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Abstract 

Templating is a general and efficient strategy for creating nanostructured, particularly 

nanoporous materials. Two commonly employed classes of templates are colloidal 

crystals and surfactants. Colloidal crystals typically have an opal-like structure and have 

been used to produce macroporous (>50 nm pores) solids; surfactants generate various 

mesoporous structures (2−50 nm pores) as a result of their versatile phase behavior. One 

aim of this study is to combine colloidal crystals and surfactants to realize simultaneous 

templating at two length scales. A series of hierarchically structured porous silica 

samples were synthesized under different synthetic conditions, comprehensive TEM 

characterization was conducted to reveal the detailed hierarchical porous structures, and 

simulation was performed to correlate the structures to the surfactant phase behavior 

within the colloidal crystal confinement. The dual templating approach was further 

extended to synthesize functional materials with composite porous architectures, in which 

functional cores were embedded in a hierarchically porous framework for optical ion-

sensing application. A second aim of this study is to develop a template-based strategy 

for sculpting nanoparticles of desired shapes and sizes. Owing to the ordered structure 

and symmetry of the template, a templating-disassembly process was found to produce 

uniform, nanometer-level, multipodal particles. This method is applicable to a variety of 

compositions, including oxides, phosphates and carbon, and it could further lead in-situ 

organization of particles following a self-reassembly process. In addition, through a 

coupled passivation-disassembly process, site-specific functionalization was achieved to 

modify only the tips of the multipods with a range of functional groups, and therefore to 

enable their directional bonding to other colloidal particles. (256 words) 
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CHAPTER 1  

An Introduction to Self-Assembly of Colloidal Nanostructures 

1.1 Self-Assembly: A Bottom-Up Approach for Nanostructured Materials 

“The principles of physics, as far as I can see, do not speak against the possibility of maneuvering 

things atom by atom. It is not an attempt to violate any laws; it is something, in principle, that can be done; 

but in practice, it has not been done because we are too big.” 

─Richard P. Feynman 

While the scene of manipulating chemical structures in an atom-by-atom manner, as proposed by Prof. 

Feynman in 1959, still remains up in the air for synthetic chemists after 50 years, the manipulation of 

colloidal spheres, which have comparable shapes with atoms but a few magnitudes larger, has become an 

active territory for materials scientists. Due to the structural similarities with atomic system, colloidal 

assembly has served as an important model system to study the atomic world. For this purpose, intensive 

research has been conducted to tailor the colloid sizes, shapes, surface properties and interactions. This 

analogous approach has proved quite successful. As shown in the following sections, self-assembly of 

colloidal spheres in aqueous dispersion helped to clarify the early stage of crystallization in dilute solutions, 

and self-assembly of binary nanoparticles into 3D ordered arrays also provided valuable insight for the 

construction of ionic crystals. 

On the other hand, the investigation of colloidal self-assembly as a means of nanostructure fabrication 

also holds technological implications. The developments of technology in fields such as microelectronics 

nowadays require structural control of materials at smaller and smaller dimensions. Standard fabrication 

methods are based on top-down approaches in which micrometer-scale structural features are created from 

bulky materials, such as through optical lithography. However, the resolution of lithography is physically 

limited by the wavelength of the optical source, which is typically several hundred nanometers, although 

the actual resolution could be improved with appropriate compensation of diffraction effects. Nevertheless, 

with the recent introduction of a 32 nm CPU and memory cells by INTEL, the lithography technique has 

clearly been pushed closer to its physical limit. Colloidal self-assembly is a facile bottom-up method, and 

as will be discussed in later sections, allows the fabrication of nanostructures with great ease. 

This thesis work dealt with manipulating the self-assembly of colloidal structures, with a broad range 

of topics from controlling colloid morphology, internal porosity, surface functionality and connection, to 

integrating colloids and surfactants for dual templating purposes and investigating their synergistic effects. 

Therefore a general overview on research of colloidal self-assembly will first be provided. 
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1.2 Self-Assembly Induced by Interfacial Phenomena 

Various interfacial phenomena have been exploited for the self-assembly of colloidal structures. 

Interfacial phenomena are particularly suitable for the synthesis of low-dimensional (0~2D) structures, 

although on curved interfaces, they can be extended to three-dimensional structures. Here we will discuss 

several representative methodologies that employ interfacial phenomena to assemble colloids. Colloidal 

assembly using external confinement will be discussed as well, because confinement also relies on 

interfaces to dictate the assembly. 

1.2.1 Langmuir-Blodgett assembly Amphiphilic molecules preferably reside at the oil-and-water interface, 

where they can form a molecular monolayer at appropriate concentrations. This characteristic is exploited 

in the Langmuir-Blodgett technique, in which a vertical lifting plate is used to retrieve the monolayer film 

from the interface. This technique was recently extended to manipulate colloids following a similar 

mechanism: an oil dispersion of nanocrystals or colloids was deposited onto a liquid surface, and 

manipulation of the particle monolayer by compression or expansion resulted in different assembly patterns 

at the interface (Figure 1a).1 The colloidal pattern could then be transferred onto a substrate. However, 

depending on the affinity with the liquid phase, the substrate also influenced the resulting patterns. 

Governed by a series of factors (e.g., surface pressure, substrate hydrophobicity, and pulling speed), the 

colloids could be arranged into continuous or scattered colloidal strings, oriented either perpendicular2 or 

parallel3 to the liquid surface (Figure 1b and c). The interchain and interparticle spacing was tailored by the 

pulling speed and the nanoparticle density.4 

 

Figure 1.1 Langmuir-Blodgett technique for colloidal assembly.3 (a) Illustration of a Langmuir-Blodgett 

trough. (b) Process of assembling 1D colloidal arrays from a dilute monolayer. (c) SEM image of a 1D 

colloidal array.  

1.2.2 Surfactant-assisted assembly Colloids can self-assemble into strings or extended networks in an 

aqueous solution of a non-ionic surfactant, where the surfactant forms a meso-scale liquid crystal. A 
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systematic study of the spatial localization of silica colloids in a hexagonal surfactant mesophase revealed 

that, while small colloids could be easily incorporated into the mesophase (as indicated by the expansion of 

the d-spacing), larger colloids were excluded.5 In addition, it was found that the exclusion of large colloids 

prompted these to form assembled phases in the vicinity of the mesophase, and this phenomenon was 

applied to develop a colloidal assembly strategy in a surfactant liquid crystal.6 In certain cases, the presence 

of a liquid crystal mesophase was not required, as a 1D silica nanoparticle (NP) string was also observed in 

a mixture of silica and the surfactant Pluronic F127 (PEO100PPO70PEO100), where no columnar mesophase 

was detected. This suggested that the assembly may also be engaged by a synergistic effect, perhaps by 

hydrogen bonding between colloids and surfactant molecules.7 Similarly, CdSe/CdS core-shell colloids that 

bear a brush-like PEO layer were able to self-assemble into chain-like structures or three-dimensional 

vesicular aggregates when the surface PEO density was varied. It was suggested that, while a complete 

PEO coating stabilized the colloids, insufficient amounts of PEO and moderate binding with the 

nanocrystal surface caused their dynamic re-arrangement and introduced certain amphiphilic properties into 

the colloids, which led to their self-assembly.8 In addition, it was suggested that the combination of 

macromolecules and colloids could not only facilitate colloidal assembly, but perhaps be utilized to create 

anisotropic functionalities,9 setting the stage for exploration of the reversible attachment of tailored surface 

moieties for controlled assembly and disassembly of nanoparticles.10 

1.2.3 Assembly in nematic liquid crystals Colloidal assembly in nematic liquid crystals (NLC) is highly 

interesting because of the induced anisotropic interactions.11 A NLC is an orientationally ordered, complex 

fluid formed by rod-shaped molecules that are aligned along a common direction. When colloids are 

immersed in a NLC, the uniform alignment of the surrounding nematic phase is disturbed. Depending on 

the colloid size, the type and strength of surface anchoring and the size of the confinement, point or line 

defects may be induced through elastic distortion at the nematic-particle interface (Figure 2a).12 For 

spherical colloids, this introduces two basic types of anisotropy in the colloid surface, either dipolar or 

quadrupolar symmetry. The total free energy of elastically distorted nematic liquid crystals can be 

minimized when approaching colloids are arranged in a defined orientation and separation, which renders 

them capable of directional assembly. Therefore, through carefully controlling these interactions, one may 

envision chemistry on the colloidal level, i.e., synthesis of colloidal molecules with specific geometries.11 

The possible assembly patterns of colloids within a nematic host have been studied. Two basic 

configurations are linear chains of dipolar colloidal particles and kinked chains developed by quadrupolar 

colloids.12 In addition, when the two types of nematic colloids are combined, more complex assembly 

patterns can be achieved. The mixed interactions in this system greatly expand the range of attainable 

colloidal structures.13 Colloidal clusters formed by combining a number of binary nematic colloids may be 

further employed as “building blocks” for the assembly of even more complex structures (Figure 2b and c). 

Such complexity begins to resemble chemistry at a molecular level.14  
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Figure 1.2 Colloidal spheres in NLC.14 (a) Illustration of angle-dependent interactions between dipolar and 

quadrupolar colloidal particles. (b) Basic arrangement of dipolar and quadrupolar colloid clusters: polarized 

(top row) and unpolarized (middle row) images and corresponding illustrations (bottom row). (c) 

Unpolarized (left) and Polarized (right) images of complex pattern formed by binary colloids. 

More structural variety results from non-spherical colloids. When equilateral polygonal platelets were 

placed in a NLC, distinct field-directed configurations were obtained, which were visualized by the 

addition of an anisotropic fluorescent dye in the NLC (Figure 3). The polarity depended on the number of 

sides on the platelets being odd or even.15 Although the final structures were indeed thermodynamically 

stable under the elastic colloidal forces in the NLC, the assembly was made possible by using optical 

tweezers to place the colloids. Pathways for self-assembly from complete randomness to highly ordered 

structures in NLC have not yet been discovered for complex mixed colloids. 

 

Figure 1.3 Shaped colloids in NLC.15 (a, c and e) Polarizing microscopy images of triangular, pentagonal 

and square colloids in NLC. (b, d and h) Illustrations of director field configurations around triangular, 

pentagonal and square colloids. (f and g) Fluorescence confocal polarizing microscopy images of square 

colloids in two different configurations. 

1.2.4 Assembly in emulsion or inverse emulsion Colloidal spheres can assemble themselves at the 

interface of emulsion droplets formed in a blend of immiscible fluids, and after annealing, the colloidal 
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shell forms selectively permeable capsules.16 Besides thermal coalescence, it is also possible to use 

electrostatic or van der Waals forces to lock colloidal particles together at the interfaces. When fewer 

colloidal spheres are confined within each emulsion droplet, densely packed colloidal clusters can be 

formed following the evaporation of the liquid. Here the high packing density and symmetry of the 

polyhedral clusters (Figure 4) is driven by capillary forces during the evaporation,17 and the cluster 

configurations appear to be dictated by minimization of the second moment of the mass distribution in the 

cluster.18 Typically, mixed clusters containing different numbers of colloidal spheres are generated during 

the emulsification process, therefore requiring further separation. However, several techniques have been 

developed to produce nearly monodisperse clusters.19-21 

 

Figure 1.4 Configurations of colloidal clusters formed by n colloids, where n = 3 ~ 11.17 

By combining colloidal microspheres (silica, PS) with smaller nanospheres (silica, titania) in oil-in-

water emulsions, composite clusters are formed whose geometries depend on the larger colloids, whereas 

the small nanoparticles only fill the voids (Figure 5a and b). After removal of PS spheres by calcination, 

hollow particles with interesting geometries are obtained (Figure 5c).22 

 

Figure 1.5 Composite colloidal clusters.22 (a and b) Composite clusters formed by binary colloids in water 

droplets. (c) Hollow silica cell after the PS was removed from a silica-PS composite cluster. 

A related technique is using CO2 bubbles to create an ‘emulsion’ in a colloidal dispersion. The 

colloidal particles with appropriate surface functionalization are then attracted to the surfaces of the CO2 

bubbles driven by a pH difference. Then hollow spheres consisting of colloidal particle shell are formed 

after the CO2 dissolves in the liquid (Figure 1.6).23 
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Figure 1.6 A microfluidic approach for colloidal cluster formation.23 (a) Illustration of the microfluidic T-

junction bubble generator. (b) Optical microscopy image of CO2 bubble formation and dissolution. The 

dark edges of the bubbles indicate colloids assemble at the interfaces. (c) Optical microscopy image of a 

cluster. 

