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Abstract 

Zeolites are a class of materials with ordered micropores (smaller than 2 nm), that can be 

used for gas separation, catalysis, and adsorption. Structurally, zeolites are composed of 

SiO4 tetrahedra sharing corners in an ordered manner. The numerous arrangements of 

these SiO4 tetrahedra give zeolites micropores in the forms of channels and cages. 

Although the applications of each zeolite depends on the spatial arrangements and the 

sizes of these micropores, size and morphology of zeolite particles are equally important. 

By preparing zeolite nanoparticles, diffusion paths of zeolite particles can be shortened, 

total surface area of zeolite particles can be increased, which are beneficial to reducing 

energy consumption in gas separation, reducing deactivation in catalytic reactions, and 

increasing adsorption capacities.  

This dissertation introduces various methods to prepare zeolite nanoparticles. 

Zeolite nanoparticles prepared with the help of mesoporous carbon templates (hard 

template) are firstly introduced where the shape and size of zeolite particles are imprinted 

from the templates. In addition to hard templates, the use of bifunctional surfactant (soft 

templates) to prepare ultra-small zeolite nanoparticles and lamellar zeolite membrane is 

also introduced. With only one structure-directing agent that is less intuitive than hard or 

soft templates, the preparation of hierarchical lamellar zeolite with 2 nm lamellae, the 

self-pillard pentasil (SPP) zeolite, is introduced, where the intrinsic growth patterns of the 

crystal played an important role. Finally, template-free synthesis of zeolite nanoparticles, 

where zeolite formation is totally driven by the intrinsic growth patterns, is introduced. In 

addition to the preparation methods, a series of computational methods to determine and 

study the structures of zeolite nanoparticles are also introduced. 
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Chapter 1 Introduction 
 
Separation and catalytic reaction are two major themes of chemical engineering. In either 

application, the direct manipulation of molecules is the ultimate goal. Recognition of 

molecules can be achieved conveniently in molecular cavities that resemble the shape, 

size or a certain property of the molecule. There are many porous materials with cavities 

of molecular size. Among them, zeolite is an aluminosilicate material with ordered 

micropores (molecular cavities smaller than 2 nm, which is similar to the size of 

industrial molecules)[1]. Comparing to other porous materials, such as enzymes and 

metal-organic frameworks (MOFs), the major advantage of zeolites is their thermal and 

mechanical stability. 

 

Figure 1-1 Micropores in zeolites in the form of (a) channels (in framework type MFI) and (b) cages 
(in framework type LTA). The micropores are formed by SiO4 tetradehra (highlighted in (a)) sharing 
corners. Due to the special size of the micropores in zeolites (smaller than 2 nm), zeolites can be used 
to selectively sieve industrial molecules according to their size and shape (c). 
 

As a material composed of SiO4 tetrahedra sharing corners, the three-

dimensionally ordered micropores of zeolite are in the forms of channels and cages (Fig. 

1-1 (a) and (b), respectively, channels and cages generated by ZEOMICS[2]). These 
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micropores can selectively admit or reject molecules (molecular sieving effect, as in Fig. 

1-1(c)), rendering zeolites good materials for high-resolution separation[3-4]. If catalytic 

centers are incorporated into the wall of the micropores, with molecular sieving effect, 

selective catalytic conversion can be achieved in the zeolites[5]. However, important as it 

is, the architecture of the micropore system in the zeolite, or pore topology, is not the 

only factor that matters. Morphology and size of the zeolite particles are equally 

important[6]. For example, zeolite membranes prepared with ultra-small zeolite seeds 

have higher flux, and thus requires less energy consumption during operation[7][4]; due to 

very short diffusion path, ultra-small zeolite nanoparticles used as catalysts have little 

deactivation problems and are good for fast and selective reactions[6, 8]; while very large 

zeolite particles have excellent shape selectivity in catalytic reactions due to the larger 

diffusion path for reactants and products[9]. Thus, precisely controlling the morphology 

and size of zeolite particles has been a very important part of zeolite synthesis. 

In this dissertation, various templated and template-free syntheses of zeolite 

nanoparticles are introduced. In many cases, the properties of zeolite nanoparticles are 

very different from bulk phase materials. Correctly understanding the structure of the 

zeolite nanoparticles is crucial to synthesis and characterization of zeolite nanoparticles. 

Thus, this dissertation firstly introduces the development of a series of computational 

methods to determine and study the structure of zeolite nanoparticles (Chapter 2). 

Following the computational methods, as an intuitive method to prepare nanoparticles, 

zeolite nanoparticles imprinted from hard templates (mesoporous carbon) is introduced 

(Chapter 3). In addition to hard templates, soft templates, i.e., surfactants specifically 
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designed to direct zeolite nanostructure formation, is also a method to prepare zeolite 

nanoparticles. If the soft template has an extended structure, it could direct the formation 

of the pore topology as well as the shape of the entire particle. With this concept, zeolite-

organic nanoassembly is introduced in Chapter 4, where the preparation of individual 

zeolite nanoparticles smaller than 10 nm is proposed and attempted. (A general 

introduction to zeolite synthesis is also included in Chapter 4.) As another example of 

utilizing soft templates, lamellar zeolite membrane preparation using bifunctional 

surfactant template is explored in this dissertation (Chapter 5). In the above three 

methods, intuitive templates are used to prepare zeolite particles with desired 

morphology. However, in order to form zeolite nanoparticles, the template does not need 

to be intuitive. In Chapter 6, with only one structure-directing agent (SDA), the 

preparation of hierarchical lamellar zeolite with 2 nm lamellae is introduced, where the 

formation of the nanostructure is partly driven by the intrinsic growth pattern of the 

crystal. In this case, one template can be used to direct the formation of both the pore 

topology and the mesoscale architecture. In Chapter 7, the preparation of faujasite 

nanoparticles without any template is introduced. The use of templates sheds lights on the 

design of zeolite nanostructures, however, the templates have to be removed to open the 

micropores for most applications. Thus, for industrial zeolite preparation, template-free 

methods are preferred due to the low cost. Although the results in Chapter 7 are still 

preliminary, following this path, if the intrinsic growth patterns of zeolite or any crystal is 

fully unleashed and controlled by template-free method, a new era of industrial 

nanoparticle synthesis will be at its dawn.  
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Chapter 2 Computational methods for studying the structures 

of zeolite nanoparticles1 

2.1 Introduction 
High aspect ratio zeolite single crystals with thickness in the nanometer range (zeolite 

nanosheets with thickness smaller than 10 nm) are desirable for applications including 

building blocks for heterogeneous catalysts [10-12], and the fabrication of thin molecular 

sieve films and nanocomposites for energy efficient separations [13]. They could also be of 

fundamental importance as they would allow probing mechanical, transport and catalytic 

properties of microporous networks at the nanoscale.  

MWW- and MFI-nanosheets were prepared using exfoliation methods[14] starting 

from their corresponding layered precursors ITQ-1 [10] and multilamellar silicalite-1 [12], 

respectively (Fig. 2-1). These nanosheets were used for the fabrication of membranes for 

gas separation. To investigate the difference between these unit-cell-thick nanosheets and 

bulk phase materials, a series of modeling and simulation methods, including surface 

structure optimization with Car-Parrinello molecular dynamics (CPMD), powder X-ray 

diffraction pattern (XRD) simulation, and electron micrograph and electron diffraction 

patterns simulation, were developed and applied to these nanosheets. These methods 

were also used to prove the successful preparation of these nanosheets. 

1  Some of the results presented in this chapter is published in: K. Varoon, X. Zhang, B. Elyassi, D. D. Brewer, M. 
Gettel, S. Kumar, J. A. Lee, S. Maheshwari, A. Mittal, C. Y. Sung, M. Cococcioni, L. F. Francis, A. V. McCormick, K. 
A. Mkhoyan, M. Tsapatsis, Science 2011, 333, 72. Contents from the above publication are reprinted with permission 
from AAAS. 
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Figure 2-1 TEM images of single MWW and MFI nanosheets are shown in (A) and (B), respectively. 
AFM (tapping mode) topographical images of MWW and MFI nanosheets are shown in (C) and (D), 
respectively. The average step-height (h) data of the area highlighted in (C) and (D) are plotted in (E) 
(MWW nanosheet) and (F) (MFI nanosheet). The height data are calibrated using steps formed on 
freshly cleaved mica. Scale bars in (C) and (D), 200 nm. 
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2.2 Car-Parrinello Molecular Dynamics simulation of zeolite nanosheets 
Background 

It is not uncommon for nanoparticles to have significantly different properties 

from bulk materials, although they have the same crystal structure[15]. Some of these 

differences are due to the increased fraction of particle surface in nanoparticles. In zeolite 

particles with ultra-small size, such as nanosheets with thickness smaller than 5 nm, the 

fraction of surface atoms can be much higher than bulk phase zeolite particles. Being an 

interface, the structure of the nanoparticle surface can also be different. In some metal 

oxides, less long-range order is observed on the surface due to the partial bonding 

environment comparing to the bulk[16], while the (0001) surface of quartz is not very 

subject to rearrangement[17]. However, little is known about zeolite nanosheets. It is 

important to find out the surface structure of these ultra-thin nanosheets as a step to 

interpret any possible differences the ultra-small size brings about.  

Molecular dynamics (MD) and density functional theory (DFT) are common 

methods to optimize atomic structures. MD is a classical method implemented by step 

integration of Newton’s equations[18]. Although suitable for molecules, MD is not 

designed for covalent network or metallic materials. DFT gives better accuracy than MD 

by taking the configuration of electrons into account [19-20], however, the computational 

resources required to carry out DFT optimization of a 3-D covalent network is enormous. 

Car-Parrinello molecular dynamics (CPMD) is a method to combine the concepts of MD 

and DFT. By using reasonable assumptions for covalent networks, such as ground state 

electronic properties, classical mechanics assumption and Born-Oppenheimer 

approximation, CPMD comes with accuracy similar to DFT for optimizing covalent 
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systems, without demanding so much computational resources[21]. Thus, dumped-

dynamics simulation by CPMD was performed on the zeolite nanosheets to reveal the 

surface structures of the ultra-thin nanosheets. 

Structure construction  

Structural models of the nanosheets are built according to the experimental 

observations from microscopy.  

The definition of MWW unit cell and atomic coordinates used to generate the 

ITQ-1 nanosheet structure were from Camblor et al. [22] The structure of ITQ-1 

nanosheets was proposed as one unit cell-thick (Fig. 2-2A), as by Corma et al. [23]. A thin 

fragment of the nanosheet highlighted with purple in Fig. 2-2A was used to represent the 

part of the nanosheet that will undergo structural change upon optimization. The dangling 

bonds on both exterior and interior sides of the fragment were terminated with hydroxyl 

groups (with terminal O-H bond length initially set to 98 pm, and Si-O-H bond angle set 

to its corresponding Si-O-Si bond angle in the original unit cell), resulting in 63 atoms in 

the cluster. The terminal hydroxyl groups on the interior side were kept fixed, and the 

other atoms were allowed to relax. Periodic boundary conditions were applied in three 

dimensions: the cluster is bonded with adjacent unit cells perpendicular to c direction, but 

is separated with a vacuum layer along the c direction (the thickness of the vacuum layer 

is chosen as 21.6 Å, 5 times the thickness of the cluster). In the structural optimization, 

the lattice parameters were kept constant, and the convergence criteria for ionic position 

optimization were chosen as 10-4 a.u. for total energy, and 10-6 a.u. for electron kinetic 

energy, typical values for covalent systems.  
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The definition of MFI unit cell and atomic coordinates are from van Koningsveld 

et al. [24]. The structure of the silicalite-1 nanosheets was chosen as three (010) pentasil 

layers along the b direction (1.5 unit cell thick, as in Fig. 2-1B and C). For structure 

optimization, one (010) pentasil layer at the surface was chosen as a cluster. Similar to 

MWW cluster, the dangling bonds on both exterior and interior sides were terminated 

with hydroxyl groups with terminal O-H bond lengths and Si-O-H bond angles treated in 

the same manner, resulting in a cluster with 168 atoms. The interior terminal hydroxyl 

groups were kept fixed, and the other atoms were allowed to relax. Periodic boundary 

conditions were applied in three dimensions, where the pentasil layer clusters were 

separated with a vacuum layer of thickness 59.6 Å, 5 times the thickness of the cluster. In 

the structural optimization, the lattice parameters were kept constant, and the 

convergence criteria for ionic position optimization were chosen as 10-4 a.u. for total 

energy, and 1.5x10-5 a.u. for electron kinetic energy.  

Alternatively, a structure that is 1 unit cell thick (contains one complete and two 

incomplete (010) pentasil layers) was also chosen for comparison (Fig. 2-2D and E). The 

structure optimization was performed similarly to the 1.5 unit cell thick structure, except 

that the incomplete pentasil layer was chosen as the cluster for structure optimization, 

which results in a cluster with 108 atoms. Periodic boundary conditions were applied in 

three dimensions, where the clusters were separated with a vacuum layer of thickness 

29.8 Å, 5 times the thickness of the cluster. In the structural optimization, the lattice 

parameters were kept constant, and the convergence criteria for ionic position 
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optimization were chosen as 10-4 a.u. for total energy, and 10-6 a.u. for electron kinetic 

energy. 

Computation details  

 

Figure 2-2 Side-views of relaxed structures of the MWW- and MFI-nanosheets obtained by structure 
optimization of nanosheets with Car-Parrinello molecular dynamics. (A) 1 unit cell thick MWW-
nanosheet with relaxed surface structure viewed along a-axis; 1.5 unit cell thick silicalite-1 nanosheet 
with relaxed surface structure, viewed along c-axis (B), and a-axis (C); 1 unit cell thick silicalite-1 
nanosheet with relaxed surface structure, viewed along c-axis (D), and a-axis (E). The cluster of 
atoms that were allowed to relax is shown in purple. The rest of the Si, O, and H atoms are colored in 
yellow, red and white, respectively. 
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These zeolite nanosheet structures were optimized using damped-dynamics 

simulation by the Car-Parrinello molecular dynamics (CPMD) code in the Quantum 

ESPRESSO package [25]. All periodic calculations were performed using the Perdew-

Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [26] of the exchange-

correlation functional. To describe the interaction of valence electrons with ionic cores, 

we employed ultrasoft pseudopotentials. The calculation required kinetic energy cutoffs, 

of 40 Ry and 320 Ry for wave functions and charge density, respectively. The Brillouin 

zone sampling was restricted to the Γ-point.  

Results and discussion 

The optimized surface structures were adopted into the initial structures to 

generate nanosheets of various thicknesses. The resulting structures are shown in Fig. 2-

2. The thicknesses of these structures were calculated as the distance between the 

outermost hydrogen atoms on top and at the bottom of the nanosheets. The calculated 

thicknesses were compared with experimental observations from atomic force 

microscopy (AFM, Fig. 2-1E and F), and the results are shown in the following Table 2-

1. 

Table 2-1 Comparison of simulated and experimental thicknesses of MFI and MWW nanosheets 
 

 Before optimization After optimization Experimental 

MFI 1 unit cell 1.99 nm 2.39 nm 3.4±0.3 nm 1.5 unit cell 3.21 nm 3.21 nm 
MWW (1 unit cell) 2.49 nm 2.63 nm 2.6±0.3 nm 

  

Before and after the optimization of the structures, the positions of each atom in 

the layer were also recorded. The displacement of each atom is shown in the following 
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figures (Fig. 2-3). According to the figures, the displacement of all atoms in the structures 

before and after the optimization were smaller than 1 Å. Powder X-ray diffraction 

patterns were also simulated from the structures before and after the optimization (Fig. 2-

4, the method for the XRD pattern simulation is introduced in section 2.3), with which we 

can also tell that the displacement of the atoms have limited effect on the structure. If the 

optimization of the two MFI structures are compared, the displacement from the structure 

with incomplete pentasil chains (2 pentasil layers, model in Figs. 2-2D and E, 

displacements in Fig. 2-3B) is larger than that with complete pentasil chains (3 pentasil 

layers, model in Figs. 2-2B and C, displacements in Fig. 2-3C), possibly due to the partial 

bonding environment in the incomplete pentasil layers. For the MFI nanosheets, the 

simulated thickness of the 1.5 unit cell structure (3 pentasil layers) agreed with the 

experimental measurements. The model of the one-unit-cell MWW nanosheets also 

agreed with the experiments.  

These results preliminarily confirmed the thicknesses of the nanosheets. The 

models with optimized surface structures are further used in the following sections for the 

simulation of powder X-ray diffraction patterns and electron diffraction patterns. 
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(a) 

 

(b) 
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(c) 

Figure 2-3 Displacement of atoms before and after the optimization of the (a) 1 unit cell MWW, (b) 1 
unit cell MFI, and (c) 1.5 unit cells MFI nanosheet structures. The left side of the horizontal axes 
correspond to the exterior side of the structure (interface), while the right side represents the interior 
side of the structure (bulk). 
 
 
 

 
(a)                                                       (b) 

Figure 2-4 Simulated XRD patterns of the nanosheets ((a) 1 unit cell MFI and (b) 1 unit cell MWW) 
before and after surface structure optimization. 
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2.3 Simulation of powder X-ray diffraction patterns of zeolite nanoparticles 
Background 

Powder X-ray diffraction (XRD) is a technique to study the structure of crystalline 

materials and detect any ordered structures in a material[27-28]. For a bulk crystal, from the 

locations of the peaks in an XRD pattern, the distances between atoms, and furthermore, 

the positions of all atoms in one unit cell, can be determined. However, the XRD patterns 

from nanoparticles usually have broader peaks due to the finite size along certain 

dimensions. When the particle size reaches the dimensions of a unit cell, some peaks may 

disappear due to lack of long range order along the diffracting planes, while extra peaks 

that contain information of size and shape of the particles may appear. In this extreme 

case, the very limited information from the patterns brings challenges to directly indexing 

the patterns. Thus, if unit-cell-size particles are prepared, comparing the experimental 

patterns with simulated patterns, rather than directly indexing the XRD patterns, is a 

more suitable approach to study the structure of the particles. 

XRD patterns of bulk phase crystals can be simulated solely from atomic 

positions in one unit cell, where the size and morphology of the particles are not taken 

into consideration, since the particle is considered as an infinite crystal. In some cases, 

peak broadening can be added artificially (to each of the 3 dimensions) considering 

particle size and instrumental parameters.[29] However, for particles with arbitrary shapes, 

the XRD patterns would be more accurate and realistic if the simulation could be done 

from a model with defined shape and finite size. SKIP (small crystal interference 

program) is one method following this concept, where a simulated X-ray passed through 
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the nanoparticle and the simulated powder X-ray diffraction pattern is calculated with 

powder power theorem.[30]  

In this section, SKIP is applied to zeolite nanoparticles and ultra-thin nanosheets. 

With results from microscopy, the simulated XRD patterns are used to determine the 

structures, especially thicknesses, of the nanosheets. 

 

Structure construction and computation methods 

XRD patterns were simulated using powder power theorem [30] implemented with 

UDSKIP[31]. In the simulation, MWW nanosheets were modeled as 50×50×n (n=1, 2, and 

3) unit cells with relaxed surface structure obtained in section 2.2, and MFI nanosheets 

were modeled as 50×n×50 (n=1, 1.5, 2.5, and 3.5) unit cells with relaxed surface structure 

obtained in section 2.2. Simulations for wide-angle X-ray diffraction were carried out 

with step size ∆(2θ)=0.01o (Cu Kα1 radiation, λ=1.5418 Å).  

Results and discussion 

 
(a)                                                             (b) 

Figure 2-5 Simulated XRD pattern of MFI nanoparticles of unit cell size (a: 1x1x1, 2x2x2, 3x3x3, and 
4x4x4 unit cells) compared with experimental XRD pattern of commercial MFI (b). 
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First, following Kragten et al.[31], XRD patterns of ultra-small MFI nanoparticles 

were simulated and compared with that of commercial MFI. MFI nanoparticle models of 

sizes 1x1x1, 2x2x2, 3x3x3, and 4x4x4 unit cell(s) were constructed using atomic 

coordinated from van Koningsveld et al.[24] If the XRD pattern from the 4x4x4 particle is 

compared with the XRD pattern of commercial MFI (Fig. 2-5(b)), although some of the 

peaks can still be recognized, the small sizes of the MFI nanoparticle models result in 

broader peaks than that of bulk phases. When the particle size is further reduced, such as 

the 1x1x1 particle that is of unit cell size, the patterns can no longer be indexed by 

comparing with bulk phase XRD patterns. While some peaks become broader, some new 

peaks that have information of the particle size and shape emerge (around 16o). 

The experimental patterns from the MWW and MFI nanosheets show very broad 

peaks (Fig. 2-6 (a) and (b), respectively), which is consistent with their ultra-small 

thicknesses. While the peaks from the experimental pattern of MFI nanosheets can be 

compared with that of bulk phase MFI and indexed, some broad peaks of the MWW 

nanosheets, such as those around 5o and 9o, are absent from XRD patterns of bulk phase 

MWW. In order to explain these patterns, simulation of various nanosheets structures (1 

unit cell MWW, 2 unit cell MWW, and 3 unit cell MWW in Fig. 2-6(a), 1 unit cell MFI, 

1.5 unit cells MFI, 2.5 unit cells MFI, and 3.5 unit cells MFI in Fig. 2-6(b)) were 

performed and compared with experimental patterns.  
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(a) 

 
(b) 

Figure 2-6 Comparison between experimental and simulated powder X-ray diffraction patterns of 
the nanosheets, where bottom trace is the experimental pattern, and top traces are simulated 
patterns. (a) Comparison for the MWW-nanosheet; trace (A) is the experimental powder XRD 
pattern, and traces (B), (C) and (D) are the simulated patterns for 1, 2 and 3 unit cell thick MWW-
nanosheets, respectively. The comparison indicates that the simulated pattern of 1 unit cell thick 
nanosheets agrees with the experimental pattern. (b) Comparison for the MFI-nanosheets; trace (A) 
is the experimental powder XRD pattern, and traces (B), (C), (D) and (E) are the simulated patterns 
for 1, 1.5, 2.5 and 3.5 unit cell thick MFI-nanosheets, respectively. The comparison indicates that the 
simulated pattern of 1.5 unit cell thick nanosheets agrees with the experimental pattern. Both (a) and 
(b) indicate that the peaks at low angles are sensitive to nanosheets thickness. 
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For MWW nanosheets, at high angles, all the simulated patterns are similar, 

because high angles contain information of the long range order of the atoms in the 

crystal structure. The simulated patterns at high angles also agree well with the 

experimental pattern. This indicates that the crystallinity of the nanosheets is preserved 

after the exfoliation process. The major difference between these patterns lies in the low-

angle patterns, where the 1 unit cell pattern shows one peak at approximately 2.5-7o, the 2 

unit cells pattern shows 2 peaks, and the 3 unit cells pattern shows 3 peaks. In this region, 

the patterns contain information about the shape and size of the particle. By comparing 

the simulated patterns with experimental patterns, the 1 unit cell pattern agrees the best 

with the experimental pattern. Considering results from microscopy, the thickness of the 

MWW nanosheets should be 1 unit cell. 

