol, T31,2,3 (2.09 ± 0.06), to n-

propanol, P3 (0.5 ± 0.1).  

This observation is qualitatively consistent with past studies that describe the 

thermodynamics of polyol adsorption on zeolites at ambient conditions189,197-200. These studies 
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Figure 3-7. Effect of ZGM hydrophobicity (x-axis) on the length-to-diameter aspect ratio (y-axis) 
of LTL crystals. 

 

have shown that the adsorption constant, Kads, increases as a function of polyol 

hydrophobicity189,200, which may explain why ZGMs with higher logP values are more effective 

inhibitors of the LTL [001] growth rate. Moreover, it is evident from these thermodynamic 

studies that polyols adsorb not only on the exterior surfaces of zeolite crystals, but also within 

zeolitic channels. Our estimates, however, suggest the fraction of polyols within zeolite pores is 

marginal, and that a majority of polyol molecules in aqueous growth solutions are available to 

bind to the exterior surfaces of LTL crystals. For example, if we assume the maximum uptake of 

n-butanol (P4) is 0.1 g/g zeolite (as estimated from the value reported by Vlachos and Sandler198 

for P4 uptake in MFI-type zeolite), only 3 % of P4 (mass basis) would reside within the 1-D 
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pores of LTL crystals, while the remaining 97 % of ZGM would be available in the bulk solution. 

Interestingly, thermogravimetric analysis of extracted LTL powders reveals that a cursory 

washing with deionized water during zeolite filtration is sufficient to recover approximately 98 % 

of ZGMs used in the synthesis solution (see Figure 3-6). This observation highlights the potential 

to recover and recycle ZGMs a posteriori, which has economic implications for the commercial 

viability of this approach.  

Upon further examination of all ZGMs in Figure 3-7, an apparent threshold in modifier 

efficacy is observed when the length of their alkyl segments, (CH2)n, is around n = 3. Above this 

value, ZGM efficacy is unaffected by the addition of carbons, or increased hydrophobicity. This 

threshold alkyl length is evident in several cases, including the disproportionate reduction in 

aspect ratio between D31,2 and D41,2 (i.e., molecules with n < 3) compared to the reduction 

between D51,2 and D61,2 (i.e., molecules with n ≥ 3). For 1,k-diols, the progression from D21,2 to 

D61,2 results in a nonlinear decrease in aspect ratio (Figure 3-7, dotted line) with increasing 

carbon length (or logP). Indeed, if we consider all ZGMs having consecutive (CH2)n segments 

with n ≥ 3 (Figure 3-7, dashed line), there is little variance in aspect ratio as a function of ZGM 

hydrophobicity. As such, these studies reveal that hydrophobic (entropic) interactions between 

ZGMs and zeolite surfaces contribute to their binding efficacy and impact on LTL crystal habit; 

however this correlation is less prominent when modifiers contain alkyl segments of (CH2)3 or 

longer.  

In order to investigate additional contributions to ZGM efficacy, we examined the influence 

of number and spatial arrangement of alcohol binding moieties on the alkyl backbones of polyols 

with segments of (CH2)3 or longer. Among the molecules tested, 1,2,3-hexanetriol (T61,2,3) 

produced LTL crystals with the lowest aspect ratio, 0.305 ± 0.008. The alcohol binding groups on 

T61,2,3 are in close proximity to one another, located on the first, second (α-C), and third carbon 

(β-C); however, when we examined its isomer T61,2,6 where the alcohol on the β-C is shifted to 

the sixth carbon, there was a reduction in ZGM efficacy (i.e., a higher aspect ratio, 0.43 ± 0.04). 
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This suggests the spatial separation between alcohol moieties along the ZGM backbone 

influences its binding to the LTL (001) surface. We also compared D51,2 with its isomer D51,5 in 

which the alcohol is repositioned from the α-C to the fifth carbon. Interestingly, this adjustment in 

spatial sequence did not affect ZGM efficacy. In fact, the following four ZGMs produced LTL 

crystals with nearly identical aspect ratios: T61,2,6, D61,2, D51,2, and D51,5 (see Table 3-1 for ZGM 

molecular structures). Collectively, these studies suggest that polyols are more effective modifiers 

when the alcohols are located on the first and third carbons. Placement of an alcohol on the α-C is 

apparently less effective, potentially due to steric constraints. For instance, it is feasible that 1,2-

polyols cannot adopt structural conformations that enable adjacent alcohols to cooperatively bind 

to hydroxyl groups on the (001) surface. Likewise, it is reasonable to suggest that the spatial 

separation of alcohol groups in 1,3-polyols facilitates their binding to LTL crystals, which is 

analogous to findings by Sievers and coworkers who reported enhanced adsorption of 1,3-diols 

on γ-Al2O3 surfaces200. Our hypothesis seemingly holds true for LTL ZGMs even when placement 

of an alcohol on a β-C reduces alkyl lengths below the aforementioned (CH2)3 threshold. For 

example, we observed that D41,3 is a slightly more effective modifier than D41,2. Although the 

former has a shorter alkyl sequence, it possesses a β-carbon alcohol, which ostensibly has more 

in- fluence on the LTL [001] growth rate. Collectively, this systematic study of polyols illustrates 

that a subtle difference in ZGM molecular structure can markedly influence its efficacy. 

Our studies also revealed that ZGMs with primary alcohol and amine binding moieties induce 

similar effects (within experimental error) on LTL aspect ratio, as illustrated by the comparison 

of structurally-equivalent P3/A3 and P4/A4 pairs in Figure 3-7. The lack of commercially 

available di- and triamines prevented a more rigorous comparison of primary amines and 

alcohols; instead, an examination of readily available ZGMs with secondary amines (e.g., 

triethylenetetramine) and ethers (e.g., diethylether) was conducted.  
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Table 3-4. Effect of primary amines, secondary amines, and ethers on LTL aspect ratio. 

 
Symbol 

 

 
Modifier Name 
 

 
Structure 
 

 
L/D 
 

HMDA Hexamethylenediamine 
 

0.35 * 

TETA Triethylenetetramine 

 

0.54 * 

TEG Triethyleneglycol 
 

0.70 ± 0.40 

D51,5 1,5-pentanediol 
 

0.49 ± 0.05 

*Data reported for a single crystal batch (average of 30 crystals) 

 

The modifier hexamethylenediamine (HMDA, C6H16N2), which possesses a C6 alkyl 

backbone with two terminal primary amine groups produced LTL crystals with an aspect ratio of 

0.35 (see Table 3-4). We compared the efficacy of HMDA with molecular analogues containing 

secondary amines and ethers/alcohols, which included: (i) triethylenetetramine (TETA, C6H18N4), 

which is similar to HMDA with two equally spaced secondary amines within the C6 backbone 

(Table 3-4); and (ii) triethyleneglycol (TEG, C6H14N4), which is similar to TETA with ethers 

replacing secondary amines and alcohols replacing primary amines (Table 3-4). We observed that 

TETA is a less effective modifier of LTL crystal aspect ratio than HMDA, and that TEG is an 

even less effective modifier. To test whether the ether moieties had a negative impact on TEG 

efficacy, we compared its effect on LTL crystal aspect ratio with that of D51,5, which is a 

molecular analogue of TEG (Table 3-4; same approximate spacing between terminal alcohols, but 

with no ether groups). We observed that D51,5 has greater efficacy than TEG, suggesting the 

presence of consecutive alkyl groups within the ZGM backbone is more effective than 

substitution of carbons with ethers. This examination of ZGMs with secondary amines (e.g., 
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triethylenetetramine) and ethers (e.g., diethyl ether) revealed that these chemical moieties were 

less effective than primary amines and alcohols, respectively. These observations are in stark 

contrast to our previous work181 where we reported that ZGMs with secondary amines, such as 

spermine, were effective modifiers of MFI zeolite. These results are outlined in Table 3-5.  

 

Table 3-5. Percent reduction in LTL and MFI crystal aspect ratios caused by 3 ZGMs. 

 
 

MFI 
 

LTL 
 

Modifier 
% Reduction 

[010]/[001]

% Reduction 

[001]/{100} 

TBPO 72.4% 13.3% 

TETA 40.1% 66.3% 

P4 30.0% 67.1% 

 

The aspect ratio calculated for each framework type in Table 3-5 is defined as the ratio of crystal 

dimensions along the [010]/[001] directions for MFI38  and the [001]/[100] directions for LTL. 

For MFI, the percent reduction of each [hkl] dimension, denoted by Z and measured in 

nanometers, is defined as 

                                                    100 1
   

 
 

 
 

 .                                       Eqn. 3-4 

For LTL, the percent reduction is defined as 

     100 1
   

 
 

 
 

 .                           Eqn. 3-5 



62 
 

For this study, two relatively effective ZGMs for MFI (tributylphosphine oxide (TBPO)) and 

and LTL (n-butanol (P4)), as well as triethylenetetramine (TETA) were compared. It was found 

that although TBPO produced the most dramatic reduction in MFI aspect ratio (72.4 % reduction 

of crystal aspect ratio), it resulted in only a marginal 13.3 % change in LTL aspect ratio. 

Likewise, P4 drastically reduced LTL aspect ratio by 67.1 %, but only produced a moderate 

change in MFI aspect ratio (i.e., 30.0 % reduction). These discreptancies can be attributed to the 

unique charge density, pore size(s), and topology of MFI and LTL crystal surfaces. Moreover, the 

MFI crystals analyzed in this study were purely siliceous (silicalite-1) whereas LTL crystals had a 

Si/Al molar ratio of 3.3, which influences zeolite hydrophobicity. However, our comparative 

study of LTL and MFI crystallization in the presence of select modifiers shows that an effective 

ZGM for one zeolite may not display similar specificity and/or efficacy for other framework 

types, which further emphasizes the subtle nuances of ZGM-zeolite molecular recognition. 

3.5 Role of Electrostatic Interactions  

We also examined the role of electrostatic interactions using ZGMs with positively-charged 

quaternary amines. However, since this functionality commonly occurs in organic structure-

directing agents (SDAs) utilized in zeolite syntheses201, we were careful to avoid chemicals such 

as tetraalkylammonium ions, that could promote the formation of unwanted crystal polymorphs. 

We selected two quaternary amines: the polymer polydiallyldimethylammonium chloride 

(PDDAC) and a “monomer”, 1-ethyl-1-methylpyrrolidinium bromide (EMPB) (Table 3-6). 

Although the two molecules are not perfect mimics of one another, the exact monomer of 

PDDAC is not commercially available; therefore, EMPB was selected as a quasi-monomer 

analogue due its structural similarity to PDDAC. 

It was found that PDDAC and EMPB result in the formation of rod-like LTL crystals with 

high aspect ratio (PDDAC, Figure 3-1C, L/D > ~10). This is in agreement with ZGM binding to 

{100} surfaces, as shown in Figure 3-1F, whereby molecules inhibit growth normal to the {100} 
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Table 3-6. Comparison of monomer and polymer ZGM efficacy. 

 

 

planes, thereby shifting the dominant growth rate along the axial [001] direction. This effect 

suggests that electrostatic interactions do in fact contribute to the adsorption of positively-charged 

quaternary amines to negatively- charged LTL crystal surfaces. It is known that zeolite surfaces 

possess anionic charges derived from either dissociated silanol groups (SiOH) or tetrahedral (T) 

sites occupied by Al in the crystal framework. The number of Al T-sites is relatively high in LTL 

crystals, which typically have a silicon-to-aluminum ratio (SAR) between 2.5 and 3.6185,202 (e.g., 

elemental analysis of control crystals revealed a SAR value of 3.3). The density of T atoms on 

LTL (001) and {100} surfaces is approximately 8.4 and 10.5 sites/nm2, respectively (see Figure 

3-2). If the negative charge on crystal surfaces was derived solely from the number of Al sites, 

the {100} surfaces, which exhibit higher T-atom density, would be the most negatively-charged; 

however, we must also account for dissociated silanol groups. As shown in Figure 3-2D, 50% of 

T atoms on the (001) surface have hydroxyl groups (either SiOH or AlOH) compared to only 

14% on {100} surfaces. Without knowledge of the spatial positioning of Si atoms in the crystal 

framework, an exact surface charge density is difficult to approximate. While it is feasible that 

{100} surfaces have higher charge density, additional factors may also contribute to the 

preferential binding of PDDAC and EMPB to these surfaces. For instance, the disparate 
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topologies of LTL (001) and {100} faces may govern the total number of bonds formed between 

ZGM moieties and zeolite surfaces; it is possible that PDDAC and EMPB can better orient on the 

{100} plane to maximize the electrostatic interactions between anionic groups on the crystal 

surface, and cationic groups on the ZGM.  

Our investigation of quaternary amines also revealed that PDDAC yields a 4-fold increase in 

LTL crystal aspect ratio relative to EMPB (see Table 3-6). This is consistent with phenomena 

observed in biomineralization (e.g., calcification) where polymeric modifiers are reportedly more 

effective growth inhibitors than their respective monomeric counterparts. Examples include in 

vitro crystallization of calcium oxalate where Ward and coworkers203 hypothesized that the 

cooperative action of proximal binding groups on macromolecules, such as polypeptides, 

enhanced their adsorption to crystal surfaces and improved their potency relative to smaller 

molecules (e.g., amino acids). To further confirm this observation, we systematically varied the 

concentration of EMPB, and PDDAC, as well as of P2, in LTL growth solutions.  

 

Figure 3-8. Concentration dependence of ZGM efficacy suggests a Langmuir-like model of 
adsorption, whereby the surface becomes saturated with ZGM, and additional 
concentration changes no longer promote higher levels of inhibition. 
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 These potency studies are highlighted in Figure 3-8 below. It was found that increased ZGM 

concentrations resulted in a monotonic change in crystal aspect ratio, which reached a plateau at 

some threshold ZGM weight percent, above which additional increases in concentration resulted 

in negligible changes in aspect ratio. This trend was observed for all three ZGMs tested, with 

threshold values of 6 wt% for ethanol (P2), 2 wt% for EMPB, and 0.2 wt% for PDDAC (i.e., an 

order of magnitude lower than other ZGMs). It should be noted that in high aspect ratio regimes, 

when LTL cylindrical crystals grow to very long lengths with small diameters (e.g., L/D > 8), it is 

challenging to measure their aspect ratio due to crystal breakage that occurs either in situ during 

crystallization or during SEM sample preparation. This can be seen in Figure 3-9 for crystals 

grown in the presence of 2.34 wt% PDDAC. A majority of the crystals shown in the electron 

micrograph appear to be broken or cracked, as highlighted by the dotted circles. As such, the 

crystal dimension we reported for PDDAC studies in the inset of Figure 3-8 was the diameter of 

the cylinders rather than the aspect ratio. 

 

 

Figure 3-9. Scanning electron micrograph of LTL crystals grown in the presence of PDDAC 
reveals that high aspect ratio crystals often break during sample preparation, 
preventing an accurate measurement of overall [001] length. 
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Furthermore, the general trends in Figure 3-8 are consistent with a Langmuirian model where 

modifier adsorption to crystal surfaces leads to higher localized concentrations (compared to bulk 

solution) that can readily perturb solute attachment to active growth sites on LTL surfaces. This 

kinetic description contrasts thermodynamic arguments in the literature that refer to organic 

additives in LTL synthesis as co-solvents44,45 that alter the surface free energy of crystals. To our 

knowledge, there are no theoretical models that predict solvent effects on zeolite crystal habit. 

Doherty 204-206 and Davey207 have proposed models for organic crystallization (e.g., adipic and 

succinic acids) that account for the presence of solvent in the vicinity of growth sites (i.e., kink 

sites) using a mean approximation of crystal and solvent contributions. If we were to apply the 

fundamental premise of these models to zeolites, each kink site on the surface of LTL crystals 

would be in contact with few alcohols. For example, a 6 wt% ethanol solution (i.e., threshold 

concentration of P2 in Figure 3-8) has a very high water-to-ethanol molar ratio (ca. 40 H2O:1 P2). 