1.2.5 Assembly in confinement Confinement effects offer a versatile approach to control colloidal particle 

assembly into low-dimensional structures. Typically, such assembly is performed in a liquid where particle 

organization is driven by capillary forces.24 Nevertheless, in a recent study, a dry manual assembly process 

was developed in which colloids were placed into hole patterns by rubbing in the dry state. Due to the 

strong rubbing force, this manual assembly approach even permits assembly of colloids guided by holes 

that are smaller than the colloid sizes (Figure 7).25 

 

Figure 1.7 Colloidal chains and clusters prepared by dry manual assembly (rubbing).25 (a and b) Single-

particle or multiple-particle colloidal chains. (c-f) Colloids and clusters inside cylindrical holes. 
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A nanoporous membrane was also used for confinement to direct the selective assembly of single 

citrate-stabilized gold nanoparticles26 and nanoparticle chains27 on larger silica spheres. The larger spheres 

were deposited on an ultrafiltration membrane filter with pores much smaller than the diameter of the 

particles. When gold nanoparticles were introduced from the opposite membrane side, they were trapped in 

the pores and some particles adsorbed to the surface of attached amine-modified silica spheres (Figure 8).  

 

Figure 1.8 Assembly of nanoparticles on a colloidal sphere through filtering through a membrane.27 

 

1.3 Stabilization/Consolidation of Assembled Colloidal Structures 

The colloidal assemblies discussed in the previous sections, whether based on conventional or guided 

assembly, polarity or interfacial interactions, do not involve strong chemical connections between colloids. 

In most instances, the adjacent colloids are merely in physical contact with each other, and the structures 

may not be robust enough to permit transfer. Hence an addition stabilization step is necessary, particularly 

for arresting colloidal structures in thermodynamically unstable or metastable states. The stabilization step 

may be incorporated in the assembly process. Alterations of the assembly process of micrometer-sized 

colloidal spheres into clusters by adding a secondary colloidal phase produced composite clusters. Such 

secondary components may consist of a smaller particles that are deposited within the voids between larger 

colloids.22 When a photocurable oil phase was added to such a reaction system, the resulting PS cluster 

structures produced in the oil-in-water emulsion could be stabilized after only a few seconds of exposure to 

UV light. Extraction of PS from the resin-stabilized spheres with toluene produced hollow clusters with 

open windows. The composite cluster approach also resulted in binary phases, and therefore surface 

anisotropy, when the photo-polymerized phase was doped with a fluorescent reagnet.28 Such cluster 

arresting could also take place in a single solvent. In a dispersion of Stöber silica colloids, dimer clusters 
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could be formed through spontaneous attachment during colloid collisions by adjusting the colloid surface 

charge and the solvent polarity. Addition of fresh TEOS to the dispersion assisted the arresting of clusters 

by enabling a sol-gel reaction between the attached colloids.29 In another approach, cross-linked 

polystyrene or poly(methyl methacrylate) spheres were swelled with styrene monomer, and upon heat 

treatment, aspherical protrusions of the monomer droplets appeared on the swelled polystyrene spheres 

(Figure 9a), whereas the monomer formed a uniform coating on the poly(methyl methacrylate) spheres 

(Figure 9b). Therefore two different morphologies were obtained after the particles assembled into small 

clusters by coalescence. The clusters were subsequently stabilized by polymerizing the wetting layer. 

 

Figure 1.9 Colloidal clusters formed by (a) liquid extrusion or (b) wetting layers.18 

 

1.4 Assembly through Particle-Particle Interactions 

Another approach to colloidal assembly involves modification of the colloid surface with appropriate 

functional groups. Short-range attractive forces at the molecular level, such as covalent bonds, dipolar 

interactions, hydrogen bonding and donor–acceptor interactions can be readily applied to establish 

connections between colloids. However, since the length scale of these interactions is generally of 

molecular dimensions as well, ranging from a few angstroms up to nanometers, the interactions themselves 

are not sufficient to direct the assembly process of the colloids, and therefore additional assembly 

mechanisms need to be incorporated. 

1.4.1 Direct/complementary bonding When colloid surfaces are decorated with two complementary 

functional groups, spontaneous assembly can be effected through their mutual binding. If the surface of the 

colloids is selectively functionalized, site-specific bonding can occur between colloids. A functional 

surface patch may be generated using various masking techniques. When dimer clusters formed by 

melamine formaldehyde colloids were settled in a Petri dish, addition of smaller sulfated polystyrene 

particles spontaneously adsorbed on their surfaces and masked out the surface amine group on the colloids, 
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except where the colloids were in contact with the substrate with each other.30 Thereafter, colloids with 

mostly two amine patches were obtained, and they were able to bond with additional, much larger sulfated 

polystyrene colloids, resulting in water molecule-like structures.30 

Patches could also be formed on SiO2 colloids with a masking layer on a substrate. A thin PMMA 

layer was applied to partially cover a monolayer of SiO2 colloids, and then the remaining exposed area was 

subjected to surface functionalization. Subsequently, a secondary functionalization step could be 

undertaken on the covered area following the removal of PMMA. This strategy to generate Janus particles 

was verified by grafting two types of fluorescent agent to the particles and examining their spatial 

distribution, which confirmed the realization of surface anisotropy. In addition, by grafting with 

complementary coupling agents in a site-specific manner (Figure 10a and b), self-assembly through 

specific host-guest interactions into dimer clusters was demonstrated (Figure 10c).31 

 

Figure 1.10 Janus particles with complimentary patches (a and b) formed with masking techniques. The 

assembled dimer structures are shown in (c).31 

1.4.2 Binding with linkers (coupling agents) Rather than involving colloids with complementary 

functional groups, the connection of a single type of functionalized colloids may be mediated by using a 

coupling agent or linker. A linker may simply connect two adjacent colloids, or with proper design, be able 

to bind multiple colloids and direct their final structures.32 Recently, halogen bonding was explored for 

colloidal assembly. Halogen bonding refers to non-covalent interactions involving halogens (except F) as 

acceptors of electron density from Lewis bases. The tendency of halogen atoms to accept external electrons 

results from the anisotropy of electron density around halogen nuclei, which produces an electropositive 

crown along the C–halogen axis. Colloids, once functionalized with halogen donors, can engage in a self-

assembly process by adding halogen accepting linker molecules.33 Essentially, halogen bonding is similar 

to hydrogen bonding, but it is considered to have higher strength. Therefore it may be suitable for 

connecting larger colloids. 

The linkers may be extended from small molecules to include polymers. Structures assembled from 

colloids interacting with polymers may be described as “mortar-and-bricks” structures. The aggregation of 

polystyrene and thymine-functionalized gold colloids into clusters was observed when diaminotriazine-

thymine three-point hydrogen bonding interactions were introduced that provide complementarity in 
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binding. The clusters consist of 3000–7000 individual nanoparticles per microsphere. The polymer acts as 

the "mortar" between gold "bricks" (Figure 11).34 On the other hand, the mortar may also consist of very 

small nanoparticles. Amine-functionalized silica and carboxyl-functionalized gold colloids were able to 

form mixed-colloid architectures.35 

 

Figure 1.11 The self-assembly of Au nanoparticles and polymer into composite structures at different 

temperatures.34 (a) Products formed at -20 ºC and (b) at 10 ºC.  

1.4.3 Linkage of particles with anisotropic shapes The connection of anisotropic particles through specific 

site-to-site interactions is highly desirable as it provides control over assembly behavior, opening doors for 

more complex structures that have been compared to molecular structures (“colloidal molecules”). Metallic 

or semiconducting nanorods and multipods are excellent model systems to investigate anisotropic colloid 

assembly. Since these particles are typically formed through preferential growth of nanocrystals with 

amphiphilic molecules as stabilizers, it is possible to exploit dissimilar reactivities on different regions for 

selective functionalization. Biphasic rods and tetrapods were obtained through selective reduction of gold 

onto the tips of CdSe nanorods and tetrapods, where the crystalline surface was believed to be more 

reactive due to increased surface energy and incomplete monolayer coverage.36 Multiple particles could be 

tethered to each other using alkyl dithiol linkers between gold-functionalized tips, avoiding the more 

typical side-to-side assembly of rods.36 Alternatively, end-to-end assembly of the rods and tetrapods was 

promoted by controlling the solvent polarity.37  

The selective functionalization on faceted colloids may also be achieved through a soft-lithography 

approach. Through selective functionalization of specific surfaces on Ag nanocubes with a 

polydimethylsiloxane (PDMS) mold, definite assembly patterns were obtained which were dictated by the 

number of active facets (Figure 12).38 Especially, when all the surfaces of the Ag nanocubes were 

functionalized, a simple cubic array was obtained through assembly (Figure 12f).  It should be noted that 

such a particle array does not possess any open space within the structure, which prevents its application as 

a photonic crystal. Non-close-packed simple cubic arrays were realized through the natural assembly of 

composite cubes consisting of two types of materials, followed by selective etching in a controlled manner 
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(Figure 13). Here, if the ‘shells’ of the particles are transparent, the ‘core’ particles can be considered as 

non-close packed simple cubic colloidal arrays.39 

 

Figure 1.12 The self-assembly of surface selectively functionalized Ag nanocubes.38 The numbers of 

functionalized surfaces are shown in the insets in a-f. 

 

Figure 1.13 Three-dimensional array of sphere-in-cube particles prepared by selective etching composite 

material cubes.39 

 

1.5 DNA-Directed Self-Assembly 

One special type of hydrogen bond interaction is that between complementary DNA base pairs. 

Although individual hydrogen bonds may be relatively weak for colloidal assembly, the forces between 

complementary DNA strands can be quite strong due to the nature of the polyvalent interactions. Through 
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direct grafting or through interactions with certain chemical moieties, DNA oligomers can be introduced 

onto the colloidal surface. Connections are thus established by controlling DNA hybridization. DNA is 

widely used to link nanoparticles because it can be synthesized with specific lengths and encoded 

functional groups in sequences that allow highly specific binding.40,41 Since short-strand DNA or 

oligonucleotides with highly specific interactions can be synthesized in a programmable manner, DNA 

strands can be designed to bind strongly only with complementary strands. The binding and unbinding 

events, i.e., the hybridization of complementary strands and the dissociation of the double-stranded helix 

are fully reversible and occur within a narrow temperature window called the melting temperature, thereby 

allowing modulation of the temperature to precisely control the magnitude of the attraction for self-

assembly purposes. Typically, the designed DNA linkers have very low self-melt temperatures, making 

intrastrand loops and hairpin configurations unfavorable. However, purposely-formed loops on their tails 

can serve for self-protection to provide better control over the assembly process.42 In addition, since the 

formation of internal hairpins inside DNA coatings occurs at a shorter timescale than interparticle binding, 

it alters the kinetics that enables the corrections of assembly mistakes and allows more complex sequential 

assembly processes.42  

Nanoparticle satellite structures were demonstrated by using gold particles of two different sizes 

decorated with complementary DNA strands.43 In addition, if the colloid size ratios were carefully adjusted, 

the symmetry and coordination number could be controlled. A binary mixture of PS spheres with specific 

diameter ratios resulted in polyhedral clusters with ionic-crystal-like structures, including A4B tetrahedral 

for dB/dA ~ 0.23 and A6B octahedral for dB/dA ~ 0.42 (Figure 14).44 On the other hand, the DNA linker 

could be programmed so that it could direct the final symmetry of the clusters. A pyramidal DNA linker 

was synthesized which allowed four colloidal particles to be attached on each corner. Using such a DNA 

linker as the scaffold, tetrapodal NP clusters were fabricated. In addition, chirality could be introduced by 

altering the DNA on the corners to control the sequential placement of different nanoparticles.45 

 

Figure 1.14 DNA based self-assembly of binary colloids into ordered structures.44 The small particles in 

the center of the images were surrounded by three (a) and four (b) large colloids, respectively. 

Another advantage of DNA linkers is that they offer flexible control of interparticle interactions. The 

extent of attractive interactions between DNA-functionalized PS spheres was varied by changing the 

hybridization segment length (a larger number of base pair matches results in greater interaction), ionic 

strength (higher ionic strength results in stronger interactions as it reduces electrostatic repulsions), and 
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composition of suspension mixtures.46 In addition, the interaction energies between DNA-functionalized 

particles could be decreased by deliberately incorporating base-pair mismatches in the structure.47 

Reversible assembly of micro-sized colloids mediated by DNA was achieved by addition of a block-

copolymer stabilizer, which provided suitable repulsion to prevent colloid arresting by van der Waals 

interactions.48 

Further development of DNA-mediated assembly could benefit substantially from the introduction of 

anisotropy. Such anisotropy is achievable through appropriate design of the DNA tethers. By using a 

template DNA strand, multiple types of DNA tethers could be placed onto Au NPs with precise control 

over their number and positions.49 When a masking technique was combined with DNA hybridization, site-

selective DNA attachment was realized.50 Stable NP chains were formed by employing a combination of 

magnetic field effects to direct particle assembly and DNA interactions to stabilize the final structures.51 

The ultimate goal and yet one of the biggest challenges for DNA-mediated assembly (and also for 

other colloidal assembly methodologies) is to realize self-assembly of highly ordered, extended structures. 