Similarly, for MFI nanosheets (Fig. 2-6 (b)), at high angles, the simulated patterns 

are similar to each other, and they all agree with the experimental pattern. This indicates 

the crystal structure was preserved after exfoliation. Comparing the low angle regions of 

the simulated patterns and the experimental pattern, it is obvious that the 1.5 unit cells 

model agrees well with the experimental pattern, especially the minimum at 6o. 

Therefore, the thickness of the MFI nanosheets should be 1.5 unit cells. 

2.4 Simulation of electron micrographs and electron diffraction patterns of 
zeolite nanosheets 
Background 

X-ray diffraction is an effective method to collectively determine the crystalline structure 

and, in some cases, the size and shape of the particles, if they are uniform particles. 

Meanwhile, microscopy is a complimentary method to study the properties of individual 
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particles. Since no dispersible zeolite nanosheets has been prepared before, the difference 

of micrographs and electron diffraction patterns between bulk phase zeolites and zeolite 

nanosheets are still unknown. In order to study this difference, simulation was done to 

different models of zeolite nanosheets, and compared with experimental results.  

Ideally, simulation of electron micrographs and diffraction patterns could be done 

by calculating the wave functions of electrons after they pass through the sample. 

However, although with maximum accuracy, this method is computationally intense, due 

to the manipulation of wave functions through all the atoms in a sample. By converting a 

thick sample (whose size is usually on the order of 100 nm) into thin slices (thickness on 

the order of 0.1 nm) along the direction of electron propagation, and calculate the wave 

functions sequentially through each slice taking advantage of reasonable simplifications, 

much less computational resources will be needed. This method, the Multislice method 

developed by Kirkland [33, 35], will be applied to the MWW and MFI zeolite nanosheets in 

this section. 

Structure construction and computation details 

Simulation of electron diffraction (ED) patterns and TEM images was performed 

using Multislice method [32-34] with the code developed by Kirkland [35]. 

For simulation, an orthorhombic MWW unit cell is reconstructed from the 

hexagonal MWW unit cell: ao = 3 ah, bo = ah, co = ch, where ao, bo, and co are the lattice 

parameters for the orthorhombic MWW unit cell, and ah and ch are the lattice parameters 

for the hexagonal MWW unit cell. The position of all the atoms are obtained from 

optimization done in section 2.2. The nanosheet size is chosen as 24.6 nm (ao) x 24.2 nm 
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(bo) with desired thicknesses. A vacuum layer was placed around the crystal to extend the 

crystal to a supercell with 34.4 nm x 34.4 nm, and periodic boundary conditions were 

applied in two dimensions (perpendicular to beam) to the super cell. A grid of 11700 × 

11700 pixels was used in these simulations. In order to generate the projected atomic 

potentials, the crystal was automatically sliced along the c direction to 1 Å slices with 

autoslic module provided with the code. 

For MFI, the nanosheet size is chosen as a=10.8 nm and c=13.4 nm with desired 

thicknesses. A vacuum layer was placed around the crystal to extend the crystal to a 

supercell with a=c=18.8 nm, and periodic boundary conditions were applied in two 

dimensions (perpendicular to beam). The position of all the atoms are obtained from 

optimization done in section 2.2. A grid of 6724 × 6724 pixels was used in these 

simulations. In order to generate the projected atomic potentials, the crystal was 

automatically sliced along the b direction to 1 Å slices with autoslic module provided 

with the code. 

Acceleration voltage (300 kV) and spherical aberration coefficient (Cs=1.2 mm) 

were used as microscope parameters for simulation of electron diffraction patterns. The 

temperature of the simulation was set to 300 K, where thermal vibration was introduced 

in the simulation by randomly displacing the atoms according to their Debye-Waller 

factors [36]. 

The simulated MWW and MFI electron diffraction patterns were convolved with 

a normalized Gaussian function with a FWHM of 0.003 Å-1 and 0.01 Å-1, respectively, as 
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an approximate approach to account for the convergence of the electron beams at actual 

operating conditions. 

Results and discussion 

 The experimental electron micrographs and diffraction patterns are shown in Fig. 2-

7. From Fig. 2-7 (a) and (b), we can tell that the particles are mostly smaller than 300 nm. 

Fig. 2-7 (c) and (d) are high-resolution images of the MWW and MFI nanosheets, from 

which electron diffraction patterns were obtained (Fig. 2-7 (e) and (g), respectively). 

Simulation of electron diffraction patterns were obtained from the optimized models built 

in section 2.2. The simulated patterns, as shown in Fig. 2-7 (f) and (h), agree well with 

the experimental patterns. This confirmed that the particles after exfoliation are with 

good crystallinity. 
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Figure 2-7 Low-magnification TEM images of c-oriented MWW (A) and b-oriented MFI nanosheets 
(B). TEM images of single MWW and MFI nanosheets are shown in (C) and (D), respectively. (E) 
and(G) are the corresponding ED patterns of the same particles shown in (C) and (D), respectively. 
Simulations of the ED patterns of proposed structures of nanosheets down the c axis (MWW) and b 
axis (MFI) are shown in (F) and (H), respectively. Scale bars in (A) to (C), 200 nm; in (D), 50 nm; in 
(E) and (G), 1 nm. 
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 In addition to crystallinity, thickness determination of the nanosheets from TEM 

was also attempted. As a first step, models of zeolite nanosheets with different 

thicknesses were built, and electron diffraction patterns were simulated from each of 

them with beam perpendicular to the lamellae. The intensities of the diffraction spots 

were measured, and normalized to the brightest spots of each pattern ((501) from MWW, 

and (310) from MFI). For each material with different thicknesses, the intensities of all 

the spots in the diffraction patterns of models were plotted in one graph for comparison. 

In Fig. 2-8, the intensities of the diffraction spots from MFI nanosheets (1, 2, 3, 4, and 5 

unit cells thick) are plotted. From the plot, although the intensity of some spots (such as 

}100{ , }110{ , }300{ , and }330{ ) depends on the thickness, the intensities do not show 

significant different when the thickness of nanosheets are increased. The same is 

observed in the study of MWW nanosheets (Fig. 2-9), where the dependence is even less 

obvious. 

 In the electron diffraction patterns of ultra-thin lamellar materials, when the sample 

is tilted and the intensity of one specific diffraction spot is tracked, the intensity can show 

different trends that depend on the thickness. This phenomenon was observed in 

graphene, a lamellar material that are composed of single layers of carbon-carbon 

covalent network[37]. For graphene sheets with different thicknesses, the intensities reach 

zero at very different tilting angles. Inspired by this, electron diffraction patterns of 

zeolite nanosheets were also simulated with tilted samples, in order to investigate 

whether tilting can be an approach to determine the thicknesses of the zeolite nanosheets.  

 The simulated patterns of MFI nanosheets are shown in Fig. 2-10 (a)-(f). 
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Figure 2-8 Relative intensity of each diffraction spot in the simulated diffraction pattern of MFI nanosheets with thicknesses of 1, 2, 3, 4 and 5 unit cells. 
The intensities are normalized with respect to the intensity from (310) spot. 
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Figure 2-9 Relative intensity of each diffraction spot in the simulated diffraction pattern of MFI nanosheets with thicknesses of 1, 2, 3, 4 and 5 unit cells. 
The intensities are normalized with respect to the intensity from (501) spot. 
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(a)  0 degree 
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(b) 2 degrees 
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(c)  4 degrees 
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(d) 6 degrees 
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(e) 8 degrees 
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(f) 10 degrees 

 
Figure 2-10 Simulated electron diffraction patterns of MFI nanosheets with different tilting angles (thicknesses in number of unit cells are shown in 
each pattern): (a) 0 degree; (b) 2 degrees; (c) 4 degrees; (d) 6 degrees; (e) 8 degrees; (f) 10 degrees.
 31 



 
 At each tilting angle, electron diffraction patterns are simulated for structures with 

thicknesses of 1, 1.5, 2.5, and 3.5 unit cells. In Fig. 2-10 (a), the four patterns cannot be 

distinguished from each other, since the intensities of the spots are very close to each 

other, which is consistent to the observation from Fig. 2-8. However, as the nanosheets 

are tilted, the difference between the four patterns becomes increasingly obvious. For 

example, at high tilting angles, the spots at higher scattering angles has lower intensity 

for thicker samples (Fig. 2-10(f)). This method is a promising method for thickness 

determination of the individual zeolite nanosheets. However, accompanying experimental 

studies should also be done in the future to validate if this method is practical. 

 

2.5 Conclusions  
 
 MFI and MWW zeolite nanosheets are building units for state-of-the-art zeolite thin 

films for gas separation. In this study, the structures of exfoliated MFI and MWW zeolite 

nanosheets were determined and studied using a combination of experimental and 

simulation methods. Based on characterization results from atomic force microscopy and 

transmission electron microscopy, the structures and thicknesses of the exfoliated zeolite 

nanosheets were proposed. After optimization with Car-Parrinello molecular dynamics, 

X-ray diffraction patterns and electron diffraction patterns are simulated from these 

structures. The agreement between experimental and simulated characterization data 

suggested that the 1 unit cell MWW and the 1.5 unit cells MFI models should represent 

the actual structures of the exfoliated zeolite nanosheets.  
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 The methods used in this study can be extended to determining structures of other 

zeolite nanostructures or nanoparticles in general. 
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Chapter 3 Uniform zeolite nanoparticles from disassembly2 

3.1 Introduction 
Oriented MFI membranes and thin films are widely used for gas separation, 

especially for xylenes[38-39] and butanes[40]. The structure-performance relationships of 

zeolite membrane and thin films requires that the particles should be small in dimension 

(smaller than 50 nm) in order to reduce coating defects[41-43]. Dispersible and uniform 

zeolite nanoparticles smaller than 50 nm are not easy to prepare via nucleation-growth 

approach. However, disassembly can be a promising alternative to prepare zeolite 

nanoparticles. The recently reported three-dimensionally ordered mesoporous (3DOm) 

silicalite-1 is a novel type of hierarchical zeolite[44]. A 3DOm silicalite-1 particle is a 

single crystal containing uniform spherical domains (tunable from below 10 nm to 40 

nm[44]) in a cubic close-packed (ccp) arrangement and interconnected with their 

respective 12 nearest neighbors. It has both the micropores of MFI framework zeolite  

(with sizes similar to many industrially important molecules[1]) and ordered mesopores 

corresponding to the tetrahedral and octahedral interstitial spaces of the cubic close-

packed domains. Considering the tunable domain size below 40 nm, the open structure, 

and symmetrically ordered domains, disassembly of 3DOm domains can be a promising 

method to produce zeolite nanoparticles with uniform but tunable sizes. Inspired by 

previous studies, where dissolution methods were applied to ZSM-5 and silicalite-1 to 

produce mesopores on particle surfaces[45-47], a dialysis method that controls the 

2 Some of the results presented in this chapter is published in: P.-S. Lee, X. Zhang, J. A. Stoeger, A. Malek, W. Fan, 
S. Kumar, W. C. Yoo, S. Al Hashimi, R. L. Penn, A. Stein, M. Tsapatsis, J. Am. Chem. Soc. 2011, 133, 493. 
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dissolution pH range was applied to 3DOm silicalite-1 particles. This controlled 

dissolution method successfully produced dispersible silicalite-1 nanoparticles below 40 

nm with either intact morphology or “fractured egg-shell” morphology, which further 

extended the size limit and morphological variety of zeolite nanoparticles.  

Secondary growth (seeded growth) of zeolite is an important procedure in 

oriented zeolite membrane fabrication[3]. Zeolite seeds coated on a substrate can form a 

continuous and oriented film upon secondary growth at desired conditions[38][48]. 

Different aspects of secondary growth behaviors of silicalite-1 have been studied using 

scanning electron microscopy (SEM)[49], X-ray diffraction (XRD)[49], scanning force 

microscopy[49], fluorescence confocal optical microscopy[50] and dynamical light 

scattering (DLS)[51]. An aggregative growth model of silicalite-1 secondary growth has 

also been proposed[51]. However, atomic resolution study is still in need for more 

fundamental understandings of this important process. Kumar et al studied nucleation and 

growth of silicalite-1 from clear sol using cryogenic transmission electron microscopy 

(cryo-TEM) with structural resolution[52]. Similarly, in this work, secondary growth of 

silicalite-1 disassembled from 3DOm-i silicalite-1 was studied using cryo-TEM, which is 

the first time this process is observed with structural resolution. 

3.2 Experimental methods 
Preparation of 3DOm-i silicalite-1 

The preparation of 3DOm-i silicalite-1 was prepared according to Fan et al.[44] In brief, 

silica nanoparticle sols were synthesized by hydrolysis of tetraethyl orthosilicate (TEOS, 

98%, Aldrich) with aqueous solutions of basic amino acid lysine (Sigma-Aldrich) as 
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described in previous reports.[44, 53][54] Steam-assisted crystallization (SAC) was used for 

the confined synthesis of 3DOm-I silicalite-1 in the 3DOm carbon template.[44, 55] The 

synthesis sol was a 9:0.15:50:390:180 TPA2O/Na2O/SiO2/water/ethanol mixture for all 

samples. The SAC was conducted at three different temperature-time combinations: 85 

°C for 5 days, 135 °C for 3 days, and 180 °C for 2 days.  

Disassembly of 3DOm-i silicalite-1 by dissolution 

Dissolution of 3DOm-i silicalite-1 was performed in a dialysis tube (Spectra/Por 3, 

Spectrum Laboratories Inc.), which allowed separation of silicalite-1 crystals from 

dissolved silicate and other ions. A polypropylene beaker was filled with 1 L of deionized 

water (Millipore Elix, 10 MΩ cm). A tetrapropylammonium hydroxide solution 

(TPAOH, 1.0 M in water, Sigma-Aldrich) or L-lysine (Sigma-Aldrich) was added to the 

beaker to achieve the desired initial pH value for dissolution; 75.0 mg of 3DOm-i 

silicalite-1 powder was transferred to a centrifuge tube containing 8 mL of the same 

solution as in the beaker, to which sonication for approximately 5 min was applied to 

ensure the crystals were separated from each other before dissolution. The mixture was 

then transferred to a rinsed dialysis tube, which was then sealed and placed in the beaker. 

The solution in the beaker was stirred slowly, allowing the dialysis tube to rotate. The pH 

of the solution in the beaker was monitored regularly. The solution outside the dialysis 

tube was changed regularly to a fresh one with the desired initial pH, to keep the pH 

within the desired range and remove silicate species produced by dissolution. After the 

dissolution had been conducted for the desired time, the solution outside the dialysis tube 
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was changed to deionized water, to remove the silicate species. After 1 day, the sol inside 

the dialysis tube was collected and dried at 70 and 135 °C. 

Secondary growth of silicalite-1 nanoparticles 

The silicalite-1 seeds used to study secondary growth were 40 nm spherical elements 

isolated from 3DOm-i silicalite-1 crystals using the sonication procedure described 

above. After isolation, the seeds were suspended in water at a concentration of 1 mg of 

silicalite-1/mL. The suspension was visually stable with no precipitation at room 

temperature for a period of at least 3 months. The growth sols used for this study were 

prepared as described by Davis et al.[56] with the following compositions: 5:9:8100:20 

SiO2/TPAOH/H2O/EtOH (denoted as C1), 10:9:8100:40SiO2/TPAOH/H2O/EtOH 

(denoted as C2), and 20:9:8100:80 SiO2/TPAOH/H2O/EtOH (denoted as C3). The 1 

mg/mL seed suspension was mixed with an appropriate volume of growth sol to yield 

suspensions that were 0.2 mg of silicalite-1/mL with compositions consistent with C1, 

C2, or C3. The suspension was sealed in a centrifuge tube with Teflon tape to prevent 

evaporation of the solvent and was heated in a convection oven at 70 °C. After a certain 

time, the centrifuge tube was removed and plunged into an ice bath (0 °C). A cryo-TEM 

sample was prepared from the suspension immediately afterward. Cryo-TEM sample 

preparation was conducted in an FEI Vitrobot Mark III vitrification robot.[57] A droplet of 

the suspension was placed onto a carbon/Formvar-coated copper grid (Ted Pella Inc.) in 

the climate chamber of the Vitrobot system, where the temperature was kept at 25 °C and 

the relative humidity was kept at 100%. The specimen was transferred under liquid 

nitrogen to a Gatan 626 DH cryo-transfer specimen holder. 
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Characterization  

Scanning electron microscopy (SEM) images were collected on Hitachi S-900 and 

Hitach S-4700 instruments after the samples were coated with 1 nm of Pt. The samples 

for conventional (non-cryogenic) TEM was prepared by applying a few droplets of the 

suspension onto a copper grid coated with holey carbon and carbon thin film (Ted Pella 

Inc.). The grid was then allowed to air-dry. Imaging was performed on an FEI Tecnai G2 

F30 transmission electron microscope operating at 300 kV. Cryo-TEM imaging was 

performed at -117oC on an FEI Tecnai G2 F30 transmission electron microscope 

operating at 300 kV. All TEM images were captured using a CCD camera. Small-angle 

X-ray diffraction (SAXD) measurements were taken on a homemade pinhole SAXD line 

with a sample-to-detector distance of 100 cm using Cu Kα radiation. N2 adsorption and 

desorption isotherms were measured at 77 K on a Quantachrome Autosorb-1 system. 

Conventional t-plot methods were used for extracting micropore properties. X-ray 

diffraction (XRD) patterns were acquired using a PANalytical X-Pert PRO MPD X-ray 

diffractometer equipped with a Co source and a Bruker AXS D5005  diffractometer with 

a Cu source. 

3.3 Results and discussion 
Preparation of isolated uniform nanoparticles 

In this study, two types of 3DOm silicalite-1 particles with 40 nm and 25 nm domains 

were used. Fig. 3-1 (a) and (b) are the SEM and TEM images of 3DOm particles with 40 

nm domains, which show the ordered uniform domains and ordered mesopores. Fig. 3-1 

(c) is the electron diffraction pattern from the particle shown in Fig. 3-1 (b), which 
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indicates that the particle is a single crystal. Two dissolution pH ranges (11.0~12.0 and 

9.0~10.0) were investigated in this study, which was experimentally achieved by a 

dialysis method: a semi-permeable dialysis tube containing a aqueous suspension of 

3DOm silicalite-1 particles was placed in a reservoir of tetrapropylammonium hydroxide 

(TPAOH) or L-lysine solution, whose pH values were kept within 11.0~12.0 or 9.0~10.0, 

respectively, as the desired dissolution pH ranges. The systems were kept at room 

temperature. In this system, ions were free to transport through the dialysis tube, while 

the transport of silicalite-1 particles was blocked by the semi-permeable dialysis tube. 

The solution in the reservoir was changed to a fresh one regularly in order to remove the 

dissolved species and maintain the desired pH range. The product inside the dialysis 

tubes was collected after desired time.  

Depending on the pH ranges within which dissolution was performed, two types of 

silicalite-1 nanoparticles were formed: intact silicalite-1 nanoparticles were formed 

within dissolution pH range 9.0~10.0 (Fig. 3-1 (d) (e)), and silicalite-1 nanoparticles with 

observable mesopores were formed where the dissolution pH range was 11.0~12.0 (Fig. 

3-1 (f) (g)). As shown in the SAXS patterns (Fig. 3-1 (i)), the domains have lost their 

ordered arrangements after dissolution under both dissolution pH ranges, which means 

that disassembly was achieved. XRD (Fig. 3-1 (h)) as well as high-resolution TEM (Fig. 

3-1 (e) (f)) confirmed that the crystallinity was preserved after dissolution under both 

conditions.  
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Figure 3-1  (a) SEM and (b) TEM micrographs of a 3DOm silicalite-1 particle with 40 nm domains; 
(c) the electron diffraction pattern (along [010] zone axis) from the particle shown in (b); (d) (e) 
isolated 40 nm 3DOm domains formed with dissolution pH: 9.0~10.0 after 7 days; (f) (g) isolated 40 
nm 3DOm domains formed with dissolution pH: 11.0~12.0 after 7 days; (h) (i) (j) X-ray diffraction 
patterns, small-angle X-ray scattering pattern, and N2 adsorption isotherm of 3DOm silicalite-1 
before and after dissolution, where A: as-synthesized, B: after dissolution with pH: 9.0~10.0 for 7 
days, and C: after dissolution with pH: 11.0~12.0 for 7 days. 
 

N2 adsorption and desorption was also performed on samples with 40 nm domains 

before and after dissolution (Fig. 3-1 (j) shows the isotherms). After dissolution, the 

specific micropore volume of the particles slightly decreased for both dissolution pH 

ranges (from 0.129 mL/g to 0.089 mL/g and 0.089 mL/g, after dissolution with pH: 

9.0~10.0 and pH: 11.0~12.0 for 7 days, respectively), probably due to the larger specific 

surface area of small particles[58] and loss of micopores on new mesopore surfaces[59], as 

observed in previous studies. As seen in the isotherm (Fig. 3-1 (j)), dissolution with pH 

between 9.0 and 10.0 (B) led to a less uniform mesopore size distribution than 3DOm 

particles (A), which might result from the random packing of the isolated domains. 
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Dissolution with pH between 11.0~12.0 (C) resulted in greatly increased total pore 

volume, which was probably due to the new mesopores on the particles surfaces. 