We argue it is unlikely that such a minute amount of ethanol near the zeolite surface would have 

such a large impact on its surface free energy, and therefore cannot account for the observed 

changes in crystal morphology. As such, we propose that prior references to zeolite additives as 

co-solvents are, in fact, reporting a kinetic effect of ZGMs. Likewise, we postulate that other 

studies of zeolite shape modification classifying organics in LTL synthesis as templates54,180 or 

Al-binding ligands43 may be observing a similar phenomenon.  

Additionally, it appears that PDDAC also exhibited an effect on the external hexagonal shape 

of {100} LTL crystal faces. Crystals grown in the presence of the polymer were observed to 

deviate from the typical faceted shape that is commensurate with LTLs hexagonal crystal 

structure, where the sides of each cylinder are bounded by six equivalent {100} surfaces: (100), 

(010), (-110), (-100), (0-10), and (1-10). In Figure 3-10 we compare the electron micrographs of 

control crystals (Figure 3-10A) with those prepared in solutions containing 2.81 wt% EMPB 

(Figure 3-10B) and those containing 2.34 wt% PDDAC (Figure 3-10C). Our studies revealed that 

LTL crystals grown in the presence of EMPB retained the faceted morphology (similar to the  
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Figure 3-10. Top view of an LTL crystal prepared (B-EMPB, C-PDDAC) with and (A) without 
ZGMs reveal some ZGMs promote a rounding of the {100} faces, while others 
enhance the hexagonal shape. 

control); however, PDDAC and most other polyol and amine ZGMs that we tested produced LTL 

crystals with more rounded edges. 

        Our studies also revealed that in certain cases, ZGM concentrations in excess of a threshold 

weight percent can negatively impact crystal phase purity. Notably, higher EMPB and PDDAC 

concentrations produced amorphous products.  

 

Figure 3-11. Scanning electron micrographs and XRD patterns of LTL crystals grown in 
solutions containing excess amounts of ZGMs. 

C 
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It was found that the upper limit for obtaining purely crystalline LTL samples in synthesis 

solutions of molar composition 1.0Al2O3:20SiO2:10.2K2O:xH2O differed depending on the water 

content. Syntheses containing 4.8 wt% EMPB at x = 1030 (Figure 3-11A) resulted in a product 

containing LTL crystals (minor component) and amorphous material (major component). 

Syntheses containing 2.5 wt% PDDAC at x = 1330 (Figure 3-11B) resulted in a product 

containing amorphous material (minor component), LTL crystals (major component), and 

impurity (trace unknown crystal phase). The corresponding XRD patterns for these samples are 

shown in Figure 3-11C. 

3.6 Synergistic Effect of Synthesis Parameters on LTL morphology 

In this study, we also explored a synergistic approach that couples ZGMs with the judicious 

adjustment of synthesis parameters as a unique route to tailor crystal habit beyond what is 

attainable in the absence of ZGMs. Other groups have reported that the adjustment of synthesis 

conditions influences LTL crystal size and habit. Critical factors identified in the literature 

include the use of SDAs and various sources of SiO2 and Al2O3, as well as changes in solution 

SAR, pH, water content, and synthesis temperature and time25,173-175. In general, the LTL crystal 

aspect ratio decreases with (i) decreasing Al content174, (ii) decreasing water content174,175, and 

(iii) reduced temperature175. Concentrated sols and lower temperatures produce nano-sized LTL 

crystals (ca. 40 nm)156,172, while modifications in solution composition yield high aspect ratio 

LTL rods (average L/D = 10)25,174,175. Here we chose to investigate the effect of ZGMs in 

combination with changes in water content and temperature. 

The effect of water content was explored by adjusting the x H2O:1.0 Al2O3 molar ratio of 

synthesis solutions in the range 830 ≤ x ≤ 1230 (1.0 Al2O3:20SiO2:10.2K2O:xH2O). SEM images 

of crystals grown in a solution with x =1030 (Figure 3-12A), x = 1130 (Figure 3-12B), and x = 

1230 (Figure 3-12C) can be seen below. These confirm that increased water content does result in 



69 
 

higher aspect ratio LTL crystals. Furthermore, it was observed that the systematic increase of 

water content between x=830 and x=1230 results in a linear increase in aspect ratio (Figure 3-13). 

 

Figure 3-12. Scanning electron micrographs of LTL crystals grown in synthesis solutions of 
increasing water content (A to C) reveal aspect ratio is proportional to water content. 

 

The effect of simultaneous changes in synthesis water content and ZGM addition was tested 

in order to determine whether the observed range of aspect ratios can be synergistically enhanced. 

As shown in Figure 3-13 (square symbols), the variation of water content without the addition of 

ZGMs yields LTL crystals with an aspect ratio between 1 and 3. The incorporation of ZGMs 

expands this range by an order of magnitude to aspect ratios varying between 0.4 and 8. If we 

compare the effects of ZGMs at low/high water content to that of the control (x = 1030), we 

observe marginal changes in the LTL crystal aspect ratio. For instance, LTL crystallization in the 

presence of 16.9 wt% T61,2,6  at the lowest water content (x = 830) resulted in a 10% reduction in 

crystal aspect ratio (Figure 3-13, triangle symbols) relative to syntheses using a water content 

equal to the control. Similarly, LTL crystallization in the presence of 2.3 wt% PDDAC at the 

highest water content (x = 1230) resulted in a 20% increase in crystal aspect ratio (Figure 3-13, 

diamond symbols). 
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Figure 3-13. Plot of the length-to-diameter aspect ratio (log scale) of LTL crystals as a function 
of the growth solution molar ratio H2O:Al2O3 and concomitant inclusion of ZGMs. 

 

Previous studies have shown that synthesis temperature can greatly impact the aspect ratio of 

LTL crystals, and that lower temperatures readily lead to smaller aspect ratios. To test this effect, 

we decreased the temperature of a control synthesis from 180 °C to 160 °C. Upon this 20 degree 

drop, and concomitant increase in synthesis duration to five days, we observed very little change 

in the aspect ratio. After further reduction to 100 °C and concomitant increase in synthesis 

duration to seven days, we observed an order of magnitude decrease in the LTL [001] thickness. 

Samples synthesized at 80 °C for one week did not crystallize within that timeframe (i.e., XRD 

analysis revealed an amorphous product). SEM images of crystals prepared at different 

temperatures are shown in Figure 3-14.  

 

Figure 3-14. Scanning electron micrographs of LTL crystals synthesized at various temperatures 
reveal that there is a threshold temperature value below which crystals are not 
formed (varies with composition). 
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The combined effect of lower synthesis temperature and ZGM addition was also explored. A 

more pronounced synergistic effect was achieved by reducing the synthesis temperature from 180 

°C (nominal condition; Figure 3-15B) to 100 °C in the presence of 17 wt% T61,2,6 (Figure 3-15A). 

This coupled effect led to a 4-fold reduction in crystal aspect ratio.  

 

Figure 3-15. Scanning electron micrographs of LTL crystals grown in the presence of T61,2,6 at 
various temperatures revealing different surface features. 

To our knowledge, this is the lowest reported length-to-diameter aspect ratio of LTL crystals 

(see Table 3-7 for a comparison to values reported in the literature). In addition to aspect ratio 

reduction, the combined effect of temperature and ZGM also resulted in crystals with distinct 

surface features. In the presence of T61,2,6 at 100 °C, basal surfaces exhibited a relatively high 

density of islands (Figure 3-15A); however, the same growth solution at 180 °C produced 

smoother surfaces with fewer islands (Figure 3-15B). The roughening effect on LTL surface 

topography was also observed for other cases, revealing a myriad of crystal surface features due 

to the presence of ZGMs. For example, syntheses with 1,2-pentanediol (D51,2) resulted in LTL 

crystals with smooth (001) surfaces, while those with butylamine (A4) produced a significantly 

higher number of islands. As mentioned previously, ZGMs were capable of producing different 

LTL platelet geometries, such as rounded edges (Figure 3-10A), faceted hexagonal edges (see 

Figure 3-10B), and centroid-like shapes (Figure 3-10C). Collectively, we observed that different 

ZGMs and/or adjustments to synthesis parameters tune island density on the basal surface in 

addition to particle thickness, and aspect ratio.  
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Table 3-7. Comparison of LTL crystal properties between our work and literature references. 

 

   aLiterature references; bAR = length-to-diameter aspect ratio, L/D; cL = length of LTL crystals in 
the [001] direction;  dSA =   surface area   of    basal (001) faces per particle (order of  
magnitude); eTotal alkaline content is 5.4 K2O + 5.5 Na2O = 10.9 M2O. fWe were unable to 
synthesize similar LTL crystals using our synthesis composition and triethanolamine (H3tea) as a 
ZGM. 
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As previously mentioned, the synthesis of low aspect ratio LTL crystals is a design objective 

for engineering high performance materials with (i) reduced [001] dimension to minimize the 

internal diffusion pathlength and (ii) increased (001) surface area to improve sorbate access to 

pores. As shown in Table 3-7, it is possible to synthesize LTL crystals in the absence of ZGMs 

with a diffusion pathlength of 40 nm172 or less156; however, these crystals tend to have extremely 

small (001) surface area (ca. 10-4 μm2/particle). Past studies156 report so-called clam–shaped LTL 

crystals with roughened surfaces, approximate [001] thicknesses of 650 nm, and average (001) 

surface areas of ~100 μm2/particle. In the presence of ZGMs, we were able to synthesize LTL 

platelets with diffusion pathlengths 6-fold less than previously reported, while simultaneously 

preserving high (001) surface area (ca. 100 μm2/particle). It is reasonable to expect that even 

further reduction in platelet thickness (without sacrificing external porous surface area) can be 

achieved via a more rigorous exploration of optimal ZGM and synthesis parameter combinations. 

3.7 ZGM Effect on Surface Topography 

Another distinct outcome of this study was the formation of biconical LTL crystals using 10 

wt% n-butanol (P4). A top view of these crystals (Figure 3-16A) shows a radial distribution of 

islands emanating from the center of the basal plane. A side profile of these crystals (Figure 

3-16B) reveals layers of varying height. The AFM deflection image in Figure 3-16 depicts a 

typical island density while the 3-D height image in Figure 3-16 highlights the vast distribution of 

layer heights.  

AFM images of (001) surfaces (Figure 3-16C, D) reveal the presence of islands greater than 

10 nm in height, and virtually no single steps (i.e., 0.8 nm height equivalent to the c-axis unit cell 

dimension). This suggests that polydisperse distributions of islands are likely caused by 3D 

nucleation as layers grow on the crystal surface. ZGM promotion of island density on LTL (001) 

surfaces is in stark contrast to our previous findings for MFI-type zeolite, which showed that  
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Figure 3-16. (A and B) SEM and (C and D) AFM images reveal that synthesis in the presence of 
P4 produced crystals with biconical shape. 

ZGM binding to MFI basal surfaces inhibited layer nucleation on advancing steps. Distinct 

variations in LTL crystal topography for syntheses with different ZGMs likely reflect the inherent 

binding mode of each modifier to the (001) surface. Elucidating the specific factors governing 

ZGM-zeolite binding modes is challenging without the aid of atomistic or molecular models. 

Nevertheless, this study exemplifies the unparalleled ability of ZGMs to alter LTL surface 

architecture, which has broader implications for designing advanced zeolitic materials. For 

example, Resasco and coworkers156 examined n-octane aromatization using Pt-LTL catalysts with 
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surfaces similar to those in Figure 3-16. They reported that LTL crystals with smoother basal 

surfaces improved catalyst activity, selectivity, and lifetime. To this end, our synthesis scheme 

using ZGMs to tailor surface roughness with concomitant optimization of crystal habit and 

external porous surface area is advantageous for the rational design of improved catalysts. To our 

knowledge, such versatility in zeolite crystal engineering has not been previously demonstrated. 
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4. In Situ AFM Microscopy Studies of Zeolite Growth 

4.1 Introduction 

For more than half a century, the growth mechanism of zeolites has remained juxtaposed 

between classical models (silica molecules as primary growth units), and non-classical pathways 

based on the aggregation of metastable silica nanoparticle precursors. Due to the complexity of 

zeolite growth solutions as a result of the myriad of components (water, silica source, SDA, etc.), 

the highly alkaline conditions, as well as the long times and high temperatures required for crystal 

growth, experimental procedures have been unable to confirm the identity of the key building 

units (e.g., precursor particles), or the mechanism leading to their formation. Without this level of 

understanding, the ability to synthesize optimized crystals for specific applications remains a 

challenging task. Therefore, it is crucial to decipher the zeolite growth mechanism in order to 

guide the development of new synthesis techniques, such as the use of ZGMs described in 

Chapter 2. 

 Over the past decades, silicalite-1 (Figure 4-1B) has served as the prototype for zeolite 

mechanistic studies, and has garnered attention from a variety of scientific disciplines. The 

majority of past work has focused on the identification of the primary building unit, which is 

most often presumed to be pre-nucleation silica nanoparticles that assemble with remarkably 

uniform size during tetraethylorthosilicate (TEOS) hydrolysis in aqueous solutions. Indeed, non-

classical pathways of crystal nucleation and growth involving the aggregation and attachment of 

nanoparticles is a recognized mechanism for many biogenic and natural crystals, including iron 

oxyhydroxide208,209, magnetite210, gypsum211, noble metals212,213, proteins214, and calcium 

minerals215-218. This is in stark contrast to the classical view of crystallization by spontaneous 

nucleation and growth from the addition of atoms or molecules – a pathway that is perceived by 

many to play a marginal role in silicalite-1 crystallization. While both classical and non-classical 

pathways have been proposed for silicalite-1 crystallization (Figure 4-1A), in situ evidence of 



77 
 

growth unit addition to silicalite-1 crystals has proven to be elusive due to challenges associated 

with time-resolved imaging of surface growth. While experimental evidence gathered over the 

past two decades suggests precursor attachment is the dominant pathway, direct validation of this 

hypothesis and the relative roles of molecular and precursor species in silicalite-1 crystallization 

has remained elusive. 

 

Figure 4-1. (A) Pathways of silicalite-1 crystallization. (B) Topology of the (010) face, [010] 
mirror plane, and [100] inversion center of silicalite-1 crystals where layers are 
comprised of chiral (R,S) pentasil chains with a step height of b/2 (or multiples). 

 

In this chapter, we describe the development and implementation of a novel atomic force 

microscopy (AFM) technique that facilitated the first in situ study of silicalite-1 crystallization at 

characteristic synthesis conditions, thereby allowing observation of the dynamics of silicalite-1 

surface growth at near molecular length scales. Using time-resolved AFM images, we provide 

definitive evidence that silica precursors attach to silicalite-1 crystal surfaces, followed by 

concomitant structural rearrangement and 3-dimensional growth by accretion of silica molecules. 

These complex pathways underscore the increasing body of experimental work which recognizes 

the role of nanoparticle precursors as integral building units, and stand in contrast to traditional 

layer-by-layer crystallization mechanisms. Here, we confirm that silicalite-1 growth occurs via 

the addition of both silica precursors and molecules, bridging hypotheses of classical and non-

classical mechanisms.  
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4.2 SAXS Studies of Nanoparticle Precursors in Zeolite Growth  

The current molecular view of silica nanoparticle precursors has culminated from a large 

body of research characterizing their formation, physicochemical properties, and putative role(s) 

in silicalite-1 crystallization. Silica nanoparticles with dimensions of 1–6 nm219-227 initially form 

metastable core-shells with a disordered siliceous core and a shell of physisorbed OSDA221,228,229.  