DNA hybridization has been used to create ordered 2D patterns of micrometer-sized colloids.52,53 

Meanwhile control experiments proved that other methods employing biomolecules, such as biotin/avidin 

and carbodiimide, did not lead to ordered structures, despite the fact that reversible aggregation could be 

achieved in these systems. This further underlined the importance of controlling the delicate interactions 

necessary for ordered assemblies. Recently, DNA modifications were successfully used to direct 3D 

ordered patterns, although with smaller Au nanoparticles.54,55 The assembly was carried out at a 

temperature close to the melting point of DNA to allow reversible hybridization, as strong irreversible 

linkages typically produce irregular aggregates and prevent crystallization. The superlattice thus formed 

could be tuned through the DNA linkers.56 Through studying the self-assembly process of DNA-bonded Au 

NPs, several key steps in the process were clarified; especially the crystallization from an amorphous phase 

was found to depend on the DNA components.57  

An alternate approach is to assemble colloidal particles on a substrate. Thereafter, ordered structures 

may be achieved in a layer-by-layer manner.58 The substrate could be patterned by micro-contact printing 

with DNA. A monolayer of PS colloids with complimentary DNA was assembled on the patterned area 

through DNA hybridization and laser scattering was used as a facile approach to monitor the PS 

attachment.59 However, the micro patterns in the examples mentioned above were much larger than 

colloids. Controlled assembly with higher definition, preferably with single particle precision, still remains 

a challenge, and yet this is an important next step in the development of substrate-assisted assembly. 
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1.6 Post-Assembly Issues 

1.6.1 Removal of surface stabilizers Colloids, especially small colloids rely on surface protective layers for 

stabilization. However, in the final self-assembled structures, such surface layers introduce a significant 

fraction of organic material into the system. Given the small colloid size, the amount of the organic species 

could be considerable and may lead to undesirable effects. Traditionally, the organic component is removed 

by calcination, which tends to destroy the nanometer features as well. For example, nanocrystal quantum 

dots lose their luminescence because unsaturated surface bonds resulting from ligand removal introduce 

trap states in the bandgap.60 Using a plasma treatment is an alternate method that offers several advantages 

over conventional heating.61 In this technique, colloids are deposited on a substrate to form a thin film and 

are then treated with an air plasma. Surprisingly, the plasma induces polymerization of the ligand shell to 

form a polymer network, although upon completion the process leads to the removal of the entire organic 

phase. Therefore, through controlling the plasma process, a composite structure can be produced which 

offers improved chemical, as well as mechanical stability. Recently, a unique Sn2S6 ligand was reported 

which could stabilize nanocrystals but was also capable of decomposing into a conductive SnS2 phase upon 

brief heat treatment, while preserving the nanometer NC features.60  

1.6.2 Product isolation and purification It is not uncommon that after assembly, the product contains both 

the desired assembly structures and several unwanted side products. It therefore becomes necessary to find 

suitable approaches to isolate and sort the products from the mixture. Such processes may include gradient 

centrifugation, filtration etc. Gradient centrifugation allows separation of different objects based on their 

density or size, but it is generally a low-throughput process. In some occasions, obtaining enough product 

through gradient centrifugation is a major bottleneck for scale-up.62  

Alternatively, colloidal assemblies can be separated, sorted, focused and driven through microchannels 

using diffusiophoresis. This process enhances migration of slowly diffusing colloids and provides better 

control over their transport. Diffusiophoresis can separate colloids carrying different surface charges, even 

in the same salt gradient.63 

 

1.7 Dynamic Self-Assembly 

Dynamic self-assembly may refer to several different concepts. Even within the scope of colloidal 

assembly research, the term has been used to describe very different systems. Broadly speaking, any self-

assembly pattern requiring constant influx of energy can be categorized as dynamic self-assembly. 

According to Whitesides, a system undergoing dynamic self-assembly shall “develop order only when 

dissipating energy”.64 The discussion in the following section will adopt a narrower definition65 and only 
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include self-assembly systems with at least one of the following features: assembly under a dynamic field, 

assembly through a dynamic process, or formation of a dynamic pattern.  

One example of dynamic self-assembly is the assembly under a varying magnetic field. This strategy 

has been utilized to manipulate millimeter-sized magnetic disks. Governed by a combination of a rotating 

magnetic field and interparticle repulsive forces, magnetic disks formed a range of ordered patterns around 

the axial direction, where the symmetries depended on the disk size, rotating speed, and the number of 

disks.64 In addition, when the magnetic disks possessed a chiral shape (e.g., the shape of comma), their 

interactions differed depending on the chirality, which could be further exploited to control the assembly, 

for example, into tail-to-tail structures.66 Similar field-induced assembly of much smaller colloids has also 

been studied, at which length scale the van der Waals forces may become a prominent factor. Magnetic 

nickel particles ca. 100 μm in size exhibited snake-like patterns in a varying magnetic field,67,68 which 

could be further complicated when colloids of a different size were introduced to break the symmetry and 

lead to directional self-propelling motion (Figure 15).69 In a triaxial magnetic field, micrometer-sized 

superparamagnetic spheres exhibited an assembly path from dispersed colloids through branched bead 

strings and finally evolved into 2D ordered, self-healing patterns.70 This phenomenon resembled biological 

self-assembly.71 

 

Figure 1.15 Asymmetric, snake-like colloidal chains in self-propelling motion under varying magnetic 

field (a and b).69 The velocity field map is shown in (c). 

Field-induced dynamic self-assembly is not necessarily limited to the interface. When a suspension of 

superparamagnetic colloids was subjected to a vertically rotating field (Figure 16a), the magnetic colloidal 

chains moved according to the field dynamics (Figure 16b) and behaved like rotors or so-called “surface 

walkers” (Figure 16c).72 In this study, the goal of self-assembly was not to achieve a definite colloidal 

structure, instead the focus was to develop a dynamic system via assembly. The rotation of colloidal chains 

was noted to induce near-surface flow, which could be exploited for micro-object transport. The velocity 

field created by the rotors was demonstrated to be capable of moving 20 μm vesicles.72 
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Figure 1.16 Self-assembly and motion of superparamagnetic colloidal chains (“surface walkers”).72 (a) 

Illustration of the instrumental setup to control the magnetic field. (b) Geometry of the “surface walker”. 

(c) Experimentally observed motion of the “surface walker” and corresponding simulation results. 

An intriguing idea is to realize complex colloidal assembly in a programmed manner. Inspired by DNA 

replication, a fundamental process for biological heredity, a road map was given to illustrate how colloidal 

self-replication may be realized in a similar fashion.73 According to this scheme, the process starts with 

assembling a ‘seed’ colloidal bead string composed of, for example, two types of beads (A and B). The first 

step of the replication cycle is the 1:1 attachment of free A’ and B’ beads with the seed string, through 

complementary and reversible binding with A and B beads, respectively. Then the interactions between the 

A’ and B’ beads are activated, for example, through UV radiation, to form a string. In the last step, the 

initial A-A’ and B-B’ bonds are cleaved to release the replicated strings and allow the seed string to resume 

its original state for another replication cycle.73 Although this fascinating approach is still under 

development, it nevertheless represents a very interesting direction. 

 

Figure 1.17 Illustration of the proposed DNA-mediated colloidal self-replication scheme.73 
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1.8 Theoretical Studies/Simulations 

1.8.1 Challenges and toolset The previous sections discussed a wide range of different self-assembly 

processes governed by forces including van der Waals, electrostatic, hydrogen bonding, covalent, 

coordination, capillary, convective, shear, optical, and electromagnetic forces. It is the long-term 

expectation that, given sufficient understanding of these interactions, building blocks can be designed and 

manipulated to dictate the structure of the final product. Self-assembly of colloids by design, such as 

colloidal crystallization rather than amorphous gelation, requires control over both the magnitude and the 

length scale of the interactions.74 

Targeting a purposely-designed assembly route, it is necessary to review the criteria for certain 

assembly routes and examine available tools to choose interactions suitable for each specific task. Although 

this review focuses on colloids on the larger scale, typically above 50 nm, much can be learned from 

studies of self-assembly of smaller nanoparticles and clusters. However several key differences need to be 

pointed out. Given the large particle size, bonding interactions like van der Waals, electrostatic, hydrogen 

bonding and covalent bonding interactions should be considered short-range forces that establish a 

connection only when the colloids are in very close proximity. They themselves cannot direct the assembly. 

On the other hand, these forces are strong enough to hinder separation of connected colloids, and therefore 

irreversible aggregation usually occurs before a thermodynamically stable state is reached. In addition, 

unlike small nanoparticles, the assembly of bigger colloids requires a large number of linkages. While 

under ideal conditions (atomic flatness), sufficient linkages are possible between adjacent surfaces, in real 

systems with significant surface roughness, the chances of forming effective interconnecting linkages 

become much smaller if interactions occur on the short range.75 Another issue is the time scale. While 

molecular diffusion across a surface may only take seconds for 10 nm nanoparticles, it can involve months 

for micron-sized colloids.76 This affects processes related to molecular diffusion (such as coalescence, 

surface modification and interparticle reactions) profoundly.76 

Through theoretical studies one may conclude that properly designed colloids should result in the 

desired structure when equilibrium is reached and when the free energy of the system is minimal. Yet 

equally important, but much less predictable, is the kinetics of the assembly process. For example, one 

assembly pathway may lead to a stable state that is not necessarily the equilibrium state, or the time to 

achieve equilibrium may be too long and becomes impractical. The observed crystallization of a colloidal 

suspension followed an initial nucleation process quite different from the classic theory.77 Therefore a good 

understanding of the pathway to achieve the equilibrium configuration is also necessary to evaluate 

whether an assembly route is practically possible and to discover the most proper route. 

1.8.2 Colloids with isotropic shape and potential Interactions of spheres with an isotropic potential had 

been widely studied even before the concept of colloidal self-assembly became popular. Spherical colloids, 



 

  18  

as the simplest model systems, mimic the thermodynamics of atomic crystals, providing a model for 

studying atomic crystallization. The atomic world demonstrates a very rich phase behavior through 

assembly, even when the potentials are simple. Therefore one direction of self-assembly by design towards 

highly ordered structures is through controlling the form and range of the interaction potentials.  

A critical stage of colloidal crystallization is the initial stage of nucleation. Despite the advancement of 

high-resolution TEM, which has started to permit direction observation of small crystalline clusters and 

even nucleation processes, much information is still experimentally inaccessible. Simulation is an effective 

tool to perceive phenomena that are beyond the capability of experimentation. In simulation it was found 

that small crystals formed by fluctuations but re-dissolved quickly unless they reached a critical size when 

the high surface energy was balanced. Another important issue concerns the polydispersity of a colloidal 

system. A common rule of thumb is that highly crystalline phases are only attainable with <3% 

polydispersity. Simulation found that for 500 nm colloids the crystallization could be completely 

suppressed with polydispersity greater than 10%, resulting in a completely amorphous phase.78 

1.8.3 Isotropic colloids in an external field Dipole-dipole interactions appear when an external field, 

typically an electrostatic or magnetic field, is applied to a colloidal dispersion. Experimentally, such 

external fields have been widely used to create 1D colloidal assemblies. The external field can also have a 

more fundamental impact on the assembly system, for example by changing the ground state of the 

colloidal assembly. In a comprehensive simulation study, the phase diagram of both hard spheres (short-

range repulsion) and soft spheres (long-range repulsion) was determined in an external electric or magnetic 

field.  For hard spheres, the stable phases included face-centered cubic, hexagonal-close-packed and body-

centered-tetragonal phases. For the soft spheres an additional body-centered-orthorhombic phase was 

predicted.79 These predictions agreed well with experimental studies. In the experiments the isotropic 

potential was tuned with ionic strength and an external electric field was applied to induce dipole-dipole 

interactions. The results confirmed the presence of these unusual phases and provided valuable insight into 

the assembly pathway (Figure 18).80 
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Figure 1.18 Phase diagram of a model colloid system under an electric field.65 

Less explicit is the gravitational field. The effects of gravity can be gauged by the factor of ‘‘scaled 

gravitational height” hgrav/2a.81 Roughly speaking, when this factor is close to unity, namely the 

gravitational force is at the same level as thermal agitation, the effect of the gravitational field becomes 

prominent, and only when hgrav/2a >> 1 can the system be described as undergoing Brownian motion.81 

1.8.4 Assembly of amphiphilic colloids (Janus particles) Amphiphilic colloids, such as Janus particles, are 

effective at imposing specific interparticle interactions, while remaining geometrically simple. 