The results presented above can be qualitatively understood by investigating the 

structure and dissolution behavior of 3DOm zeolite crystals. A 3DOm silicalite-1 

particle, which is a single crystal although with mesopores, belongs to MFI framework 

and its lattice can be described using an (microscale) orthorhombic crystal system. 

Similarly, the cubic close-packed domains in the particle can also be described using a 

mesoscale cubic crystal system, where each 3DOm domain sits on a lattice point[60]. 

However, no evidence has shown that these two hierarchical sets of lattices have specific 

relative orientation. As a result of the anisotropy of a crystal, dissolution behaviors of 

silicalite-1 in base are also anisotropic, as observed by Iwasaki and Sano[61]. In a 3DOm 

silicalite-1 particle, dissolution behavior along different directions of the microscale 

lattice can also be different. The mesoscale lattice intersecting the microscale lattice will 

allow more crystal planes to be exposed to dissolution. However, different relative 

orientation of these two lattices will let the more soluble planes to be exposed to different 

directions in the mesoscale lattice. Thus, one can expect the randomness of the positions 

of new mesopores in a mesoscale lattice, as well as the resulting particle morphologies. 

Fig. 3-2 describes the observed dissolution process, from which it is obvious that the 

position of the new mesopores is an important factor determining the nanoparticle 

morphology. If the more soluble planes are at the connections, dissolution will lead to 

mesopores at connections, which will also isolate the domains (Fig. 3-2 (b) and (d)). If 

the more soluble planes are far from the connections, dissolution will happen on the 
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surface of the domains, but isolation cannot be achieved in this manner: this behavior is 

responsible for the formation of interconnected domain groups that were also observed in 

the product (Fig. 3-2 (a) and (c)). Within dissolution range 11.0~12.0, a combined effect 

of the above two cases will lead to isolated nanoparticles with core-shell morphology 

(Fig. 3-2 (d)). As a summary, due to this random dissolution behavior, upon dissolution, 

the 3DOm particle will break into single domains and groups of interconnected domains, 

with loss of connection between adjacent domains. Apart from this random dissolution 

behavior, the groups of domains can be uniformly dissolved and have reduced size (Fig. 

3-2 (a) and (c)).  

 

Figure 3-2 A schematic description of the dissolution process. When treated with base, new 
mesopores will be formed on 3DOm silicalite-1 particles (I). (II) and (III) illustrated the process 
under where dissolution pH is between 9.0 and 10.0; (IV) and (V) corresponds to dissolution pH 
range 11.0~12.0. (a), and (b) show the resulting particles with dissolution pH: 9.0~10.0 as described in 
(III); (c) and (d) show the resulting particles with dissolution pH: 11.0~12.0, as described in (V). 
(scale bar: 20 nm) 
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Figure 3-3 Silicalite-1 nanoparticles with at least one dimension smaller than 10 nm observed in the 
process of dissolution. (all scale bars=5 nm) 
 

The same controlled dissolution method was also performed on 3DOm silicalite-1 

with 25 nm domains. Silicalite-1 nanoparticles with at least one dimension smaller than 

10 nm are also observed within dissolution pH range 11.0~12.0 after 21 days, as shown 

in Fig. 3-3 (a~f). This is evidence that zeolite nanoparticles that contains only a few unit 

cells exist and can be stable from structure transformation, aggregation or electron beam 

probing. This discovery implies that formation of zeolite with at least one dimension 

smaller than 10 nm by nucleation-growth approach is highly possible, if crystallization 

conditions are well controlled. 
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Cryo-TEM study of the secondary growth of MFI 
 

 
 

Figure 3-4 The silicalite-1 seeds used in the study of MFI secondary growth. These seeds have 
spherical shape, smooth surfaces and an average diameter of 40 nm. (scale bar=200nm) 

 
The silicalite-1 seeds used in this study were spherical domains isolated from 

3DOm (3-Dimensionally Ordered mesoporous) silicalite-1 particles by sonication[44], 

which have smooth surface and an average diameter of 40 nm. After isolation, the seeds 

were in a suspension with a concentration of 1 mg silicalite-1 / mL. The suspension is 

stable at room temperature for a period of at least 3 months. A TEM image of the seeds in 

the suspension is shown in Fig. 3-4. 

The growth solutions used for this study were prepared as described by Davis et 

al.[56], where the compositions are as follows: 

5SiO2:9TPAOH:8100H2O:20EtOH (notes as C1) 

10SiO2:9TPAOH:8100H2O:40EtOH (noted as C2) 

20SiO2:9TPAOH:8100H2O:80EtOH (noted as C3) 

To achieve these compositions, tetrapropylammonium hydroxide solution 

(TPAOH, 1.0 M in water, Sigma-Aldrich) was first added to deionized water, the solution 
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was then stirred. Prescribed amount of tetraethyl orthosilicate (TEOS, 98%, Sigma-

Aldrich) was added and the solution is stirred at room temperature for 24 hrs to allow 

complete hydrolysis of TEOS. The growth solution is mixed with the seed to give a 

suspension with seed concentration of 0.2 mg silicalite-1 /mL and desired final 

compositions. The suspension was sealed in a centrifugation tube with Teflon tape to 

prevent evaporation of the solvent, and was heated in a convection oven at 70oC. After 

desired time, the suspension was removed and quenched into an ice bath (0oC). A cryo-

TEM sample was prepared from the suspension immediately afterwards. 

Silicalite-1 particles showed secondary growth in C3 solution. The cryo-TEM 

images in Fig.3-5 show the evolution of silicalite-1 particles in C3 at 70oC over a period 

of 36 hrs. From the images in Fig. 3-5, it can be seen that in C3 solution, silicalite-1 

particles were among precursor nanoparticles with the size of approximately 5 nm[56]. 

After 6 hrs, the seeds showed no obvious growth, as seen in Fig.3-5 (a). However, the 

surfaces of the seed particles became rough, which might be attributed to a combined 

effect of dissolution by base (TPAOH) in the growth solution and aggregation of the 

precursor nanoparticles. After 12 hrs (Fig. 3-5 (b)), new parts appeared on the already 

rough surface of the seeds, which led to the increase of particle size. From Fig. 3-5 (b), 

the grown part of the particle was also crystalline as from the FFT (fast Fourier 

transform) of the image of the grown part, and it had the same orientation as the seed. 

Growth was obvious after this, as seen in Fig. 3-5 (c), (d), and (e). Throughout the growth 

process, the grown parts appeared crystalline, and the crystallographic orientations of the 
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seed and the grown parts were identical. From these images, it is apparent that during 

growth the particles do not maintain a defined shape.  

In addition to C3 solution, the same method described above was also performed 

to C1 and C2 growth solutions. The SiO2 concentration in C1 is below the silica 

solubility while the SiO2 concentration in C2 is near the silica solubility, both of which 

have lower SiO2 concentration than C3, whose SiO2 concentration is above the silica 

solubility. Silicalite-1 particles showed dissolution if they were kept in C1 solution over a 

period of 36 hrs. A representative image of silicalite-1 particle in C1 is shown in Fig. 3-6 

(a).  
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Figure 3-5 Representative cryo-TEM images of silicalite-1 particles heated at 70oC in C3 solution, 
the particles are among precursor nanoparticles sized approximately 5 nm: (a) after 6 hrs (the 
surfaces of the particles become rough, although there is no obvious growth); (b) after 12 hrs (the 
size of the particles increases; the two FFTs are from the seed and the grown part, they show the 
common set of lattice fringes ((200) or (020)) seen in both the seed and the grown part); (c) after 18 
hrs (the FFTs are from different parts of the grown particle, from which a unique set of lattice 
fringes ((200) or (020)) can be identified throughout the particle); (d) after 24 hrs; (all scales bars 
correspond to 20 nm, and are of the same actual length for easier comparison) 
 

 47 



 

 
Figure 3-6 Cryo-TEM images of 40 nm silicalite-1 seeds treated at 70oC for 36 hrs: (a) in C1 solution 
the seeds undergo dissolution; (b) in C2 solution the seeds are surrounded by an amorphous shell; (c) 
in C3 solution, the seeds have increased size; the FFT from the whole image indicates that only one 
crystallographic orientation (along a or b direction) was observed from the image. (scale bar=20 nm 
for all images) 

 

If the same silicalite-1 seeds are kept in C2 solution at 70oC for 36 hrs, the 

particle size will slightly increase to approximately 60 nm (Fig. 3-6 (b)). Comparing the 

TEM images of grown particles in C2 and C3, the particle grown in the latter case always 

showed lattice fringes throughout the particles. However, the former showed a thick layer 

(5~15 nm) outside the particles without any fringes. Under cryo-TEM condition, defocal 

series from underfocus condition to overfocus condition were taken to study the 

crystallinity of this layer. A representative defocal series (Fig. 3-7) shows that lattice 

fringes do not appear near the edges. Here, we can conclude that the grown part is not 
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crystalline: the grown particles in C2 have a core-shell structure where the core (seed) is 

crystalline but the shell is amorphous.  

   
 

   
 
Figure 3-7 A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm silicalite-1 
seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the grown 
particle. 
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Figure 3-7 (continued) A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm 
silicalite-1 seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the 
grown particle. 
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Figure 3-7 (continued) A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm 
silicalite-1 seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the 
grown particle. 
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Figure 3-7 (continued) A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm 
silicalite-1 seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the 
grown particle. 
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Figure 3-7 (continued) A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm 
silicalite-1 seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the 
grown particle. 
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Figure 3-7 (continued) A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm 
silicalite-1 seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the 
grown particle. 
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Figure 3-7 (continued) A defocal series (cryo-TEM images with defocus -3000nm~3000nm) of a 40 nm 
silicalite-1 seed treated at 70oC for 36 hrs in C2. Lattice fringes are not visible near the edge of the 
grown particle. 

 

3.4 Conclusions 
Dissolution method was able to produce dispersible silicalite-1 nanoparticles with 

size tunable under 40 nm. However, a method with more controllable manner, especially 

controllable at microscopic scale, is still in need to produce nanoparticles with highly 

uniform morphology. 

Secondary growth of silicalite-1 in different growth solutions are studied using 

cryo-TEM with structural resolution. In C3, secondary growth is observed, however, at 

early stages, the grown particles do not show defined shape. In growth solutions with 

different SiO2 concentrations (C1 and C2), the seed particles show different behaviors.  
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Chapter 4 Zeolite-organic nanoassembly 

4.1 Introduction 
Zeolite nanoparticles can be prepared either through a nucleation-growth (“bottom-

up”) approach[62-63] or a disassembly (“top-down”) approach[64]. By delicately controlling 

conditions of synthesis routes for bulk zeolite particles, zeolite nanoparticles smaller than 

50 nm with different frameworks (SOD[65], FAU[66-67], MEL[68], MFI[69-73], LTA[74], 

LTL[75]) have been prepared using nucleation-growth approach. However, via this 

approach, it is still challenging to prepare dispersible, uniformly shaped zeolite 

nanoparticles smaller than 50 nm. By using confined growth method with hard-

templates[44] or soft-template[76-78], nucleation-growth approach was able to prepare 

zeolite particles with nanoscale structural features. Three-dimensionally ordered 

mesoporous (3DOm) zeolites can be prepared with uniform spherical domains whose 

sizes are tunable below 40 nm[44]. Bifunctional structure-directing agents with a long 

alkyl chain as confining feature are able to template clusters of MFI nanosheets with 

thickness of 1-2 unit cells[76]. However, confined growth methods reported so far are not 

able to form dispersible individual zeolite nanoparticles, further cleavage of the nanoscale 

structural features from bulk phases is still required. In Chapter 3, zeolite nanoparticles 

with tunable size smaller than 40 nm was prepared by disassembly of 3DOm silicalite-1 

(MFI framework) particles. However, disassembling nanoscale structural features from 

bulk phase is not able to produce nanoparticles in a highly controllable manner, and the 

potential damage to the crystal structure should also be taken into consideration. An 
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approach that can make dispersible and uniformly shaped zeolite nanoparticles with size 

smaller than 10 nm is still in need.  

Designing structure-directing agents (SDA), which are responsible for aiding the 

formation of zeolitic structural features, is an effective approach to control zeolite 

structure and morphology. Zeolite MFI with coffin-shaped, leaf-shaped and lamellar 

morphologies are examples of morphology control of bulk MFI particles by designing 

SDAs[76-77, 79]. With this in mind, in addition to structure-directing features (that aids the 

formation of zeolite structure), if morphology-confining features (features around which 

silica cannot deposit), such as long alkyl chains, are also included in the same SDA 

structure, zeolite nanoparticles with smaller structural features and lower dimensions 

could be prepared.  

Inspired by a recent use of azamacrocyclic amines for silica synthesis that showed the 

compatibility of azamacrocyclic amine structure with silica[80], we propose the idea of 

using alkyl azamacrocyclic ammonium cations as bifunctional SDA to synthesize MFI 

zeolite-organic nanoassemblies. This type of cyclic SDA has structure-directing features 

smaller than 10 nm that resemble zeolite structure, around which there are alkyl chains 

acting as morphology-confining features that will prevent its growth. Using this type of 

SDA, work introduced in this chapter intends to form zeolite-organic nanoassemblies 

with uniform zeolite domains smaller than 10 nm. The zeolite-organic nanoassemblies 

have zeolite domains supported and interconnected by organic species, and are hoped to 

release the domains as individual zeolite nanoparticles upon removal of the organic 

species. By exploration of structure and shape control possibilities, this method is 
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expected to create a new area of zeolite synthesis and a new class of zeolite materials 

whose size is below 10 nm, which will further extend the size limit of zeolite 

nanoparticles. Meanwhile, the successful synthesis of the proposed zeolite-organic 

nanoassemblies will allow us to gain more knowledge about the structure and properties 

of zeolite nanoparticles that contain only limited unit cells, which will not only add an 

important part to the existing literature of zeolite studies, but will also bring us deeper 

understandings of inorganic nanoparticle formation from a new and broader perspective.  

4.2 The design of the SDA 
For pure-silica-zeolite synthesis, besides Si source, OH- or F- as mineralizer, and 

solvent, structure-directing agents (SDA), usually organic ammonium cations that 

resemble the structural features of zeolites, are also added in the synthesis mixture of 

zeolites, in order to direct the formation of zeolite frameworks[62, 81]. SDAs play their 

roles by the electrostatic attraction between the positively charged quaternary nitrogen 

atoms and the negatively charged silicate species. This interaction will aid the silica 

species to form defined structure around the SDA, resembling zeolite structure, thus 

crystals with either ordered micropores or defined morphology will be formed, given the 

suitable crystallization conditions.  

Intentional design of SDA structure, sometimes with the help of molecular modeling 

and simulation, is an approach to design zeolite framework or morphology[82]. There are 

examples of different SDAs bearing the same substructure leading to the same zeolite 

framework, although the exterior crystal morphology formed by those SDAs can be 

distinctly different. Take MFI framework for example, besides TPA+ (Fig. 4-1 (a)), which 
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will yield coffin-shaped crystals, silicalite-1 can also be formed by dimer-TPA (Fig. 4-

1(b))[79], trimer-TPA (Fig. 4-1(c))[79], or a recently reported diammonium with long alkyl 

chains C22-6-6
2+ (Fig. 4-1(d))[76], that will give leaf-shaped silicalite-1 (by dimer-TPA and 

trimer-TPA), and silicalite-1 nanosheets, respectively. These SDAs (Fig. 4-1(b~d)) bear a 

C6 chain between adjacent quaternary nitrogen atoms. This C6 linkage can align along the 

straight channels of MFI (along the b direction), where the other alkyl groups on the 

quaternary nitrogen atoms will direct the formation of channels along a direction. Besides 

C6 linkage, minor variation of number of carbon atoms between the two nitrogen atoms 

(e.g., C5 or C7) will not prevent the formation of MFI framework[79].  

 

Figure 4-1 Examples of SDAs with which MFI framework can form (a) TPA+ (b) dimer-TPA2+ (c) 
trimer-TPA3+ (d) C22-6-62+ 

 
For bulk (3-D) zeolite materials, the positions of structure directing agents (SDA) in 

zeolite synthesis are often inside a cage or buried at the crossing of two channel 

systems[83-85]. This type of SDAs can be considered as zero-dimensional SDA comparing 

to the size of the product zeolite nanoparticles. In this way, SDAs are incorporated in 

zeolite framework, with which 3-D continuous zeolite structures can be formed. For 

example, in MFI zeolite growth, where tetrapropylammonium (TPA+) cations are used as 

SDA, TPA+ sits where the channels along a direction and b direction meet.  
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However, in order to form zeolite, it is not necessary for SDAs to be completely 

incorporated in the framework. If the complete incorporation of SDA in silica species can 

be prevented, confined formation of low dimensional zeolites can be achieved. The 

recently reported MFI nanosheet is a good example where zeolite framework is not 

surrounding SDA cations[76], but is confined inside the ordered SDA micelles. The 

reported SDA has three alkyl chains connected by two quaternary nitrogens (Scheme 

1(d)). This type of SDA can be considered as one-dimensional. On one end of the SDA, 

there is a long C22 chain that acts as a morphology-confining feature, which prevent the 

zeolite structure from growing to the third dimension. This soft templating effect of the 1-

D SDA confines zeolite growth into only two dimensions.  

The above implies that if SDA can be made as a two-dimensional or three-

dimensional (higher dimensional) structure with structure-confining features around it, 

zeolite with low dimensional structure can also be formed. However, there is no previous 

report of higher-dimensional SDA structure for zeolite synthesis. This chapter will focus 

on designing cyclic SDA attached with long alkyl chains (SDAs with higher dimensional 

geometry) for zeolite synthesis, hoping to form zeolite-organic nanoassemblies with 

uniform and releasable domains smaller than 10 nm (0-D). 

Two classes of SDAs will be synthesized and investigated in the proposed work: (1) 

alkyl tetraazamacrocyclic ammoniums (ATA) and alkyl hexaazamacrocyclic ammoniums 

(AHA); (2) dimers of AHA as an example of interconnected cyclic polyammonium 

structures. 

 60 



 
Alkyl tetraazamacrocyclic ammoniums (ATA) symmetrically quaternized with alkyl 

chains (Fig. 4-2 (S1~S4)) will be used as SDAs for the proposed zeolite-organic 

nanoassemblies. 

  

 

Figure 4-2 The structures of the proposed ATA (S1~S4), AHA (S5~S8), and diAHA (S9~S10) (X=Br 
or I, depending on the synthesis route) 
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In Fig. 4-2 (S1~S4), the tetraazamacrocyclic ammonium cations have Cm and Cn 

linkages between adjacent nitrogen atoms. For structures (S1)~(S4), m and n are chosen 

to be 14 and 6, respectively. This set of m and n are chosen such that the structure will 

match the MFI framework channel system. In this way, it is hoped that when silicate 

species deposits around ATA, and the structure of ATA will aid silicate species to form 

MFI structure. 

A schematic illustration of the position of ATA in MFI framework is shown in Fig. 4-

3 (a) and (b). In this case, it is hoped that the N-C14-N linkage can stretch along the 

straight channels of the b direction of MFI framework, while the N-C6-N linkage can 

connect adjacent straight channels. The nitrogen atoms in this SDA will be at the 

crossings of straight channels and zigzag channels, and the alkyl groups will be 

responsible for directing the formation of channels. m and n will be fine tuned according 

to their performance and molecular simulation studies, since previous work has shown 

that in some cases, minor variations in the size of the N-C-N linkage will not prevent 

from the formation of MFI structure[79]. Also, combinations of m and n in order to match 

other frameworks will be studied in the future. 

(S1) is a good example of the design concept of the proposed SDA. (S1) is the 

extreme case where the alkyl chains will not be an effective structure-directing feature, 

but a possible morphology-confining feature. For (S2), the alkyl groups can direct the 

formation of zeolite structure, but can also act as a morphology-confining feature. These 

two cases are examples of larger confinement that may lead to the formation of low 

dimensional zeolites domains, since it is hoped that silicate species can only deposit 
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around the positively charges ammonium nitrogen in the ring structure, but not near the 

long alkyl chains. The long alkyl chains can also attract the alkyl chains of other SDA 

cations. As a result, the product is expected to be (ordered or disordered) aggregations of 

zeolite domains, or zeolite-organic nanoassemblies. The choice of the R groups for (S3) 

and (S4) is based on the structure of previous examples of SDAs for MFI framework. 

These relatively small alkyl groups will fit into the crossing of channels and direct their 

formation. For these two cases, isolated or aggregated zeolite domains are expected. 

From (S1)~(S4), where the length of R group is decreasing, we can gain some knowledge 

about the influence of alkyl chains on product morphology.  

Alkyl hexaazamacrocyclic ammoniums (AHA) symmetrically quaternized with 

difference alkyl chains (Fig. 4-2 (S5~S8)) will also be used as SDAs for synthesizing 

zeolite-organic nanoassemblies. The structure of AHA ring structure is also designed to 

fit the MFI framework, such that AHA will direct the deposition of silica to form MFI 

structure. The AHA structure can be divided into two connected N-C6-N-C6-N linkages. 

These two linkages are expected to align along adjacent straight channels of MFI 

framework (along b direction), which are connected with the other two N-C6-N linkages 

(Fig. 4-3 (c) and (d)). The structure of AHA is very similar to trimer-TPA cation that is 

used as a SDA for MFI framework (Fig. 4-1 (c))[79]. The alkyl groups of AHA are chosen 

similarly to those of ATA. They will either direct the formation of channels structures or 

serve as morphology-confining features. (S5)~(S8) have decreasing alkyl chain lengths, 

in order to study the effect of alkyl chain length on the product morphology. 
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(a)                                                    (b) 

         
(c)                                                    (d) 

 
Figure 4-3 The proposed position of the SDAs in MFI framework. (a) the ATA cation sits in the 
channel systems of MFI framework (cylinders are channels, circles are the intersections of channels); 
(b) An ATA cations with R=n-hexyl embedded in the MFI framework, observed along c direction; (c) 
the AHA cation sits in the channel systems of MFI framework (cylinders are channels, circles are the 
intersections of channels); (d) An AHA cations with R=methyl embedded in the MFI framework, 
observed along c direction. 
 

The dimers of AHA ((S9) and (S10) in Fig. 4-2) will also be synthesized and studied. 