During nucleation, a fraction of nanoparticles grow at the expense of others via Ostwald ripening 

with simultaneous structural transformations, which lead to partially-ordered OSDA-silica 

primary units230-232 with indistinct non-crystalline microstructure. Tsapatsis and coworkers 

provided evidence that silicalite-1 nucleation occurs by the aggregation and subsequent 

restructuring of evolved nanoparticles231,232. Their studies have also suggested that silicalite-1 

growth occurs by precursor attachment, a hypothesis gleaned from ex situ transmission electron 

microscopy measurements that identified ca. 5 nm protrusions on crystal exteriors234. Indeed, the 

persistence of precursors in growth solutions throughout silicalite-1 crystallization has led to 

theories and models postulating their involvement as the primary growth unit. To a lesser extent, 

it has been suggested235,236 that nanoparticles are metastable nutrient sources that continually 

supply soluble silica molecules (i.e., monomers and oligomers) as viable growth units. Only in 

the final stage of crystallization, when the concentration of precursors is negligible, is molecule 

addition proposed as the predominant mechanism237,238.  

Previous studies221,231-233,238-252 have proven that SAXS is a useful tool for characterizing the 

size, shape, and number density of nanoparticle precursors in silicalite-1 growth solutions. In the 

present work, SAXS experiments were conducted on solutions ranging in pH from 10.0 to 11.6, 

(similar composition and pH to growth solutions used for in situ AFM experiments) in order to 

confirm that particles isolated from growth solution are the same as those adsorbing to the 

silicalite-1 crystal surface. To this end, we compared particle size extracted from SAXS data to 

the (010) surface feature dimensions observed by AFM during in situ growth of silicalite-1 
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crystals. Solutions of varying xSiO2:yTPAOH:9500H2O:4xEtOH molar ratios (see Table 4-1) 

were prepared as follows. TPAOH was added to deionized water followed by dropwise addition 

of TEOS. The mixtures were stirred at room temperature overnight, at which point their pH was 

measured and recorded. They were then placed in a water bath regulated at 80 °C. Samples were 

removed after 7 hours, which corresponds to the residence time of growth solution inside the 

AFM closed cell. Each sample was removed from the water bath, quenched in ice water, and 

placed in the refrigerator until approximately 15 minutes before SAXS data was collected. 

Solutions were then filtered using a 0.45 μm syringe filter before injection into the clean sample 

holder (1.5 mm quartz capillary cell) and sealed.  

Table 4-1. Molar compositions§ of solutions used for SAXS and AFM experiments. 

AFM SAXS 

pH SiO2 TPAOH EtOH pH SiO2 TPAOH EtOH 

10.34 28 3 112 10.01 48 4 192 

10.37 28 3 112 10.14 48 4 192 

10.37 28 3 112 10.34 28 3 112 

10.76 48 7 192 10.42 48 5 192 

11.02 48 12 192 10.60 48 6 192 

11.18 48 24 192 10.82 48 8 192 

11.41 35 25 140 11.05 48 10 192 

11.51 48 33 192 11.04 48 10 192 

11.51 48 33 192 11.21 48 14 192 

11.56 48 29 192 11.42 48 26 192 

11.57 48 32 192 11.45 48 24 192 

11.57 48 32 192 11.46 48 30 192 

11.74 48 38 192 11.48 58 30 232 

11.99 48 40 192 11.54 58 35 232 

11.98 48 40 192 11.56 48 30 192 

11.66 58 37 232 

   
11.70 58 37 232 

§ Molar compositions of xSiO2:yTPAOH:9500H2O:4xEtOH 
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Scattering patterns were collected under vacuum at 25 °C for 90 minutes. Scattering vector (q) 

and center calibrations were performed on the resulting patterns using the SAXSgui software 

provided by Rigaku, and an AgBeh standard pattern collected on the machine for 500 seconds. 

All data was reduced manually as described in Eqn. 4-1, 

      

 
 

 
 

 
 @ 

,      Eqn. 4-1 

where I  is the intensity of the scattering sample evaluated at each q value using the summation of 

scattering from np (nanoparticles), solvent (H2O + TPAOH), cell (empty 1.5 mm quartz capillary 

cell), and stray scattering from residual molecules of air inside the SAXS chamber. A pattern of 

DI water collected for the same duration as the sample was used as the background, which is the 

  term in Eqn. 4-1. The intensities were normalized by the ratio of the 

transmission value of the sample ( ) to that of air. The reduced 

intensity was calculated to facilitate comparison among samples measured on different days by 

accounting for potential fluctuations in X-ray beam intensity. The normalized intensity was 

multiplied by two constants,  and  @ 0 . The former is the scattering intensity of 

water (0.01632 cm-1 at 25°C 253), and the latter is the y-intercept of a linear regression of the 

intensity calculated using Eqn. 4-2, 

                           @ 0  
 

 
 

.           Eqn. 4-2 

Representative scattering patterns (I vs. q) of silicalite-1 growth solutions at various solution pH 

are shown in Figure 4-2. The compositions of these solutions are reported in Table 4-1. 
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Figure 4-2. SAXS patterns of silicalite-1 growth solutions of varying pH that were heated at 80 
°C for 7 hours. 

 

Form factor fits of the scattering patterns reveal differences in silica nanoparticle size and 

shape as a function of pH. The increased intensity at lower q with decreasing pH is consistent 

with the increase in nanoparticle size. Likewise, the increased intensity at higher q (i.e., 

background region) with increased pH is consistent with the increase in silica solubility, which 

results in additional scattering that is not accounted for by the solvent background samples in the 

calculation of Ired (Eqn. 4-1).  

The Ired vs. q data were analyzed using Igor software with the KCL SAS Analysis package 

coded by NIST that is readily available online254. The functional form of the small-angle 

scattering intensity vector, I (q), is provided in Eqn. 4-3 231,  

                       · · · · ,                           Eqn. 4-3 
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where  is the volume fraction of the particles,  is defined as the difference in 

scattering length density (SLD) between the particle and solvent,  is the particle volume,  is 

the form factor that contains information pertaining to particle size and shape, and  is the 

structure factor that describes interparticle forces (set equal to unity due to small volume fraction 

of silica nanoparticles). The SLD of silica nanoparticles in aqueous solution was previously 

reported as 14.6 x10-6 Å-2 231. Common models that have been used by Fedeyko et al.,247 Rimer et 

al.,231,249 and Davis et al.,232 among others, to model  are defined using Eqn. 4-4 and Eqn. 4-5 

for spheres and ellipsoids, respectively,    

                              ,  
· ·

 and                                Eqn. 4-4 

 , ,  
· , , , , , ,

, ,
sin .      Eqn. 4-5 

Previous studies have shown that SAXS patterns can be fit with nearly equal precision using 

oblate ellipsoid and polydisperse sphere models. Representative model fits of a SAXS pattern are 

shown in Figure 4-3. The experimental data (symbols) is fitted with the ellipsoid of rotation 

model (blue line) and the Schultz polydisperse sphere model (green symbols). Both models show 

good agreement with the experimental data; however, the ellipsoid of rotation model exhibits a 

slightly better fit at higher q. The divergence between the sphere and ellipsoid model fits in the 

high q region is highlighted in the magnified view of the SAXS pattern in Figure 4-3 below. For 

the SAXS data selected, the oblate ellipsoid model yielded Ra, Rb, and Rg values of 30.8, 12.2, 

and 20.2 Å, respectively, while the polydisperse sphere model estimated an R value of 19.4 Å. 

Moreover, the radius of gyration, Rg = 20.2 ± 0.2 Å, from the ellipsoid model fit is in good 

agreement with the average sphere dimension, R = 19.4 ± 0.4 Å.  
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Figure 4-3. SAXS pattern of a pH 11.3 (48SiO2:28TPAOH:9500H2O:192EtOH) silicalite-1 
growth solution heated for 7 hours at 80 °C fit with a sphere and ellipsoid model. 

 
 

Table 4-2 lists the nanoparticle size for all growth solutions in this study. The results of both 

models are compared, showing that the Rg values calculated using the ellipsoid fit are in close 

agreement to the R values estimated from the sphere model. However, as the SiO2/TPAOH molar 

ratio of the growth solution falls below 1.9, corresponding to pH > 11.5 in Table 4-2, the sizes 

obtained from the ellipsoid model diverge from those of the sphere model. This suggests that 

aggregation occurs at these conditions. An increase in aspect ratio, as particles become more 

anisotropic, could also result in deviation of the ellipsoid parameters from those calculated using 

the polydisperse sphere model.   
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Table 4-2. Nanoparticle size from SAXS data using two different P(q) models. 

  

Ellipsoid  
Polydisperse 

Spheres  

SiO2/TPAOH § pH Ra (nm) Rb (nm) Rg (nm) R (nm) 

12.00 10.01 4.80 2.36 2.62 2.17 

12.00 10.14 4.71 2.39 2.59 2.32 

9.33 10.34 3.57 1.61 2.37 2.45 

9.60 10.42 4.57 2.24 2.49 2.06 

8.00 10.60 4.43 2.25 2.44 2.17 

6.00 10.82 3.75 2.17 2.17 2.66 

4.80 11.05 3.53 2.12 2.07 2.15 

3.43 11.21 2.99 2.08 1.87 2.21 

1.85 11.42 4.88 1.27 2.33 0.62 

1.93 11.48 3.20 1.88 1.86 1.92 

1.66 11.54 5.36 2.32 2.81 1.56 

1.60 11.56 5.25 2.30 2.77 1.68 

1.57 11.66 8.00 3.50 4.21 2.33 

1.57 11.70 6.32 0.29 4.00 1.42 

§ Molar ratios based on compositions in Table 4-1. 

 

4.3 Development of in situ AFM Technique 

In order to measure particle dimensions on the silicalite-1 (010) surface during growth, we 

had to first develop a technique capable of probing the desired time and length scales and that 

could also withstand the very harsh zeolite growth conditions. AFM is a pervasive tool for 

imaging surfaces of materials at near-molecular resolution128,139,255-265; in this study, we extended 

the use of this technique for in situ imaging in aqueous solutions at high temperature (i.e., T > 60 
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°C), which to our knowledge has only been performed by a few groups. Notable examples 

include the investigation of anhydrite266 and calcite267. Imaging zeolite growth in situ by AFM has 

remained elusive due to difficulties associated with mimicking growth conditions268. Designing a 

system capable of handling high temperature and caustic conditions of zeolite growth is non-

trivial. Moreover, the high activation energy of zeolite crystallization and concomitant slow 

growth rate (ca. 1 nm/h) necessitates imaging times on the order of hours to days. However, 

longer imaging times and high temperature result in extreme lateral drift of the cantilever in the 

x/y imaging plane, making it extremely difficult, if not impossible, to image the same spot 

continuously for tens of hours.   

We began this challenging task by synthesizing large silicalite-1 platelets that could be easily 

located and imaged using AFM. To achieve micron-sized zeolite crystals, we synthesized 

silicalite-1 from clear solutions containing a molar ratio of 40SiO2:40TPAOH:9500H2O: 

160EtOH38. Tetrapropylammonium (TPA+) was used as an organic structure-directing agent 

(OSDA) to assist the formation of the MFI framework. TPAOH was added to deionized water 

followed by dropwise addition of TEOS. The mixture was stirred at room temperature for two 

hours, yielding a solution with pH 12.7. The solution was placed in a Teflon-lined stainless steel 

acid digestion bomb (Parr Instruments) and heated autogenously in a ThermoFisher Precision 

Premium 3050 Series gravity oven without mixing at 160 °C. After heating for 65 hours, crystals 

were filtered (1µm Whatman Nuclepore Track-Etch membrane), washed three times with 

deionized water, and dried in air. This method produced large faceted crystals with an elongated 

hexagonal habit and average dimensions of 27 x 7 x 1.5 μm3 for the [001] length, [100] width, 

and [010] thickness, respectively. The basal (010) surface of the silicalite-1 crystals contained 

triangular-shaped islands with smooth terraces and ca. 1.0 nm step height (i.e., corresponding to a 

single pentasil chain in the MFI structure with height b/2). These crystals served as substrates for 

all AFM measurements. The substrate samples were prepared by transferring silicalite-1 crystals 

from a 1 μm membrane to a thin film of partially-cured epoxy (MasterBond EP21AOLV) on Ted 
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Pella 15-mm metal disks. In order to securely anchor MFI crystals with their basal (010) plane 

oriented normal to the AFM tip, the epoxy was fully cured by placing the sample in an oven at 60 

°C for 3 hours. The sample was then washed with deionized water to remove loosely-bound 

crystals and dried in air prior to use. Several other epoxies such as Lens Bond Type SK-9, were 

also tested, however, crystals tended to dislodged from the substrate upon reaching higher 

temperature. 

The second step was to prepare optically translucent growth solutions that would permit laser 

penetration and reflection, thereby facilitating AFM tracking. Mixtures of various compositions 

that mimic realistic solutions used to synthesize silicalite-1 crystals at hydrothermal conditions 

were used as growth solutions for in situ AFM experiments. These solutions contained a molar 

ratio of xSiO2:yTPAOH:9500H2O:4xEtOH (see Table 4-1). TPAOH was added to de-gassed 

deionized water followed by dropwise addition of TEOS to generate a so-called clear solution. 

De-gassed water was prepared by boiling deionized water for four hours under reflux. The 

degassing step was crucial in order to prevent bubbles in solution upon injection into the AFM 

cell. If present, bubbles can readily interfere with the laser, leading to an immediate drop in 

signal. The mixtures were stirred at room temperature overnight, yielding solutions of varying pH 

depending on the selection of the xSiO2:yTPAOH molar ratio. Each solution was filtered using a 

0.45 μm syringe filter before injection into the AFM closed cell configuration.  

We then worked with Asylum Research (Santa Barbara, CA) to develop an AFM liquid 

heating cell and instrument software that could overcome the challenges mentioned previously. 

After several iterations, we were able to identify an experimental setup that could meet all of our 

specifications, as shown in Figure 4-4A. The liquid sample cell (Figure 4-4A) is equipped with a 

heating peltier that can reach temperatures as high as 300 °C. The cell was retrofitted with 

polyether ether ketone (PEEK) materials capable of withstanding highly alkaline silicalite-1 

growth solutions. Additionally, an inert carbon tape layer that would not leach into the solution 
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and potentially alter the growth behavior, was added between the PEEK cup and the heating 

element in order to prevent leakage.  

 

Figure 4-4. Experimental in situ AFM set: (A, B) a liquid cell with peltier heating element, inlet 
and outlet lines for flow of growth solutions, and (C) a syringe pump located outside 
of the AFM anti-vibration table to pump growth solution to the closed cell. 
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Several materials were tested besides carbon tape, however it was found that most, including 

Kapton, deteriorated in the heated, highly alkaline solutions. Others such as PTFE interfered with 

the AFM tip engagement (possibly due to electrostatic interactions). The liquid cell was then 

sealed with a VITON o-ring to prevent leakage (rated for pressures up to 2.5 psi). For this study, 

we worked at temperatures below 95 °C. The assembled closed cell contains PTFE inlet and 

outlet lines (Figure 4-4B) that facilitate dynamic flow of the growth solution into and out of the 

cell at ambient pressure, while minimizing silica buildup and cross contamination in the lines. In 

order to supply liquid to the sample cell, we used a syringe pump located outside of the AFM 

anti-vibrational table (Figure 4-4C). The programmable pump impinges on the plunger of a 

Covidien Monoject 12 ml syringe to achieve the desired flow rate (0.2 ml/h for this study). Other 

flow rates were tested before this value was decided upon; however, higher flow rates interfere 

with tip motion, resulting in AFM signal loss after a couple of hours, as well as poor images. 