Experimentally, various chain-like structures have been demonstrated by particles possessing such 

divalency. Yet more complex structural control may be realized by developing a better understanding of 

these systems via simulation. It was shown by Monte Carlo simulations that spheres with opposite charges 

on both hemispheres (zwitterionic Janus particles) can form clusters with definite shapes, in which the 

electric charge is distributed anisotropically (Figure 19).82 Given the short-range of the electrostatic 

interactions compared with the sphere sizes, this model was found suitable to describe the self-assembly of 

weakly charged micron-sized colloidal spheres.82 In a bigger model, a system containing 5000 zwitterionic 

Janus particles was sampled, and rich and unconventional phases were demonstrated. It was particularly 

noted that colloid clusters represent the stable phase over a rather wide range in the co-existence of 

individual particles (gas) and extended assembly (liquid).83 
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Figure 1.19 Comparison of experimental results and simulations of clusters formed by Janus colloids 

which possess opposite charges on each hemisphere.82 

1.8.5 Assembly of patchy/tethered colloids Like in the molecular realm, colloids with patchiness enable 

directional interactions between the active sites and lead to more precise control over assembly processes. 

As was shown in previous sections, some of these general expectations have been demonstrated 

experimentally. Simulations with patchy models are expected to provide insight not only into nanoparticle 

self-assembly but also into other areas, such as protein crystallization and fluid dynamics. The modeling of 

patchy particles can could also be dated back to the 1980s, when similar research was conducted to 

investigate molecular structures.84 

The stable phases formed by patchy colloids are functions of the pressure or volume fraction. As a 

simple case, the phase diagram of colloids with six patches in an octahedral configuration was computed, 

and the results showed that a simple cubic geometry is stable at low pressure but body-centered cubic and 

face-centered cubic arrays are preferred at high pressure.85 The tendency to approach closer packing is in 

line with isotropic spheres. However, simulation also revealed that more fundamental changes could be 

incurred when the surface distribution of functional groups was altered, to the extent that the kinetics and 

thermodynamics of the assembly process needed to be re-examined. An important finding is that while for 

particles with spherical potentials the gas-liquid transition demanded a larger volume fraction of colloids 

when the particle-particle attraction decreased, the opposite trend appeared for patchy particles which 

exhibited directional interactions.86  

Among the factors ruling the assembly of patchy colloids towards desired structures, the size of the 

patch is prominent.87 A large patch size provides more flexibility and allows more variety in possible 
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assembly patterns, but smaller patches are necessary to avoid misassembly and ensure formation of the 

desired structures.87,88 

Different from patches where the functionality is limited to the near-colloid surface, tethers, while 

rooted on the colloids, possess at least one extended head group, which essentially creates a hybrid multi-

element system. In terms of practical systems, the length scale of the tethered colloids may be compared 

with surface treatment with DNA.40,41 Given this structural feature, it was expected that tethered colloids 

may display similar assembly with amphiphilic molecules, such as surfactants, and indeed patterns 

resembling those of surfactant assemblies were computed for colloids with single tethers.89 More complex 

systems could be built from colloids with two different tethers. Governed by the tether directions and 

interactions, complex crystal structures were obtained, such as zinc blende, alternating tetragonal 

cylinders/tetragonal meshes and alternating diamond structures.90 

Low-density crystalline phases, or so-called open crystals, can be stabilized by anisotropic interactions. 

One intriguing goal for the assembly of patchy or tethered colloids is to realize the diamond structure, 

which provides a complete photonic band gap even at relatively low dielectric contrast, a highly coveted 

structure for photonic applications. The diamond structure should rely on strong directional interactions of 

colloids as such structures found in nature result from tetrahedral covalent bonding. However, based on 

simulations, the situation turns out to be more complicated. In a comparative study, both 6-patch 

(octahedral configuration) and 4-patch (tetrahedral configuration) colloids were employed, aiming to reach 

crystalline structures. While the 6-patch system was able to crystallize easily, leading to a perfect simple-

cubic crystal, the 4-patch system rarely showed any tendency for even partial crystallization (Figure 20).91 

The reason for this is that the preferred local order overrode the global crystalline order and caused 

crystallization frustration. 

 

Figure 1.20 The potential energy curves for cooling 4-patch tetrahedral particles and 6-patch octahedral 

particles.91 Insets: isolated clusters formed by 4-patch and 6-patch particles representing the global minimal 

energy states. 
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Nevertheless, simulations also suggested several approaches to address this issue. Studies have shown 

that the presence of a small diamond seed could effectively induce furthering crystallization of the same 

configuration.91,92 A recent simulation revealed that a seed may be created and recycled in the colloidal 

crystallization process.93 An alternative strategy is based on the assembly of binary particles, such as 

oppositely-charged tetrahedral colloids. This is different from a previous strategy for isotropic binary 

colloids, in which the formation of ionic crystal structures is controlled based on size differences.94 Here 

the purpose is to manipulate the particle interaction,95 which would penalize the formation of odd-

numbered rings that existed in other structural motifs, thereby making the diamond structure more 

favorable.91     

1.8.6 Non-spherical colloids Shape can play an important role in colloidal assembly. Building blocks with 

non-spherical shapes offer different symmetries, packing densities and directionalities and therefore, a 

greater variety of possible assembled structures is expected compared to their isotropic counterparts. As the 

particle morphology becomes more complex, particle profiling becomes more difficult. A conceptual 

framework was recently proposed as an attempt to put some order to the mixture of terminologies that has 

appeared in this multidisciplinary field of study. In this proposal, anisotropic particles were classified based 

on their ‘dimensions’, a composite parameter involving the aspect ratio, faceting, surface pattern, 

branching, roughness etc.96 

Platonic solids probably represent the most basic and common structures for nanoparticulate materials. 

Geometrically these shaped particles offer different properties such as symmetry, packing density, and 

anisotropy that are of interest for studies ranging from materials to biological systems. The densest packing 

of a range of platonic solids has recently been discussed through a newly developed simulation method.97 

Another interesting area involves quasicrystal structures. Due to their symmetric incompatibility, certain 

polyhedral colloids may potentially self-assemble into structures with long-range aperiodicity. The 

formation process, as suggested, involves kinetic trapping of a nucleus in a minimized rearrangement 

pathway.98 Such quasicrystal structures have many interesting properties, including significantly higher 

packing densities than crystalline phases and symmetries that are forbidden for crystalline structures.99 A 

recent simulation revealed a range of beautiful quasicrystalline structures with high packing densities 

obtained from simple tetrahedra (Figure 21).100 
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Figure 1.21 Tetrahedron packing by hand (a) and by simulations (b-d).100 

Anisotropic particles can also be formed by grouping together a number of principle particles, such as 

various colloidal clusters formed by colloidal spheres. Asymmetric clusters may be formed by binding 

different colloids. A model system with cone-like particles was studied in which the particles were formed 

by a string of spheres. Such cone-shaped particles could spontaneously form clusters similar to colloidal 

clusters consisting of colloidal spheres in emulsion. In addition, more complex structures that were not yet 

available experimentally but are known to exist in biological systems were also observed.101,102 

More complex colloids that have been synthesized are those possessing both structural and functional 

anisotropies. It is thus interesting to explore theoretically the possible assembly patterns and reveal 

structural correlations. The energy-minimization of such structures, however, was considered to be quite 

challenging due to complicated interactions.103 Tetris-like particles were investigated to evaluate their 

assembly on the basis of a two-dimensional square lattice.104 When only nearest neighbor interactions were 

considered, the algebra led to various stabilized aggregates where the arrangements depended on the 

building blocks and the clusters they formed (Figure 22).103,104 
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Figure 1.22 Examples of 4-block Tetris-like particles self-assembled into 2D periodic array.103 

 

1.9 Applications of Colloidal Assembly  

Colloidal structures prepared through self-assembly may find applications in photonic/plasmonic 

devices, nanoscale electronics, high efficiency energy conversion/storage, miniature diagnostic system, 

drug/gene delivery, hierarchically structured catalysts etc.105 2D assembly of colloidal particle on a 

substrate allows facile modification of the surface properties. A finely tuned colloidal layer could 

significantly alter the surface hydrophobicity to form a superhydrophobic surface.106 A submonolayer 

coating of asymmetric colloidal cluster was also found effective in anti-reflection coatings.107 A 2D 

colloidal array was recently used to produce metamaterials for the visible and IR length scales, which may 

eventually lead to the fabrication of usable optical nanocircuits.108 

In addition, self-assembled colloidal structures can serve as templates for the fabrication of other 

functional materials. Polymer-coated magnetic colloid chains have been assembled to create carbon particle 

chains after pyrolysis and magnetic particle removal.109 Colloidal crystal templating is a relatively mature 

technique for the preparation of 3D porous structures.110 When Janus colloids coated with titanium on one 

hemisphere were used for templating, the titanium coating was transfered onto the surface of the porous 

replica for catalytic reactions.111 

An interesting characteristic of colloidal structures is related to their feature sizes, which are 

comparable to the wavelength of visible light. Therefore much effort has been devoted to photonic 

applications based on colloidal materials. Magnetically induced self-assembly of paramagnetic particles 

was utilized as a facile approach to produce photonic papers where the treatment with certain salt solutions 

led to expansion of the polymer matrix and therefore changed the band gap and optical response.112 The 
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structural color by the self-assembly of paramagnetic colloids could also be tuned by varying the strength 

of the magnetic field. When the dynamically assembled colloids were arrested by the photopolymerization 

of the matrix, the structural color could thus be fixed. Coupled methods of magnetic color generation and 

photo polymerization were developed for printing of patterns with high definition that mimick structural 

colors in the nature (Figure 23).113  

 

Figure 1.23 Structural color printing by magnetic-field-tuned assembly of super paramagnetic colloids.113 

(a) Illustration of color generation via adjusting magnetic field strength and color fixation by a 

photocurable polymer matrix. (b) An example of color generation and the fixation process. (c) Examination 

of different pattern formation and spatial definition. (d) High definition painting of Mona Lisa based on 

structural color. 

 

1.10 Summary  

Here we summarized the progress in recent years in synthesis and assembly of colloidal structures. The 

scope of colloidal assembly has been widened by the availability of new synthetic techniques to control 

colloid structures, compositions, surface properties, interactions etc. Various assembly routes have been 

explored as discussed above. In addition, simulations have proven to be highly insightful for the 

experimental exploration by allowing more comprehensive understanding of the assembly processes and 

interactions, and by making bold but often accurate predictions of attainable structures and assembly 

routes. Finally, the application of colloidal structures, though still largely in infancy, holds strong promise 

for the future.  
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CHAPTER 2  
Shaping Mesoporous Silica Nanoparticle by Disassembly of Hierarchically 

Porous Structures 

2.1 Introduction 

Self-assembly is a simple but efficient way towards 3D-nanostructured materials with different 

morphologies. One example involves the fabrication of opal-like colloidal crystals through natural 

assembly of monodisperse latex spheres which form close-packed arrays with interconnected voids.1 Using 

such colloidal crystals as templates, inverse opal structures can be produced.2 During this process, the 

structural ordering of the close-packed monodisperse spheres is inherited by a three dimensionally ordered 

macroporous (3DOM) structure which is a replica of the void space in the opal crystal. Since the voids in 

the opal lattice are also highly ordered, one can consider the resulting 3DOM skeleton to be constructed 

from certain basic building blocks. This consideration suggests a new strategy towards nanoparticle 

synthesis, namely the disassembly of 3DOM materials to prepare monodisperse nanoparticles with pre-

defined morphologies. We explored the implementation of this strategy for the synthesis of mesoporous 

silica nanocubes and their carbon or polymer replicas, whose shapes and sizes are solely determined by a 

colloidal crystal template.  

Silica nanoparticles with mesoporosity are of great interest due to their potential applications in 

enzyme encapsulation,3 drug delivery4 and as cell markers.5 They can also serve as basic building blocks 

for hierarchical porous structures6 and as hard templates for porous structures with other compositions.7,8 

Typically, their preparation involves spontaneous nanoparticle growth with supramolecular templating, in 

which nanoparticles are formed by emulsion reactions,9 quenching,10 or confinement within micelles,11 

while mesophases are realized by templating with surfactants or block copolymers.12 Because these 

methods involve complex interactions between precursors and surfactant templates, process optimization to 

obtain discrete and monodisperse products can be challenging. Monodispersity can be destroyed by particle 

aggregation which diminishes the benefits of nanoscopic sizes.9 In addition, although different 

morphologies have been observed for the resulting materials,10,12-14 little shape control has been achieved 

due to the amorphous nature of silica. In the current synthesis, a silica skeleton with hierarchical porosity 

was first formed via a surfactant and polymer sphere dual-templating system, and then the three 

dimensionally ordered structure was disassembled to obtain a bimodal dispersion of silica nanocubes and 

nanospheroids, whose specific shapes and sizes were dictated by the colloidal crystal template. This 

approach can be quite versatile, and by choosing specific templates, nanoparticles with different 

morphologies may be obtained.  