Dimer AHA (diAHA) has two identical AHA connected with a N-C6-N linkage, where 

the size of N-C6-N is similar to the distance between adjacent crossings of the MFI 

channel systems. The expected behavior of diAHA is similar to AHA. However, the use 
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of dimers is hoped to effectively increase the size of the zeolite domains of the zeolite-

organic nanoassemblies.  

 Besides (S1)~(S10), alkyl chains with other lengths, and asymmetrically quaternized 

SDAs may also be studied, depending on the performance of structures (S1)~(S10).  

 

4.3 Synthesis of the SDAs3 
ATA (in halide salt form) can be formed by quaternizing the corresponding amines. 

The synthesis of the 1,8,15,22-tetraazacyclooctocontane (m=n=6) as well as amines with 

m=n=7~10 is reported in detail by Tomohiro et al [86]. The route is shown in Fig. 4-4, in 

which four alkyl chain substructures are connected step by step. The ammonium salts can 

be prepare by alkylation of the amines (Fig. 4-5). 

The detailed synthesis procedure is introduced below. The spectroscopic analysis of 

the intermediates and products are in Appendix I of this chapter. 

3 All syntheses of ATA were done by AsisChem Inc. (Watertown, MA) 
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Figure 4-4 The synthesis procedure of the cyclic amine. 
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Figure 4-5 Alkylation of the cyclic amines yields cyclic quaternary ammonium hydroxides. 
 
N,N'-(Hexane-1,6-diyl)bis(4-methylbenzenesulfonamide) (2a) 

This compound was obtained using procedure from Tomohiro et al.[86] (Step 1 in Fig. 6-4) 

Yield 52% (colorless solid). 

 

N,N'-(Hexane-1,6-diyl)bis(N-(14-hydroxytetradecyl)-4-methylbenzenesulfonamide) 

(7i) 

To a solution of comp. 2a (3.33 g, 7.86 mmol) in 30 ml of dry dimethylformamide (DMF) 

was added NaH (0.868 g, 18.08 mmol, as 50% suspension in mineral oil) in one portion 

with vigorous stirring under Ar atmosphere. The reaction mixture was warmed to 55°C 

and kept at this temperature for an hour then 14-bromotetradecan-1-ol 4i (4.83 g, 16.5 
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mmol) was added (dropwise, in 20 ml of dry DMF during about 20 min). Two hours later 

heating mantle was removed and reaction flask cooled to room temperature. After 

filtration through a pad of Celite, DMF solution was concentrated in vacuo. To the 

precipitate obtained was added mixture a dichloromethane (DCM) and methanol 

(DCM:MeOH=100:1) (70 ml) and undissolved residue was filtered off. Then filtrate was 

concentrated to give 8 g of crude mixture which was chromatographed on ~140 g of 

silica gel (eluent DCM:MeOH 100:1) to give 3.2 g (47%) of the desired compound 7i. 

 

N,N’-Di-p-toluenesulfonyl-N,N’-bis[14-(p-toluenesulfonyloxy)tetradecyl]-1,6-

hexanediamine (8i) 

To a mixture of diol 7i (2.427 g, 2.86 mmol), triethylamine (TEA) (2.2 ml, 1.58 g, 15.6 

mmol) and 4-dimethylaminopyridine (DMAP) (1.9 g, 15.6 mmol) in DCM (60 ml), dry 

4-Toluenesulfonyl chloride (TsCl) (2.97 g, 15.6 mmol) was added in portions. The 

addition was carried out at room temeprature (water bath) under Ar atmosphere. After 3 

hours stirring at room temperature the reaction was stopped by addition of 3 M HCl (45 

ml). Organic layer was separated, washed with brine (saturated NaCl solution, 45 ml) and 

dried over Na2SO4. Upon solvent evaporation was obtained crude product which was 

subjected to chromatographic purification (eluent EtOAc:Hexane 3:7 then 4:6) to give 

2.2 g (66%) of product. 
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N,N'-(Hexane-1,6-diyl)bis(N-(14-bromotetradecyl)-4-methylbenzenesulfonamide) (9i) 

A mixture of 8i (2.81 g, 2.43 mmol) and LiBr (0.84 g, 9.7 mmol) in dry acetone (60 ml) 

was refluxed for 3 hours. After the precipitate formed was filtered off, the mother liquor 

was concentrated. Residue obtained was dissolved in EtOAc (~50 ml), and washed with 

brine (~25 ml). EtOAc solution was dried over Na2SO4 and evaporated to give 2.01 g of 

colorless crystals (yield ~80%). 

 

1,8,23,30-Tetratosyl-1,8,23,30-tetraazacyclotetratetracontane (10i) 

To a solution of 2a (0.607 g, 1.43 mmol) in dry DMF (~70 ml) in Ar atmosphere was 

added NaH (50% as suspension in mineral oil, 0.0864 g, 3.6 mmol) in one portion. 

Resulted mixture was heated to ~60°C and kept at this temperature for an hour then a 

solution of dibromide 9i (1.39 g, 1.43 mmol) in 22 mL of dry DMF was added dropwise. 

The reaction mixture was stirred at 60°C for 5~6 hours. DMF solution was concentrated 

in vacuo to dryness, to the residue was added ~15 ml of 1M HCl and the resulted mixture 

was extracted with DCM (2 x 50ml), washed with brine, dried over Na2SO4 and 

concentrated to give 2.5 g of solid crude residue which was purified on chromatographic 

column packed with silica gel (eluent DCM:EtOAc 100:1) to give 0.374 g of colorless 

crystals. From mixed fractions was additionally obtained 0.245 g of the compound. 

Overall yield ~35% up to this step. 
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1,8,23,30-Tetraazacyclotetratetracontane tetrahydrobromide (11i*4HBr) 

To a suspension of cyclic amide (10i) (0.146 g, 0.118 mmol) in 7 ml of 47% HBr was 

added (0.028 g, 0.295 mmol) of phenol. The reaction mixture was refluxed for 7 hours. 

Precipitate was filtered off and washed with EtOH in beaker (~2.5 ml) then filtered again 

and washed with ~ 2 ml of diethyl ether. Finally 100 mg (90%) of gray precipitate was 

obtained.  

 

1,8,23,30-Tetraazacyclotetratetracontane (11i) 

To a solid hydrobromide 11i*4HBr (46.31g, 0.049 mol) was added NaOH solution (98g, 

2.45 mol) in H2O (500 ml) and 125 ml of IPA. Reaction mixture was refluxed for 2 h and 

cooled to room temperature and IPA was removed in vacuo. Resulted suspension was 

chilled in refrigerator (4oC) for 3 h. Precipitate was filtered off, washed twice with H2O 

and dried in oven at 60°C to give beige solid (27.01 g, 89%) 

 

1,8,23,30-Tetrapropyl-1,8,23,30-tetraazacyclotetratetracontane (12) 

To a stirred suspension of the macrocyclic tetraamine 11i (2.73 g, 0.0044 mol) in 60 ml 

of DCM under Ar atmosphere propionaldehyde (2.03 g, 0.035 mol) was added in one 

portion at 21°C, following which sodium triacetoxyborohydride (STAB) (6.27g, 0.0295 

mol) was added portionwise with cooling on ice/water bath (during 10 min) at 

temperature ~18-23°C. Reaction mixture was kept at room temperature for 3h and poured 

into saturated K2CO3 solution (100 ml). The resulting emulsion was filtered through glass 

filter and extracted with DCM (4x50 ml). DCM solution was dried over Na2SO4 and 
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concentrated. The residue obtained (about 4.5 g) was chromatographed on silica gel, 

eluent DCM:NH3 (prepared by DCM extraction of conc. ammonia solution diluted to 1:1 

with water) comp. 12 was obtained as pale yellow oil 1.5 g (43%). 

 

Figure 4-6 Propylation of the cyclic amine. 
 
1,1,8,8,23,23,30,30-Octapropyl-1,8,23,30-tetraazacyclotetratetracontane-1,8,23,30-

tetraium iodide (UMIN-003-Pr-I, (S3)) 

A reaction mixture composed of tetrapropyl compound 12 (0.691 g, 0.89 mmol), propyl 

iodide (6.05 g, 35.6 mmol), 1,2,2,6,6-pentamethyl piperidine (PMP) (5.52 g, 35.6 mmol), 

DMF (10 ml) and CHCl3 (10 ml) was heated at 90-93°C with shielding from light for 5 h 
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under Ar atmosphere. Then reaction mixture was concentrated in vacuo and residue (2.9 

g) was chromatographed on silica gel with DCM:MeOH (95:5) as eluent to give 0.9 g of 

mixture enriched with the product. It was chromatographed again, eluent DCM:MeOH 

(98:2 then 95:5) to give 0.17g (13%) of the target compound UMIN-003-Pr-I. 

 

1,1,8,8,23,23,30,30-Octapropyl-1,8,23,30-tetraazacyclotetratetracontane-1,8,23,30-

tetraium hydroxide: (UMIN-003-Pr-OH, (S3)) 

To the UMIN-003-Pr-I (iodide form) (0.246 g, 0.16 mmol) was added 150 ml of distilled 

water. The mixture was heated to 30°C for 2 h (until almost all starting iodide was 

dissolved). Amberlite IRN-78 (3.09g) was (washed with dist. water 2x65 ml) and added 

to the iodide solution. After stirring at ambient temperature (25°) for 3.5 h, Amberlite 

was filtered off, washed with 10 ml of dist. water. New portion of Amberlite (2.99 g) 

(washed with dist. water 2 x 40 ml prior using) was added to the solution and stirring 

continued over weekend. Then Amberlite was filtered, washed with distilled water (2 x 

15 ml) and the aqueous solution was concentrated in vacuo (bath set to 26°C, vacuum 15 

mm Hg). Evaporation was finished when volume of the solution reached 11.25 ml (0.014 

M). It was kept in a refrigerator. 
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Figure 4-7 Hexylation of the cyclic amine. 
 
1,8,23,30-Tetrahexyl-1,8,23,30-tetraazacyclotetratetracontane (13) 

To a stirred suspension of the macrocyclic tetraamine 11i (2.0 g, 0.00322 mol) in 30 ml 

of DCM was added hexanal (2.58 g, 0.02576 mol) in one portion at 17°C (water bath), 

following which, STAB (4.57 g, 0.02157 mol) was added portionwise during a period of 
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10 min at 18-21 °C. The reaction mixture was stirred at room temperature overnight, and 

then quenched by pouring into a saturated solution of K2CO3 (110 ml). The product was 

extracted with DCM (4 x 25 ml). DCM extracts were dried over Na2SO4 and concentrated 

to give 4.5 g of crude mixture as dark oil. It was chromatographed on silica gel (eluent 

DCM:NH3 1:1 (prepared by DCM extraction of conc. ammonia solution diluted to 1:1 

with water)) to give 1.5 g of crude product. It was subjected to second column 

purification to give 1.39 g of product, after third column purification (eluent 

DCM:NH3+5% MeOH) 0.4 g (13%) of pure product as pale yellow oil was obtained.  

 

1,1,8,8,23,23,30,30-Octahexyl-1,8,23,30-tetraazacyclotetratetracontane-1,8,23,30-

tetraium trifluoroacetate (UMIN-003-Hex-TFA, (S2)) 

A reaction mixture composed of tetrahexylated macrocyclic tetraamine (0.704 g, 0.73 

mmol), hexyliodide (6.26 g, 29.7 mmol), PMP (4.57 g, 29.4 mmol), DMF (6 ml) and 

CHCl3 (6 ml) was heated at 70ºC for 12 h with shielding from light under Ar atmosphere. 

The reaction mixture was concentrated in vacuo and residue (3.5 g) was 

chromatographed with using mixture DCM:MeOH (eluent 99:1 then 97:3). Fractions 

with the product (proved by mass-spectrometry) were combined to give about 2 g of 

crude UMIN-003-Hex-I and purified by preparative HPLC (column Waters Symmetry 

C-18 5μm 19*50mm, flow 4 ml/min, UV detection 210 nm). Finally, 0.415 g (31%) of 

UMIN-003-Hex-TFA was obtained as a colorless oil. 
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The cyclic amines can be alternatively synthesized from the reduction of cyclic 

amides using lithium aluminum hydride (LiAlH4)[87]: 

 

The cyclic amides can be synthesized according to Okuno et al [88] or Rothe et al [89]. 

For the latter the ω-amino acid monomers (or oligopeptides) can be attached sequentially 

one by one to form an oligoamide, a technique similar to cyclic peptide synthesis (Fig. 4-

8) [89]. This can be achieved by commercial automatic peptide synthesis services. The 

resulted cyclic amides can be later reduced to cyclic amines using LiAlH4. 

 

Figure 4-8 Synthesis of cyclic amides using peptide synthesis method (Adapted from Ref. [89]) 
 

For this approach, the yield of ring closure (final step) is 69%, where the attachments 

of each amino acid (previous steps) have nearly quantitative conversion [89]. This 
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approach can be used for both ATA and AHA synthesis by adjusting the number of ω-

amino acids to be attached. The structure (i.e., m and n) of the final polyamide can also 

be tuned by using ω-amino acids with different numbers of carbons. 

Dimers of AHA The dimers of AHA can be synthesized by: (1) reacting excess 

amount of the corresponding amines with 1,6-dibromohexane, in order to form the 

“bridge” connecting the two ring structure[90]; (2) alkylation of the corresponding dimers, 

which is introduced below. 

 

Alkylation of the amines For all the above-proposed SDAs, quaternizations are 

achieved by reaction between the amine and alkyl halides.  

 

 

4.4 Attempts of zeolite synthesis 
Typical synthesis routes for zeolites will be used: TEOS will be hydrolyzed with 

the help of a base (e.g., SDA(OH)x) solution in water, in which SDAs (SDAx+) are 

present. The subsequent synthesis mixture will be sealed and kept at different 

temperatures for desired time. Reactions with temperature above 100oC will be 

performed in stainless steel autoclaves that are common for zeolite synthesis. During 

heating, the autoclaves can be tumbled so that the mixing can be improved. Reactions 

with lower temperatures can be performed in conventional containers. Considering the 

fact that the SDAs require multi-step synthesis, which implies high cost and long 
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synthesis time for large amount of products, microscale Teflon reactor arrays can be used 

in this study as a high-throughput screening approach, such that the chemical amount, 

chemical cost and development time can be reduced. Previous works on new zeolite 

development using microscale Teflon reactor arrays [91-93]
 are good examples that the 

proposed research can follow. 

A reactor array is also built for this study (see Appendix II of this chapter). 

Table 4-1 briefly summarizes the desired products that the above experiments may 

result in. The solid phase will then be recovered by filtration or centrifugation. 

Calcination of the solid phase in air at 450oC~550oC will be one possible method to 

remove the organic species. 

Table 4-1. A summary of desired products of the proposed research 

SDA Possible size 
(nm) Possible state before removing organic species 

ATA4+ or AHA6+ 3~5 

(1) Soluble silica-organic composite 
macromolecules as a sol; 

(2) Zeolite-organic nanoassemblies as a 
suspension or precipitation 

diAHA12+ 5~10 
(1) Isolated nanoparticles as a sol; 

(2) Zeolite-organic nanoassemblies as a 
suspension or precipitation 

 

Due to the small size of the proposed nanoparticles, a clear system is desired to 

ensure the formation of uniform particles. Inspired by previous work in the Tsapatsis 

group[56], dilute systems were prepared in order to achieve this goal. With SDA structure 

(S3) (C14-6-14-6(n-Pr)8(OH)4, denoted as SDA(OH)4),  the following compositions were 

studied: x SiO2: 2.25 SDA(OH)4 : 9500 H2O : 4x EtOH, where x=0, 5, 10, and 20. 
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In these syntheses, SDA solution (0.014 mol L-1, prepared by AsisChem Inc.) was 

first mixed with water. Then TEOS was added to the aqueous solution while stirring. The 

systems were kept stirring for 12 hours. Small angle X-ray scattering was performed on 

Anton-Parr SAXSess with quartz capillary holder. 

In these systems, with x=10 and 20, precipitation was observed after 30 mins of 

stirring. The other two systems (x=0 and 5) remained clear after 12 hours. Small angle X-

ray scattering was done on the more dilute systems with x=0 and 5. After 40 mins of 

exposure, the patterns are shown in Fig. 4-9. 

 

Figure 4-9 Small angle X-ray scattering patterns of the synthesis system. 
 

From these patterns, it seems that the amount of silica in the synthesis system is 

too little to form nanoparticles. Therefore, in the future, larger amount of silica should be 

added to these dilute systems, in order to observe obvious formation of nanoparticles. 
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With the same SDA (S3: C14-6-14-6(n-Pr)8(OH)4), in addition to dilute conditions, 

concentrated compositions were also studied as an attempt to produce ultra-small 

nanoparticles. Similar to the compositions for self-pillared pentasil zeolite synthesis[8], a 

composition of 40 SiO2 : 3 SDA(OH)4 : 400 H2O : 160 EtOH was chosen for the 

synthesis. Due to the high concentration (thus high demand) of the SDA, microscale 

synthesis was done in a 1 mL conical microcentrifuge tube. In this synthesis, the SDA 

solution was first mixed with water. TEOS (approximately 250 µL) was added slowly 

while stirring, to achieve the desired composition. The system was kept stirring for 24 

hours.  

After 1 hour of stirring, phase separation was observed in the system, where 

TEOS appeared on the top of the system as a separate layer. After 9 hours, the system 

turned to be an opaque gel. The composition studied in this case failed to produce clear 

system.   

4.5 Future work 
With the hydroxide form of the SDAs, a clear system will be the starting point for the 

synthesis of zeolite-organic nanoassemblies. In order to find a suitable clear system, 

gradual addition (“titration”) of TEOS into SDA solution is one method. Similar to the 

work by Rimer et al. [94], starting from 5 SiO2: 2.25 SDA(OH)4 : 9500 H2O : 20 EtOH, 

more TEOS will be added to the system, until the formation of nanoparticles in a clear 

system is observed with SAXS. If nanoparticles are detected, the system will be heated to 

encourage crystallization of zeolitic species. The compositions with which nanoparticles 
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emerge will also be plotted to find out the solubility of silica in various conditions with 

the cyclic SDA in presence.  

Besides basic systems with the hydroxide form of the SDAs, synthesis in neutral 

conditions will also be attempted, where fluoride media is occasionally used. [95-96]  
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Appendix I: Spectroscopic analysis of the intermediates in the SDA synthesis4 
The NMR spectra and mass spectra of the intermediates are shown here for reference. 

 

4 All analyses were done by AsisChem Inc. (Watertown, MA) 
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Mass spectrum of 10i: 

 
 
(M+H+): Calculated – 1237.71; Found – 1237.7041  
(M+NH4+): Calculated – 1254.74; Found – 1254.731  
(M+Na+): Calculated – 1259.69; Found – 1259.6795  
(M+K+): Calculated – 1275.67; Found – 1275.667 
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Mass spectrum of 11i · 4HBr: 

 
 
 
(M+H+): Calculated – 621.68; Found – 621.6776  
(M+2H+): Calculated – 311.345; Found – 311.3392

 86 



 

22
.9

66

24
.3

89

49
.5

35

12
.0

00

In
te

gr
al

7.
26

00

5.
29

66

2.
59

96
2.

57
30

2.
56

57
2.

54
64

2.
51

00

1.
97

02

1.
57

31
1.

54
65

1.
51

99
1.

49
81

1.
30

92
1.

25
11

0.
91

95
0.

89
52

0.
87

10

(ppm)
1.01.52.02.53.03.54.04.55.05.56.06.57.07.5

AVF, 708, BF = 300.13 MHz, SOLVENT - CDCl3, 31 May 2011


 

N

N
N

N

9

9 (crude) 
SAS 11-0745 

 87 



(M+H+): Calculated – 789.87; Found – 789.717 

(M+2H+): Calculated – 395.435; Found – 395.3467 
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9

9 
SAS 11-0577 
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Appendix II: Technical drawings of the reactor array 
The drawings shown here is a reactor array with 38 identical wells. However, the number 

of wells can vary according to the needs. 

Part 1: vessel (material: PTFE, total: 38) 

 
Part 2: vessel cap (material: PTFE, total: 38) 
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Part 3: base with 38 identical wells. (material: stainless steel, total: 1) 
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Part 4: lid (material: stainless steel, total: 1) 
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Part 5: extractor (materials: wood, PVC or LDPE, total: 1) 

The extractor is used to remove all the vessels from the array. This is an optional part. 
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Chapter 5 Preparation of thin films of lamellar zeolite5  
 

5.1 Introduction 
A new lamellar zeolite with MFI layer structure and its pillared derivative were 

discovered recently by using a bifunctional structure-directing agent (SDA)[76, 97]. The 

synthetic approach used not only expands the range of available layered materials with 

zeolitic layers[11, 98], but also suggests a general strategy for the synthesis of zeolitic 

layers. Our interest in these materials stems from their potential for the formation of thin 

films and membranes[3, 98-99]. Synthetic approaches based on growth from relatively dilute 

clear sols[100] and on steam-assisted crystallization (SAC)[101] have proven beneficial for 

the development of film deposition process. For this reason, we decided to investigate the 

applicability of clear sol synthesis and SAC methods for the formation of lamellar MFI. 

Here, we report our initial findings on synthesis of layered silicalite-1 starting from clear 

sols. 

In the reported synthesis[76, 97], the appearance of lamellar MFI is preceded by a 

hexagonal surfactant/silica mesophase which transforms to a lamellar one. Neither one 

exhibits detectable crystalline order in the silica domains. Here, we first show that the 

amorphous hexagonal to amorphous lamellar to MFI lamellar transformation can take 

place within distinct colloidal particles. Based on these observations we developed an 

SAC procedure which can be used to form intergrown coatings of lamellar MFI. 

5  Results presented in this chapter is published in: X. Y. Zhang, M. Tsapatsis, Micropor. Mesopor. Mat. 2011, 138, 
239. Contents from the above publication are reprinted with permission from Elsevier. 
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5.2 Experimental methods 
The linear bifunctional structure-directing agent ((C22H45-N(CH3)2-C6H12-N(CH3)2-

C6H13)Br2, denoted as C22-6-6Br2) was synthesized following Choi et al. [76, 97] The as-

synthesized diammonium salt C22-6-6Br2 was ion-exchanged over IONAC NA-38 OH- 

form ion-exchange resin (J. T. Baker), resulting in an aqueous solution of C22-6-6(OH)2. 