Additionally, the 0.2 ml/h flow rate coincides with a residence time of approximately seven 

hours, which equals the time when nanoparticle precursor growth by Ostwald ripening tends to 

level off (Figure 5-9). Another important factor was the shape and material of the AFM tip. It was 

found that rectangular cantilevers with a medium spring constant that are coated with Au exhibit 

the most stable behavior in this system (RC800PB, 0.82 N/m). Triangular cantilevers and tips 

with low spring constants tend to produce lower quality images and take longer to equilibrate 

with changes in temperature. This phenomenon was also observed for bare silicon nitride tips 

(Si3N4). This suggests that the thin conductive Au coating on Si3N4 (such as the one found on 

RC800PB tips used in this study) helps the system equilibrate faster by aiding the thermal 

equilibration between the heated solution and tip.  Furthermore, tips with an Al coating seem to 

be attacked by the basic solution, resulting in an almost immediate loss of signal upon immersion 

in the liquid.  

AFM samples (prepared via the procedure outlined previously) were placed in the center of 

the AFM liquid cell holder. The cell was sealed (Figure 4-4B) and connected to the AFM head 
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(Figure 4-4C). The sample was first imaged in air to check the quality of the AFM tip. Growth 

solution was then added using a Covidien Monoject 12 ml syringe. The cell was left to equilibrate 

at static conditions (i.e., no flow) and room temperature for ca. ten minutes. The syringe was then 

mounted in a syringe pump (RazelTM Scientific Instruments Model R100-E), as shown in Figure 

4-4C, and the temperature of the liquid was gradually increased to a final set point temperature of 

80 °C (unless otherwise specified) using a ramp rate of 1 °C/min. The syringe pump was set to a 

constant flow rate of 0.2 ml/h. Given the 1.5 ml volume of the sealed liquid cell, the approximate 

residence time of the growth solution in the AFM liquid cell is 7 hours. Once the temperature set 

point was reached, the cell was allowed to equilibrate for another 15 minutes. The first image 

obtained after this equilibration period is referred to as the zero time point. Imaging was then 

carried out at discrete one hour intervals for a period of seven hours, after which the image 

stabilization program was engaged, and the AFM was set to image a 1.5 x 1.5 μm2 area of the 

sample continuously. A scan rate of 1.4 Hz yielded an image every three minutes. To minimize 

AFM tip contact with the crystal surface, we imaged in tapping mode at 256 lines/scan. Higher 

lines/scan values were tested, but this led to increased imaging time per image (six minutes as 

opposed to the typical three minutes), which interfered with the function of the drift correlation 

software described below. In order to measure the anisotropic rates of island growth, analysis of 

height in the [010] direction and width profiles in <100> directions was performed using the raw 

height images without any post-processing (e.g., flattening, plane fitting, etc.). 

A mechanical artifact of AFM that needed to be addressed was the lateral drift of the 

cantilever within the x/y plane, which results in a progressive, temporal shift and eventual loss of 

the initial imaging area. This phenomenon has proven to be less critical when imaging materials 

that readily crystallize at ambient conditions (e.g., 25 °C), such as biogenic crystals128,269, 

zeotypes270, and select metal organic frameworks271, where lower activation barriers for growth 

unit attachment facilitate rapid time-resolved imaging of surface growth on the order of minutes. 

High activation energies and concomitant slow rates of zeolite growth necessitate imaging times 
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on the order of hours at high temperatures, which collectively exacerbate lateral drift. To 

overcome this, we used an AFM scanner with a feedback controller and drift correlation software 

developed by Asylum Research to achieve remarkably small drift rates which equate to less than 

0.3 %/h loss of the imaging area as shown in Figure 4-5. The drift software implements the 

following protocol: an image (scanning from top to bottom) is taken, after which the tip reverts 

back to the top position and images the same area once again; subsequently, the Δx and Δy values 

of specific features are calculated from these two images, and the tip is offset by these values on 

the third image. This process is repeated to ensure that the same area remains in view throughout 

the duration of the in situ experiment.  

 

Figure 4-5. Amplitude mode snapshots from continuous time-elapsed AFM images of a silicalite-
1 (010) surface grown in a pH 11.99 solution (molar composition 
48SiO2:40TPAOH:9500H2O:36EtOH) for c.a 16 h. Scale bars are equal to 200 nm. 

 

Discrete snapshots of a silicalite-1 (010) crystal surface grown for over 16 hours in a pH 11.99 

solution (48SiO2:40TPAOH:9500H2O:36EtOH) heated at 80 °C demonstrate the low drift rates. 

For example, when looking at the highlighted surface deposit (white circle) bounded by two 

points of reference (dashed white lines),  its change in lateral positioning with increased imaging 

time reveal less than 50 nm drift in either x or y over 16 hours, the majority of which occurs 

during the initial five hour period. This dramatic reduction in lateral drift (<5 nm/h) facilitated 

direct observation of surface features in sequential AFM images of silicalite-1 growth for as long 
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as 48 hours of continuous imaging. Collectively, the design of a high temperature liquid cell and 

the use of hardware/software for drift control permitted real time imaging of growing silicalite-1 

(010) surfaces under realistic synthesis conditions to facilitate the first in situ observation of MFI 

growth mechanisms. 

4.4 AFM Tip Geometry Effects 

Another common issue observed in all AFM experiments is an apparent enlargement of x/y 

dimensions. Although the z height resolution of AFM images is within 0.06 nm, the x and y 

lateral resolution is intrinsically related to the tip geometry, as illustrated in Figure 4-6. Based on 

the AFM tip radius of curvature, the actual particle is smaller than what is represented in the 

AFM image. The true width of the feature can be estimated by subtracting the added width, 2b, of 

the object attributed to geometrical factors.  

 

Figure 4-6. (A) Diagram of an unused AFM tip. (B) Schematic of the contour of a surface feature 
measured by an AFM tip. The value of 2b can be calculated using the known 
dimensions of the AFM tip radius of curvature and height of the surface feature. 

 
The added width is calculated using Eqn. 4-6, where Rtip is the radius of the AFM tip (ca. 30 nm 

as reported by the manufacturer, Figure 4-6A), and h is the height of the object on the substrate 

surface measured by AFM. Using the measured height of a particle on the crystal surface, we can 

calculate the actual width of that feature using the relationship given in Eqn. 4-6,   
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                                                              Eqn. 4-6  

This estimate is based on the assumption of isotropic surface features for an added width factor of 

2 (i.e., symmetrical objects).  

Additionally, continuous imaging of hard surfaces can result in a gradual increase in Rtip over 

time due to AFM tip blunting. This effect translates to an increase in the added width, 2b, of 

surface features measured by the AFM tip as dictated by the geometrical relationship in Eqn. 4-6. 

The change in Rtip over time can be difficult to estimate; therefore, it was measured directly using 

a calibration standard with surface features similar in size to silica nanoparticles. We selected a 

substrate with flattened Co spheres containing a relatively monodisperse distribution of ca. 3 nm 

radii, which corresponds to the average dimension of silicalite-1 precursors. The AFM standard 

was purchased from Ted Pella (628-AFM, PELCO® AFM Tip and Resolution Test Specimen, 

Mount AFM). We imaged the standard with a new (unused) RC800PB AFM tip purchased from 

Olympus (Figure 4-7A), and likewise using the same tip after 24 hours of continuous imaging 

(Figure 4-7B).  

 

Figure 4-7. Height mode AFM images of a calibration standard (1-5 nm flattened Co spheres) 
taken using RC800PB AFM tips: (A) a new and (B) a used tip after 24 hours of 
continuous imaging at 87 °C in a silicalite-1 growth solution with pH 11.6. 
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The calibration measurements clearly depict the elongation of Co spheres that can occur as a 

result of tip blunting. Based on the degree of elongation, we were able to calculate an increase in 

Co particle width of 5.0 nm (12% error), and an increase in height of 0.1 nm (2.2% error) after 24 

hours of continuous imaging. This corresponds to an increase in AFM tip diameter from 60 nm 

(unused tip) to 124 nm (after 24h of continuous imaging).  

In addition to calibration using the Co standard, we also examined cross-sectional images of 

AFM tips by SEM. Comparison of scanning electron micrographs for new and used 0.82 N/m 

RC800PB tips (Figure 4-8, A-C) confirmed the temporal change in the AFM tip radius of 

curvature measured in the aforementioned Co calibration tests. Scanning electron micrographs of 

an AFM tip used for discrete measurements for seven hours (Figure 4-8B) revealed a diameter 

increase of approximately 20 nm relative to the unused tip. After an additional 38 hours of 

continuous imaging, the tip diameter increased by another 35 nm. These measurements revealed 

that tip blunting is progressive over the course of time-resolved AFM imaging; however, a 

majority of these affects occur within the first seven hours of heating, which we used as an 

equilibration period to measure the initial deposition of precursors on silicalite-1 surfaces. 

Furthermore, these images revealed that the general spherical shape of the AFM tip (i.e., rounded 

geometry) was maintained even after 38 h of continuous imaging. It should be pointed out that in 

this analysis, conductive coating of SEM samples (which may lead to increased Rtip values) was 

unnecessary since the RC800PB tips selected for measurements of silicalite-1 were intentionally 

picked with an Au-coating to shield the silicon-based tip from deposition of silica in the growth 

solution to the exterior surface of the tip. However, SEM images revealed that the predominant 

reason for the observed increase in tip radius was the formation of a thin layer of silica on the 

exterior surface of the tip, as opposed to tip dulling (tip blunting), irrespective of the Au-coating. 

This is clearly visible in the non-conducting layer depicted in the insets of Figure 4-8 (B and C).  
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Figure 4-8. SEM images of RC800PB AFM  tips: (A) a new, (B) used for 7 hours of discrete 
measurements taken at 1 h intervals (pH 11.2), and (C) used for 7 hours of discrete 
measurements followed by continuous imaging for 38 hours (pH 12.0). 

In certain cases, this deposition can occur non-uniformly, resulting in repeating identical features 

scattered randomly across the AFM image. This effect is often referred to as a tip artifact. We 

have observed such features in a couple of the 150 experiments that we carried out; however, in 

such instances, all data was discarded and no further analysis was performed. 

The information gleaned from the Co calibration grid analysis, as well as the SEM images 

shown in Figure 4-8, were used to modify the approximation of the added width, 2b, given by 

Eqn. 4-6, to account for changes in Rtip due to silica deposition. The temporal change in tip 

dimension measured from SEM images was fit by linear regression (R2 = 0.95) to estimate the tip 

radius of curvature as a function of imaging time, t (h), and (010) surface feature height, h (nm). 

The substitution of R tip(t) in Eqn. 4-6 yields the following time-dependent relationship, 

                                                    2b t 2 2
. .

h h .                             Eqn. 4-7 

Eqn. 4-7 was used to correct all <100> dimensions reported in this work for geometrical 

effects of tip curvature.  Figure 4-9 contains an example of tip geometry corrections to AFM data 

of island growth on a silicalite-1 (010) crystal surface immersed in a solution with molar 

composition 48SiO2:40TPAOH:9500H2O:192EtOH (pH 12.0) at 80 °C. Raw AFM data 

measuring the <100> dimensions of an island is represented by blue symbols, and after using 

Eqn. 4-7 to correct for tip geometry (red symbols). In this error analysis, we estimated that a ±10 

nm variation in AFM tip diameter (due to either over or under estimation of tip blunting with 
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time) will result in a 2.2 % error in growth rate, which equates to a 12% error in the corrected 

<100> dimension(s) of island width. Based on the temporal increase in Rtip according to Eqn. 4-7, 

we estimated that the minimum resolution for in situ AFM images of growing silicalite-1 surfaces 

is 5 nm. It should be pointed out that anisotropic growth rates presented herein are derived from 

observed changes in surface features well above 5 nm, thus ensuring that observed surface growth 

occurs irrespective of any potential tip artifacts. 

 

Figure 4-9. Example of raw and adjusted <100> data extracted from the growth of a silicalite-1 
(010) surface. Raw data linear regression (R2 = 0.90) reveals a growth rate of 2.95 
nm/h. Adjusted data (R2 = 0.90) leads to a growth rate of 1.00 nm/h. 

 

Care must also be taken to ensure that the motion of the AFM tip does not interfere with the 

attachment of nanoparticles, or potentially dislodge existing, weakly-bound nanoparticles. In 

order to minimize this effect during continuous in situ experiments of silicalite-1 surfaces, 

imaging was performed in tapping mode, which is a less disruptive scanning mode where the tip 

is oscillated at its resonant frequency and a fixed amplitude set point is maintained between the 

tip and the substrate. In every experiment, we tested for potential tip interference effects by 

increasing the size of the scanning area (3 x 3 μm2) after a period of continuous imaging to 
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encompass the original scanning area (1.5 x 1.5 μm2). Additionally, for all AFM experiments 

reported in this study, we collected low magnification images of several areas on at least two 

different crystals to ensure that features observed during continuous imaging were representative 

of the entire sample. Furthermore, when measuring deposit size in AFM images, we carefully 

selected isolated deposits for our quantitative analysis of surface features to avoid any potential 

error associated with measuring the [010] height and <100> dimensions that may can arise from 

the close proximity of neighboring deposits. Moreover, isolated features more readily reveal the 

presence of tip artifacts in AFM images, and were therefore used as a screening method to 

identify and discard such data from our analyses. 

4.5 Nanoparticle Precursor Addition to (010) Silicalite-1 Faces 

In situ measurements of silicalite-1 growth reveal the birth of new islands on the (010) 

surface from the attachment of silica nanoparticle precursors, followed by 3D island growth from 

the addition of silica molecules, as illustrated in time-resolved AFM images of silicalite-1 

surfaces exposed to a pH 12.0 (Figure 4-10) and a pH 11.4 (Figure 4-11) solution. Figure 4-10 

depicts height mode AFM images of silicalite-1 (010) surface growth at 80 °C in a growth 

solution with molar composition 48SiO2:40TPAOH:9500H2O:192EtOH, whereby particles 

indiscriminately adsorb to the crystal surface within the first 2 hours of heating, resulting in an 

appreciable coverage of deposits on the silicalite-1 (010) surface. After this time, islands 

(deposits) grow by molecular accretion, and the rate of silica precursor deposition to the crystal 

surface decreases relative to the initial adsorption of particles to fresh silicalite-1 substrates 

during the first two hours of heating. Figure 4-10A is a representative height image of the initial 

surface used as a substrate for growth studies where each island is a single layer with ca. 1 nm 

step height. Figure 4-10B through 4-10D, are images taken at discrete time points (2, 3, and 5 

hours, respectively) and reveal a progressive increase in the coverage of silica nanoparticle 

deposits during silicalite-1 growth. 
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Figure 4-10. Representative time elapsed sequence of a silicalite-1 (010) surface grown at 80 °C 
using a pH 12.0 48SiO2:40TPAOH:9500H2O:192EtOH growth solution. (A-D) are 
1, 2, 3, and 5 hour snapshots, respectively. Scale bars equal 200 nm. 

 

Figure 4-11 shows representative snapshots of a silicalite-1 surface at 80 °C in a pH 11.4 

growth solution with molar composition of 48SiO2:24TPAOH:9500H2O:192EtOH. The 

progression of images corresponds to discrete time points (0, 2, and 7 hours, respectively) during 

in situ measurements, and confirm previous findings. 

 

Figure 4-11. Representative time elapsed sequence of a silicalite-1 (010) surface grown at 80 °C 
using a pH 11.4  48SiO2:24TPAOH:9500H2O:192EtOH growth solution. (A-C) are 
0, 2, and 7, hour snapshots, respectively. Scale bars equal 200 nm. 

In order to determine whether the nanoparticle precursors adsorbing to the silicalite-1 surface 

are similar in size to those measured by SAXS, we compared the dimensions obtained from the 

“ellipsoid of rotation” model  (assumes anisotropic particle dimension with semi-major radius Ra, 

and semi-minor radius Rb, (Ra > Rb)) to [010] dimensions of isolated deposits found on silicalite-1 

(010) surfaces. We first established the pH dependence of deposit size on silicalite-1 substrate 

crystals by performing in situ AFM studies on solutions of varying pH (see Table 4-1 for exact 
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compositions). The average size of nanoparticle deposits was measured after seven hours of 

heating at 80 °C (same time and temperature as SAXS studies). Multiple surface areas of a single 

silicalite-1 crystal were imaged for statistical sampling. Each AFM image area (1.5 x 1.5 μm2) 

was divided into four 0.7 x 0.7 μm2 quadrants. The height and width of approximately 20 isolated 

nanoparticle deposits were measured in each quadrant, for a total of approximately 80 data points. 