 
Reproduced in part with permission from Li, F.; Wang, Z.; Stein, A. Angew. Chem., Int. Ed. 2007, 46,
1885-1888. Copyright 2007, Wiley-VCH 
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2.2 Experimental 

2.2.1 Monolithic Polymer latex sphere arrays Poly(methyl methacrylate) (PMMA) latex spheres were 

synthesized as previously described by polymerization of methyl methacrylate (MMA) (Aldrich, 99%) in a 

surfactant-free emulsion with 2,2´-azobis(2-methylpropionamidine) (Aldrich, 97%) as an initiator.15 These 

spheres (364 nm) were allowed to self-assemble into close-packed arrays by gravity sedimentation from an 

aqueous dispersion at 25 ˚C.  

2.2.2 Mesoporous silica nanocubes 2.0 g Brij 56 (Aldrich) was dissolved in 4.0 g tetraethyl orthosilicate 

(TEOS) (Aldrich, 98%) at 45 ˚C. 2.0 g of 1 M aqueous oxalic acid (Mallinckrodt) was added to the mixture. 

The molar ratios in this mixture were 1 SiO2: 0.156 Brij 56: 0.106 oxalic acid: 5.37 H2O. Once the mixture 

was clear and homogeneous, it was introduced into the PMMA colloidal crystal templates. A monolithic 

piece of the PMMA template was half-immersed into this solution, where it was then completely infiltrated 

with precursor material by capillary forces. Then, the PMMA templates were removed from the solution 

and excess precursor was wiped off, before the samples were stored at 45 ˚C for 12 h. The gel 

precursor/PMMA composite was calcined in air at 550 °C for 6 h at a rate of 3 °C/min, during which time 

the PMMA and Brij 56 were eliminated and the ordered macroporous structure started to disassemble into 

bimodally dispersed particles. Alternatively, the PMMA and surfactant were removed via toluene 

extraction overnight. In that case, samples with intact 3DOM structures were isolated through critical point 

drying. The silica nanocubes were collected via repeated density gradient centrifugation at 4000 rpm. The 

gradient solution was prepared from tri(ethylene glycol) and H2O with a two-jar gradient mixer (Aldrich).  

2.2.3 Characterization SEM micrographs were recorded using a JEOL 6500 field emission microscope. 

TEM micrographs were taken on a FEG T12 transmission electron microscope working at 120 kV. BET 

analyses were conducted using a Micromeritics ASAP 2000 porosimeter. Small-angle X-ray scattering 

(SAXS) measurements were performed on a SAXSess system from Anton Paar Corporation. Solid state 

NMR spectra were taken on a Chemagnetics CMX-400 (infinity) spectrometer working at 79.5 MHz for 

29Si. The total acquisition times were ca. 3 h and ca. 12 h, respectively, for as-infiltrated and 48-h-aged 

samples.  

 

2.3 Results and Discussion 

2.3.1 Shaped nanoparticles through templating Monodisperse PMMA spheres were synthesized by 

emulsion polymerization and assembled into ordered colloidal crystal templates with a largely face-

centered cubic (fcc) structure.16 A highly ordered colloidal crystal possessed face-centered cubic sphere 

packing as displayed in Figure 2.1. An aqueous mixture of non-ionic surfactant (Brij 56, C16EO10), TEOS 

and oxalic acid was infiltrated into the template. Brij 56 forms a lyotropic liquid crystal phase and here 
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served as the structure-directing agent for the mesostructure.17 This mesophasic precursor mixture 

infiltrated and adopted the shape of the interstitial space between PMMA spheres after gelation. Similar 

dual templating syntheses employing both polymer sphere templates and surfactants have previously been 

used to create hierarchically structured silica with both macropores and mesopores.18 However, in our 

experiment, after the decomposition of the template during calcination at 550 ˚C, a further structural 

transformation (disassembly) occurred and a bimodal dispersion of silica nanoparticles (ca. 119 nm and ca. 

55 nm) was obtained (Figure 2.2a ). The larger particles have cubic shape and can be separated through 

density-gradient centrifugation (Figure 2.2b). 

 

Figure 2.1 SEM image of the PMMA template. 

 

Figure 2.2 (a) TEM image of the bimodally dispersed silica particles prepared via disassembly of 3DOM 

silica. Among the smaller particles a few replicas of the tetrahedral holes are visible, although a larger 

fraction of these particles have transformed to more spherical shapes. (b) A higher-magnification view of 

the monodisperse silica nanocubes produced from the octahedral holes after centrifugation. Wormhole-like 

mesoporosity can be clearly seen. 

2.3.2 Disassembly process and structural correlation The disassembly process is illustrated in Figure 2.3. 

In an fcc array of spheres, octahedral (Oh) and tetrahedral (Td) voids exist between the spheres with a 

theoretical ratio of 1:2. The silica precursor infiltrated these voids and formed an inverse replica of the 



 

  35  

template. So correspondingly, the 3DOM structure can be considered to be built up from these two basic 

units (Oh and Td) which are interconnected through narrow necks. The disassembly occurs first by thinning 

of the necks, followed by complete disconnection of the skeleton at the narrowest connection points. Hence 

the two types of basic units were obtained as discrete nanoparticles. Later, these units gradually developed 

into cubic and spheroidal shapes in order to minimize their surface-to-volume ratios.  

 

Figure 2.3 Illustration of the disassembly of the 3DOM structure. 

The relative sizes of the PMMA spheres and the synthesized bimodal particles can be calculated from a 

simplified model (Figure 2.4), in which the PMMA phase is considered to be an assembly of hard spheres 

which do not deform, and the volume of the silica phase is conserved after the disassembly of the 3D 

skeleton. Therefore, the volumes of the tetrahedral and octahedral interstices, whose replicas form the two 

basic building units of 3DOM structures, could be calculated by subtracting all the corners from the 

tetrahedron or octahedron respectively. The radius of a PMMA sphere (R) was set as unit 1.  

For the tetrahedral interstice: 

From the Gauss-Bonnet theorem, the area of the spherical triangle is 551.01 =−∠+∠+∠= πCBAS  

The volume of OABC is 184.0
3
1

11 =××= RSV  

So the volume of the interstice is VTd = Vtetrahedron – 4V1 = 0.207 

If the volume is conserved, the diameter of the resulting spheroid is DTd = 0.734 

Similarly, the volume of the octahedral interstice can be calculated as 

VOh = Voctahedron – 6V2 = 1.053 

and the edge length as LOh = 1.017 

Based on this calculation, the ratios of the polymer sphere diameters, the edge lengths of the larger 

silica cubes, and the diameters of the smaller silica spheres would be 1 (PMMA): 0.511 (Oh): 0.368 (Td). 
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Figure 2.4 Tetrahedral (Td) and octahedral (Oh) interstices within the fcc PMMA sphere array. 

This proposed transformation was evaluated by scanning electron microscopy (SEM) image analysis. 

An SEM image of 1670 particles showed a number ratio of larger cubes (Oh) to smaller spheroids (Td) of 

533: 1137, i.e., relatively close to the theoretical ratio of 1:2 (Figure 2.6a). The particle size ratios 

determined by SEM were PMMA: Oh: Td = 1: 0.327: 0.151. Although the PMMA sphere deformation was 

not considered in the above calculation, this ratio still indicates quite a large volume reduction during the 

calcination, confirming that shrinkage occurred during the disassembly process. The spheroidal particles 

exhibited more shrinkage than the nanocubes. This can be explained by the fact that the tetrahedral unit, 

with half the number of necks of the octahedral unit (Td = 4; Oh = 8), has only 1/5 volume of the octahedral 

unit, so greater relative shrinkage is not unexpected for the tetrahedra. The sizes of the mesoporous silica 

particles correlated linearly with the diameters of the PMMA spheres (Figure 2.5). Therefore, direct particle 

size control is easily achieved via the choice of template dimensions. 

 

Figure 2.5 Silica nanocubes (with nanospheroids) prepared with colloidal crystals of PMMA spheres with 

different diameters: (a) 287 nm, (b) 403 nm, (c) 460 nm and (d) 544 nm. (e) Correlation between the sizes 

of PMMA spheres and the corresponding templated mesoporous silica cubes. 
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Figure 2.6 (a) SEM image of the bimodally distributed mesoporous silica nanocubes and nanospheroids 

used for determining the particle size distribution. (b) Silica with highly ordered 3DOM structure, prepared 

by removing the PMMA template by solvent extraction and critical point drying. 

2.3.3 Influential factors and mechanistic study This special morphological transformation is attributed to 

the rapid condensation between remaining silanol groups. When two Si-OH groups are replaced by one Si-

O-Si bond, the average atomic distance is reduced in the local structure. Overall this effect results in a 

structural contraction to minimize the surface-to-volume ratio and the total free energy.19 Typically, this 

causes sintering effects between silica gel particles having nearly spherical shapes.20 However, the 3DOM 

structure, as an inverse replica of the sphere array, has a very large internal surface area of negative 

curvature, a very unstable situation, and it can easily be subject to a large contraction upon calcination. 

Under the appropriate conditions (those used for syntheses of 3DOM materials), the extensive three-

dimensional interconnectivity of the 3DOM structure and, to some extent, the hindering effect from the 

PMMA template residue, allow the extended skeleton to remain intact. When the contraction exceeds a 

certain limit, the 3DOM structure can no longer be maintained and breaks down at its weakest points. Thus 

a disassembly process occurs as illustrated in Scheme 1. In comparison, template removal by 

toluene/ethanol extraction results in a typical 3DOM material (Figure 2.6b). 

 

Figure 2.7 (a) 3DOM silica structure of the sample calcined immediately after infiltration of the colloidal 

crystal template; (b) intermediate structure with incomplete disassembly from a sample that had been aged 

for ca. 6 h after template infiltration; (c) a fully developed sample after disassembly, in which both cubes 

with rounded corners and smaller, near-spherical particles co-existed in a ratio of ~1:2. This sample had 

been calcined after it had aged in the template for 48 h. 
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An aging step (at 50 ˚C) between infiltration and calcination is critical for the disassembly process. For 

short aging times (<3 h), no structural transformation occurs. The resulting material has an opalescent 

appearance, and a typical 3DOM structure is produced (Figure 2.7a). Partial disassembly is observed in 

samples aged for a few hours but less than two days (Figure 2.7b). Only after sufficient aging time (at least 

48 h), a complete disassembly could be achieved after calcination with virtually no remaining 3DOM 

structure (Figure 2.7c). 29Si magic-angle spinning (MAS) NMR spectra (Figure 2.8) show that this behavior 

is related to the difference in the degree of condensation. Initially, the silica phase contained primarily Q2 

and Q3 sites (silicate tetrahedra condensed through two or three oxygen bridges, respectively, with two or 

one hydroxyl groups remaining), whereas the fraction of Q4 sites (completely condensed silicate tetrahedra) 

increased significantly after aging. These data suggest that the disassembly requires both, a relatively high 

degree of condensation to form a more rigid network, and a significant number of hydroxyl groups 

remaining. Without sufficient condensation, contraction forces during calcination are evenly dissipated, 

whereas a more rigid network ensures that forces can accumulate sufficiently to break the weakest points in 

the structure, i.e., the necks.  

 

Figure 2.8 29Si MAS NMR spectra of (A) a PMMA/precursor composite sample characterized immediately 

after infiltration of the colloidal crystal and (B) a sample after aging for 48 h in the colloidal crystal. 

In addition, oxalic acid is essential as a catalyst for the disassembly process. Much weaker 

morphological transformations were observed when a stronger acid (HCl) was employed under the same 

conditions. As a weak acid, oxalic acid may provide a lower but longer-lasting acidic environment due to a 

low degree of dissociation.21 Thus it may influence the silicate network by controlling the condensation 

rate. In fact, it has been used as a drying control chemical additive to prevent cracking during the 

preparation of sol-gel glasses, sharpening micropore size distributions during drying so that capillary forces 

are reduced and spread more evenly.22 Furthermore, although no chemical bonding between oxalic acid 

groups and the silicate network was detected by 29Si MAS NMR spectroscopy, the oxalic acid can remain 

within the templated material in solid form before subliming at higher temperatures. It is likely that its 

presence may separate some internal silanol groups and preserve bonding possibilities for condensation at a 
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higher temperature. This may also facilitate the disassembly, as it is a thermodynamically favorable but 

kinetically demanding process.  