To prepare the clear sols, tetraethyl orthosilicate (TEOS, Aldrich) was added to an 

aqueous solution of C22-6-6(OH)2, allowing TEOS to hydrolyze for 24 hours, resulting in a 

molar composition 20 SiO2 : 4.5 C22-6-6(OH)2 : 8100 H2O : 80 EtOH. This synthesis sol 

was sealed in a Teflon-lined stainless steel autoclave and heated for desired time (3 

hours, 18 hours, 48 hours, 96 hours, etc.) in a pre-heated oven operating at 135oC.  

To obtain mesoporous silica particles at various stages of evolution as well as 

lamellar MFI, the suspension obtained from hydrothermal synthesis was washed with 

water by repeated centrifugation and decanting of the supernatant until a suspension with 

pH<8 was obtained. Centrifugation was performed with RCF=1753 for 10 min (25oC) in 

Corning 50 mL conical centrifuge tubes. 

For coating glass slides with mesoporous silica particles, 100 µL of the suspension 

before washing was spread over a 1 cm x 1 cm glass slide (which was previously rinsed 

in 2% hydrofluoric acid for 30 s) and dried at 70oC.  

Steam-assisted crystallization (SAC) was achieved following the work by Jacobsen 

and coworkers[55, 102] and Stein and coworkers[103]: A glass vial containing dried 

mesoporous silica particles or a mesoporous silica particle-coated glass slide was placed 

in a stainless steel autoclave where water was present outside the glass vial. The 

autoclave was heated at 135oC for 10 days. 
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The samples for transmission electron microscopy (TEM) studies were prepared by 

applying a few droplets of the washed suspension onto a copper grid coated with holey 

carbon film (Ted Pella Inc.). The grid was then allowed to air-dry at room temperature. 

TEM imaging was performed on an FEI Tecnai G2 F30 TEM operating at 300 kV. All 

TEM images were captured using a CCD camera. Scanning electron microscopy (SEM) 

was performed on a JEOL JSM-6700F with acceleration voltage 1 kV ~ 3 kV without 

coating the samples. Small-angle X-ray diffraction patterns were collected using a 

Bruker-AXS D5005 X-ray diffractometer (Cu Kα radiation). Wide-angle X-ray 

diffraction patterns were collected using a Bruker-AXS D5005 X-ray diffractometer (Cu 

Kα radiation) and a Bruker-AXS D8 Advance X-ray diffractometer (Cu Kα radiation).  

5.3 Results and discussion 
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Figure 5-1 Mesoporous silica nanoparticles formed after heating a clear sol with composition 20 SiO2 

: 4.5 C22-6-6(OH)2 : 8100 H2O : 80 EtOH at 135oC for (a) 3 hours; (b) 18 hours; (c) 48 hours. (d) X-ray 
diffraction patterns of the mesoporous silica nanoparticles after heating at 135oC for A: 3 hours; B: 
18 hours; C: 48 hours; D: 96 hours. 

 

A suspension of nearly spherical particles can be obtained by heating the clear 

synthesis sol at 135oC for 3 hours. Their size range is 40 nm ~ 100 nm and they exhibit a 

disordered mesostructure as shown by TEM (Fig. 5-1(a)). Suspensions with increased 
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polydispersity are obtained after 18 hours (Fig. 5-1(b)) while after 48 hours 

mesostructured  

 

Figure 5-2 Mesoporous silica nanoparticles formed after hydrothermal synthesis at 135oC for 96 
hours. (a) an SEM image showing different types of particles in the product suspension with arrows 
pointing to ovaloid particles; (b) TEM image of two ovaloid particles with the morphology similar to 
lamellar MFI but without MFI crystal structure (inset: electron diffraction pattern from both 
particles that show no obvious spots from MFI); (c) TEM image of a lamellar MFI particle (inset: 
electron diffraction pattern from the entire particle shows that the particle has MFI structure (with a 
preferred orientation along [100] zone axis)); and (d) detail of a lamellar MFI particle showing the 
lamellae. 
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particles with irregular shapes but still smooth surfaces are formed (Fig. 5-1(c)) possibly 

by merging of the smaller spherical particles. Low-angle XRD (Fig. 5-1(d)) indicates an 

evolution of the mesostructure in agreement with that found in Ref. [104]. 

 

Figure 5-3(a) SEM and, (b) TEM images of mesoporous silica particles (smaller than 200 nm) 
separated using centrifugation after hydrothermal synthesis at 135oC for 96 hours; (c) and (d) SEM 
images of the film formed by steam-assisted crystallization (SAC) of the mesoporous silica particles 
shown in (a) and (b) spread on a glass slide showing uniform deposit consisting of crystals with 
layered silicalite-1 morphology; (e) X-ray diffraction patterns of the mesoporous silica nanoparticles 
before (trace-A) and after (trace-B) SAC; (f) TEM detail of the lamellar MFI film formed after SAC. 
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A hexagonal phase emerges as the synthesis sol was heated at 135oC for up to 18 hours 

(Fig. 5-1(d), trace A and B, with characteristic peaks marked with triangles), after which, 

a new structure that appears to be a lamellar phase was observed (Fig. 5-1(d), trace C and 

D, with characteristic peaks marked with diamonds). 

For up to 48 hours, no evidence for MFI layers can be found by TEM or XRD. At 

96 hours, a new particle morphology emerges and coexists with the mesostructured 

particle. Two of these particles are marked by arrows in Fig. 5-2(a). They are larger, 

ovaloid-shaped, and with rough surfaces. Examination of these particles by TEM and 

SAED indicates that these particles can be further divided in two categories: (1) those 

that show no evidence of MFI structure (Fig. 5-2(b)) and (2) those for which clear 

evidence of MFI layers is obtained by SAED and high-resolution TEM images (Fig. 5-

2(c) and (d)). 

The findings described above show that starting from a clear sol, mesostructured 

SDA/silica particles are formed and undergo changes in size, shape and mesostructure 

before the appearance of MFI layers. Based on this sequence of events leading to lamellar 

MFI we hypothesized that the mesostructured particles could be transformed to layered 

MFI by the SAC method. This proved to be feasible as shown in Fig. 3. We isolated and 

washed by centrifugation and then dried at 70oC the smaller (200 nm) particles formed 

after 96 hours hydrothermal synthesis at 135oC. SEM and TEM images of these particles 

are shown in Fig. 5-3 (a) and (b) respectively. They showed an ordered mesostructure 

with no evidence of MFI layers. Because of their nanoscopic dimensions, the precursor 

particles shown in Fig. 5-3(a) and (b) can form stable suspension which can be used to 
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form coatings. When these coatings are treated by SAC, intergrown continuous films of 

MFI layers can be obtained as shown in Fig. 5-3 (c) and (d). The XRD patterns (Fig. 5-3 

(e)) show that after SAC, the initially mesostructured material becomes lamellar 

silicalite-1 with interlayer distance of 6.1 nm exhibiting the characteristic absence of the 

second order reflection[97, 105]. TEM images of the film show that the film consists of 

uniform MFI layers with thickness of 1 unit cell along the b direction, as shown in Fig. 5-

3(f).  

The SAC procedure demonstrated here could be useful for the formation of 

membranes and catalytic coatings with hierarchical porosity.  

5.4 Conclusion  
In this study, we have shown that hydrothermal treatment on a clear synthesis sol was 

able to yield mesoporous silica nanoparticles. These mesoporous nanoparticles could be 

transformed to lamellar silicalite-1 by continued hydrothermal treatment, during which 

intermediate mesostructures appeared. Steam-assisted crystallization (SAC) on coatings 

of these intermediate mesostructures gave intergrown lamellar silicalite-1 films. 

Flexibility is the main advantage of this SAC method, since manipulation of colloidal 

suspensions of seed particles for different purposes is well studied and convenient. With 

this, the formation of lamellar MFI films can be achieved.  
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Chapter 6  Self-pillared pentasil zeolite6 
 

6.1 Introduction 
Zeolites with structural features as small as the size of a unit cell (e.g., 1-5 nm), including 

those with lamellar structure [11, 104, 106-107], can be used as building blocks for thin films [3-

4, 68]. Additionally, hierarchical adsorbents and catalysts constructed by introducing 

mesopores between the zeolitic domains allow access of bulkier molecules often 

encountered in oil and biomass processing [6, 108]. Methods for the preparation of 

mesoporous zeolites involve either multifunctional structure-directing agents (SDA), 

and/or post-synthesis processing, such as pillaring or desilication/dealumination [6, 109-111]. 

We introduce crystal growth by repetitive branching of layers as a novel, simple, low-

cost approach for bottom-up synthesis of hierarchical zeolites and pillared materials. 

Although branching by twinning, rotational intergrowths and polytypic overgrowths has 

been used to design nanostructures [112-113], it has not been explored for the formation of 

pillared zeolites. Among several candidates of epitaxially and rotationally overgrown 

zeolites (e.g., MFI/MEL [114], EMT/FAU [115], ETS-4/ETS-10 [116], CAN/SOD [117], MFI 

[118] and CHA [119]), we focus on exploring the 90° rotational intergrowths (or twins) of 

the MFI framework motivated by the prominence of the corresponding aluminosilicate 

(called ZSM-5) as a catalyst in chemical processing. By employing this approach, using a 

single, simple and relatively inexpensive SDA, we demonstrate the one-step synthesis of 

6  Some of the results presented in this chapter is published in: X. Zhang, D. Liu, D. Xu, S. Asahina, K. A. Cychosz, K. 
V. Agrawal, Y. Al Wahedi, A. Bhan, S. Al Hashimi, O. Terasaki, M. Thommes, M. Tsapatsis, Science 2012, 336, 
1684. Contents from the above publication are reprinted with permission from AAAS. 
 
 110 

                                                 



 
a hierarchical self-pillared zeolite composed of orthogonally connected single-unit-cell 

lamellae (2 nm thick) resembling a house-of-cards construction [120].  

6.2 Experimental procedures 
Pure-silica SPP synthesis 

In a typical synthesis, an aqueous solution of tetra(n-butyl)phosphonium hydroxide 

(TBPOH, 40% by weight, Sigma-Aldrich or TCI America) was added dropwise into 

tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich) while stirring. Distilled water was 

then added to the mixture. The mixture was stirred for 12 h, and a clear sol with 

composition 1 SiO2 : 0.3 TBPOH : 10H2O : 4 EtOH was formed (compositions 1SiO2 : 

0.3TBPOH : (7-80)H2O : 4EtOH, and 1SiO2 : (0.2-0.4)TBPOH : 10H2O : 4EtOH were 

also studied). The sol was sealed in a Teflon-lined stainless steel autoclave and heated for 

40 h in a pre-heated oven operating at 388 K. The SPP yield with respect to the total 

amount of silica is ~40%. Tetra(n-butyl)ammonium hydroxide solution (TBAOH, 40% 

by weight, Sigma-Aldrich) can also be used instead of TBPOH. 

When fumed silica was used as silica source, fumed silica (Sigma-Aldrich), an 

aqueous solution of tetra(n-butyl)phosphonium hydroxide (TBPOH, 40%, Sigma-

Aldrich), and distilled water were mixed to give a gel with composition 1SiO2 : 

0.3TBPOH : 10H2O. The gel was transferred to a Teflon-lined stainless steel autoclave 

and heated for 96 h while rotating at 30 rpm in a pre-heated oven operating at 388 K.  

The product was washed with distilled water by repeated centrifugation and 

decanting of the supernatant, until the pH of the final supernatant is lower than 9. The 

final precipitate was dried at 343 K for 12 h. Some of the dried product was calcined at 
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823 K for 12 h in air for SEM, TEM, XRD, catalytic and gas adsorption/desorption 

measurements.  

For some experiments, the synthesis sol was first sealed in a Teflon bottle and aged 

at 353 K in an oil bath with stirring for 2 d, and was then quickly transferred to a Teflon-

lined stainless steel autoclave and heated to 388 K for up to 30 h.  

Aluminosilicate SPP synthesis (Si/Al=253) 
 

Tetra(n-butyl)phosphonium hydroxide solution (TBPOH, 40% by weight, Sigma-

Aldrich), water, sodium hydroxide (Mallinckrodt) and aluminum sulfate octadecahydrate 

(Sigma-Aldrich) were mixed to form a solution, which was added dropwise into 

tetraethyl orthosilicate (TEOS, Sigma-Aldrich) while stirring. After stirring for 12 h, a 

clear sol with composition 60SiO2 : 0.15Al2O3 : 0.45H2SO4 : 18TBPOH : 0.30NaOH : 

600H2O : 240EtOH was obtained. It was sealed in a Teflon-lined stainless steel autoclave 

and heated for 30 h in a pre-heated oven operating at 388 K. The product was washed 

with distilled water by repeated centrifugation and decanting of the supernatant, until the 

pH of the final supernatant is lower than 9. The final precipitate was dried at 343 K for 12 

h, and calcined at 823 K for 12 h in air. 

Aluminosilicate SPP synthesis (Si/Al=75) 

Aluminum isopropoxide (Sigma-Aldrich) and tetraethyl orthosilicate (TEOS, 

Sigma-Aldrich) were mixed while stirring, into which tetra(n-butyl)phosphonium 

hydroxide solution (TBPOH, 40% by weight, Sigma-Aldrich) and then a sodium 

hydroxide solution (prepared with sodium hydroxide from Mallinckrodt, and distilled 

water) was added dropwise while stirring. After stirring for 12 h, a clear sol with 
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composition 60SiO2 : 0.30Al2O3 : 18TBPOH : 0.75NaOH : 600H2O : 240EtOH was 

obtained. It was sealed in a Teflon-lined stainless steel autoclave and heated for 48 h in a 

pre-heated oven operating at 388 K. The product was washed with distilled water by 

repeated centrifugation and decanting of the supernatant, until the pH of the final 

supernatant is lower than 9. The final precipitate was dried at 343 K for 12 h, and 

calcined at 823 K for 12 h in air. 

Other zeolite synthesis 
Pillared, 3DOm-i, and 17, 1.4, and 0.2 µm conventional MFI are synthesized 

following reported procedures in refs. [104], [121], [9], [73], and [122], respectively.  

 

Ion exchange to obtain the proton form 
The calcined zeolite was mixed with distilled water to yield a 5% (by weight) 

suspension. The suspension was heated at 343 K for 12 h, and washed once with distilled 

water by centrifugation and decanting of the supernatant, such that the pH of the 

supernatant is 6-7. The precipitate was mixed with 1.0 mol L-1 ammonium nitrate 

solution to yield a 5% (by weight) suspension. The suspension was then heated at 353 K 

for 5 h to allow Na+ in the framework to be exchanged with NH4
+. The solid was 

recovered with centrifugation. The process was repeated three times, and the final 

product was washed with water, dried at 343 K and calcined in air at 823 K for 4 h. 

Exfoliation 
The as-synthesized zeolite powder was exfoliated by melt compounding to obtain 

polymer-zeolite nanocomposite, as reported by Maheshwari et al. [99]. In a typical 

exfoliation process, 3.84 g of polystyrene (Mn = 45,000 g mol-1, Sigma-Aldrich) and 0.16 

g of the zeolite powder was manually mixed and loaded in a vertical, co-rotating twin 
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screw extruder with a recirculation channel (DACA mini compounder). The mixture was 

blended sequentially at 393 K for 20 min, 443 K for 25 min, 423 K for 30 min and 473 K 

for 20 min under a nitrogen environment and at a screw speed of 300 rpm. The zeolite-

polymer nanocomposite was then extruded out at 423 K. From this nanocomposite, thin 

sections with 60 nm thickness were prepared on a Leica EM UC6 Ultramicrotome with a 

diamond knife. The sections were then mounted on a TEM grid (400 mesh Cu, PELCO). 

Zeolite thin-section preparation 
Similarly to the exfoliation process, 3.84 g of polystyrene (Mn = 45,000 g mol-1) and 

0.16 g of zeolite powder was manually mixed and loaded in the same melt compounding 

set-up. The mixture was blended at 473 K for 20 min under a nitrogen environment and 

at a screw speed of 300 rpm and then extruded out at 423 K to form a zeolite-polymer 

composite. From this composite, thin sections with 60 nm thickness were prepared on a 

Leica EM UC6 Ultramicrotome with a diamond knife. The sections were then mounted 

on a TEM grid (400 mesh Cu, PELCO). 

Materials characterization 
The samples for transmission electron microscopy (TEM) studies were prepared by 

applying a few droplets of an aqueous suspension of the washed zeolite product onto a 

copper grid coated with ultra-thin carbon film and holey carbon film (Ted Pella Inc.). 

Both calcined and uncalcined samples were examined. In order to study the morphology 

of smaller particles obtained at early stages, the final suspension after synthesis was 

diluted 10 times (volume) with H2O, and deposited on the same type of grid. The grid 

was then allowed to air-dry at room temperature. TEM imaging was performed on an FEI 

Tecnai G2 F30 TEM operating at 300 kV. All TEM images were captured using a CCD 
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camera. Low-voltage scanning electron microscopy (SEM) was performed using a JEOL 

JSM-7800F scanning electron microscope operated at 0.3 kV (primary electron at 5.3 kV 

and specimen bias at 5 kV). Conventional SEM was performed on a JEOL JSM-6700F 

scanning microscope operated at 2 kV. X-ray diffraction (XRD) patterns were acquired 

using a PANalytical X’Pert PRO MPD X-ray diffractometer equipped with a Co source.  

Argon (87.3 K) adsorption was performed using a commercially available automatic 

manometric sorption analyzer (Quantachrome Instruments AutosorbiQ MP). Prior to 

adsorption measurements, the samples were outgassed at 573 K for 16 h under 

turbomolecular pump vacuum. Full micro- and mesopore size distributions were 

calculated from the argon isotherms using the argon on zeolites/silica cylindrical pore 

adsorption branch method [123]. 

AFM specimen was prepared by drying a drop of the suspension on freshly cleaved 

muscovite mica following by calcination in air at 813 K for 6 h. Imaging was done in 

tapping mode in repulsive regime using a Molecular Imaging PicoPlus scanning probe 

microscope (since renamed Agilent 5500 AFM/SPM system). Gwiddion 2.22 software 

was used for image analysis and height profiling. 

27Al MAS NMR spectra were recorded as described in reference [108]. 

XRD pattern simulation 
XRD patterns were simulated using powder power theorem [30] implemented with 

UDSKIP [31, 124]. In the simulation, atomic coordinates of zeolite MEL are from Fyfe et al. 

[125], and atomic coordinates of zeolite MFI are from van Koningsveld et al. [126]. All the 

zeolite nanosheets contain two complete pentasil layers and have their terminal Si atoms 
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terminated with hydroxyl groups. Simulations for wide-angle X-ray diffraction were 

carried out with step size Δ(2θ)=0.01o (Cu Kα1 radiation, λ=1.5418 Å).  

 
Dimethyl ether (DME) titration  

The number of Brønsted acid sites in each zeolite sample was assessed by DME 

titration experiments assuming that the Brønsted acid sites participate in reactions of 

DME with H+ to form surface methyl groups, CH3OCH3 + 2[SiO(H)Al] = 2[SiO(CH3)Al] 

+ H2O [127]. The experiments were carried out in a tubular packed-bed quartz reactor (10 

mm inner diameter) under atmospheric pressure. The reactor temperature was held 

constant by a resistively heated furnace (National Electric Furnace FA120 type). Catalyst 

temperatures were measured using a K-type thermocouple touching the bottom of a well 

on the external surface of the quartz reactor. The catalyst samples (0.015-0.100 g) were 

supported on a coarse quartz disk inside the reactor and treated in He (0.0083 mL s-1, 

ultrapure, Minneapolis oxygen) at 773 K (0.0167 K s-1) for 3 h prior to cooling in He 

flow to the reaction temperature of 423 K. A mixture of DME/Ar/He (0.0083 mL s-1; 

24.9% DME, 25.1% Ar and 50% He; Praxair) was introduced by He during each pulse 

with 120 s intervals. The effluent, physisorbed DME and water formed upon dehydration 

reactions, was subsequently removed by He (0.0083 mL s-1) for 2.5-3.5 h. A mass 

spectrometer (MKS Cirrus 200 Quadrupole mass spectrometer system) was used to 

record the titration curves of DME.  

2,6-di-tert-butylpyridine (DTBP) and pyridine titration 

The accessibility of Brønsted acid sites on zeolite catalysts was examined by base 

(DTBP and pyridine) titration during ethanol dehydration reactions. The experimental set 
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up and reaction conditions were the same as those described in a previous publication 

[108]. Typically, catalyst samples (0.015-0.100 g) diluted with acid-washed quartz particles 

(0.5-0.8 g, 160-630 μm, European Commission) were treated in He (0.0083 mL s-1, 

ultrapure, Minneapolis oxygen) at 773 K (0.0167 K s-1) for 3 h prior to cooling in He 

flow to the reaction temperature of 416 K. A liquid mixture of organic base (pyridine 

(Aldrich, 99.9% purity) or DTBP (Alfa, 98% purity)) with ethanol (>99.5%, Sigma-

Aldrich) was prepared using 10 mL of ethanol and 10-20 μL of organic base, and was 

introduced using a syringe pump (Cole Parmer 74900 series). The liquid mixture was 

vaporized into a gas flow which contained He (0.55-9.4 mL s-1) and internal standard Ar 

(0.0137-0.0297 mL s-1, Minneapolis oxygen); transfer lines were maintained at 

temperatures greater than 393 K by resistive heating to prevent any condensation. The 

ethanol dehydration rate was measured at constant intervals as titrant was continuously 

added until it reached a plateau indicating that acid sites accessible to the titrant became 

saturated with the organic base. The loss in dehydration rate after saturation by the titrant 

given by the difference between the initial and the residual rates was used to calculate the 

number of acid sites accessed by the base titrant. The uptake of DTBP titrant by the 

catalyst was measured from its concentration in the effluent, recorded by gas 

chromatography (Agilent HP-5890 GC, Series II), using the same chromatographic 

protocols as for ethanol dehydration in reference [108]. The uptake of the titrant (per 

Brønsted acid site) was comparable to that assessed from the loss in rate of ethanol 

dehydration (per Brønsted acid site) [108]. The external Brønsted acid sites were defined as 

those accessible to the DTBP titrant. 
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Adsorption of benzyl alcohol in mesitylene 

In a typical adsorption experiment, approximately 1 mL mesitylene (Sigma-

Aldrich), 1-32 µL benzyl alcohol (Sigma-Aldrich), 20 mg zeolite, and a stir bar were 

added sequentially into a glass vial (Chemglass, 1.8 mL). The exact weights of 

mesitylene, benzyl alcohol, and zeolite were recorded. The vials were heated at 343 K in 

an oil bath for 18 h while stirring (750 rpm). Approximately 25 µL sample was taken 

from each vial while the vials were in the oil bath. The composition of the samples was 

analyzed using a gas chromatograph (Agilent HP-5890GC, Series II) equipped with a 

methylsiloxane capillary column (HP-1, 50.0 m x 320 μm x 0.52 μm) connected to a 

flame ionization detector. 