The height and width of nanoparticle deposits correspond to the average dimensions of these 80 

data points. In certain cases, AFM measurements were repeated in order to provide an estimate of 

experimental error, each time using a new batch of silicalite-1 crystals, fresh growth solution, and 

a new AFM tip, however, due to the long experimental time frame required for each in situ run, it 

was not feasible to perform this analysis systematically. In the instances in which it was 

performed, it was found to be negligible (smaller than the symbols in Figure 4-14 and Figure 

4-15). 

Representative AFM images of silicalite-1 (010) surfaces used to measure the average size of 

nanoparticle deposits are shown in Figure 4-12. The deposits are relatively monodisperse in size, 

with the exception of a few samples revealing the presence of larger deposits (ca. 15 nm), which 

were infrequently observed and most likely correspond to aggregates of silica nanoparticles (e.g., 

large features in Figure 4-12C). This was quantitatively confirmed for silicalite-1 growth in a pH 

11.4 solution (see Figure 4-13). The presence of a bimodal distribution of particle size is 

consistent with SAXS data.  

 

Figure 4-12. AFM height mode images of silicalite-1 (010) crystal surfaces after 7 hours of 
heating at 80 °C obtained in (A) pH 10.3, (B) pH 11.0, and (C) pH 11.4 growth 
solutions. Scale bars equal 200 nm. 
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Figure 4-13. The bimodal height distribution of nanoparticle deposits measured during in situ 
AFM growth of a silicalite-1 (010) surface exposed to a pH 11.5 growth solution 
(48SiO2:33TPAOH:9500H2O:192EtOH) at 80 °C for 7 hours. 

 

It should be noted that we could not compare SAXS and AFM data at pH > 11.7 since the 

decrease in silica nanoparticle size (i.e., volume V) and number density (i.e., volume fraction ) 

with increased pH renders the scattering intensity too low for SAXS analysis, in accordance with 

the relation I α V in Eqn. 4-3. Moreover, comparison of SAXS and AFM data at pH < 10.0 was 

also challenging since rapid nanoparticle attachment to silicalite-1 surfaces produced rough (010) 

faces that made it difficult to accurately measure the size distribution of deposits during in situ 

AFM. Irrespective of these limits, it was found that SAXS (2Rb) and AFM (height) data are in 

good agreement over a broad range of solution pH, as shown in Figure 4-14 (see Table 4-1 for 

compositions). It should be noted that nanoparticle precursors measured by AFM do appear to be 

somewhat smaller in size compared to SAXS data; however, this effect can be attributed in part to 

post-attachment rearrangement that results in a decrease in [010] height. Further deviations can 

also be attributed to error in height data (2.2%), error due to SAXS fitting, and error due to subtle 

changes in solution composition upon mixing.  
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Figure 4-14. Comparison of the dimensions of silica precursors from SAXS (minor axis, 2Rb) 
and AFM (deposit height, h) after 7 h at 80 °C in growth solutions of pH 10 – 12 
(see Table 4-1). 

It was found that SAXS (major axis, 2Ra) and AFM (deposit width, w) exhibited slightly 

larger deviations as shown in Figure 4-15 below. As described previously, AFM <100> lateral 

dimensions need to be corrected to account for tip geometry and blunting effects resulting in 

errors of approximately 12%.  

 

Figure 4-15. Comparison of dimensions of silica precursors from SAXS and AFM after 7 h of 
growth at 80 °C. The deposit width, measured along the maximum <100> 
dimension, was corrected using Eqn. 4-7 to account for AFM tip geometry effects. 
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4.6 In situ Observations of Anisotropic Growth 

On a practical level, in situ AFM imaging can quantify anisotropic growth rates with 

nanometer precision while providing molecular-level insight into growth dynamics that cannot be 

matched by ex situ methods. Here, we used AFM to measure island growth along three 

crystallographic directions: [001], [100], and [010]. The anisotropic rates of island growth were 

evaluated by continuous AFM imaging of silicalite-1 (010) surfaces after 7 hours of equilibration 

in growth solutions at 80 °C. The velocities of island growth were calculated as follows. Initially, 

the orientation of the bulk crystal was recorded from the optical microscope image of the 

silicalite-1 crystal (as shown in Figure 4-16A) in order to allow indexing of all crystallographic 

directions. Specific islands were then selected for systematic analysis from sequential AFM 

images (e.g., Figure 4-16B). Once identified, the island length (c-axis), width (a-axis), and height 

(b-axis) were measured by placing a 10 nm wide line profile at a set angle parallel to either the a- 

or c-axis (Figure 4-16C). The dimensions of the island were recorded using the cross section 

graph shown in Figure 4-16D, and then plotted as a function of time. This procedure was repeated 

for periodic time points, and fit with a linear regression. The slopes of linear regression of the b-

axis corresponds to the v[010] step velocity, while one-half of the slopes obtained from length and 

width measurements equate to the v[001] and v[100] step velocities, respectively. 

 

 

Figure 4-16. Representative protocol for measuring surface growth dynamics. (A) Silicalite-1 
crystal orientation was first established, followed by feature identification, and 
measurement at periodic time points using a line profile. 
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A silicalite-1 surface grown in the presence of a pH 12 solution with a molar composition of 

48SiO2:40TPAOH:9500H2O:112EtOH, reveals approximately linear growth rates in each of the 

[001], [100], and [010] directions: 1.00 ± 0.02 nm/h, 0.26 ± 0.03 nm/h,  and 0.18 ± 0.06 nm/h, 

respectively (Figure 4-17C). Initial (Figure 4-17A) and final (Figure 4-17B) snapshots of the 

crystal surface clearly depict changes in island size. Analysis of island growth along the three 

principal crystallographic directions reveals a ratio of 5.7 (c axis): 1.4 (a axis): 1.0 (b axis), which 

agrees with the trend and approximate ratios reported in the literature by Iwasaki et al., using 

interferometry 29,272 for anisotropic growth rates: v[001] > v[100] >> v[010] 
272,273. It is important to 

note that the occasional deviations from linear behavior are consistent with a growth mechanism 

that involves a combination of the following phenomena: (i) nanoparticle attachment leading to 

an abrupt increase in height; (ii) local reconstruction of nanoparticle deposits involving 

dissolution and/or structural rearrangements that reduce the height; and (iii) addition of silica 

molecules yielding a linear increase in height. These dynamic processes produce fluctuations in 

the [010] growth rate; however, when evaluated over long times, silicalite-1 [010] growth appears 

to be approximately linear. 

 

Figure 4-17. Amplitude mode AFM images of silicalite-1 (010) surfaces grown at 80 °C for (A) 
8 hours and (B) and 21 hours. (C) Growth rates are calculated using linear regression 
fits (solid lines) of experimental data (symbols). Scale bars equal 200 nm. 
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A linear rate of crystal growth observed for silicalite-1274 is common for many zeolites. In the 

regime of high solute concentration, rate expressions for crystallization are typically described by 

the proportionality between solute flux to the crystal interface and its supersaturation. This 

theoretical model could be invoked for silicalite-1 growth since a fraction of precursors serve as 

nutrient sources to replenish silica species as they are consumed. Given the faster rate of silica 

nanoparticle dissolution relative to silicalite-1 growth230, it is plausible that silica supersaturation 

is maintained approximately constant. Likewise, diffusion-reaction models of precursor addition 

232,275 predict linear rates of silicalite-1 growth where energetic barriers of attachment are 

dominated by electrostatic repulsion between dissociated silanol groups on exterior surfaces of 

precursors and silicalite-1 crystals. Our observations, while qualitatively consistent with these 

models, suggest a more complex picture of growth unit attachment. 

4.7 Dynamic Light Scattering Confirmation of Growth Rate 

DLS measurements of the isotropic growth rate of silicalite-1 seeds were used to confirm the 

island growth rates measured using in situ AFM. Silicalite-1 crystal “seeds” used for DLS studies 

were synthesized from a clear solution containing a molar composition of 25SiO2:9TPAOH: 

360H2O:100EtOH276. TPAOH was added to deionized water followed by dropwise addition of 

TEOS. The mixture was aged at room temperature for two hours, then placed in a Teflon-lined 

stainless steel acid digestion bomb and heated at 60 °C for two weeks. The solution containing 53 

nm silicalite-1 spheroidal crystals served as the seed stock solution for all DLS experiments. Prior 

to DLS measurements, the stock solution was sonicated for five minutes to break apart any 

potential aggregates. 

The growth solution used for DLS measurements had a molar ratio of 48SiO2:40TPAOH: 

9500H2O:192EtOH (pH 11.9). The OSDA was added to deionized water followed by dropwise 

addition of TEOS. The mixtures were stirred at room temperature overnight. A 400 μl aliquot of 

seed stock solution was added to 100 ml of growth solution. After ten minutes of mixing, the 
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resulting mixture was divided evenly into 15 mL plastic centrifuge tubes, and placed in a water 

bath regulated at 80 °C. At each time point, the tube was removed from the water bath, quenched 

to room temperature, sonicated for one minute, and filtered through a 0.45 μm membrane prior to 

DLS measurements. Samples were removed from the water bath at various times, quenched to 

room temperature, and immediately analyzed. The temperature during DLS measurement was 

regulated at 25 °C. A total of three measurements were taken for each sample (two minutes for 

each measurement). The autocorrelation function was fit using the method of cumulants to obtain 

an effective hydrodynamic diameter (assuming a viscosity and refractive index equal to water, 

which is reasonable given the dilute silica concentrations selected for this study). Experimental 

points shown below are an average of three measurements. Linear regression analysis of the 

hydrodynamic diameter as a function of time reveals the growth rate of silicalite-1 seeds (i.e., 

slope of the curves in Figure 4-18) to be approximately 1.35 nm/h, which is in agreement with an 

average of the anisotropic growth rates determined by in situ AFM. Error bars equal two standard 

deviations and the linear regression has an R2 value of 0.99. 

 

Figure 4-18. DLS measurement of silicalite-1 seeds grown in a pH 11.9 supersaturated silica 
solution at 80 °C. The slope is an isotropic growth rate averaged over all 
crystallographic directions.  
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4.8  Dynamics of Zeolite Growth 

Interesting features arise when examining time-resolved height profiles of individual particles 

tracked during silicalite-1 in situ growth. This technique was able to capture dynamic processes 

of nanoparticle attachment to the (010) face and their morphological changes thereafter. Initial 

silicalite-1 substrate surfaces exhibit well defined layers. Sequential snapshots of surfaces over 

more than 15 hours of growth (Figure 4-19, A-D) show (010) interfaces laden with deposits of 

nearly uniform size and anisotropic geometry. Upon reaching the 80 °C set point, we observe that 

terraces of the initial substrate (Figure 4-19, A and B) are covered by an approximate monolayer 

of adsorbed nanoparticles within 2-5 hours (Figure 4-19, C and D, and Figure 4-10 and Figure 

4-11). After seven hour exposure to the growth solution (equivalent to the liquid residence time in 

the AFM sample cell), the system reaches steady state for continuous AFM imaging. Inspection 

of island height contours, such as line scan l1-2 (Figure 4-19C), at various time points reveals 3-

dimensional (3D) growth. Tracking of individual deposits, such as d1 in l1-2 (Figure 4-19E), 

shows a progressive increase in island width, reflecting growth in the <100> directions, and a 

gradual increase in height along the [010] direction. Analysis of successive images reveals that 

the changes in island dimensions are in increments less than the size of precursors, which is 

consistent with a mechanism of silica molecule addition. AFM images also reveal processes akin 

to island reconstruction, which may occur by post-attachment dissolution of precursors and 

silicate re-precipitation (Ostwald ripening) or by solid-state rearrangement of partially-ordered 

deposits. For instance, the surfaces of d1 and nearby deposit d2 in Figure 4-19E undergo 

morphological transformations from initially rough to smooth features during growth. Moreover, 

molecular-level details gleaned from in situ AFM provide evidence of silicalite-1 growth by the 

concerted mechanism of precursor attachment and silica molecule addition. Time-resolved 

images of crystallization (Figure 4-20, A and B) capture the birth, dissolution/rearrangement, and 

growth of islands. Snapshots reveal the disappearance of surface features (Figure 4-20A, circles), 
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Figure 4-19. AFM images of the silicalite-1 (010) face in 2D (A - height mode; C - amplitude 
mode) and respective 3D renderings (B and D). (E) Height profiles along line l1-2 in 
panel C. The profiles are offset in the y-axis for improved clarity. 

the emergence of new islands (Figure 4-20B, square), and the decreased size of features due to 

surface reconstruction (arrow in Figure 4-20C). For instance, height profiles of line l3-4 depict the 
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partitioning of flattened regions into multiple layers, f1 and f2. A representative height profile 

tracking the temporal change of island height (Figure 4-20C) depicts growth in the [010] 

direction. During the first 6 hours of imaging, molecule addition results in a linear increase in 

height analogous to the [010] growth rate reported in literature 273. After 6 hours of growth, there 

is a step change in height consistent with the attachment of a single nanoparticle precursor. 

Height mode images (Figure 4-20C, inset) clearly show the emergence of a nanoparticle deposit 

on the island terrace, which is followed by a monotonic decrease in height attributed to post-

attachment reconstruction. 

One phenomenon that has been suggested for zeolite growth, namely oriented attachment, 

could not be conclusively confirmed via in situ AFM studies. Initially, it was hypothesized that 

fully crystalline precursors244 would orient themselves in such a way to match the silicalite-1 

surface before attachment. In light of new experimental evidence, this view has been supplanted 

by evidence that precursors are non-crystalline230,277; however, pathways involving oriented 

attachment of partially-ordered (evolved) precursor segments can still be envisioned. Moreover, 

full integration of precursors into the underlying MFI topology necessitates some degree of post-

attachment restructuring. Recent studies of minerals have demonstrated multiple pathways for 

precursor addition mechanisms, including oriented attachment of crystalline iron oxyhydroxide 

nanoparticles209 as well as the attachment and rearrangement of disordered nanoparticles in 

magnetite210. Silicalite-1 disordered-to-ordered surface reconstruction is qualitatively consistent 

with latter findings; however, if silica precursors align before attachment to the (010) surface, this 

process is not evident from in situ AFM. Restructuring of disordered deposits may be governed in 

part by the Ostwald step rule, while the creation of highly-strained grain boundaries from 

misaligned precursors would similarly drive particle dissolution or recrystallization, analogous to 

recent observations by Li et al.,209. Any loss of translational symmetry during precursor 

restructuring could lead to crystal defects, such as the commonly observed 90° twins or the 

misoriented domains detected in aggregate clusters of silicalite-1 nuclei232. 
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Figure 4-20. AFM amplitude images after (A) 1 h and (B) 8.5 h of in situ growth at pH 10.4, and 
corresponding height profiles along line l3-4 in panel A. (C) Changes in island height 
reveal linear growth, and a step increase due to precursor attachment. 
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4.9 Temperature Dependence of Growth Mechanism 

It is evident that surfaces after in situ growth exhibit much different features than the initial 

substrate. Substrate crystals contain remarkably uniform surface layers equivalent to the height of 

a single pentasil chain (b/2 ≈ 1 nm, or multiples thereof) in the MFI crystal structure (see Figure 

4-1, Figure 4-19A), whereas crystals grown in situ appear much more roughened (Figure 4-19C). 

However, silicalite-1 crystals used as substrates for AFM measurements were prepared at much 

higher temperature (160 °C) compared to the conditions used for in situ AFM studies (80 °C). 

Interestingly, crystals grown in a 48SiO2:24TPAOH:9500H2O:192EtOH solution (representative 

growth solution used for in situ studies) also yielded well-faceted smooth crystals (Figure 4-21C).  