Aggregation is a major problem in syntheses of silica nanoparticles. It occurs largely by condensation 

of silanol groups on the surface of individual particles.6,23 In our synthetic route, hydrolysis and 

condensation proceed within the confinement of polymer spheres. At the stage when polymer spheres 

disappear and discrete nanoparticles form by disassembly of the 3DOM structure (calcination at 550 ˚C), 

drastic dehydration has eliminated most silanol groups,20 so that particle aggregation becomes much less 

likely. 

2.3.4 Internal porosity and nanocasting The incorporation of mesoporosity is evident from transmission 

electron microscopy (TEM), which reveals worm-like pores (Figure 2.2b). The small-angle X-ray 

scattering pattern shows only one reflection peak corresponding to a d-spacing of 4.2 nm, indicative of a 

lack of long-range order. (Figure 2.9b) This absence of mesophase ordering indicates that the specific shape 

of the nanoparticle was not induced by the crystalline mesostructure as observed before,12,13 and further 

confirmed the templating-disassembly mechanism. The mesoporosity within the silica nanocubes was 

characterized by N2 sorption. (Figure 2.9a) A reversible type-IV isotherm with a sub-step at low pressure 

was observed. A BET surface area of 1018 m2/g and a mesopore volume of 0.624 cm3/g were calculated 

from the desorption branch. In spite of the drastic morphological change, the mesoporous structure was 

preserved during this process, consistent with previous observations that surfactant-templated mesopores 

can survive up to 1000 ˚C.24  

 

Figure 2.9 (a) Brunauer-Emmett-Teller (BET) nitrogen adsorption and desorption isotherms of the silica 

nanocubes. The inset shows the pore size distribution from the desorption branch. (b) SAXS pattern of the 

silica nanocubes showing mesoporosity. 

Complete replication of the mesoporous silica nanocubes by both carbon and PMMA was achieved to 

extend possible applications (Figure 2.10). The carbon replica was prepared via a chemical vapor 

deposition technique modified from Lee et al.25 A vapor mixture of phenol and paraformaldehyde was 
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deposited in the mesopore channels within AlCl3-pretreated nanoparticles and polymerized there. The 

resulting phenolic resin was carbonized via heating in nitrogen at 850 ˚C. The PMMA replication was 

realized following work by Sozzani et al.26 MMA monomer liquid was infiltrated into the mesopores under 

reduced pressure and polymerized in-situ with heating for 24 h at 80 ˚C. In both cases, silica was finally 

removed by HF etching. These two distinct methods demonstrated the versatility of the mesoporous silica 

nanocubes and the other fragments as hard templates for different compositions.  

 

Figure 2.10 (a) TEM image of carbon replicas of the mesoporous silica nanoparticles prepared by CVD of 

a phenol-formaldehyde resin. (b) SEM image of PMMA replicas of the mesoporous silica nanoparticles 

prepared by in-situ polymerization of MMA monomers. The larger cubes are the replica particles supported 

on an etched silicon surface. 

 

2.4 Conclusions 

In summary, mesoporous silica nanocubes and spheroids were prepared based on disassembly of 

ordered hierarchically porous structures. The degree of silica condensation determined the morphological 

transformation, and oxalic acid served a key role in this process. The facile hard-templating strategy 

provided vigorous control over shape and size, and minimized the agglomeration effect common in 

traditional hydrothermal syntheses. Moreover, the “bottom-up and top-down” strategy represented by the 

combination of colloidal crystal templating and disassembly of the 3DOM structure brings new insight into 

nanoparticle synthesis, greatly extending the capability for functional material design. Based on polymer 

templates with different shapes or packing patterns, it may be possible to prepare more complicated and 

specific nano-objects for a wide range of applications. Since this structural transformation is an intrinsic 

property of the 3DOM structure, we believe it may also be extended to other 3DOM materials under 

appropriate conditions.  
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CHAPTER 3  
Disassembly and Self-Reassembly in Periodic Nanostructures: a Face-

Centered to Simple Cubic Transformation 

3.1 Introduction 

Crystallization of uniform colloids into extended three-dimensional structures other than the trivial 

face-centered cubic (fcc) lattice that resembles natural opals remains a challenge of nanomaterials 

synthesis.1 The few successful approaches have required careful balance of electrostatic interactions 

between nanoparticles. Here, we explore a different approach to a relatively rare colloidal crystal structure, 

a three-dimensional simple cubic nanoparticle array. The method relies on structural memory effects 

related to a fcc colloidal crystal template. A TiO2-P2O5 binary structure was prepared by combined 

surfactant templating and colloidal crystal templating with a polymer opal. During calcination, the initially 

formed inverted opal structure disassembled into nanocubes and smaller spheroids. After assimilation of 

the spheroids by the cubes, the latter self-reassembled into simple cubic arrays (Figure 3.1). This template-

directed approach may become a general way for creating periodic nanostructures with simple cubic and 

perhaps other symmetries. It provides a new avenue for designing nanostructures relevant to photonic, 

optoelectronic and other applications. 

Unique materials properties can be achieved by scaling down particle dimensions to the nanometer 

regime. In many advanced applications involving nanoparticles, it is necessary to assemble them into arrays 

with a specific architecture. For such arrays, interesting optical, magnetic, or catalytic properties may arise 

from interactions between nanoparticles or from other effects of the larger, collective structure.2,3 Colloidal 

crystals are examples of periodic nanoparticle arrays. These have been employed as photonic crystal 

structures and as templates to produce negative replica structures of the colloidal crystals (e.g., inverted 

opals).4-6 Materials properties, including photonic band structures, depend on the specific geometry of the 

colloidal crystal. Colloidal crystals prepared by natural assembly of uniform spherical particles form close-

packed arrays, typically with fcc packing.7 Other three-dimensional packing motifs are more difficult to 

obtain.8 Small colloidal clusters of unusual symmetric patterns can be achieved within two- or three-

dimensional confinement.9,10 A limited number of layers of non-close-packed colloidal crystals have been 

formed by convective assembly on a patterned substrate that directs the crystal geometry at the interface.11 

Recent successes in achieving non-close packed colloidal crystals have relied on a delicate balance of 

electrostatic interactions in binary particle systems.1,12 However, less intricate, perhaps more general 

assembly strategies are desirable and would introduce materials design tools for an even wider range of 

applications. In the past few years, various inorganic superstructures composed of nanoparticles with 

Reproduced in part with permission from Li, F.; Delo, S. A.; Stein, A. Angew. Chem., Int. Ed. 2007, 46,

6666-6669. Copyright 2007, Wiley-VCH 
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orientational order (mesocrystals) have been prepared by self-assembly of faceted nanoparticles.13 Our 

approach of preparing periodic arrays of uniform nanoparticles is based on a new concept of combining 

disassembly (top-down) and self-reassembly (bottom-up) syntheses. In the reassembled colloidal crystals, 

simple cubic packing, which is relatively rare even among atomic crystals, extends in three-dimensions 

over a large number of unit cells. 

 

Figure 3.1 Schematic of the proposed disassembly and in-situ self-reassembly mechanism. A porous 

skeleton is templated by a face-centered cubic colloidal crystal and disassembles into its building blocks 

during calcination. Smaller particles are assimilated by the larger cubes. Alternating layers of cubes merge, 

driven by capillary forces from a melted phase, producing the observed simple-cubic-packed arrays of 

nanocubes. For clarity, the interparticle space is exaggerated and any irregular aggregates are ignored. An 

animated cartoon illustrating the transformation can be found at http://dx.doi.org/10.1002/anie.200701553. 

 

3.2 Experimental 

3.2.1 Colloidal Crystal Templates To form ordered replica structures, highly ordered colloidal crystals 

must be used as templates. A variety of methods exists to produce such templates.9 Here they were 

prepared by very slow sedimentation of monodisperse poly(methylmethacrylate) (PMMA)  spheres 

(synthesized according to literature procedures)14 with extreme care taken to minimize perturbation. In 

detail, the colloidal dispersion was stored in a capped crystallization dish until the PMMA spheres had 

assembled at the bottom of the dish (ca. 1 month, depending on the thickness of the colloidal crystal). The 

resulting sediment was opalescent, indicating structural ordering on a bulk scale. Then the cap was 

removed partially and water was allowed to evaporate at ambient temperature (ca. 1–2 weeks). With water 
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evaporation, PMMA spheres tended to pack more closely due to capillary forces and finally formed self-

standing monolithic pieces of the colloidal crystal.  

3.2.2 Nanostructure Synthesis All reagents in the following syntheses were obtained commercially without 

further purification: aluminum sec-butoxide (98+%, Gelest), titanium isopropoxide (97%, Aldrich), 

zirconium butoxide (80% in butanol, Aldrich), triethyl phosphate (>99.8%, Aldrich), acetylacetone (acac) 

(>99%, Aldrich), Brij 56 surfactant (C16EOn, n≈10) (Aldrich), hydrochloric acid (37%, Mallinckrodt), n-

propanol (Fisher). Metal alkoxides are well known for their relatively high reactivity towards hydrolysis 

and condensation.15 A chelating agent (acac) was used to reduce the reactivity of titanium ions through 

complexation. In an optimized synthesis, 2.93 g (0.010 mol) titanium isopropoxide was first mixed with 0.5 

g (0.005 mol) acac, followed by the addition of 0.91 g (0.005 mol) triethyl phosphate. This mixture (A) 

was stirred for 30 min. Another mixture (B) containing 1.37 g (0.002 mol) Brij 56 surfactant, 1.0 g (0.017 

mol) n-propanol, between 0.20–0.91 g (0.011–0.051 mol) H2O and 0.2 g (0.002 mol) HCl (37%) was added 

to mixture A dropwise under vigorous stirring to avoid precipitation. The combined mixture was stirred for 

another 30 min before it was infiltrated into the PMMA template. Zr and Al precursors were prepared in the 

same fashion, using 4.812 g zirconium butoxide or 2.462 g aluminum sec-butoxide as metal sources. To 

prepare Au doped sample, 0.20 g Au nanoparticle dispersion (ca. 12 nm) was added into the precursor. 

The infiltration was performed in 12 mL glass vials, each containing several millimeter-sized pieces of 

PMMA templates. The precursor solution was added to the vials until the PMMA templates were about 1/3 

immersed in the solution. The precursor mixture filled the voids in the template by capillary forces. After 

thorough infiltration with precursor (i.e., when the non-immersed parts of the template pieces became 

completely wet), the template pieces were removed from the vials and extra precursor on the surface was 

wiped off with tissue paper. Then the template composites were stored in a sealed container at 50 ˚C 

overnight and subsequently calcined in flowing air (0.5 L/min) to process the structure and to remove the 

polymer spheres and other organic components. The temperature was ramped from room temperature to 

400 ˚C over 3 h and held constant for 12 h.  

3.2.3 Characterization The morphologies (sizes and shapes) of the powdery samples obtained after 

calcination were characterized by electron microscopy. SEM images were taken on a JEOL 6700 field 

emission microscope (5 kV). Prior to the observation, samples were coated with 5 nm thick Pt to avoid 

charging effects. Low-magnification TEM images and SAED patterns were recorded on an FEI Tecnai T12 

microscope (120 kV). Samples were sonicated for 20 min in ethanol and deposited onto a carbon-film-

coated copper grid. High-resolution TEM (HRTEM), Z-contrast imaging and elemental mapping imaging 

were performed on an FEI Tecnai G2 F30 TEM system (300 kV) equipped with a high angle annular dark 

field (HAADF) detector and energy-dispersive X-ray spectrometer. Elemental analyses were carried out on 

a ThermoElemental PQ-ExCell quadrupole ICP-MS. Nitrogen sorption measurements were conducted 

using a Micromeritics ASAP 2000 porosimeter. XRD patterns were acquired using a Bruker AXS 
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microdiffractometer with a 2.2 kW sealed Cu X-ray source and a Hi-Star 2-D area detector. SAXS 

measurements were performed on a SAXSess system from Anton Paar Corporation. 

 

3.3 Results and Discussion 

3.3.1 From colloidal crystals to nanoparticle array The unusual colloidal crystal growth process builds on 

a method that was described in Chapter 2 to synthesize uniform, shaped silica nanoparticles via combined 

templating and disassembly processes.16 By replicating the void structure in a predominantly fcc colloidal 

crystal of PMMA spheres, a three-dimensionally ordered macroporous (3DOM) structure with the same 

symmetry was initially obtained, which under controlled conditions spontaneously disassembled into 

individual particles by fracturing at interconnecting necks (Figure 3.2). Since the fcc colloidal crystal 

molded the characteristic 3DOM or inverse opal structure, it also dictated the shape and size of the 

nanoparticles obtained after disassembly.  