 

Mesitylene alkylation and benzyl alcohol self-etherification  
The reactivity of Brønsted acid sites on the self-pillared pentasil (SPP), pillared 

MFI, 3DOm-i MFI, commercial MFI (Zeolyst, CBV 8014) and three conventional 

microporous MFI zeolites with crystal sizes of 17 µm, 1.4 µm, and 0.2 µm were 

compared by studying the reactions (mesitylene alkylation with benzyl alcohol and 

benzyl alcohol self-etherification) in a mixture of mesitylene and benzyl alcohol in a 

batch reactor at 343 K. Reactions of the bulkier mesitylene reactant are limited to the 

external surface of the zeolite, as shown by the absence of mesitylene alkylation when 

MFI samples are selectively deactivated by DTBP. Etherification can take place both 

inside the micropores and at the external surface of the zeolite catalysts. By selectively 

poisoning the external acid sites with DTBP, the rate of etherification reactions occurring 

inside the zeolite micropores can be quantitatively assessed.  
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(a) Mesitylene alkylation (on external surface) 
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The liquid phase catalytic alkylation of mesitylene (Sigma-Aldrich, 99% purity) by 

benzyl alcohol (Sigma-Aldrich, 99.95% purity) to form 1,3,5-trimethyl-2-benzylbenzene 

was carried out in a three-necked round bottom flask (100 mL) equipped with a reflux 

condenser and heated in a temperature controlled oil bath (343 K) under atmospheric 

pressure and magnetic stirring (1” stirring bar) conditions. The reactions were carried out 

at 500 rpm stirring speed which was determined to be sufficient to eliminate external 

transport limitations (by rate measurement at different stirring speeds). No benzyl alcohol 

was reacted in absence of the zeolite catalyst at the reaction conditions investigated.   

In a typical experiment, 15 mL of mesitylene was added to the desired amount of 

zeolite catalyst, which had been calcined at 823 K in flowing air (1.667 mL s-1) for 4 h 

before the experiment. The reaction mixture was kept for 0.5 h at the required reaction 

temperature under stirring before 0.25 ml of benzyl alcohol was added. Reaction time 

was defined as the time after addition of benzyl alcohol.  Liquid samples were withdrawn 

at regular intervals and analyzed by a gas chromatograph (Agilent HP-5890GC, Series II) 

equipped with a methylsiloxane capillary column (HP-1, 50.0 m x 320 μm x 0.52 μm) 

connected to a flame ionization detector. 

(b) Benzyl alcohol self-etherification in presence of DTBP (in internal micropores) 
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+
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The internal etherification reaction took place under the same reaction conditions as 

those for alkylation reactions after the addition of DTBP. Typically, the zeolite catalyst, 

DTBP, and mesitylene were added to the reactor sequentially, and then the reactant was 

held at the reaction conditions for 2.5 h before benzyl alcohol was added. Excess amount 

of DTBP (5 times the total number of acid sites) and 2.5 h mixing time prior to benzyl 

alcohol addition ensured that DTBP completely poisoned acid sites on the external 

surface. Greater than 99% selectivity to etherification reactions was observed in the 

experiment, and this preferential selectivity can be attributed to acid sites circumscribed 

in the internal micropores. 

5-hydroxylmethyl-2-furaldehyde (HMF) etherification 

HMF etherification was carried out under the same reaction conditions as those of 

mesitylene alkylation and benzyl alcohol etherification reactions except that mesitylene 

and benzyl alcohol were replaced with benzene and HMF, respectively. Typically, the 

zeolite catalyst and benzene (Sigma-Aldrich, anhydrous 99.8% purity) were added to the 

reactor sequentially, and then the reactant mixture was held at the reaction conditions for 

0.5 h before HMF (Sigma-Aldrich, >99% purity) was added.  

6.3 Results and discussion 
Synthesis and structure 

We decided to explore tetrabutylphosphonium (TBP)- and tetrabutylammonium (TBA)-

silica sols which are known to yield MFI as well as mixtures of MFI with the related 

structure MEL [68, 128]. Fig. 6-1A shows particles obtained after 3 h at 388 K starting from 
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a clear sol with composition 1SiO2 : 0.3TBPOH : 10H2O : 4EtOH [129]. Fig. 6-1B shows a 

high-resolution transmission electron microscopy (HRTEM) image along with the 

corresponding fast Fourier transform (FFT) confirming that the particles are MFI plates, 

thin along the b-axis. Their thickness was determined by atomic force microscopy (AFM) 

(Fig. 6-2) to be ~2 nm, i.e., a unit cell along the b-axis, thinner than previously reported 

lamellae made by exfloliation [7].  

 

Figure 6-1 TEM image of zeolite nanoparticles obtained after 3 h (A) and high-resolution TEM 
image of a representative zeolite particle obtained after 7 h (B) at 388 K following aging at 353 K for 
2 days. The inset in (B) is the fast Fourier transform (FFT) of the high-resolution TEM image. 
 

With further heat treatment, the lamellae become intergrown. After 40 h at 388 K, 

the product contained crystalline particles with size varying from 100 - 200 nm, as shown 

in Fig. 6-3A. HRTEM images (Fig. 6-3B) showed that the particles consist of crystalline 

zeolite lamellae with a layer thickness of 2 nm. Remarkably, the zeolite lamellae are 

intergrown in a house-of-cards arrangement, i.e., with the lamellae arranged 

perpendicular to each other, to define pores between them. TEM images, taken after 
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calcination in air at 823 K for 12 h, do not reveal any change in the house-of-cards 

arrangement (Fig. 6-3C). The pores as well as the connectivity of the lamellae can also be 

seen by low voltage scanning electron microscopy (SEM) from calcined samples (Figs. 

6-3D and E). To further probe their internal structure, the calcined particles were 

embedded in polystyrene, thin-sectioned and studied with TEM. Intermittent lattice 

fringes, as shown in Fig. 6-3F, provide evidence for pores between adjacent lamellae 

penetrating throughout the particles.  

 

 

Figure 6-2 (A) AFM images of the nanoparticles formed after 7 h at 388 K following 2 d at 353 K. 
Thickness profile (B) was scanned on one of them (the line in (A) shows scan path). (C) A histogram 
of particle thickness from measuring N=101 particles shows that the particle thickness is 2.2±0.4 nm. 
The height determination was performed using nanometer-sized steps on mica as an internal 
standard [7]. 
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Figure 6-3 Structure and morphology of the pure-silica self-pillared pentasil (SPP) zeolite particles 
after 40 h hydrothermal synthesis at 388 K: (A) Low-magnification, and (B) high-magnification TEM 
images of the particles before calcination showing the morphology and the mesopores formed within 
the intersecting zeolitic lamellae; (C) TEM image of the particles after calcination, showing the 
retained mesoporosity; (D) and (E) Low-voltage high-resolution SEM images of the calcined particles 
showing the mesopores and lamellar connectivity; (F) high-resolution TEM image of a thin section of 
the calcined zeolite embedded in polystyrene: intermittent lattice fringes (shown with arrows) 
suggested that mesopores exist throughout the particle. 
 

Further TEM imaging and FFT analysis (Fig. 6-4A) indicated that the thin 

dimension (~2 nm) of the lamellae is along the b-axis of MFI and that the lamellae are 

longer along the c-axis and shorter (~100 nm) along the a-axis.  
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Figure 6-4 (A) A high-resolution TEM image of a self-pillared pentasil (SPP) lamella viewed across 
its thin dimension, the FFT from the lamella is consistent with [010]-zone axis of zeolite MFI; (B) 
Experimental (i) and simulated (ii, and iii) powder XRD patterns of the pure-silica SPP zeolite (insets 
are the intergrowth models from which the simulated XRD patterns were obtained: the model for 
trace (ii) is the idealized MFI/MEL model, and that for trace (iii) is the idealized model with MEL 
removed; the dimension of the model along the common c axis is 10 unit cells); (C) Argon (87.3 K) 
NLDFT cumulative pore volume plots over the entire pore width range and (D) Argon (87.3 K) 
NLDFT pore size distributions up to 10 nm for silica (squares), aluminosilicate SPP zeolite (circles 
Si/Al=253 and diamonds Si/Al=75), and commercial MFI (triangles). 

 
Two plausible models for the local structure of the intergrown lamellae are shown 

in the inset of Fig. 6-4B. According to these idealized fragment models, single-unit-cell 
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MFI lamellae (with thickness of one unit cell along the b-axis of the MFI structure) are 

intergrown with their 90° twins or rotational intergrowths having a common c-axis. In 

one of the idealized models, we hypothesize that the twins are connected through a 

needle of MEL (1 unit cell along the a- and b-axes and long along the c-axis).  The MEL 

connection runs through the entire interface of the MFI twins ensuring full connectivity.  

There are 12 different ways to make the idealized connection and only one of these 

is shown in the inset of Fig. 6-4B. The rest are given in Fig. 6-5. A 1×1×n MEL needle 

has two possible structure projections along [001]. According to the representation in 

Ohsuna et al. [114], they are called here A and B: A (LIRI;RILI) , and B (RILI;LIRI) (fig. 

S4A). 

For both MEL needles (A or B), each of the four sides of the MEL needle, (a, b, c, 

and d) can accommodate one MFI nanosheet (with single unit cell thickness along the b-

axis of MFI). Take side a as an example, the two possible MFI structures that can be fully 

connected to it are depicted as 0 (RILI; LIIRII), and 1 (RIILII; LIRI) in Fig. 6-5A.  

Therefore, for each MEL needle, there are at most 24=16 different ways of attaching 

defect-free MFI nanosheets. If we use a sequence of five symbols to denote one 

intergrowth model: xabcd, the 16 different structures can be enumerated as: x0000, 

x1000, x0100, x0010, x0001, x1100, x1010, x1001, x0110, x0101, x0011, x1110, x1101, 

x1011, x0111, and x1111, where x can be A or B. 

The actual unique structures of intergrowth are less than 16 due to the symmetry of 

the MEL needle. We now use proper symmetry operations to find duplicate structures in 

the 16 different connections. A 2-fold rotational axis implied in the 4-fold rotoinversion 
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axis (element in space group ) along [001] shows that xcdab is identical as xabcd 

(xabcd=xcdab). Two perpendicular 2-fold rotational axes (elements in space group 

) in (001) will further lead to xabcd=xdcba=xbadc. Applying these relationships 

(xabcd=xcdab=xdcba=xbadc) to the above-enumerated structures, there are only 6 unique 

structures for each MEL needle: x0000, x1000, x1100, x1010, x1110, and x1111. For the 

two possible MEL needle structures (x=A and B), there are 12 unique structures. The ones 

for x=A are shown in Figs. 6-5 B-G. Full connectivity of the MEL needle and MFI plates 

is achieved in these 12 structures. Of course, more structures can be generated 

considering defective (not fully connected) rotational intergrowths of the MFI plates. 

 

 
 

Figure 6-5 Representation of the arrangements of MEL and MFI in the idealized intergrowth 
structure models. (A) A (highlighted in red), B (highlighted in blue) are the two different 
arrangements of the MEL single-unit-cell needle along c-axis. 0 (surrounded by solid line), 1 
(surrounded by dashed line) are the two different arrangements of the MFI lamellae; (B) to (G) are 
the 6 distinct intergrowths for MEL type A (the 6 intergrowths for type B are not shown) viewed 
along three directions. 
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Figure 6-6 Schematic drawings of possible intergrowths of two MFI lamellae: from loose connection 
without overlap (A), to partial overlap (B) to full connection (C). Sampling of smaller zeolite 
nanoparticles showing the emergence of single unit cell needles: (D) after 30 h at 388 K following 
aging at 353 K for 2 d; (E) after 30 h at 388 K. 
 

In the actual material, looser connections are possible, as depicted schematically 

in Fig. 6-6 A-C, with partial overlay of the MFI lamellae. An idealized fragment with no 

connection between the MFI lamellae is also shown as inset in Fig. 6-4B. TEM images 

from particles at an early stage of intergrowth (Fig. 6-6 D, E) provide evidence for the 

presence of single unit cell outgrowths emerging from the MFI plates. MEL/MFI 

intergrowths when using TBA and TBP ions have been reported before [114, 130] while 

twining or rotational intergrowths are well known in MFI crystals. However, they were 

not associated with single unit cell lamellae formation nor repetitive branching to create a 

 133 



 
hierarchical zeolite. The tetrabutyl SDA, which is stable at crystal growth conditions, and 

is incorporated intact in the framework (Fig. 6-7), appears to be an important contributor 

to the anisotropic growth giving rise to the single-unit-cell lamellae.  

 

Figure 6-7 (A) 13C NMR spectra of the 40% (weight) TBPOH solution before and after heating at 
388K for 40 hours. The unchanged spectrum after heating shows that TBPOH solution was stable at 
hydrothermal synthesis conditions; (B) 13C CPMAS NMR spectrum of the as-synthesized SPP zeolite 
is consistent with previous work [130], which shows that the tetrabutylphosphonium cations remained 
intact in the framework after hydrothermal synthesis. 
 

In the range of MFI and MEL reflections, the simulated powder X-ray diffraction 

pattern of both fragment models, obtained using UDSKIP [129], are in good agreement 

with the experimental data (Fig. 6-4B). At lower angles, the simulation shows broad 

reflections (similar for both fragments) due to the small dimensions of the fragment 

model. As expected, these reflections are absent from the experimental diffraction pattern 

of the 100-200 nm crystals because even though they consist of numerous interconnected 

fragments, they preserve their crystallographic alignment (long range order) due to the 

ordered branching growth mechanism. Since the new material could be an MFI/MEL 

intergrowth, we refer to it from now on as self-pillared pentasil (SPP) zeolite although it 

consists mostly of MFI with MEL being present, if at all, at the branching points. 
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Additional synthesis and characterization (Fig. 6-8 and 6-9) show that the self-

pillared zeolite can be prepared in a range of conditions that allow composition and 

particle size manipulation. The synthesis conditions that lead to the self-pillared zeolite 

were determined by systematic examination of concentrated clear sols at compositions 

typical for the synthesis of MFI zeolites. Based on the base-case synthesis sol 

composition 1SiO2 : 0.3TBPOH : 10H2O : 4EtOH described above, variations in the 

amount of water, SiO2:TBPOH ratio, and silica source indicate that self-pillared and 

highly branched zeolite crystals can be prepared in a specific but rather wide composition 

range. As shown in the images in Fig. 6-7 and the XRD patterns in Fig. 6-8, if 

SiO2:TBPOH ratio is held at 1:0.3, a SiO2:H2O ratio within 1:7 and 1:20 results in single-

unit-cell branched structures. Larger particles (750 nm) were produced at SiO2:H2O ratio 

of 1:20. However, an even lower SiO2:H2O ratio results in amorphous phase within the 

times tested (up to 40 h). Similarly, if SiO2:H2O ratio is held at 1:10, a SiO2:TBPOH ratio 

within 1:0.2 and 1:0.4 also yields single unit cell self-pillared zeolite. The particle sizes 

and shapes appear similar within this range as the TEM images reveal only subtle textural 

differences like that the protruding lamellae are reduced compared to the base case ratio 

of 1:0.3. In addition to TEOS, fumed silica can also serve as silica source to crystallize 

self-pillared zeolite. Interestingly, 500 nm self-pillared crystalline particles were obtained 

using this silica source, larger and smoother compared to the 100-200 nm particles 

obtained using TEOS.  
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Figure 6-8 Representative electron micrographs of the products of pure-silica SPP synthesis with 
different compositions at 388K for 40 h: (A) 1SiO2 : 0.3TBPOH : 7H2O : 4EtOH; (B) 1SiO2 : 
0.3TBPOH : 20H2O : 4EtOH; (C) 1SiO2 : 0.4TBPOH : 10H2O : 4EtOH; (D) 1SiO2 : 0.2TBPOH : 
10H2O : 4EtOH; (E) and (F) 1SiO2 : 0.3TBPOH : 10H2O with fumed silica as silica source. 
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Lower temperatures appear to favor self-pillared morphologies, since synthesis at 

408 and 448 K yield self-pillared and regular zeolite crystals, respectively (Fig. 6-10 

(a)(b)). Using TBAOH instead of TBPOH results in similar morphologies. However, 

using TPAOH will lead the formation of conventional MFI. (Fig. 6-10 (c)(d)) Finally, we 

note that the omission of the aging step at 353K before hydrothermal growth at 388K 

does not have an effect on the final morphology. These results show that the self-pillared 

zeolite can be prepared in a rather broad range of synthesis conditions with flexibility to 

fine-tune its particle size. 

        

 
Figure 6-9 X-ray diffraction patterns of the products of SPP zeolites synthesis with different 
compositions: (A) 1SiO2 : 0.3TBPOH : yH2O : 4EtOH, where y ranges from 7 to 80; (B) 1SiO2 : 
xTBPOH : 10H2O : 4EtOH, where x ranges from 0.2 to 0.4; (C) 1SiO2 : 0.3TBPOH : 10H2O : 4EtOH 
(made with TEOS) and 1SiO2 : 0.3TBPOH : 10H2O (made with fumed silica). 
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(a)                                                                (b) 

 

        
(c)                                                                  (d) 

Figure 6-10 More studies on synthesis conditions. Synthesis performed at higher temperatures: (a) 
408 K; (b) 448 K. The high-resolution TEM images show that the self-pillared morphology can be 
prepared at 408 K, but not at 448 K. Using TBAOH instead of TBPOH (c) can lead to the formation 
of SPP, however, TPAOH (d) will lead to the formation of conventional MFI. 
 

Nucleation of the single-unit-cell lamellae, observed at early stage of growth, 

should be rationalized by explaining why anisotropic growth should be favored and why 

growth in the b-direction is greatly inhibited. Tetrabutyl SDAs are known to nucleate and 

grow MFI crystals [130]. However, unlike their tetrapropyl analogues, they are not 
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accommodated optimally within the MFI framework with b-axis stacking being the less 

favored due to the shorter distance of channel intersections along this direction. It is 

therefore conceivable that they will favor formation of single unit cell lamellae. Previous 

studies have employed mixtures of SDAs or high temperatures where SDA 

decomposition is likely, thus compromising TBP’s ability to drive anisotropic growth. 

This may explain why numerous previous studies failed to identify conditions appropriate 

for single-unit-cell lamellae formation. 13C NMR shows that the SDA is stable under 

reaction conditions and is incorporated intact in the SPP framework (Fig. 6-7). 

A second question is how crystal growth proceeds from the 2 nm lamellae to 200 

nm or larger particles with no or very minimal growth along the b-axis of the lamellae. 

Prolonged exposure of the nucleated lamellae to the precursor sol will eventually lead to 

some growth along the b-axis eliminating the single unit cell thickness. Therefore, in 

addition to the anisotropic growth discussed above, some type of protective mechanism 

must be in operation. We attribute this protective mechanism to branching and we argue 

that the protection of single-unit-cell lamellae by branching is two-fold (see Fig. 6-11):  

(i) As soon as the rotational intergrowth emerges orthogonally to a lamella, a fast 

growing direction (a-axis of the newly formed branch) is established along the 

slow growing direction (b-axis) of the parent lamella. The new branch grows 

fast by consuming nutrients and depleting their availability for growing the 

parent lamella along the b-axis (Fig. 6-11B).  

(ii) As branching takes place with high frequency (every ca. 5 nm), after a few 

generations of branching, a network of ~5 nm pores is created (Fig. 6-11C), 
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which strongly inhibits transport of the colloidal precursors present in clear 

sols (typically sized in the few nm range) [56]. 

 

Figure 6-11 Growth model explanation of arrested growth of MFI nanosheets due to nutrient 
consumption by outgrowing twins (B) followed by creation of inaccessible porosity (C). The darker 
color away from the models indicates higher nutrient concentration. 
 

Applications 

We carried out the exfoliation procedure developed by Maheshwari et al. [99] to 

the as-synthesized material. As shown in Fig. 6-12, it is possible to obtain individual 

lamellae. The high-resolution TEM image from one isolated lamella is given in Fig. 6-

12B and further confirms that the thickness of the lamellae is 2 nm. The exfoliated 

lamellar zeolites can be potentially used as building units for selective membranes 

following the recently reported procedure [7].  
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Figure 6-12 (A) TEM image of a thin section of the SPP zeolite-polystyrene composite, showing the 
existence of zeolite single layers after exfoliation; (B) high-resolution image of one of the exfoliated 
lamella with a thickness of 2 nm. 
 

To explore the catalytic properties of SPP zeolites, Al was incorporated in the 

framework (Fig. 6-13) at two different levels of Si/Al: 253 and 75, which required the 

addition of NaOH [129]. Synthesis in the presence of sodium and aluminum did not 

prohibit branching and self-pillaring as clearly seen by TEM imaging (Fig. 6-13A and B). 