 

Figure 4-21. (A) Silicalite-1 growth proceeds by layer spreading at high temperatures, producing 
smooth (B) and well faceted  (B,C) crystals. 

 
 
AFM images of these surfaces, together with reported ex situ AFM images of MFI and other 

zeolite framework types139,264,273,278-282 provided by Anderson and coworkers280 among 

others50,53,61-66, suggest zeolites grow by a classical layer-by-layer mechanism involving 2D 

nucleation and stepwise advancement of layers across crystal surfaces (Figure 4-21A).  

Interestingly, crystallization at 80 °C does not yield surfaces with well-defined layers. 

Silicalite-1 crystallization at low temperature appears to proceed by a 3D mechanism (Figure 

4-22A). Although faceted silicalite-1 crystals have been observed at low temperature, they do so 

after substantially longer synthesis time237,238,273 via a mechanism that is presumed to be driven by 
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molecule addition (or Ostwald ripening). Scanning electron microscopy (SEM) and AFM images 

collectively confirm that the lower synthesis temperature yields rounded (i.e., non-faceted) 

crystals (Figure 4-22C) with roughened surfaces (Figure 4-22B) derived from the growth and 

merging of islands. Figure 4-22B is a seeded growth experiment in which substrate crystals were 

re-dispersed in a pH 11.4 growth solution, and heated for 24 h at 80 °C. Figure 4-22C is an ex situ 

study of crystals grown from a typical pH 11.4 in situ growth solution at 80 °C for three days. Our 

measurements, suggest that 2D layer growth only occurs at higher temperatures for silicalite-1, 

presumably due to a large energetic barrier for nucleation and/or step advancement across the 

(010) plane. This is consistent with a mechanism that involves surface roughening due to 

precursor attachment.  

 

Figure 4-22. (A) Silicalite-1 growth proceeds by 3D nucleation at lower temperatures, producing 
roughened (B) and rounded (C) crystals. 

 
We performed additional experiments to confirm this apparent activation barrier of 2D layer 

growth. For instance, silicalite-1 crystals grown in situ at 87 °C for 24 hours (molar composition 

of 20SiO2:6TPAOH:9500H2O:192EtOH solution) still exhibit rough surfaces comprised of 3D 

islands (Figure 4-23A). To test if similar 3D island growth occurs in bulk crystallization, we 

performed a seeded growth experiment using substrate crystals (1 wt% concentration) dispersed 

in a growth solution used for in situ AFM studies (molar composition of 20SiO2:6TPAOH: 

9500H2O:192EtOH solution). SEM images of crystals grown for 24 hours at 87 °C (Figure 
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4-23B) reveal the presence of 3D islands, analogous to those observed during AFM in situ growth 

measurements (Figure 4-23A).  

 

Figure 4-23. (A) Amplitude AFM image of a silicalite-1 (010) surface grown in situ for 24 hours 
(87 °C). (B) SEM image of a silicalite-1 (010) surface prepared ex situ by seeded 
growth of substrate crystals re-dispersed in the growth solution used in (A) for 24 h. 
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5. Factors Affecting ZGM Efficacy 

5.1 Effect of ZGMs on Nanoparticle Precursor Size 

This chapter aims to identify the role of ZGMs at the onset of zeolite nucleation, as well as 

track their effect on the early stages of growth. Previous work has established that when silica (in 

the form of TEOS) is introduced into alkaline aqueous solutions, above a critical concentration of 

1SiO2:1OH-283, a condensation reaction of these silica species results in the spontaneous 

formation of dense, stable, partially ordered (not fully crystalline)146, 2-10 nm sized particles. 

SAXS223,238,250,251,284-291 and SANS146,283,292-294 studies, initiated by van Santen and Martens in the 

mid 1990’s, have been able to resolve the shape of these particles, termed “nanoparticle 

precursors”, and have found that they possess a core-shell ellipsoidal structure, with an SDA 

(usually TPAOH) shell, and a hydrated silica-rich core230 as shown in Figure 5-1 below. It was 

also determined that the size of these particles varies as a function of solution alkalinity, with 

higher pHs producing smaller particles, while less basic solutions result in larger nanoparticle 

precursors294. Additionally, the identity of the SDA was found to have no effect on the silica core, 

but only on the thickness of the organic shell292. Furthermore, it was observed that a fraction of 

these particles grows at the expense of others222,225 when heated, via an Ostwald ripening 

mechanism283,294, while another population remains approximately 5 nm for the duration of the 

crystallization.   

 

Figure 5-1. Silica nanoparticle precursor consist of a silica core surrounded by a TPA+  shell, that 
form an ellipsoidal structure, as depicted by Rimer et al.,230. 
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A combination of experimental techniques such as calorimetry285,286,294, FTIR296, Raman 

spectroscopy297, DLS229,250,251,288,290, TEM237,  NMR249,287,289,297, in addition to SAXS and SANS, 

have been used to study the evolution of precursor size, shape, and structure, however due to the 

small length scales, and dilute conditions, this task has been extremely difficult, and has not 

resulted in conclusive evidence of nanoparticle precursor crystallinity. However, the importance 

of nanoparticle precursors in zeolite growth is a common theme that most researchers agree upon. 

As was conclusively proven in Chapter 4, they serve as the primary building unit for silicalite-1 

growth. As such, changes in size, shape, and number density will undoubtedly affect crystal 

growth rates. Therefore, it is critical to determine whether ZGMs have an effect on the nucleation 

and evolution of nanoparticle precursors in order to optimize the ZGM synthesis platform.  

To this end, SAXS was used to measure the temporal change in size, shape, and number 

density of nanoparticle precursors grown in the presence and absence of ZGMs over the course of 

seven hours. A combination of SAXS and DLS were then used to track the growth of particles 

between 7 and 48 hours, switching from the former to the latter as the particle size increased 

beyond the range detectable by SAXS. Subsequently, DLS seeded growth experiments were 

conducted to test the effect of temperature on zeolite crystallization in the presence of ZGMs.   

Solutions used for SAXS were prepared using a molar ratio of 48SiO2:24TPAOH: 

9500H2O:192EtOH. Tetrapropylammonium hydroxide (TPAOH) was used as the structure 

directing agent, and was added to deionized water followed by the dropwise addition of TEOS. 

The mixtures were stirred at room temperature overnight. Subsequently, 1.0 wt% ZGM was 

added to the pH 11.3 solution, followed by an additional 10 min of mixing in order to fully 

dissolve the ZGM. This homogeneous solution was then divided evenly into 15 mL centrifuge 

tubes, and placed in a water bath regulated at 80 °C. Samples were removed at periodic time 

points, quenched in ice water for 20 min, and then left to equilibrate at room temperature. This 

process took approximately 45 minutes. Solutions were then immediately filtered using a 0.45 μm 

syringe filter, and injected into a clean sample holder (1.5 mm quartz capillary cell) and sealed.  
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All scattering patterns were collected under vacuum at 25 °C for 25 minutes. The resulting 

intensity data (I(q)) was calibrated and reduced according to the procedure outlined in Section 4-

2. 

Three ZGMs were chosen for this investigation due to their exceptional performance in bulk 

crystallization studies (Section 2-3): D-Arginine (D-Arg), tributylphosphine oxide (TBPO), and 

spermine. As previously mentioned, SAXS data was fit with an oblate ellipsoid form factor model 

to estimate the two radii, Ra and Rb, where Ra > Rb. For samples measured at 80 °C for a period of 

time, we observed a gradual increase in precursor size between 0.8 nm and 3.2 nm that began to 

plateau after a period of seven hours, as shown for the temporal changes in Ra values depicted in 

Figure 5-2. As such, seven hours was used as the maximum heating time for all experiments 

reported herein. The trend in ellipsoid size as a function of time was similar for precursor 

evolution in the presence of D-Arginine and TBPO as it was for the control (in the absence of 

modifier). 

 

Figure 5-2. Ra of nanoparticle precursors heated at 80 °C in the presence of D-Arginine and 
TBPO, and in the absence of ZGMs (control). 
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After seven hours, precursor size in the presence of D-Arginine was similar to that of the control 

(within experimental error). For growth solutions with TBPO, there was a marginal 13 % increase 

in Ra compared to the control. As such, we concluded from this study that neither ZGM had a 

dramatic effect on the structural evolution of precursors during the early stages of nucleation. 

For comparison, we also report the trends in ellipsoid Rb values as a function of heating time 

(Figure 5-3); these trends were very similar to those observed for Ra, with the exception of a 

decreased particle size after the initial hour of heating (a result that was unexpected when 

compared to previous studies by Rimer et al.,146,283,294 that showed a monotonic increase in size 

over the course of Ostwald ripening). After the first hour of heating, there was a negligible 

change in Rb. 

 

Figure 5-3. Rb of nanoparticle precursors heated at 80 °C in the presence of D-Arginine and 
TBPO, and in the absence of ZGMs (control). 
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The aspect ratio, as defined by Ra / Rb, remained constant during the first hour, after which we 

observed a sharp increase followed by a gradual plateau for all samples over the remaining six 

hour period.  

 

Figure 5-4. Aspect ratio of nanoparticle precursors heated at 80°C in the presence of D-Arginine 
and TBPO, and in the absence of ZGMs (control). 

 

Interesting effects were observed in the case of spermine. As can be seen in Figure 5-5 

(purple open circles), spermine resulted in a marked increase in precursor size. Likewise, we also 

observed an increase in solution pH upon addition of this ZGM to the growth solution. This is 

expected since of the pKa1 of spermine (11.2)299 is nearly identical to the growth solution pH, 

11.3. In order to ensure that the increase in particle size was in fact attributed to the action of the 

ZGM, rather than the increase in pH, we also tested a control with a pH equal to 11.7, matching 
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that of the growth solution containing spermine (this was accomplished by the addition of 

TPAOH). The SAXS measurement of the control solution with higher pH is shown in Figure 5-5 

(black diamonds). It was observed that the pH 11.7 control did not result in an appreciable 

increase in precursor size relative to the pH 11.3 control solution (Figure 5-5, blue squares). 

Although the higher pH solution resulted in an initially smaller precursor size (consistent with 

prior studies146,294), the net change in precursor size was much less than the change observed for 

the growth solution containing spermine. It is interesting to compare the effect of spermine with 

that of triethylenetetramine (TETA), which has a similar structure (see Table 2-3). In Chapter 2, 

we show that TETA is much less effective than spermine as a modifier of silicalite-1. Here, we 

observed that the addition of TETA (Figure 5-5, pink triangles) had no apparent effect on solution 

pH, which can be explained by the fact that TETA has a lower pKa4 value (ca. pKa = 9.9). 

 

Figure 5-5. Ra of nanoparticle precursors heated at 80 °C in the presence of spermine, and TETA, 
and in the absence of ZGMs at two different pHs. 
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Furthermore, TETA yielded only minor changes in precursor size compared to the control. 

Therefore, the factor of two increase in precursor size observed in growth solutions containing 

spermine reveals its unique effect in the early stages of nucleation. It would be interesting to 

study the effect of spermine on growth solutions with pH higher than its pKa1, however the small 

size of precursors (due to high solution alkalinity) results in very weak scattering intensities that 

are below the detection limit of the SAXS instrument. 

5.2 Effect of ZGMs on Nanoparticle Precursor Number Density 

We also quantified the effect of ZGMs on the temporal change in precursor number density. 

Over the course of precursor evolution by Ostwald ripening, the number of precursors decreases 

with time as the average size increases. We used SAXS measurements to calculate changes in the 

number density of precursors; however, in order to extract this parameter from I(q) data, we must 

expand on the derivation outlined in Section 4-2 Beginning with Eqn. 4-3, and assuming no 

particle interactions (S(q) =1) 300, we are left with Eqn. 5-1 below, 

       
Ω

, · · · ,               Eqn. 5-1 

where c is the mass concentration of nanoparticles (g nanoparticles/cm3), Mnp is the apparent 

nanoparticle molecular mass, and K is the scattering constant (cm2 mol g-2), which is defined as,  

             .               Eqn. 5-2  

In Eqn. 5-2, np is the nanoparticle partial molar volume, Mnp is defined as  

(g/mol), Vnp is the nanoparticle volume, np is the nanoparticle density (g/cm3), and NA is 

Avogadro’s number. The  is expressed as the difference in scattering length density 

(SLD) between the nanoparticle and the background solution. In these studies, the background 

SLD was approximated as that of pure water due to the high degree of dilution in silicalite-1 
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growth solutions. For the SLD of the nanoparticle, we used a previously reported approach294 that 

assumes a linear combination of both water and silica, as given by Eqn. 5-3,  

          1 ,  Eqn. 5-3 

where  is the molar fraction of silica in the nanoparticle. The values of  and   

are 1.89 x 10-5 and the 9.46 x 10-6, respectively. Combining Eqns. 5-1 through 5-3, we arrive at 

the relationship in Eqn. 5-4,  

               
Ω

, ·
.  . . ·

· .      Eqn. 5-4 

At q = 0 nm-1, the value of  is equal to unity. Furthermore, the left hand side of the equation 

(
Ω

, ) can be evaluated directly from the calibrated, reduced intensity plot (I(q)), and is found 

to be equivalent to the value of I(q=0). This can be obtained through linear extrapolation of the 

plot shown below in Figure 5-6. Using the y-intercept of the I(q) plot where the intensity begins 

to plateau (i.e., prior to the beam stop), I (q=0) is found to be 0.48 cm-1.  

 

Figure 5-6. Example schematic of the extrapolation of I (q=0) values, used to calculate absolute 
intensities. 
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For the example provided above, this further simplifies Eqn. 5-4 to  

       0.48 ·
.  . . ·

,      Eqn. 5-5 

leaving , ,  and   as the only unknown variables (Vnp can be calculated directly from Ra 

and Rb, and 
·

,  where VT is the total solution volume). Given that the nanoparticle 

precursor core is comprised of hydrated silica, its density can be expressed as   

    1 ,               Eqn. 5-6  

where  is the mass fraction of amorphous silica in the nanoparticle,  is the density of 

the amorphous silica (2.2 g/cm3), and  is the density of water (1.0 g/cm3). Substitution of 

these terms into Eqn. 5-5, we obtain the following expression  

  0.48 ·
.  . . ·

. ·
.             Eqn. 5-7  

Given that  and  are related through the nanoparticle molecular weight, as given by the 

following relationship, 
· ·

, we are left with two unknowns,  and 

.  

In solution, solid nanoparticle precursors exist in equilibrium with silica monomers and/or 

oligomers, the ratio of which can be determined from the solubility of silica. Assuming that all 

dissolved silica is present in the form of monomers (i.e., no oligomers), we can then express the 

total silica concentration in solution as 

    .              Eqn. 5-8 
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The monomer concentration, , can be approximated as the critical aggregation 

concentration (CAC), or the silica concentration limit at which nanoparticle precursors begin to 

self-assemble. This also corresponds to the solubility limit of monomers in solution.  Fedeyko et 

al., has found that the CAC can be expressed as a function of pH given by the following 

relationship283,   

             24.147 ·  0.016.              Eqn. 5-9  

Furthermore, the molar concentration of silica in the nanoparticles can be related to the silica 

mass fraction and the mass concentration of particles using Eqn. 5-10, 

         
·

,              Eqn. 5-10  

where the molecular weight of silica, , is 60 g/mol. The value of  corresponds 

to the amount of TEOS added during the preparation of the growth solution. Since the pH of the 

solution is known, Eqn. 5-8 can be simplified to         

    24.147 ·  0.016
·

.              Eqn. 5-11 

We can then solve for  using Eqn. 5-7. The number density, , can then be calculated using the 

relationship · · . 