 

Figure 3.2 The face-centered cubic symmetry is translated from (a) the colloidal crystal template to (b) the 

initial 3DOM structure. (c) Nanocubes arise from octahedral holes in the fcc template but self-reassemble 

into simple cubic arrays (d) during the synthesis. 

3.3.2 Shaped metal oxide particle array through self-reassembly We have successfully applied the 

disassembly strategy to syntheses of various metal oxide particles. Strikingly, we discovered that in certain 

systems, templated nanoparticles re-assembled into colloidal crystals with new symmetries. A particularly 

interesting composition consists of the semiconductor titania precipitated within a P2O5 glass phase.17-20 

Starting from titanium isopropoxide and triethylphosphate precursors with Brij 56 as an additive intended 

to induce mesoporosity and acetylacetone (acac) as a complexing agent for titanium ions, bimodally 

dispersed TiO2-P2O5 nanocubes and spheres were obtained after calcination of the PMMA-
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template/precursor composite. Figure 3.3 shows SEM images of a typical product obtained in the dual-

templated TiO2-P2O5 system, in which disassembled particles formed ordered array over very wide ranges. 

In a zoom-in image (Figure 3.4a), three distinct regions with different morphologies can be observed. In 

region A, nanoparticles are connected at corners to form a macroporous skeleton whose symmetry 

resembles that of the original template, an fcc colloidal crystal formed from monodisperse PMMA spheres. 

This area corresponds to a synthesis stage in which the solid occupying the interstitial regions of the 

original template remains continuous, i.e., the stage typically targeted for the design of 3DOM structures or 

inverse opals. In region B, the replica structures of the octahedral and tetrahedral holes in the fcc template 

became disconnected and the resulting nanocubes and smaller nanospheres occupy random positions with 

random orientations. This situation corresponds to our observations in the previously studied silica 

system.16 Most of the sample (ca. 60–80 %, depending on the specimen), however, resembles the structure 

in region C. Here, nanocubes are arranged periodically, forming layers with square packing. A closer 

analysis of an ordered region reveals a structure with largely simple cubic packing symmetry (Figure 3.4b-

d). In the five adjacent layers shown in Figure 3.4b, rows of partially rounded cubes lie on top of each other 

and are oriented nearly parallel to each other. The degree of alignment perpendicular to the layer direction 

is also high, as apparent from the good match with a 3D model of a simple cubic lattice (Figure 3.4c, d). A 

few point or line defects are observed within layers, but misorientation between layers is relatively small. 

None of the smaller nanoparticles are observed in this region.  

 

Figure 3.3 Large overviews of the colloidal crystals. (a) SEM image showing an overview of the mostly 

simple cubic array of TiO2-P2O5 nanocubes prepared via in-situ self-reassembly. Figure 3.4(a) corresponds 

to the top left corner of this image. (b) A cross-sectional view. 
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Figure 3.4 (a) SEM image of a TiO2-P2O5 sample (Ti:H2O molar ratio = 1:1.8) prepared by in-situ 

disassembly-reassembly reactions. The image shows a region in which connected nanocubes surround void 

spaces originating from the original fcc colloidal crystal template (A), a region in which disconnected 

nanocubes and nanospheres occupy random positions with random orientations (B), and the largest region 

with simple cubic packing of nanocubes (C), which is representative of ca. 70–80% of this sample. (b) 

SEM image of an ordered area of nanocubes from region (C). Five discrete layers can be seen with square 

packing of cubes within each layer. (c) An expanded view of the outlined region from panel (b) with an 

overlay of colored cubes to illustrate the simple cubic packing in this region. (d) A three-dimensional plot 

of the three colored layers from panel (c) to illustrate the stacking of layers in a simple cubic geometry. 

3.3.3 Analyses of particle structure and composition In order to understand the mechanism for formation 

of the simple cubic array structure, it is necessary to analyze the building blocks at various stages of 

reassembly. Figure 3.5a is an SEM image of a region similar to region B. Cubes with edge lengths of ca. 

115±4 nm and spheroids with diameters of ca. 62±4 nm were produced using a template of 378±7 nm-

diameter, closest-packed PMMA spheres. These particles have well defined morphologies and remain 

unagglomerated. The geometrical relationship between the initial 3DOM structure and the isolated cubes 

and spheres has been explained previously.16 In short, the cubes originate from octahedral voids surrounded 

by six templating PMMA spheres, and the spheroids arise from the tetrahedral interstices formed among 

four spheres. Therefore, their shapes and sizes are determined by the PMMA template, which provides 

facile control over the morphology and reproducibility. In addition to cubes and spheroids, some minute 

irregular particles (ca. 10 nm) are observed. These are believed to originate from ion diffusion processes 
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that occur during calcination but after removal of the PMMA template, because longer calcination times 

produced more of these irregular particles. Some necks were retained in the disassembly, producing chains 

and larger arrays of connected cubes and spheroids (Figure 3.5b, c) and providing evidence that the 

particles evolved from the 3DOM structure. The nanocubes and spheroids possess a vermicular 

mesostructure templated from the Brij 56 nonionic surfactant, as visualized in the transmission electron 

microscopy (TEM) image (Figure 3.5d). For a sample prepared with a low water content (H2O:Ti mole 

ratio = 1.8), only faint diffraction rings can be seen in the selective area electron diffraction (SAED) image, 

indicating that an amorphous phase dominated the structure. In the small-angle X-ray scattering (SAXS) 

pattern of this sample only a weak, broad reflection centered around 6.0 nm was observed, consistent with a 

worm-like mesostructure. Even though a nonionic surfactant was employed in this synthesis, a relatively 

low BET (Brunauer-Emmett-Teller) surface area of 83.0 m2/g and mesopore volume of 0.085 cm3/g were 

measured by nitrogen adsorption. These low values are attributed to a combination of three factors: partial 

collapse of mesopores during calcination, incomplete removal of the surfactant template (samples prepared 

at 400 ˚C were not completely white),21 and blocking of mesopore openings as smaller spheroids were 

assimilated by the cubes (see discussion below). Elemental analysis revealed that the P-content in the 

product (44.6 wt% Ti, 10.7 wt% P, corresponding to a molar ratio of 2.68:1) was lower than in the 

precursor mixture (Ti/P molar ratio of 2:1). This reduction indicates that some phosphate was not retained 

in the matrix, possibly due to its lower hydrolytic reactivity22 or due to partial sublimation of the P2O5 glass 

phase during calcination. With a higher water content (H2O:Ti molar ratios up to 5.8), the fraction of 

crystalline TiO2 (anatase) grew, but the particle shape was still well preserved (see TEM image and SAED 

pattern in Figure 3.5e and powder X-ray diffraction (XRD) patterns in Figure 3.5f). These anatase domains 

were embedded in an amorphous P2O5 phase to form the larger cubes containing Ti and P throughout, 

based on elemental mapping (Figure 3.5g-i). 
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Figure 3.5 (a) SEM image of cubic and spheroidal nanoparticles obtained by disassembly of 3DOM TiO2-

P2O5 (region (B) in Figure 3.3a). (b) SEM image of arrays of TiO2-P2O5 nanoparticles in which the smaller 

spheroids originating from tetrahedral holes are still visible. (c) TEM image of a one-dimensional chain of 

rounded cubes together with smaller nanoparticles. The expanded region shows a halo of minute particles 

around the larger nanoparticles. The schematic provides a three-dimensional interpretation of this structure. 

(d) TEM image of a cubic nanoparticle prepared with a Ti:H2O molar ratio of 1:1.8 (inset: SAED pattern). 

(e) HR-TEM image of a TiO2-P2O5 nanoparticle prepared with a Ti:H2O molar ratio of 1:5.8 which 

produced crystalline anatase nanoparticles within a glassy P2O5 matrix (inset: SAED pattern). (f) A 

comparison of X-ray powder diffraction patterns for two samples prepared with Ti:H2O molar ratios of 

1:1.8 (bottom), 1:3.8 (middle) and 1:5.8 (top). The degree of titania crystallization increased with higher 

water content. (g) High angle angular dark field scanning transmission electron microscopy (HAADF-

STEM) image of particles in a sample prepared with a Ti:H2O molar ratio of 1:5.8. (h) Ti mapping of the 

outlined region in panel (g). (i) P mapping of the outlined region in panel (g). Note that samples in panels 

(c), (g), (h) and (i) were prepared with a template composed of smaller PMMA spheres than in the other 

samples shown. 
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3.3.4 Pathway of self-reassembly In-situ formation of the ordered simple cubic structure can now be 

explained as follows (Figure 3.1). The initial steps are analogous to processes observed in disassembly of 

3DOM silica with mesoporous walls.16 During calcination the walls of the 3DOM structure become thinner 

and the connected skeleton transforms to discrete particles of two different sizes (Figure 3.5a). With 

prolonged calcination, edges and corners of the kinetically stabilized nanoparticles become more rounded 

to minimize surface energies. At the calcination temperature, further structural transformation may occur 

through sintering and Ostwald ripening processes in the phosphate-containing medium.23,24 The smaller 

particles arising from tetrahedral interstices are more susceptible to shrinkage because of their (originally) 

more extended shapes and smaller volumes.16 As the spheres are assimilated by the larger cubes, only cubes 

are left as recognizable shapes. As expected from such a process, the final cubes are larger than their 

original cubic precursors (134±7 nm in region C (Figure 3.5b) compared to 115±4 nm in region (B) (Figure 

3.5a). Figure 3.5b shows a region in the sample where smaller spheres are still present, but some of these 

appear to combine with the cubes. When the smaller spheres are largely eliminated, a structural re-

organization of the discrete nanocubes can occur. Note that in the 3DOM structure the octahedral units 

considered by themselves are in an fcc arrangement. Along the [001] direction, uniformly oriented cubes on 

every two adjacent fcc layers occupy complementary positions. Therefore, adjacent layers of the originally 

fcc structured nanocubes may interpenetrate and collapse to restack in a regular fashion, forming the simple 

cubic lattice. An animated cartoon of the in-situ re-assembly is provided in a video available from the 

publisher Wiley-VCH (http://dx.doi.org/10.1002/anie.200701553). This re-assembly process may be 

concurrent with the disassembly, leading to the three different packing regions (Figure 3.4a) and the 

occurrence of some cubic arrays in which smaller spheroidal particles are still present (Figure 3.5b). 

Such ordered simple cubic arrays with low packing densities and six-fold coordination have not been 

achieved through natural self-assembly except when a patterned substrate was used.11 Indeed, although 

cubic nanoparticles prefer a square pattern in 2D,25 periodic assembly in 3D is not normally favored due to 

the energy barrier for cube re-orientation. In our case, the simple cubic packing is dictated by the placement 

of nanocubes as a result of using an fcc template and facilitated by larger contact areas in rounded cubes 

compared to hard spheres. The driving force for self-reassembly is likely to involve capillary forces, 

facilitated by a low melting, relatively mobile phase — here the phosphate rich phase. To-date we have not 

observed reformed colloidal crystals in a phosphate-free titania system or in a pure silica system, but have 

found regions of simple cubic assemblies in a related ZrO2-P2O5 system. The need for a liquid-forming 

phase to facilitate reassembly may also explain the observation of the disordered region (region B in Figure 

3.3a) near the external surface of the aggregate, where phosphate is more easily lost through sublimation. 