Argon adsorption isotherms at 87.3 K and pore size analysis are given in Fig. 6-14, 6-15 

and 6-16. The cumulative pore volume plots calculated from NLDFT [123] over the 

complete pore size range are shown in Fig. 6-4C and indicate the presence of micro- and 

mesoporosity in the SPP samples. The pore size distributions plotted up to 10 nm (Fig. 6-

4D) indicate micropores centered around 0.522 nm, typical of MFI and MEL, and a broad 

distribution of mesopores (from ~2-7 nm) for both the silica and aluminosilicate SPP in 

good agreement with the TEM and SEM images.  
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Figure 6-13 Structure and morphology of aluminosilicate SPP zeolite (converted to proton form 
before characterization): TEM image of the (A) Si/Al=253 and (B) Si/Al=75 SPP showing the single-
unit-cell-thick zeolitic lamellae and the mesopores formed by the intersection of the lamellae; (C) 
27Al-NMR spectrum of the Si/Al=253 SPP showing that Al is incorporated in the SPP zeolite 
framework; (D) XRD patterns compared to that from the pure silica SPP zeolite. 
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Figure 6-14 Argon (87.3 K) adsorption isotherms plotted on a (A) linear scale and (B) semi-
logarithmic scale to highlight the low relative pressure region; (C) Argon (87.3 K) isotherm for the 
silica SPP zeolite with the NLDFT (cylindrical pore model) fit; (D) argon (87.3 K) isotherm for the 
aluminosilicate SPP zeolite (Si/Al=253) with the NLDFT (cylindrical pore model) fit. 
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Figure 6-15 Argon (87.3 K) isotherms of the products of SPP zeolites synthesis with different 
compositions: (A) and (B) 1SiO2 : 0.3TBPOH : yH2O : 4EtOH, where y ranges from 7 to 20; (C) and 
(D) 1SiO2 : xTBPOH : 10H2O : 4EtOH, where x ranges from 0.2 to 0.4; (E) and (F) 1SiO2 : 
0.3TBPOH : 10H2O : 4EtOH (made with TEOS) and 1SiO2 : 0.3TBPOH : 10H2O (made with fumed 
silica). 
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Figure 6-16 Cumulative pore volume and pore size distributions of the SPP zeolites prepared with 
different compositions: (A, B) 1SiO2 : 0.3TBPOH : yH2O : 4EtOH, where y ranges from 7 to 20; (C, 
D) 1SiO2 : xTBPOH : 10H2O : 4EtOH, where x ranges from 0.2 to 0.4; (E, F) 1SiO2 : 0.3TBPOH : 
10H2O : 4EtOH (made with TEOS) and 1SiO2 : 0.3TBPOH : 10H2O (made with fumed silica). 
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The catalytic properties of SPP were compared with those of pillared MFI [104], 

three-dimensionally ordered mesoporous-imprinted (3DOm-i) MFI and three 

conventional MFI catalysts with different crystal size (17, 1.4 and 0.2 µm) [129]. The 

Brønsted acid site concentrations of all zeolites, including that of the aluminosilicate SPP, 

were determined by chemical titration methods [127] and were found to agree well with 

those expected from the Si/Al ratio from elemental analysis.  

The fraction of acid sites present at the external surface was determined for each 

catalyst using a titrant molecule, 2,6-di-tert-butylpyridine (DTBP), that cannot enter the 

zeolite pores. The results were in good agreement with the values expected from the 

external surface areas of the corresponding catalysts [108] (Table 6-1). Specifically, 30% 

and 45% of the acid sites in pillared MFI and SPP, respectively, are sites that are 

accessible by a molecule that cannot enter the micropores, while for a micron-sized 

crystal this fraction is approximately 2%. As a result of the increase in number of 

accessible acid sites, the pseudo-first order rate constant for the liquid phase alkylation of 

mesitylene (a molecule that is effectively excluded from the zeolite micropores) by 

benzyl alcohol was found to vary by more than two orders of magnitude. However, when 

normalized per external acid site, the rate constant was found to be nearly invariant 

across all samples tested (Fig. 6-17A) showing that the reactivity of external acid sites is 

similar among all samples tested, despite the different morphologies and synthesis 

conditions.  
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Figure 6-17 Comparison of catalytic performance of SPP zeolite with pillared, 3DOm-i, commercial 
and conventional (0.2, 1.4 and 17 µm) MFI. (A) Pseudo-first order rate constant per external 
Brønsted acid site for mesitylene alkylation by benzyl alcohol; (B) Effectiveness factor vs. Thiele 
modulus plot (solid line) and experimental data. The effectiveness factor of commercial MFI is 
indicated by the dashed line because the particle size of the commercial zeolite as determined by 
SEM is broad (0.1 to 1 µm) and therefore, its Thiele modulus cannot be determined. (C) HMF to 
OBMF conversion vs. time plot for pillared MFI (circles), SPP zeolite (triangles) and commercial 
MFI (squares). 

MFI lamellae are unique among the other available aluminosilicate zeolite 

lamellae because they have pores that run across the lamella thickness [104]. The 

nanometer-scale diffusion lengths of pillared MFI and SPP allow for fast transport even 

for molecules with small micropore diffusivity. In this respect, pillared MFI and SPP are 

valuable model materials to assess quantitatively diffusion limitations and intrinsic 

kinetics. The self-etherification of benzyl alcohol in the presence of DTBP (used in order 

to deactivate the external sites) was considered as an example. The plot of the 

effectiveness factor vs. the Thiele modulus shows excellent agreement with the 

experimental data [129, 131]. It can be concluded, that Brønsted acid sites in the micropores 

of SPP and pillared MFI have similar reactivity with those in conventional and 

nanocrystalline MFI and that the observed differences in apparent reaction rates can be 

fully accounted for by diffusion limitations. A comparison of effectiveness factors with 

that of a commercially available ZSM-5 catalyst (indicated by the dashed line in Fig. 6-

17B) reveals that 3DOm-i, pillared MFI and SPP catalysts exhibit higher apparent 
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reaction rates.  Improved behavior of pillared MFI and SPP was also established in other 

reactions. For example, etherification of 5-hydroxymethyl-2-furaldehyde (HMF) to 5,5’-

oxy(bismethylene)-2-furaldehyde (OBMF) proceeds to completion, unlike commercial 

ZSM-5 which suffers from deactivation (Fig. 6-17C). Since OBMF is a desirable 

biobased intermediate [132], this finding underscores the potential of single unit cell layers 

in applications beyond petrochemical processing.  

 

6.4 Conclusions 
 

 

Figure 6-18 Generating high surface area and porosity by repetitive branching. In an environment 
where structure A (with lower symmetry) and structure B (with higher symmetry) can be formed 
epitaxially, their intergrowth will form materials with high surface area and porosity. 
 

Branching of zeolite nanometer-sized lamellae through repetitive twinning or 

other intergrowth process is a new low-cost approach toward hierarchical materials with 

interconnected micro and mesopores. It is in principle applicable to all zeolite structures 

that can (i) be grown anisotropically as thin layers and (ii) can support branching at 

certain acute angles. As shown in Fig. 6-18. In an environment that encourages the 

epitaxial intergrowth of two structures with different levels of symmetry, the higher-

symmetry structure acts as a connector to connect the lower-symmetry structures to 

create branching. After this process is repeated, a hierarchical zeolite is formed where the 
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mesopore dimensions are determined by the frequency of branching. Although the work 

described here features the intergrowth of MFI and MEL to generate a self-pillared 

pentasil (SPP) hierarchical zeolite, the approach could be generalized. 
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Chapter 7 Template-free synthesis of faujasite nanoparticles 

7.1 Introduction 
 
As shown in the previous chapters, the synthesis of high-silica zeolites (Si/Al>5) usually 

requires structure-directing agents (SDA) that can direct the formation of the micropore 

structure of zeolites. The formation of aluminosilicate zeolite, on the other hand, can 

occur without SDA (i.e., template-free synthesis).[62] In fact, the first synthesis attempts 

in zeolite synthesis history were carried out without organic templates (such as the first 

synthetic zeolite, mordenite by Barrer in 1948[133]), until the incorporation of organic 

SDA (tetramethylammonium) in zeolite synthesis by Barrer and Denny in 1961 for the 

first time[85]. Involving organic SDA in the system brings robustness in the synthesis, 

where in many case pure phase material with uniform particle size and morphology can 

be formed. (such as SOD[65], FAU[66-67], MEL[68], MFI[69-73], LTA[74], and LTL[75] already 

introduced in Chapter 4) However, in zeolite synthesis, like any templates, SDA is a 

sacrificing agent, since it has to be removed by calcination or other methods before the 

pores systems of zeolite can be opened and utilized. Despite of the sacrificing nature of 

SDA, the synthesis of SDA is usually challenging, which brings in even more additional 

cost. Economically speaking, template-free synthesis is desired for the industrial 

preparation of zeolites. However, the control of the synthesis condition for template free 

systems is challenging in some cases: a minor variation in the composition or other 

conditions can lead to the formation of a different phase.[93] 
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FAU is one of the most important zeolites in industry, especially in catalytic 

cracking (FAU as zeolite Y is used).[134] As proved in Chapter 6, zeolite nanoparticles 

with ultra-small sizes eliminates deactivation problems and diffusion limitation, which 

could improve the conversion and selectivity of some catalytic reactions. The template-

free approach to prepare FAU has been widely studied, especially in industry. However, 

there has been no report about the preparation of uniform FAU nanoparticles without 

organic SDA. The goal of this study is to find a template-free system can produce pure 

and uniform isolated FAU nanoparticles, and study the formation mechanisms in order to 

gain control over the crystallization process.  

In this chapter, starting from US Patent 3,808,326[135], various synthesis 

conditions were explored, the formation of faujasite (FAU, EMT or FAU/EMT 

intergrowth) nanoparticles was achieved with several systems. Some of the systems are 

optically clear after mixing silicon and aluminum sources (no large aggregates), which 

brings about convenience to study the formation process using small angle X-ray 

scattering and cryo-TEM. A clear system that can lead to crystallization of faujasite at 

room temperature under static conditions was also found. Small angle X-ray scattering 

and cryo-TEM was also attempted to study the formation process of the nanoparticles.  

7.2 Experimental methods 
 
Use sodium silicate solution as silica source 

Sodium hydroxide (Mallinckrodt) was dissolved in deionized water, into which 

sodium silicate solution (Sigma-Aldrich, ~26.5% SiO2, ~10.6% Na2O) was added. This 

clear solution was cooled down in an ice bath (0oC) for 1 hour. Anhydrous sodium 
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aluminate (MP Biomedicals) was dissolved in deionized water to obtain a clear solution, 

and was cooled down in an ice bath (0oC) for 1 hour. The total amount of deionized water 

added into the Si and Al sources were of fractions of φ and 1-φ, respectively. In the ice 

bath, under vigorous stirring, the sodium aluminate solution was added to the sodium 

silicate solution by a syringe, to achieve the desired composition. In some cases, LUDOX 

HS-40 (Sigma-Aldrich) was added to the system as a second SiO2 source, maintaining the 

same synthesis mixture composition, where the fractions of SiO2 in sodium silicate 

solution and LUDOX HS-40 were ψ and 1-ψ, respectively. 

The mixture was stirred for 1 hour in an ice bath (0oC). This solution was then aged 

at room temperature (20oC) for 16 hours, followed by heating at various temperatures 

with stirring.  

 

Use LUDOX AS-40 as silica source 

Sodium hydroxide solid (Mallinckrodt) was dissolved in deionized water, and 

LUDOX AS-40 colloidal silica (Sigma-Aldrich, 40% SiO2) was added to the sodium 

hydroxide solution. The mixture was heated at 90oC for 1 hour, and a transparent gel was 

obtained. The gel was cooled down in an ice bath (0oC). Anhydrous sodium aluminate 

(MP Biomedicals) was dissolved in deionized water to obtain a clear solution, and was 

cooled down in an ice bath (0oC) for 1 hour. In the ice bath, the sodium aluminate 

solution was added to the silica gel. Precipitation was observed in the sodium aluminate 

solution. The mixture was stirred for 1 hour in the ice bath, and a transparent solution was 
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obtained. This solution was then aged at room temperature (20oC) for 16 hours, followed 

by heating at 85oC for 6 hours with stirring. 

 

Use TEOS as silica source 

Sodium hydroxide (Mallinckrodt) was dissolved in deionized water, and TEOS 

(Sigma-Aldrich) was added to the sodium hydroxide solution. The hydrolysis was carried 

out at room temperature for 6 hours or 90oC for 1 hour. After the hydrolysis, an 

immiscible ethanol layer appeared on top of a white gel. The ethanol layer was removed 

with a pipette and blotted dry. The gel was cooled down in an ice bath (0oC). Anhydrous 

sodium aluminate (MP Biomedicals) was dissolved in deionized water to obtain a clear 

solution, and was cooled down in an ice bath (0oC) for 1 hour. In the ice bath, the sodium 

aluminate solution was added to the silicate gel. Precipitation was observed in the sodium 

aluminate solution. The mixture was stirred for 1 hour in the ice bath, and a transparent 

solution was obtained. This solution was then aged at room temperature (20oC) for 16 

hours, followed by heating at 85oC for 6 hours with stirring. 

 

Use fumed silica as silica source 

Sodium hydroxide (Mallinckrodt) was dissolved in deionized water, and fumed silica 

(Carb-O-Sil, Sigma-Aldrich) was added to the sodium hydroxide solution. The mixture 

was heated at 90oC for 1 hour, and a clear solution was obtained. The solution was cooled 

down in an ice bath (0oC). Anhydrous sodium aluminate (MP Biomedicals) was 

dissolved in deionized water to obtain a clear solution, and was cooled down in an ice 
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bath (0oC) for 1 hour. In the ice bath, the sodium aluminate solution was added to the 

silicate mixture. Precipitation was observed in the sodium aluminate solution. The 

mixture was stirred for 1 hour in the ice bath, and a transparent solution was obtained. 

This solution was then aged at room temperature (20oC) for 16 hours, followed by 

heating at 85oC for 6 hours with stirring. 

 

Characterization 

X-ray diffraction was performed on a Siemens Bruker-AXS D5005 diffractometer 

(Cu Kα radiation). Scanning electron microscopy (SEM) was done on a JEOL JSM-6500 

operating at 3.0 kV. The samples were not coated. TEM was done on a FEI Tecnai G2 

F30 TEM equipped with a Schottky field-emission gun operating at 300 kV. 

The small-angle X-ray scattering experiments were done on an Anton Parr SAXSess 

with Cu Kα radiation. For each scattering experiment, approximately 100 µL sample was 

used to fill a quartz capillary holder, and exposed under X-ray for 35 minutes. The 

scattering patterns were recorded on image plates, and scanned into the computer. 

A cryo-TEM sample was prepared from the suspension at different time. Cryo-TEM 

sample preparation was conducted in an FEI Vitrobot Mark III vitrification robot. A 

droplet of the suspension was placed onto a carbon/Formvar-coated copper grid (Ted 

Pella Inc.) in the climate chamber of the Vitrobot system, where the temperature was kept 

at 25 °C and the relative humidity was kept at 100%. The specimen was transferred under 

liquid nitrogen to a Gatan 626 DH cryo-transfer specimen holder, with which imaging 

was done at -117 oC.  
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7.3 Study of synthesis conditions 
 
Composition 

In these experiments, composition was chosen as a parameter to study the phase and 

morphology of the products, where a clear system that can lead to the formation of 

nanocrystalline zeolite is desired. Sodium silicate solution was used as the silica source. 

A tertiary phase diagram was introduced in the design of these experiments, similar to 

Akporiaye et al.[93] (where TMAOH is used as SDA). Each phase diagram corresponds to 

compositions with fixed water molar composition. The phase diagram used in the 

following syntheses was based on 92.51% (mol/mol) water. 

 
Figure 7-1 A tertiary phase diagram for the template-fres synthesis of aluminosilicate zeolites. 
 

Four compositions were studied firstly in this set of experiments: (A) 

70:4:26:1236 (Na2O:Al2O3:SiO2:H2O); (B) 66:4:30:1236; (C) 60:4:36:1236; (D) 

56:4:40:1236. 
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(a)                                                (b) 
Figure 7-2 Representative TEM image (a) and  powder X-ray diffraction pattern (b) of the products 
from system (A) 70 Na2O : 4 Al2O3 : 26 SiO2 : 1236 H2O. 
 

 
(a)                                        (b)                                         (c) 

Figure 7-3 Representative TEM image (a, b) and  powder X-ray diffraction pattern (c) of the 
products from system (B) 66 Na2O : 4 Al2O3 : 30 SiO2 : 1236 H2O. 

 
 

 
(a)                                         (b)                                         (c) 

Figure 7-4 Representative TEM image (a, b) and  powder X-ray diffraction pattern (c) of the 
products from system (C) 60 Na2O : 4 Al2O3 : 36 SiO2 : 1236 H2O. 
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(a)                                                (b) 

Figure 7-5 Representative TEM image (a) and powder X-ray diffraction pattern (b) of the products 
from system (D) 56 Na2O : 4 Al2O3 : 40 SiO2 : 1236 H2O. 
 

(A), (B), (C) and (D) all turned into white suspensions right after mixing silicon and 

aluminum sources. After heating at 85oC for 6 hours, different crystal phases were 

observed in them: (A) contains SOD nanoparticles (where SOD is a common dense phase 

formed in template-free synthesis) (Fig. 7-2); (B) contains a mixture of SOD (major 

product) and faujasite nanoparticles, as confirmed from TEM and XRD (Fig. 7-3); (C) 

contains a mixture of faujasite (major product) and SOD nanoparticles (Fig. 7-4); while 

only faujasite were observed in (D). The crystallite sizes of faujasite in (C) and (D) were 

found to be 28 nm and 22 nm, respectively, using Scherrer equation from the broadening 

of the (331) peaks in the XRD patterns. In this case, under the same conditions, less silica 

will favor the formation of SOD.  

Three more experiments with minor variations in compositions were studied to find 

out how the product phase depends on the composition. Systems (E) 58:4:38:1236, (F) 

58:6:36:1236, and (G) 58:8:34:1236 were heated at 85oC for 6 hours (the same condition 

as A-D). 

 157 



 

 
(a)                                       (b)                                      (c) 

Figure 7-6 Representative TEM image (a, b) and  powder X-ray diffraction pattern (c) of the 
products from system (E) 58 Na2O : 4 Al2O3 : 38 SiO2 : 1236 H2O. 
 

 
(a)                                       (b)                                       (c) 

Figure 7-7 Representative TEM image (a, b) and  powder X-ray diffraction pattern (c) of the 
products from system (F) 58 Na2O : 6 Al2O3 : 36 SiO2 : 1236 H2O. 
 

 
(a)                                       (b)                                       (c) 

Figure 7-8 Representative TEM image (a, b) and  powder X-ray diffraction pattern (c) of the 
products from system (G) 58 Na2O : 8 Al2O3 : 34 SiO2 : 1236 H2O. 
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After heating, nanoparticles were observed in all 3 above compositions. (E) and (F) gave 

faujasite nanoparticles with crystallite sizes of approximately 23 nm and 18 nm, 

respectively. (G) gave a mixture of faujasite and SOD nanoparticles, where the crystallite 

size of faujasite is approximately 27 nm. Although the crystallite sizes from these 

systems are small, these systems are still not clear systems after mixing silicon and 

aluminum sources. 

 

 
 

Figure 7-9 XRD patterns of (H) 54 Na2O : 4 Al2O3 : 42 SiO2 : 9500 H2O and (J) 15 Na2O : 4 Al2O3 : 31 
SiO2 : 9500 H2O after heating. (No crystallization was observed in (I)). 
 

In all the above compositions, intergrowth of FAU and EMT was observed in the 

faujasites nanoparticles (discussed in detail in the next section). More compositions were 

studied, as an attempt to form higher fraction of FAU or pure FAU, as well as to form 

clear systems for nanoparticle synthesis. Dilute conditions are chosen as an attempt to 

prepare a clear system for more convenient cryo-TEM studies: (H) 54:4:42:9500 
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(Na2O:Al2O3:SiO2:H2O); (I) 4.5:2:20:9500; and (J) 15:4:31:9500. The systems were aged 

at room temperature for 16 hours, and heated at 70oC for 6 hours. The XRD patterns from 

the systems are shown in Fig. 7-9. However, system (I) was still a clear system after 

room-temperature aging and heating (thus, no XRD pattern was shown). Thus, these very 

dilute systems were not able to produce crystalline material. 

 

Figure 7-10 XRD patterns of systems (K) 54 Na2O : 4 Al2O3 : 42 SiO2 : 750 H2O, (L) 54 Na2O : 4 
Al2O3 : 42 SiO2 : 977 H2O, and (M) 54 Na2O : 4 Al2O3 : 42 SiO2 : 1236 H2O after heating at 50oC for 9 
hours. 

Based on the compositions (A)~(G), a series of compositions that lead to clear 

systems after mixing silicon and aluminum sources were found. With less Na and more 

Si, three compositions (K) 54 Na2O : 4 Al2O3 : 42 SiO2 : 750 H2O, (L) 54 Na2O : 4 Al2O3 

: 42 SiO2 : 977 H2O, and (M) 54 Na2O : 4 Al2O3 : 42 SiO2 : 1236 H2O with different 

amounts of water were studied. They were able to lead to the formation of 
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nanocrystalline faujasites, after heating at 50oC for 9 hours (XRD patterns shown in Fig. 

7-10). 

 

Mixing conditions 

Based on composition: (L) 54 Na2O : 4 Al2O3 : 42 SiO2 : 977 H2O (where 9 h heating was 

done at 50oC), more process parameters were explored for better mixing and the 

convenience to study the early stages of crystal formation.  

 
Figure 7-11 XRD patterns of the particles with Si and Al sources mixed at different temperatures. 
 

Mixing the Si and Al sources to give a clear and homogeneous system is desired for 

the formation of ultra-small nanoparticles, as well as the study of the systems using X-ray 

scattering and cryo-TEM. For composition (L), a viscous gel was formed after mixing Si 

and Al sources in ice bath, which prevents the system from mixing well without vigerous 

stirring. As an effort to decrease the viscosity of the system, mixing was carried out at 

0oC, 10oC, and 30oC. The XRD patterns from the products of all three syntheses are 

identical, as shown below in Fig. 7-10. However, only mixing at 0oC gives a clear 
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system, mixing at higher temperatures gives precipitation in the system after mixing, 

although the viscocity is lower. 0oC will be chosen for future studies.  

In a typical synthesis procedure, the amount of water to be added was divided to two 

parts: (1) water to be added to the sodium silicate solution (with a fraction of φ); and (2) 

water to be added to sodium aluminate (with a fraction of 1-φ). Different values of φ were 

studied (0.35, 0.45, 0.55, and 0.65). By increasing the fraction of water to be added into 

the sodium silicate solution (φ=0.65), the system becomes less viscous during mixing at 

0oC. φ=0.65 is chosen for future synthesis. 