Using the method outlined above, we were able to calculate the temporal change in number 

density in the presence of ZGMs. It was found that of the presence of D-Arginine and TBPO 

during precursor evolution had no significant effect on the number density relative to the changes 

observed for the control (Figure 5-7). This observation is qualitatively consistent with the results 

in Section 5.1 revealing that these ZGMs do not significantly alter the evolution of precursor size.  
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Figure 5-7. Number density of nanoparticle precursors heated at 80 °C in the absence of ZGMs, 
and in the presence of TBPO and D-Arginine. 

 

The presence of spermine in silicalite-1 growth solutions resulted in a factor of two decrease 

in precursor number density (Figure 5-8, purple open circles) compared to the control (Figure 5-8, 

blue squares). This decrease in number density was not observed in the case of the pH 11.7 

control (Figure 5-8, black diamonds). This observation is consistent with findings that spermine 

produces significantly larger precursor particles. This result can most likely be attributed to an 

aggregation effect, and possible bridging by partially protonated spermine amine groups (pKa 

values of 11.2, 10.3, 9.05, 8.18). The mechanism of spermine interaction could potentially be 

affected by the order of addition of solution components (as this will change the species in 

solution), therefore we tested the effect of ZGM addition prior to TEOS addition on particle size. 
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No change in particle size (Ra or Rb), or number density was observed. All ZGMs tested (TETA 

and D-Arginine) resulted in the same observation. 

 

Figure 5-8. Number density of precursor nanoparticles heated at 80 °C in the absence of ZGMs at 
two different pHs, and in the presence of spermine. 

 

Ex situ SAXS and dynamic light scattering (DLS) measurements of control solutions heated 

at 80 °C beyond 7 h, were used to confirm that the time scale probed with SAXS was well within 

the induction period, and did not extended into the growth regime. Various time intervals between 

7 and 41 hours confirmed the existence of two populations in solution after nucleation: one that 

does not grow beyond ~7 nm, and another that grows monotonically with increased heating time 

beginning at the ~24 h mark. This effect is shown in Figure 5-9, where the left y-axis corresponds 

to ellipsoidal radii Ra (red square symbols) and Rb (blue square symbols) from SAXS, while the 

right y-axis is the hydrodynamic diameter Dh (green triangle symbols) from DLS. The temporal 
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change in silica nanoparticle size reveals that after approximately two hours of heating, the size of 

nanoparticle precursors begins to level off dramatically. Following an additional 18 hours of 

growth, the presence of a second population begins to emerge, that grows linearly over the course 

of the experimental time frame. Prior to 24 hrs, DLS was unable to detect the presence of larger 

particles. 

 

Figure 5-9. SAXS and DLS measurements of evolved nanoparticle samples heated at 80 °C for 
various time intervals between 0 and 41 hours. 

 

5.3 Temperature Dependence of ZGM Efficacy 

The dependence of ZGM efficacy on synthesis temperature was investigated using DLS to 

monitor the temporal changes in the hydrodynamic diameter of silicalite-1 seeds re-dispersed in 

growth solutions containing spermine. Silicalite-1 seeds used for DLS studies were synthesized 

from a clear solution containing a molar composition 25SiO2:9TPAOH:360H2O:100EtOH. 

TPAOH was added to deionized water followed by dropwise addition of TEOS. The mixture was 
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aged at room temperature for two hours, then placed in a Teflon-lined stainless steel acid 

digestion bomb and heated at 60 °C for two weeks. The solution containing ~60 nm silicalite-1 

spheroidal crystals was used as the seed source for all DLS experiments. Prior to each DLS 

measurement, the suspension was sonicated for one minute to break apart any potential 

aggregates. 

The growth solutions for DLS measurements had a molar ratio of 8SiO2:7TPAOH: 

9500H2O:32EtOH and were prepared using the protocol outlined in Section 5.1. The appropriate 

amount of spermine was measured and added to this pH 11.2 solution. After 15 min of mixing, or 

until the ZGM was fully dissolved, an aliquot of stock seed solution was added to the growth 

solution while stirring, in the amount of 400 L seed solution per 100 g of growth solution. After 

10 min of stirring, the resulting mixture was divided equally into 15 mL plastic centrifuge tubes, 

and placed in a water bath regulated at various temperatures (70 °C and 85 °C). At each time 

point, the tube was removed from the water bath, quenched in ice water, left to equilibrate at 

room temperature, and filtered through a 0.45 m membrane prior to DLS measurements. No 

additional dilution was performed. All time points labeled as the “zero time point” were removed 

after five minutes of equilibration in the water bath. For experiments performed at higher 

temperatures (e.g., 100 °C), approximately 12 mL of growth solution was added to each 60 mL 

polypropylene bottle, and placed in an oven regulated at 100 °C. The same cooling/filtration 

procedure was performed as with the centrifuge tubes. A total of three DLS measurements were 

taken for each sample (2 min per measurement). Each standard deviation reported is twice the 

variance among these three runs. We report the growth rate as a linear regression of the change in 

seed radius with time. All measurements were performed using a Brookhaven Instruments BI-

200SM machine equipped with a TurboCorr Digital Correlator and a red HeNe laser diode 

(35mW, 637 nm). The temperature of the DLS sample was regulated at 25 °C using a refractive 

index matching decalin bath. An aperture of 100 μm, and a laser power of 15 mW were used for 



126 
 

these measurements. The index of refraction and viscosity of water were used for data analysis 

(1.33 and 1.002 cP, respectively).  

Silicalite-1 growth for 9 hours at 70 °C resulted in a growth rate of 0.88 nm/h (R2 = 0.98, blue 

diamonds in Figure 5-10). In the presence of 0.5 wt% spermine, the growth rate was reduced to 

0.25 nm/h (R2 = 0.78, red circles in Figure 5-10).  

 

Figure 5-10. DLS measurements of silicalite-1 seeded growth at 70 °C in the presence and 
absence of 0.5 wt% spermine. 

 

As expected, higher temperatures resulted in an increased growth rate for the control. At 85 

°C, the growth rate of the silicalite-1 seeds was approximately 1.26 nm/h (R2 = 0.96, blue 

diamonds in Figure 5-11). A repeat of this experiment resulted in an identical growth rate (R2 = 
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0.92, green squares in Figure 5-11). At this higher temperature, the addition of 0.5 wt% spermine 

resulted in a growth rate of 0.62 nm/h (R2 = 0.97, red circles in Figure 5-11). 

 

 

Figure 5-11. DLS measurements of silicalite-1 seeded growth at 85 °C in the presence of 0.5 
wt% spermine and in the absence of ZGM. Two control experiments depict variance 
in growth rates calculated using this method.  

 

Several seeded growth experiments for the control solution were performed at 100 °C, as 

shown in Figure 5-12. The corresponding growth rates from these studies were as follows: 1.78 

nm/h (blue squares, R2 = 0.85), 2.12 nm/h (green diamonds, R2 = 0.94), and 2.30 nm/h (red 

circles, R2 = 0.91). The average growth rate at 100 °C equates to 2.07 ± 0.26 nm/h. It can be 

observed that values of Dh start to plateau as early as 2.5 hours. However, when comparing the 

slopes and R2 values of linear regression fits using data from only the first 2.5 h, to slope and R2 



128 
 

values extracted from the entire data set, the changes are negligible, therefore all data points were 

used to calculate the growth rates listed above. 

 

Figure 5-12. DLS measurements of silicalite-1 seeded growth at 100 °C in the absence of ZGM. 
Three control experiments depict standard deviation in growth rates calculated using 
this method. 

 

The addition of 0.5 wt% spermine to a control solution at 100 °C resulted in a growth rate of 

1.09 nm/h (R2 = 0.57). Upon increasing the concentration of spermine to 1.5 wt%, it was 

observed that the growth rate decreased further to 0.18 nm/h (R2 = 0.55). It should be pointed out 

that the size of the silicalite-1 seeds appeared to level off around ~75 nm, resulting in a decreased 

growth rate beyond this point. Therefore, all time points included in the calculation of the growth 
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rate were taken before this apparent ~75 nm threshold was reached. For the control solution, this 

corresponds to 4 h in Figure 5-13 and 5.5 h in Figure 5-11.  

 

Figure 5-13. DLS measurements of silicalite-1 seeded growth at 100 °C in the presence of 0.5 
wt% and 1.5 wt% spermine, and in the absence of ZGM. 

 

The results of DLS seeded growth measurements in the presence of spermine at different 

temperatures are summarized in Table 5-1 below. The ZGM efficacy from kinetic data was 

evaluated as “% inhibition”, which is defined as follows       

        % 100  .             Eqn. 5-12 

It was found that at 70 °C, 0.5 wt% spermine resulted in a 71.8 % reduction in the silicalite-1 

growth rate. A 15 degree increase in temperature, using the same spermine concentration of 0.5 
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wt%, produced a 50.6 % reduction in growth rate, while the effect at 100 °C resulted in only a 

47.4 % reduction.  Interestingly, when the spermine concentration was increased to 1.5 wt %, the 

91.3% inhibition observed at 100 °C surpassed that of all other temperatures and lower spermine 

concentration. These results suggest that ZGMs are less effective at higher temperatures, and that 

increased concentrations are needed to produce comparable effects in growth reduction. 

Table 5-1. Inhibition effect of spermine as a function of temperature and concentration. 

dr/dt (nm/h) % inhibition 

spermine wt% spermine wt% 

T (°C) 0.0 0.5 1.5 0.5 1.5 

70 0.88 0.25 - 71.8 - 

85 1.26 0.62 - 50.6 - 

100 2.07 1.09 0.18 47.4 91.3 

 

These results are shown graphically in Figure 5-14.  

 

Figure 5-14. Silicalite-1 growth rates (from DLS measurements) as a function of spermine 
concentration and temperature. 
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The temperature dependence of ZGM efficacy is consistent with the proposed mechanism of 

ZGM interaction with silicalite-1 crystal surfaces. Given that adsorption processes are typically 

exothermic, it is expected that with increasing temperature the equilibrium coverage of modifiers 

adsorbed on the crystal surface will decrease. Furthermore, since desorption is an endothermic 

process, molecules will desorb more readily with increasing temperature. Therefore, increased 

concentration of ZGM in the solution is required to achieve an increased surface coverage at 

higher temperatures. This phenomena can be explained using the van’t Hoff equation, and given 

its two approximations (∆  and ∆  are constants in respect to temperature), this equation 

becomes Eqn. 5-13 below 

           
∆

.                         Eqn. 5-13 

Since zeolite growth is exothermic287, the ∆  term will be positive, and subject to an 

increase in temperature (  > ), the right hand side of the equation will be negative. Therefore, 

this yields the following two relationships:  < 1, and  > .  This suggests that for an 

exothermic reaction,  will decrease with increasing temperature.  

The effect of temperature on ZGM efficacy can also be described using a Langmuir 

adsorption model, in which we consider an  atomically smooth substrate, equivalent adsorption 

sites on the silicalite-1 surfaces, maximum occupancy of one molecule per site, and no nearest 

neighbor interactions (i.e., site-adsorbate, site-site, or adsorbate-adsorbate). We begin with a first 

order reversible reaction where A is the adsorbate, S is the free adsorption site, and AS is a 

adsorbate bound on the surface,  

           .             Eqn. 5-14 

The rate of adsorption (forward reaction) is given by Eqn. 5-15 
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       ,              Eqn. 5-15  

and the rate of desorption (reverse reaction) is given by 

            .              Eqn. 5-16 

The equilibrium constant, K, can be defined as follows  

                 .             Eqn. 5-17 

At equilibrium, the rates of adsorption and desorption are equal (K = 1). After rearrangement, 

Eqn. 5-17 results in the following expression 

             1 .              Eqn. 5-18  

Solving for  in Eqn. 5- 18, we get the following      

                                     .             Eqn. 5-19  

The total number of sites  is the sum of free sites  and bound sites , as given by  

                   .              Eqn. 5-20  

After substitution of Eqn. 5-19 into Eqn. 5-20, we get the following expression    

                .            Eqn. 5-21  

Here we define the coverage, , as the ratio of bound sites  to total sites . The coverage 

can be supplemented into Eqn. 5-21 to give Eqn. 5-22       

                  .             Eqn. 5-22 
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It is evident that a decrease in  (with increasing temperature) will lead to a decrease in 

coverage. In order for the surface coverage to be the same at both temperatures, meaning  

1, the concentration of  has to increase.  

5.4 Kinetic Studies of Silicalite-1 Growth Modification  

The Arrhenius equation (Eqn. 5-23) was used to calculate the apparent activation energy 

( ), and the prefactor ( ), of zeolite growth in the absence and presence of ZGMs,  

      .              Eqn. 5-23 

Linear regression of the growth rates from DLS measurements of seeded growth (dr/dt = k) 

plotted as a function of temperature revealed that in the absence of ZGM, the apparent activation 

energy  was 30.1 kJ mol-1 (R2 = 0.99), which is somewhat lower than what has been reported 

previously (ranging from 40 kJ/mol – 100 kJ/mol)226,230,301,302. In the presence of 0.5 wt% 

spermine, the apparent activation energy was 52.4 kJ mol-1 (R2 = 0.99). The pre-exponential 

factor was found to be 6.6 x 104 s-1 for the control, and 5.0 x 107 s-1 in the presence of spermine.  

 

Figure 5-15. Arrhenius plot of silicalite-1 growth rates in the presence and absence of spermine. 
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It is known that multiple, non-similar, activation energy values can be calculated for the same 

reaction, depending on the temperature range probed to obtain the kinetic data for the linear 

regression analysis; the activation energy in a diffusion controlled range will be different than the 

activation energy in a reaction limited regime. Furthermore, depending on the reaction model 

used to describe the system, the activation energy in the diffusion controlled regime can be either 

higher or lower than the activation energy in the reaction controlled regime; if reactions are said 

to occur in parallel (solid line Figure 5-16) then the activation energy extrapolated from 

temperature values found in the diffusion controlled regime, will be higher than the activation 

energy of the reaction controlled regime. Inversely, if reactions are assumed to occur in series 

(dashed line Figure 5-16), the activation energy calculated in the diffusion controlled regime will 

be lower than that of the reaction controlled regime. This phenomenon is depicted in Figure 5-16 

below. 

 

 

Figure 5-16. Activation energy trends for reactions occurring in series (dashed lines) and 
reactions occurring in parallel (solid lines). 
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Mathematically, this can be expressed using Eqn. 5-24 below. For a reaction occurring in series, 

the apparent activation energy of adsorption, , can be simplified to an average of the actual 

( ) and diffusion activation energies ( )303,304,  

        .                                     Eqn. 5- 24 

In a diffusion controlled regime,  is approximately 0, resulting in a decrease in   (see refs 

303,304) as a result of the decreased  temperature dependence of k.  

It would be expected that the addition of spermine in the growth solution would have a 

crowding effect, and create a barrier to growth unit diffusion to the surface, therefore shifting the 

growth to a diffusion limited regime. This hypothesis, in conjunction with the increased 

activation energy in the presence of spermine, suggests that ZGM interaction can be described 

using a reaction in parallel model, whereby both ZGMs and building units compete for the same 

surface site. In the absence of spermine, diffusion limitations should be minimized, therefore we 

would be in the kinetic domain (lower activation energy). Since the pre-exponential factor is 

related to the activation energy, the increase in activation energy can account for the observed 

magnitude change in A. 

5.5 Bulk Crystallization Studies  

Ex situ studies were conducted to test the efficacy of several ZGMs at 80 °C and 160 °C, and  

to corroborate the results of DLS seeded growth studies. Silicalite-1 crystals were prepared by the 

same procedure outline in Section 5-1, using a molar composition of 48SiO2:24TPAOH: 

9500H2O:192EtOH (pH of 11.3 is similar to the pH 11.2 8SiO2:7TPAOH:9500H2O:32EtOH  

molar composition solutions used for DLS measurements in Section 5- 3). Various ZGMs were 

added in quantities of 1.0 wt%, followed by stirring for ~15 min. The solution was then placed in 

a Teflon-lined stainless steel acid digestion bomb and heated at autogenous pressure in an oven 

(ThermoFisher Precision Premium 3050 Series gravity oven) without mixing at 80 °C and 160 °C 
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temperatures for 3 days to ensure complete crystallization. 0.5 mL of the nanometer-sized crystal 

solution was then placed on a glass slide and allowed to dry overnight. This slide was used as the 

substrate for all SEM analysis. 