 
Figure 7-12 XRD patterns of the particles made with two silicon sources: sodium silicate solution and 
LUDOX HS-40, where the fraction of SiO2 in sodium silicate solution is ψ. 
 

Synthesis using a mixture of sodium silicate solution and LUDOX HS-40 was also 

studied. In this series of experiments, the total SiO2 to be added is divided to two parts: a 

fraction of ψ of total SiO2 was added as sodium silicate solution, and 1-ψ was added as 
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LUDOX HS-40. However, the products made with 4 different ψ (0, 0.33, 0.66, and 1) did 

not show obvious difference in XRD patterns (as shown in Fig. 7-12). Sodium silicate 

solution alone was chosen as the method for future studies, since sodium silicate solution 

can be more easily obtained and used in industrial preparation of zeolites.. 

As an attempt to prepare pure FAU nanoparticles, besides the study of synthesis 

parameters, the system was also heated for different lengths of time at 70oC (1 h, 2 h, 6 h, 

and 24 h) to see if there is phase conversion from EMT to FAU. However, no phase 

conversion to FAU was observed, as shown in Fig. 7-12. Instead, dense phases (such as 

SOD) were formed after prolonged heating. 

 
Figure 7-13 XRD patterns of the particles heated for different amount of time at 70oC. 
 

Room temperature synthesis 

Room temperature synthesis is usually desired for studying formation mechanisms of 

zeolites, since prolonged crystal growth process renders sampling more reproducible and 
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more convenient. With composition (M) 54 Na2O : 4 Al2O3 : 42 SiO2 : 1236 H2O, (L) 54 

Na2O : 4 Al2O3 : 42 SiO2 : 977  H2O, and (N) 56 Na2O : 4 Al2O3 : 40 SiO2 : 977 H2O that 

remain clear after mixing silicon and aluminum sources, room temperature synthesis was 

also attempted. For these compositions, the systems were aged at room temperature 

without stirring for 16 hours, and stirred at 30oC for 7 days. The product from these 

experiments showed the same XRD patterns as the heated systems. (Fig. 7-13) 

 

Figure 7-14 Powder X-ray diffraction patterns of the samples after heating at 30oC for 7 days: (M) 54 
Na2O : 4 Al2O3 : 42 SiO2 : 1236 H2O, (L) 54 Na2O : 4 Al2O3 : 42 SiO2 : 977  H2O, and (N) 56 Na2O : 4 
Al2O3 : 40 SiO2 : 977 H2O. 
 

Furthermore, composition (K) 54 Na2O : 4Al2O3 : 42SiO2 : 750H2O was able to 

yield crystalline faujasite after prolonged room temperature aging (20oC) without stirring. 

In this system, after the silicon and aluminum sources were mixed in the ice bath and 

stirred for 1 hour, the system was left at room temperature for 56 days and 105 days. 

Both systems turned crystalline after the room temperature aging, as shown in the XRD 

patterns in Fig. 7-15. The patterns are comparable with the pattern of (K) in Fig. 7-10, 
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where crystallization happened with heating. From this observation, composition (K) 

could be a good system to follow with small angle X-ray scattering and cryo-TEM to 

study the formation mechanisms of the nanocrystalline faujasite. In addition, it could also 

be a good system for confined synthesis (such as synthesis inside 3DOm carbon[44] or 

other hard templates), since the crystallization does not require stirring or heating.  

 

Figure 7-15 XRD patterns of the system (K) after room temperature aging for 56 days and 105 days. 
 

Other parameters 

Other parameters involved in the synthesis process were also studied, such as silica 

source (methods introduced in section 7.2), stirring in the hydrothermal growth, and 

additives, although they turn out to be minor in the product morphology and phase. 
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7.4 Characterization 
 
The early stages of crystal formation 

Small-angle X-ray scattering (SAXS) and cryogenic transmission electron microscopy 

(cryo-TEM) are in situ methods complimentary to each other in studying the evolution of 

particulate systems. Collective information of particle shape and size can be obtained 

from SAXS patterns, while local structural features can be visualized from cryo-TEM. 

Although the early stage growth of MFI, one of the most popular and important zeolites 

in industry, has been studied extensively with SAXS and cryo-TEM,[52, 56] very little has 

been done to studying the early stages of FAU (an equally popular and important zeolite 

as MFI) formation. In this section, SAXS and cryo-TEM were attempted to study the 

early stages of the faujasite nanoparticle formation. 

In the previous section, clear systems (K) 54 Na2O : 4 Al2O3 : 42 SiO2 : 750 H2O, (L) 

54 Na2O : 4 Al2O3 : 42 SiO2 : 977 H2O, and (M) 54 Na2O : 4 Al2O3 : 42 SiO2 : 1236 H2O 

were obtained by optimizing the synthesis parameters. These systems were aged for up to 

16 hours, and underwent heating at various temperatures. The same systems were studied 

using SAXS, and the methods to study the systems using cryo-TEM were also proposed. 

The photos in Fig. 7-16 are the systems (L) and (M) during room-temperature aging. As 

shown, the systems turn cloudy and forms a thick and translucent gel upon 16 h room-

temperature aging. 
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(L) 

 

 
(M) 

 
Figure 7-16 Photos of the system (L) and (M) taking after different amount of time during room-
temperature aging (0 min, 20 min, 50 min, 2.5 h, 3 h, 6.5 h from left to right in both (L) and (M)). 
 
 
Small-angle X-ray scattering 

The system described above was followed by small-angle X-ray scattering to study the 

structure of the early stage of the synthesis mixture.  

As soon as the 1-hour mixing was done in the ice bath, a small amount of mixture 

was transferred to the quartz holder for a scattering pattern. The synthesis mixture was 

then taken out and divided to many parts for room-temperature aging. After 1, 2, 3, 4, 8, 

and 16 hours of room-temperature aging, as well as 0.75, 1.50, 3, 6, and 9 hours heating 

at 50oC after the room-temperature aging, a scattering pattern was taken. The scattering 
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patterns are shown in Fig. 7-17 and Fig. 7-18, where the patterns in Fig. 7-18 are those 

with background (water and holder) subtracted. 

 

 
Figure 7-17 SAXS patterns of the system (L) after different amount of room-temperature aging time 
and heating time. (At q=0.1 nm-1, from low to high intensity: water (blue), empty cell (red), 0 h (solid 
line), 1 h, 2 h, 3 h, 4 h, 8 h, and 16 h of R.T. aging (dashed lines), 45 min, 90 min, 3 h, 6 h, and 9 h of 
heating at 50oC (solid lines)) 
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(K) 

 
(L) 
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(M) 

Figure 7-18 SAXS patterns with background subtracted (For (L), at q=0.1 nm-1, from low to high 
intensity: 0 h (solid line), 1 h, 2 h, 3 h, 4 h, 8 h, and 16 h of R.T. aging (dashed lines), 45 min, 90 min, 
3 h, 6 h, and 9 h of heating at 50oC (solid lines). Legends of (K) and (M) are drawn on the graphs.) 

 
From the patterns (Fig. 7-18), it can be concluded that nanoparticles start to form 

during the room temperature aging. Comparing to (L), system (K) has less water, and the 

majority of nanoparticles started to emerge at a later stage (after 16 h aging); while in 

(M), with more water, nanoparticles emerge right after mixing silicon and aluminum 

sources, although the system is still optically transparent at that stage. Therefore, the 

systems at early stages are good candidates to be examined with cryo-TEM for evidences 

of nucleation. For all 3 systems, the scattering intensity kept increasing during aging and 

heating. The main observation from these scattering patterns is a feature moving to larger 

scattering vector q with time, which could possibly relate to a feature with decreasing 

size. Using d=π/q as an estimation, for the specific feature in (L) that appears from 0.2 
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nm-1, the corresponding size evolved from 24 nm to 17 nm during R.T. aging, and from 

17 nm to 11 nm during heating. This is probably due to the crystallization procedure. The 

size of this feature also depends on the amount of water in the system: in (M), the 

features appear within a very narrow range around 0.3 nm-1, which corresponds to a 

smaller feature size; in (K), the features appear at 0.1 nm-1 (some larger features are 

beyond the resolution of the instrument), which corresponds to a larger feature size. 

However, small angle X-ray scattering alone cannot provide direct evidence of this 

feature or the types of particles in the system. Cryo-TEM studies should be performed to 

this system to reveal the evolution of the system. 

For systems (L) and (M), TEM images were taken after 16 hours room temperature 

aging as well as after heating the system, as shown in Fig. 7-19 and Fig. 7-20, 

respectively. From these images, it turned out that right after aging, the size and 

morphology of the particles already resemble those of the crystals (such as the hexagons 

in Fig. 7-19 (a) that are not crystalline). Also considering that room temperature aging for 

prolonged time can also lead to crystallization, we can infer that the crystallization 

probably happens within each nanoparticle formed during the aging stage. This could 

also be related with the shrinking feature observed from the gradual evolution of the 

SAXS patterns. However, more direct characterization methods, such as microscopy, are 

needed to unveil this. 
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(a)                                                              (b) 

Figure 7-19 System (L) after room temperature aging (a) and after heating at 50oC for 9 hours (b). 

  
(a)                                                  (b) 

Figure 7-20 System (M) after room temperature aging (a) and after heating at 50oC for 9 hours (b). 
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Cryo-TEM 

Cryogenic transmission electron microscopy (cryo-TEM) was attempted to the synthesis 

mixture. In sample preparation of cryo-TEM, samples are vitrified at a fast cooling rate, 

with which solvent in the system will not form crystalline phase. This prevents the 

solvent from being an artifact in the imaging of particles of interest. This method will 

hopefully be helpful for revealing the morphology and structure change of the particles in 

the early stages of the nanoparticle formation. 

 There are mainly two available methods for the sample preparation of cryo-TEM. 

One method is plunge freezing[57], the other is high-pressure freezing followed by cryo-

microtomy[136]. In the former method, 3 µL sample was taken out and deposited onto a 

copper grid in a controlled environment vitrification system (FEI Vitrobot III), where the 

temperature of the chamber of the Vitrobot was maintained at 25oC, and the humidity 

was maintained at 100%. The grid was quickly plunged into liquid ethane, and a vitrified 

thin layer of the system is obtained. This method was applied to the system being studied. 

However, comparing to the TEOS-TPAOH-water system for studying MFI formation, the 

synthesis mixture in this work is more concentrated, the sample prepared using plunge-

freezing was too thick for TEM. Two images are shown in Fig. 7-21.  

Cryo-TEM sample preparation by plunge freezing will be attempted more. In 

addition, cryo-microtomy is another method to prepare samples for cryo-TEM. In this 

method, the synthesis system will be vitrified at a very fast rate using high-pressure 

freezing, and sectioned to thin slices at liquid-nitrogen temperature (cryo-microtomy) for 
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TEM studies. These two methods will both be applied to the system of interest, and more 

studies will be performed in the future. 

 

    
(a)                                                       (b) 

Figure 7-21 Cryo-TEM images of the sample prepared by plunge-freezing 
 
 

Intergrowth and phase determination using simulation methods 

Intergrowth of FAU and EMT is common in faujasite, where FAU sheets and EMT 

sheets stack sequentially in a certain pattern in one crystal.[115] Each pattern of 

intergrowth can be classified into one material. Intergrowth is also seen in the particles 

prepared in this project. For example, in systems (E) and (G), FAU/EMT intergrowth was 

observed from TEM (Fig. 7-22), where the stacking faults are circled out. 
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(a)                                              (b) 

Figure 7-22 FAU/EMT intergrowth observed in systems (E) and (G). The stacking faults are circled 
out. 
  

The degree and pattern of intergrowth can be observed from TEM images. However, 

in order to get collective information, powder XRD should be a better method. DIFFaX is 

a software package for simulating powder XRD patterns of particles with intergrowth.[137] 

In order to study and control the phases of the particles, simulation using DIFFaX was 

performed. The experimental results are compared with the simulation. 

Following Treacy et al.[115], a series of simulation was done to FAU/EMT 

intergrowth system. The following is a set of XRD patterns of bulk phases (infinite layer 

size, infinite layer number) simulated using DIFFAX (Fig. 7-23). They agree well with 

those in Treacy et al.  
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Figure 7-23 Simulated powder XRD patterns of bulk phases (infinite layer sizes, infinite number of 
layers) using DIFFaX, where the phases are those studied in Treacy et al. The patterns agree well 
with those in Treacy et al.[115] 
 

The simulated particle size was then decreased from bulk phase to the actual size 

observed from TEM, i.e., 25 nm wide, 15 nm thick plates (25 nm wide layers, 15 layers 

for each particle). The simulated patterns are shown in Fig. 7-24. With the same particle 

size, a map of XRD patterns from αFF=0-1, αEE=0-1 was also generated for reference 

(Fig. 7-25).  

In these maps, αFF and αEE are overall transition probabilities of the whole 

sample: αFF is the probability of the next layer being FAU given that the current layer is 

FAU, αEE is the probability of the next layer being EMT given that the current layer is 
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EMT. Each type of faujasite has its own pair of αFF and αEE to define its pattern of 

stacking fault. 

 
 
  

 
Figure 7-24 Simulated powder XRD patterns of nanoparticles using DIFFaX, where the phases are 
those studied in Treacy et al.[115] The nanoparticle dimensions are: 25 nm wide layers, 15 layers for 
each particle. 
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Figure 7-25 Simulated powder XRD patterns of nanoparticles using DIFFaX. The nanoparticle 
dimensions are: 25 nm wide layers, 15 layers for each particle. The horizontal axis is αEE from 0 to 1 
(0.0, 0.2, 0.4, 0.6, 0.8, and 1.0), the vertical axis is αFF from 0 to 1 (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0). 
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Figure 7-26 Comparison of the experimental XRD pattern with simulated XRD pattern of EMC-2 
and ZSM-20 (simulated particle dimension: 25 nm wide layers, 15 layers for each particle). 
 

The peaks are broadened after decreasing the size. Although the agreement is not 

excellent, the pattern from ZSM-20 (αFF=0.90, αEE=0.90) is very similar to the 

experimental pattern (Fig. 7-26). Therefore, structures around the ZSM-20 range were 

taken for further studies (Fig. 7-27). The particle size was also decreased to 10 layers to 

simulate similar broadening as the experimental patterns (Fig. 7-28). 

 

 179 



 

 
Figure 7-27 Simulated powder XRD patterns of nanoparticles using DIFFaX. The nanoparticle 
dimensions are: 25 nm wide layers, 15 layers for each particle. The horizontal axis is αEE from 0.80 to 
1 (0.80, 0.85, 0.90, 0.95, and 1.0), the vertical axis is αFF from 0.80 to 1 (0.80, 0.85, 0.90, 0.95, and 1.0). 
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Figure 7-28 Simulated powder XRD patterns of nanoparticles using DIFFaX. The nanoparticle 
dimensions are: 25 nm wide layers, 10 layers for each particle. The horizontal axis is αEE from 0.80 to 
1 (0.80, 0.85, 0.90, 0.95, and 1.0), the vertical axis is αFF from 0.80 to 1 (0.80, 0.85, 0.90, 0.95, and 1.0). 
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Figure 7-29 Comparison between experimental XRD pattern and simulated patterns (αFF=0.95, 
αEE=1, and αFF=αEE=1). 
 

However, by comparing the experimental pattern with the simulated pattern (Fig. 7-

29), no distinct conclusion can be drawn. In Fig. 7-29, the experimental pattern agrees 

well with αFF=αEE=1 at high angles (2θ>10o), but agrees with αFF=0.95, αEE=1 at lower 

angles. It is possible that the as-synthesized product is a mechanical mixture of two 

phases: when the particles are large (with infinite layers), it is easier to calculate the 

transition probabilities accurately due to the large number of layers involved; however, 

when the particles have limited stacking layers, it is very probable that each particle 

exhibit its own stacking pattern, thus its own transition probabilities, i.e., each 

nanoparticle is a different material. Simulation from nanoparticles using powder power 

theorem should be applied to this system and compare with the experimental pattern.[30] 

The degree of intergrowth should also be calculated from TEM images to provide more 

information of the phase of the material. 
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7.5 Conclusions and proposed future work 
In this chapter, several clear systems to form faujasites nanoparticles were found. The 

particle size formed with those methods is below 30 nm. The particles are intergrowth of 

FAU and EMT. Systems that can crystallize faujasites at room temperature were also 

found. Characterization methods were developed to study the structure and formation 

process of the nanoparticles. 

In the future, more synthesis parameters will be studied, as an effort to prepare 

pure FAU nanoparticles, instead of FAU/EMT intergrown particles. The parameters 

include: (1) the content of dissolved CO2 in the water for the synthesis; (2) cations and 

anions contaminations in the synthesis system; (3) other possible contaminations in the 

system; and (4) more compositions.  

For the study of formation mechanisms of the nanoparticles, high-pressure 

freezing followed by cryo-microtomy and cryo-TEM will be attempted, in order to 

visualize the formation of the zeolite nanoparticles. 

Apart from X-ray diffraction and scattering (experiments and simulation), gas 

adsorption will also be used as an attempt to determine the phase of the materials (FAU 

and EMT). Argon adsorption of pure FAU and EMT will be performed, and compared, 

which could possibly reveal the difference in their micropore structures. If argon 

adsorption is able to distinguish FAU and EMT, it will be applied to the nanoparticles 

made in this chapter. 
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Chapter 8 Concluding remarks 

 

Figure 8-1 The driving force of zeolite nanoparticle formation: from the utilization of more 
intentional templating to more intrinsic growth patterns. 
 
Throughout the dissertation, various methods to prepare zeolite nanoparticles are 

introduced in detail. (Fig. 8-1) The methods vary from imprinting from hard templates, 

where the particle size and morphology is completely defined by the hard template, to 

template-free synthesis, where the driving force is the intrinsic growth pattern of the 

particles in the specific environment without any template. For successful templating, the 

templates need to occupy the micropores or the mesopores; however, before the zeolites 

particles can be used, the templates need to be removed to open the pore systems. Thus, 

preparation and sacrificing of the templates could lead to high cost. Although intentional 
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templating usually provides direct paths toward nanostructure design, the ultimate goal 

for nanostructure preparation should be utilizing the intrinsic growth patterns of the 

crystals with simple templates or no template. 

 Zeolite is one material that has large specific surface area, most of which can be 

attributed to the internal surface area from the micropore walls. As seen in Chapter 6, 

with the preparation of SPP, apart from the internal surface area from the micropores, 

branching of microporous zeolite nanosheets creates additional surface area from the 

lamellae. In the specific case of SPP, the crystal planes exposed ((010) planes) also helps 

shorten the diffusion path, since the straight channel of MFI is perpendicular to (010) 

planes. This strategy utilized repeated epitaxial growth of ultra-small features (2 nm-thick 

nanosheets) to form high surface area morphologies, where the intrinsic crystal growth 

pattern, rather than intentional templating, is the main driving force.  

 Taking another look at Chapter 7, the preparation of the ultra-small zeolite 

nanoparticles is achieved by a template-free method, where the conditions are precisely 

controlled. It is not uncommon to have FAU and EMT intergrown in one particle. 

Considering the fact that particles with intersecting FAU lamellae was recently made by 

using an alkoxy silane with long chain[138], it is plausible to have FAU and EMT 

intergrow to form a self-pillared lamellar faujasite, possibly without organic template. 

The cocrystallization of ZSM-5 (MFI) and ZSM-11 (MEL) was also prepared without 

organic template recently[139], which provided hope for template-free synthesis of SPP. If 

this could be done, two most important zeolites in catalytic reactions, ZSM-5 and FAU 

(X and Y), can both be easily prepared with ultra-small diffusion path with large 
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mesopores by the template-free repetitive branching approach. 

 "There is plenty of room at the bottom." [140] Being not exclusive to zeolites, the 

repetitive branching growth pattern also exists in other materials, such as CdSe and CdTe 

tetrapods [112, 141], and TiO2 (rutile) with "elbow branching" [142]. Inspired by this, 

microporous materials (such as zeolites and metal-organic frameworks) or non-porous 

materials (such as metal oxides) could also be made with ultra-high surface area by 

repetitive epitaxial growth. One potential use of these materials is natural gas processing. 

Unlike petroleum, natural gas is one energy source the United States does not depend on 

foreign producers for its own needs: in 2010 and 2011, US is a net exporter of natural 

gas. [143] In addition, gas hydrate, a solid form of methane hydrate, was very recently 

found to be quite abundant in the US. [144][145] Besides its abundance, natural gas also 

outperforms other energy sources in many aspects. As the demand of natural gas 

increases in recent years, one emerging problem started to draw more of scientists' 

attention: the removal of acidic gases from natural gas, or, "sweetening", in order to 

improve the quality of natural gas use, reduce the negative environmental impact of the 

use of fossil fuels, and safety for natural gas exploitation. [146] CO2 and H2S are the major 

acid gases existing in crude natural gas and gas hydrates, which takes up 5% - 8% 

(volume)[147], an enormous amount after considering that almost 70 billion cubic feet 

natural gas is produced per day [143]. Currently, affordable natural gas processing methods 

involve adsorption in liquid amines [146], and adsorption onto metal oxides and their 

mixtures. [146, 148-150] Solid adsorbents are usually preferred because they can be recycled 

and reused. Although the manipulation of morphology of particles is very well 
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developed, including that for higher specific surface area and selectively exposed facets, 

not so much was actually applied to natural gas processing. By applying the repetitive 

branching strategy, solid adsorbents with (1) high specific surface areas, (2) fast and 

selective adsorption properties, and (3) easy and reversible desorption are desirable for 

future research. Metal oxides and MOFs are the materials to be studied first. 

 Hopefully, with the development of new high surface area materials by repetitive 

branching, an economical and general synthesis approach for porous nanoparticles with 

repetitive branching features will be explored. Furthermore, they could also be used for 

applications such as adsorption and catalysis. Hopefully, with the successful achievement 

of these proposed research, the preparation of industrial particles will enter a new era, 

where the potential of intrinsic crystal growth pattern is further unleashed. As a result, 

particles with useful morphologies and architectures will not come with high cost, and 

they will be one great step closer to actual industrial applications. 
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