 

Figure 5-17. SEM images of silicalite-1 crystals grown at 80 °C for 3 days (A) in the absence of 
ZGM, (B) in the presence of D-Arg, and (C) in the presence of TBPO. 

 
SEM images of silicalite-1 crystals grown in the presence of ZGMs depict subtle changes in 

bulk morphology due to inhibitor addition  (Figure 5-17). It was observed that the control crystals 

as well as the crystals grown using D-Arg and TBPO produced similar ~200nm rounded particles. 

The exact size of silicalite-1 crystals was measured using DLS, and confirmed the visual evidence 

provided by SEM. These results are tabulated in Table 5-2 below.  

 

Table 5-2. Change in final particle size due to various ZGMs after growth for 3 days at 80 °C. 

 
Dh (nm) 

% change in 
crystal size 

Control 255 ± 6 - 

D-Arginine 291 ± 6      + 14.1 

TBPO 245 ± 3      -    4.0 

Spermine 190 ± 9      -  25.4 

                       *Solution composition was 48SiO2:24TPAOH:192EtOH :9500H2O. 
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After addition of D-Arginine, an increase in size of 14.1% was observed compared to the 

control. This finding is in agreement with previous work outlined in Section 2.3, which shows 

that D-Arg preferentially binds to (101) faces, thereby increasing crystal thickness (i.e., the [010] 

length). However, the magnitude of this change is less than what was previously reported (this 

will be discussed later). In the presence of spermine, there was a 25.4% reduction in crystal size 

(hydrodynamic diameter averaged over all three silicalite-1 dimensions). In the presence of 

TBPO, only a 4.0% reduction in particle size was observed. Although it has been shown that 

TBPO is more effective than spermine181 (Section 2.3), the lower synthesis temperature in this 

study (80 °C vs. 160 °C) will result in a lower TBPO solubility, thereby limiting its effectiveness 

as a ZGM.  

Overall, crystal size reduction calculated from these studies appears to be much less 

pronounced than previously shown in Section 2.3, especially given the higher concentration of 

ZGM (1.0 wt% compared to < 0.8 wt%), and much lower temperature (80 °C vs. 160 °C), two 

factors that should enhance ZGM coverage and binding. Additionally, when comparing these 

results to the DLS studies outlined in Section 5.3, a similar discrepancy is observed; even at 

double the concentration (1.0 wt% compared to 0.5 wt%), and slightly lower temperature of 80 

°C vs. 85 °C, only a 25.4% reduction was observed in the case of spermine, compared to the 

50.6% growth rate inhibition reported in Table 5-1.  

Upon closer inspection of the solutions used for all three measurements, DLS experiments in 

Section 5.3, and SEM experiments in Chapter 2 and Section 5.5, these seemingly contrasting 

observations can be reconciled by the (mol ZGM/ mol Si) ratio. Table 5-3 lists how the (mol 

ZGM/ mol Si) ratio varies as a function of solution molar composition and ZGM concentration 

(spermine was used for this analysis). For example, 1 wt% spermine in a xSiO2:yTPAOH: 

9500H2O:4xEtOH solution will have a different (mol spermine/ mol Si) ratio than 1 wt% 

spermine in a 2xSiO2:yTPAOH:9500H2O:4xEtOH solution. The addition of 0.5 wt% spermine to 

a solution with a molar composition of 8SiO2:7TPAOH:9500H2O:32EtOH resulted in a 50.6 % 
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reduction in growth rate at 80 °C. In the solution with a composition of 48SiO2:24TPAOH: 

9500H2O:192EtOH, in which we added 1 wt% spermine, the (mol spermine/ mol Si ratio) is 

approximately 35% lower than that of the 8SiO2:7TPAOH solution, in which spermine was 

shown to have a dramatic effect on the growth rate. We would need approximately 2.8 wt% 

spermine in order to achieve a similar (mol spermine/ mol Si) ratio in a solution with a 

composition of 48SiO2:24TPAOH:9500H2O:192EtOH (Table 5-3). This suggests that ZGM 

effects should be normalized by the (mol ZGM/ mol Si) ratio of the growth solution used in the 

experiment, as shown in Table 5-3, in order to facilitate accurate comparison. 

 

Table 5-3. Variations in (mol ZGM /mol Si) ratio as a function of solution pH and composition. 

 
pH 11.2 pH 11.3 pH 12.7 

 
8SiO2 : 

7TPAOH 
48SiO2 : 

24TPAOH 
40SiO2 : 

40TPAOH 

wt% Spermine mol spermine/ mol Si 

0.5 0.540 0.097 0.117 

1.0 1.079 0.194 0.235 

1.5 1.619 0.291 0.352 

2.0 2.158 0.388 0.469 

2.5 2.698 0.485 0.586 

3.0 3.237 0.583 0.704 

*Water concentration was held constant at 9500 using a molar composition 
xSiO2:yTPAOH:4xEtOH:9500H2O 

 

 

Another parameter that needs to be considered in addition to solution composition is solution 

pH (in the context of ZGM pKa). Both 8SiO2:7TPAOH:9500H2O:32EtOH and 

48SiO2:24TPAOH:9500H2O:192EtOH solutions have a similar pH (11.2 and 11.3 respectively). 

Using Table 5-3 above, a 40SiO2:40TPAOH:9500H2O:160EtOH solution such as the one used in 

Chapter 2, should require similar spermine concentrations to a 48SiO2:24TPAOH:9500H2O: 
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192EtOH solution. However, this was not the case. As described previously305, spermine reduced 

silicalite-1 thickness by a factor of four, at a concentration of 0.2 wt% (and concomitant increased 

temperature). However, the pH of the 40SiO2:40TPAOH:9500H2O:160EtOH  solution is 12.7, 

well above the pKa1 of spermine (11.2), whereas the pH of the 48SiO2:24TPAOH: 

9500H2O:192EtOH solution is 11.3, and very close to the pKa1 of spermine. This suggests that 

spermine is more effective at higher pH values, where it is neutral. As was mentioned previously 

in this chapter, care must be taken to ensure that there are no acid/base influences that can alter 

the role of ZGM molecules during zeolite growth. This highlights the importance of fundamental 

parameters, such as ZGM pKa, as well as solution composition and pH, which must be properly 

accounted for in order to optimize ZGM efficacy. 

Bulk crystallization studies also confirmed the effect of temperature, as described in Section 

5.3, namely that more ZGM is needed at higher temperatures. When increasing the temperature 

from 80°C to 160 °C, the addition of 1 wt% D-Arg (Figure 5-18B) and 1 wt% TBPO (Figure 

5-18C)  

 
Figure 5-18. SEM images of silicalite-1 crystals grown at 160 °C for 3 days (A) in the absence of 

ZGM, (B) in the presence of D-Arg, (C) TBPO, (D) spermine, and (E) TETA. 
ZGMs were added in concentrations of 1 wt%. 
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to a solution with a molar composition of 48SiO2:24TPAOH:9500H2O:192EtOH produced little 

to no effect. TETA (Figure 5-18E) was also found to have little influence on the crystal size 

compared to the control (Figure 5-18A). In the case of spermine (Figure 5-18D), crystals did 

appear to be more faceted, and substantially larger. This is in agreement with SAXS studies that 

suggested spermine could induce aggregation at this pH (below pKa), resulting in larger particle 

sizes. 
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6. Conclusion 

6.1 Tailoring Silicalite-1 Morphology 

In summary, Chapter 2 detailed the development of a novel, 1-step, bioinspired technique 

whereby commercially available molecules termed zeolite growth modifiers (ZGMs) are used to 

selectively control the anisotropic growth rates of silicalite-1 crystallization. To this end, over 30 

chemicals that exhibit compositional and structural similarities to proteins that have been found to 

direct the formation of the hierarchical amorphous silica exoskeletons in unicellular organisms 

such as diatoms and sponges were tested. We were able to identify several molecules that 

exhibited specificities to distinct silicalite-1 (siliceous analogue of ZSM-5, and industrially 

important zeolite with the MFI framework) faces, resulting in the selective reduction of [hkl] 

dimensions, through a mechanism of inhibition, whereby ZGMs preferentially bind to a crystal 

face due to a variety of hydrophobic, hydrophilic, and electrostatic interactions (as will be 

discussed in the next section), and block the attachment of incoming building units, resulting in a 

decreased growth rate in the normal direction. For example, spermine and TBPO were found to 

bind to the (010) face and reduce silicalite-1 [010] thickness by a factor of three, or an order of 

magnitude, respectively. Inversely, D-Arginine was found to increase platelet thickness by a 

factor of two. Through careful selection of ZGMs, as well as their concentration, a wide range of 

aspect ratios and thickness were produced, as validated by DLS and bulk crystallization studies. 

Furthermore, it was found that the addition of ZGMs to growth solutions also affects the 

microscopic silicalite-1 surface. For example, ZGMs such as spermine and TBPO that bind to 

(010) surfaces produced silicalite-1 crystals with fewer triangular hillocks (~1 nm in height) 

compared to the control, whereas D-Arginine and THAM, ZGMs that bind to (101) silicalite-1 

faces, resulted in an increase in surface step density. This effect allows an added level of control, 

whereby reactions that require high silicalite-1 external surface areas can employ silicalite-1 

catalyst crystals grown in the presence of modifiers that selectively increase [010] thickness, 
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while those that need to reduce adverse external reactions, can use ZGMs that reduce [010]  

thickness. Furthermore, TGA studies identified that only a minor fraction of ZGM added to 

growth solution remains occluded within the zeolite crystal, thereby permitting recycling, 

resulting in lower processing costs.  

Overall, this chapter served as the foundation for the mechanism of inhibition, and 

established that ZGMs can offer a straightforward, effective, and very versatile method of 

tailoring the kinetics of crystallization in order to achieve unparalleled 3-dimensional control of 

crystal morphology.  

6.2 Identifying Factors Affecting ZGM-LTL Adsorption 

In Chapter 3, we translated the technique outlined in Chapter 2 to a 1-dimensional zeolite 

framework, LTL, and it was shown that this facile strategy can be successfully employed to tailor 

the morphology and surface architecture of LTL crystals in addition to silicalite-1 (MFI) platelets.  

A systematic investigation of over 30 amines and primary alcohols, diols, and triols of varying 

length, was carried out in order to identify structural features responsible for zeolite-ZGM 

binding, and develop a more comprehensive understanding of structure−function relationships 

governing ZGM effectiveness.  We first performed bulk crystallization studies, and then used a 

combination of characterization techniques, including electron microscopy, X-ray diffraction, and 

atomic force microscopy, to study the influence of commercial ZGMs on LTL crystal 

morphology and surface properties. We then examined the molecular topology of LTL crystal 

surfaces, specifically the number, density and arrangement of silanol groups on the basal and 

{100} planes in order to determine general physicochemical factors that can enhance ZGM 

efficacy and binding affinity. We then observed trends in aspect ratio as a function of 

hydrophobicity, and found that quaternary amines bind preferentially to {100} surfaces, while 

1,3-polyols with alkyl segments of (CH2)3 or longer, most effectively adsorb on (001) surfaces. 

Through the judicious selection of modifiers with specificity for either the (001) or {100} 
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surfaces, we were able to moderate the length-to-diameter aspect ratio of LTL crystals over three 

orders of magnitude. Furthermore, we found that polymers are more effective than their 

monomeric counterparts, requiring much smaller quantities to produce significant changes in 

aspect ratio. Additionally, we confirmed that the presence of ZGMs did not induce polymorphism 

(XRD studies).  

The insights gained in this chapter resulted in the production of LTL crystals with short 

diffusion path length (<100 nm) and concomitant large (001) surface area (1-10 μm2/particle), 

two properties that greatly enhance potential for applications in critical areas such as catalysis, 

photonic devices, and biomedical uses. Additionally, high aspect ratio rod-like crystals produced 

in the presence of PDDAC can be used in microcapillary devices for light harvesting antenna and 

luminescent labeling. 

6.3 Direct Observation of Silicalite-1 Growth Mechanism 

In Chapter 4, we outlined the development of a new in situ AFM technique capable of 

providing time-resolved measurements of silicalite-1 growth under realistic conditions. This 

extremely difficult task required more than three years of optimization in order to overcome 

several instrumental, software, and material challenges such as the following: (i) finding o-rings, 

cell components, and films capable of withstanding the heated, highly alkaline solutions 

commonly used as growth solutions, (ii) identifying AFM tips that can adequately image for tens 

of hours in harsh conditions, (iii) developing software solutions capable of overcoming drift 

issues, thereby allowing imaging of the same micron-sized area for extended periods of time. 

After over 150 experiments, this methodology was used to provide the first direct evidence that 

silicalite-1 growth proceeds by concerted processes that bridge two schools of thought: a classical 

mechanism based on the addition of silica molecule growth units and a non-classical route 

involving the direct attachment of pre-nucleation nanoparticles. Although the exact 

microstructure of precursors and the molecular level events governing their structural 
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rearrangement could not be reconciled by AFM, the dynamic processes of silicalite-1 surface 

growth identified by the in situ AFM technique developed here revealed a complex series of 

events that transcend conventional mechanisms involving 2D layer nucleation and spreading. 

These critical conclusions also provided important lessons that can help guide ZGM selection in 

the future. For example, at lower temperature, in regimes where 3D nucleation is the primary 

growth mechanism, larger molecules such as polymers that can block a higher percentage of the 

surface could potentially be more effective, provided they are soluble. At high temperatures, 

smaller ZGMs should be equally potent because they can perturb the attachment of silica 

molecules (monomers/oligomers), which are substantially smaller than the 2-6 nm precursors 

present responsible for 3D nucleation.  

In addition to the study of silicalite-1, the techniques outlined here can be extended to a 

broader class of zeolitic structures, and may also prove to be a valuable tool for elucidating the 

growth mechanism(s) of other materials synthesized by either hydrothermal or solvothermal 

methods, which include (but are not limited to) metal oxides, minerals, and metal organic 

frameworks, towards the rational design of commercially-relevant materials. 

6.4 Effect of Synthesis Parameters on ZGM Efficacy 

In Chapter 5, we investigated the effect of ZGMs on the precursor size and number density. 

Using SAXS and DLS studies, we found that most molecules do not alter either parameter in the 

model composition chosen, with the exception of spermine. Spermine was found to induce 

precursor aggregation, indicating that care must also be taken when selecting ZGMs: molecules 

which have a pKa above that of the growth solution can affect the overall solution pH, and initiate 

much more complex interactions than the inhibition mechanism outlined in Chapter 2.  

Additionally, we also tested the effect of temperature on the efficacy of ZGMs. DLS studies 

revealed that ZGMs are less effective at higher temperatures, a phenomena that is in agreement 

with the exothermic nature of adsorption processes. These observations are consistent with LTL 
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studies outlined in Chapter 4, whereby a concomitant reduction in synthesis temperature, and 

ZGM inclusion, resulted in enhanced inhibition. Furthermore, it was suggested that higher 

quantities of ZGMs are needed at higher temperatures, in order to produce similar effects as those 

observed at lower temperature. It is of consequence to note that care must be taken when scaling 

up quantities of ZGM, as the required increase will depend on the supersaturation of the growth 

solution, as well as its pH.  

Collectively, the studies outlined in this thesis, suggest a generalized utility of ZGMs for 

tailoring nanoporous materials with optimal crystal morphologies for a wide range of applications 

through a sophisticated yet facile, cost effective technique. As such, we believe this commercially 

viable strategy is a paradigm in zeolite synthesis capable of producing unrivaled materials that 

have eluded more conventional techniques. 
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