With insufficient phosphate, capillary forces may have been too weak to cause self-reassembly. It is notable 

that after redispersion of the assembled cube arrays via sonication and subsequent resedimentation, no 

structural ordering could be observed, indicating that the pre-defined position and orientation are 

indispendible in the in-situ process. 
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3.3.5 Shaped particles with other compositions Through the templated-disassembly process, Au cluster-

doped TiO2-P2O5 nanoparticles were formed. Figure 3.6a is a TEM image of several nanocubes. These 

particles still possess slightly protruding corners, remains from connecting bridges in the original extended 

3DOM framework. The extent of Au doping in the particles was evaluated by TEM (Figure 3.6b). The Au 

clusters are evenly dispersed inside the cubes without any observable agglomeration. This pattern results 

from the fact that Au particles, once dispersed in the titania sol, are trapped in their positions by gelation, 

and eventually distributed throughout the TiO2-P2O5 cubes. Elemental analysis revealed an Au content of 

1.95×10-3 wt% in the sample. Although the doping level is quite low, it significantly enhances the 

crystallinity of the TiO2 phase in the material compared to undoped samples. Highly ordered, poly-

crystalline regions can be clearly observed inside Au-TiO2-P2O5 particles under HRTEM (Figure 3.6c), and 

the SAED image (Figure 3.6c inset) shows strong diffraction rings indexed to the anatase phase of TiO2, 

indicating that phosphorus oxide is present as a separate phase. In a previous section, we described that the 

crystallinity of TiO2 in TiO2-P2O5 cubes can be adjusted by the amount of H2O. Here, although a small 

amount of H2O was also introduced with the Au dispersion, the crystallinity enhancement can be 

unambiguously attributed to the effect of Au nanoparticles. A comparison of XRD patterns (Figure 3.7d) of 

Au-TiO2-P2O5 and TiO2-P2O5 made with a similar amount of H2O clearly shows the difference: much 

stronger diffraction peaks were present in the pattern of the Au-doped sample. Similar enhancement of 

TiO2 crystallinity by Au-doping has been observed before, but the mechanism is still under discussion.26 

Therefore, it is not clear whether this crystallinity induction can be applied to other systems. Nevertheless, 

the Au/anatase nanocomposite system is a promising candidate for applications in photocatalytic processes 

that rely on collaborative effects between Au clusters and anatase TiO2.27 
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Figure 3.6 Electron micrographs and diffraction patterns of Au-doped TiO2-P2O5 nanoparticles: (a) TEM 

image of cubic nanoparticles. (b) TEM image showing Au clusters embedded in the TiO2-P2O5 matrix. (c) 

HRTEM image of crystalline TiO2 regions (inset: SAED pattern). (d) A comparison of XRD patterns 

between Au-induced crystallinity and the effect by a similar amount of H2O present in the synthesis. The 

top trace corresponds to the sample containing Au clusters, the bottom trace to the sample without Au. 

Indexed lines correspond to the anatase phase. 

We further extended the alkoxide-based sol-gel disassembly method to preparations of ZrO2-P2O5 and 

Al2O3-P2O5 nanoparticles. Zirconium butoxide and aluminum sec-butoxide were used in the precursor 

mixtures. Although these reagents were more reactive than titanium isopropoxide, the procedures were 

largely similar to those used for the TiO2-P2O5 system, except that more extensive precipitation occurred 

during mixing and longer stirring times were needed to re-dissolve most of the precipitate.  

SEM and TEM images of the ZrO2-P2O5 product show discrete nanoparticles after calcination (Figure 

3.7a and b). Although most of the particles derived from octahedral holes have cubic shapes, their corners 

are more rounded than those of the titania-based products. The same observations apply to Al2O3-P2O5 

nanoparticles, whose morphologies are shown in the SEM and TEM images in Figure 3.7c and d. In this 

case the rounding effect is so acute that some particles almost appear spherical, in particular in the TEM 

image. The rounding effect is attributed to minimization of surface energies during sample processing. It is 

composition-dependent and tends to be more pronounced for small particles. Due to a relatively small 

atomic number of Al, the Al2O3-P2O5 nanoparticles show less contrast in the TEM image (Figure 3.7d). 
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Overlapping regions between adjacent particles can be clearly seen, but particles remain disconnected from 

each other, indicating that the degree of agglomeration among these particles is low as in the other two 

samples. The ZrO2-P2O5 and Al2O3-P2O5 samples are mainly amorphous, based on both HRTEM and 

power XRD data. This is consistent with the amorphous nature of the TiO2-P2O5 sample prepared under 

similar conditions.   

 

Figure 3.7 SEM and TEM micrographs of ZrO2-P2O5 nanoparticles (a: SEM and b: TEM) and Al2O3-P2O5 

nanoparticles (c: SEM and d: TEM). 

 

3.4 Conclusions 

In summary, we report a template-directed synthesis of bimodally dispersed TiO2-P2O5, ZrO2-P2O5 and 

Al2O3-P2O5 nanocubes and spheroids, in which the TiO2-P2O5 cubes are transformed into extended 3D 

simple cubic arrays of a single type of nanoparticles through a non-electrostatic, in-situ self-reassembly 

process. The mechanism in this unusual transformation from fcc to simple cubic arrays relies on the special 

positioning and orientation of template-confined nanoparticles and may occur in parallel with the 

disassembly process. Many applications involving colloidal crystals (photonics,9 optoelectronics,28 

combinatorial screening,29 etc.) depend on the specific geometry of the colloidal crystal and/or on 

interactions between colloidal particles. This unique approach to simple cubic arrays of nanoparticles adds 

to the choices of available geometries, coordination numbers and packing densities in nanoparticle arrays. 
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Even though the structures created in the present work are far away from the perfection necessary for 

photonic crystals, an adaptation of the self-reassembly method may provide a faster, low cost alternative to 

produce simple cubic photonic crystals that are normally prepared by elaborate micromachining, layer-by-

layer lithography, holography and macroporous silicon etching, all expensive and time-consuming 

methods.30-33 The simple cubic colloidal crystals may also serve as templates to produce inverted photonic 

crystal structures with this geometry. Following the strategy presented here, it may be possible to alter 

nanoparticle shapes and achieve even more complex geometries in colloidal crystal systems through 

combined disassembly and self-reassembly processes.  
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CHAPTER 4  
Template-directed Synthesis and Organization of Shaped Oxide/Phosphate 

Nanoparticles  

4.1 Introduction 

Metal oxide systems scaled down to the nanometer realm display many unique properties. Electronic 

bandgaps of semiconducting oxide nanocrystals can be modulated via changes in size, shape and 

organization.1 Ferric oxide colloids become superparamagnetic below a critical size.2 Chemical reactivity 

can be tuned by modifying particle shapes or predominant facets.3 Furthermore, oxide nanoparticles (NPs) 

usually possess high specific surface areas, facilitating interfacial processes when the NPs are used as 

catalyst carriers. For these reasons, metal oxide NPs or colloids play important roles in many areas, 

including catalysis,4 energy conversion, sensing,5 nano/microelectronics,6 optics,7 etc.  

The unique characteristics and wide applications of nanoscaled metal oxides have been the motivation 

for significant research efforts related to oxide NP syntheses. Rational NP formation involves the 

aggregation from individual atoms, ions or other species into clusters. A prevailing technique involves 

reactions in liquid media, especially nonaqueous solvents for fine-tuning NP characteristics.8 The particle 

size may be controlled kinetically, often assisted by adsorption of organic additives on the particle 

surfaces.9 For crystalline particles, guiding the crystallization process is a versatile and sensitive way to 

manipulate NP morphology.8 It provides a large degree of morphological control over small, single-

component oxide particles. However, larger particles or particles with more complex compositions are less 

easily controlled in this way. Furthermore, due to the fact that crystallization proceeds differently for 

different materials, the synthetic conditions are typically very materials-specific. It is desirable to have 

synthetic techniques that are more generally applicable and embrace both compositional variety and precise 

control over particle sizes and morphologies. A phase transfer method reported by Li et al. represents a 

more general synthesis strategy for various compositions, but only spherical shapes have been obtained for 

large colloids.10,11 Facile and general approaches for synthesizing more anisotropic and complex structures 

at this scale would be of great interest for many advanced applications.12 

Recently, we and other researchers focused on an alternate ‘top-down’ direction towards 

nanoparticulate structures. Instead of assembling individual atoms or ions, macroscopic structures with 3D 

periodicity on a nanoscale were first built and then disassembled into particles. Conceptually, this is similar 

to constructing a ‘building’ (3D skeleton) first and then retrieving the ‘bricks’ (building blocks) (Figure 

4.1). This seemingly counter-intuitive process is indeed an effective strategy for NP structuring, when the 

3D skeleton is relatively easy to construct. Several different approaches to ‘disassembly’ have been 

explored. Wiesner et al. reported fracturing mesoporous structures into individual blocks via sonication.13 
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In their case, 3D periodic structures were built by co-assembly of a silica sol and a block copolymer. After 

extracting the polymer template, the mesostructured silica was disintegrated into discrete nanoobjects of 

various shapes via sonication. The versatile assembly of block copolymers permits the formation of various 

mesostructures,14 possibly leading to many kinds of shaped NPs. Given the fact that ordered mesostructures 

with complex compositions can now be co-assembled from many different metal precursors and block-

copolymers,15 the block-copolymer-based disassembly method also promises to be a general route. Using 

another approach, Thomas et al. fabricated 3D grids by lithography.16 Interference laser exposure could 

bore uniform, well-organized hole arrays in a solid target, producing complex 3D structures by 

programmed etching from multiple directions. By progressively enlarging the pores, eventually the entire 

structure was broken down into multi-pods. With different lithography parameters, this method could 

permit precise tuning of the particle size and morphology, and it may also be applicable for different 

compositions.  

 

Figure 4.1 Schematic illustrating the concept of disassembling a generic 3D skeleton to its building blocks 

of various shapes.  

Our approach to construct a 3D skeleton is through colloidal crystal templating. Colloidal crystals are 

three-dimensional periodic arrays, assembled from monodisperse colloids, typically spheres several 

hundred nanometers in diameter. Natural opal is one example of a colloidal crystal, formed from silica 

spheres. But the spheres can also be composed of other materials, such as polymers.17 By filling the 

interstitial space with another substance and then removing the spheres, a three-dimensionally ordered 

macroporous (3DOM) structure can be formed.18 The resulting skeleton inherits its geometry and ordering 

from the template. Subsequently, through controlled heating, the 3DOM structure spontaneously 

disassembles and evolves into individual particles with well-defined shapes (building blocks).19 The 

resulting particle shapes include cubes, spheres, and multi-pods, and the particle sizes are dictated by the 

colloidal sphere size of the template (Figure 4.2).  
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Figure 4.2 Schematic of colloidal crystal templating and disassembly of the 3DOM structure. The resulting 

nanoparticles are initially composites of amorphous metal oxide and phosphate. Calcination leads to the 

crystallization of a pure metal oxide phase, and the remaining phosphate can then be removed by NaOH 

etching. 

As a “hard templating” or casting method, colloidal crystal templating is widely applicable to various 

compositions.20 Therefore, spontaneous disassembly of a 3DOM structure potentially leads to a variety of 

nanophased materials, including those with the very important cubic shape. Herein, we utilized this 

spontaneous nanostructure transformation as a generalized synthetic route for shaping metal oxide NPs. 

The period-4 d-block transition metals were used here to exemplify the generality of the method. In several 

cases, uniform oxide particles or oxide/phosphate composites with cubic shapes were synthesized, even for 

amorphous phases. In other cases, more rounded cubes of relatively uniform size were obtained as the 

thermodynamically more stable morphologies. Mesoporosity was found in particles that remained largely 

amorphous. As the NP morphology and size are controlled by the colloidal crystal template, a high degree 

of compositional flexibility is allowed, rendering the disassembly of the 3DOM structure a general, facile, 

and inexpensive NP synthesis for function-oriented materials design. This study also provided new 

examples of particle self-reassembly into simple cubic (sc) arrays, a phenomenon which we had observed 

previously in the instance of a titanium oxide/phosphate composite.21 

 

4.2 Experimental 

4.2.1 Materials Methyl methacrylate (MMA), 2,2′-azobis(2-methyl propionamidine) dihydrochloride 

(AMPD), Brij 56 surfactant (C16EOn, n≈10), triethyl phosphate (>99.8%), butylamine (99%), and 

diethylenetriamine (99%) were purchased from Aldrich, n-propanol from Fisher, and diethylamine from 

Acros. Various metal acetates were obtained from different sources as listed in Table 4.1. 
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Table 4.1 Information about the metal sources and co-solvents used for the metal oxide/phosphate 

precursors 

Metal Acetate Solvent Ratio 

(wt:wt)
[(CH3CO2)2Cr·H2O]2  (Matheson Coleman & Bell) n-propanol  

(CH3COO)2Mn · 4H2O  (98%, Aldrich) n-propanol + butyl amine 3:1 

(CH3COO)2Fe  (95%, Aldrich) n-propanol + diethyl triamine 1:2 

(CH3COO)2Co · 4H2O  (>98%, Strem) n-propanol + butyl amine 1:2 

Ni(OCOCH3)2 · 4H2O  (>99%, Mallinckrodt) n-propanol + butyl amine 1:2 

Cu(CO2CH3)2 · H2O  (98.7%, Mallinckrodt) n-propanol + diethyl amine 1:1 

Zn(CH3COO)2 · 2H2O  (98%, Mallinckrodt) n-propanol + butyl amine 1:2 

 

4.2.2 Syntheses Suspensions of monodisperse PMMA spheres were prepared via an emulsifier-free 

emulsion polymerization of MMA with AMPD as an initiator.22 The spheres were then assembled into 

close-packed colloidal crystals. A variety of methods exist in the literature to achieve sphere assembly.17 

Here, PMMA spheres were sedimented naturally in a capped crystallization dish. Depending on the amount 

of suspension, a condensed sediment with bright opalescence appeared on the bottom within several weeks. 

This indicated that on ordered configuration was adopted on a bulk scale. The cap was then removed 

partially to allow water evaporation at ambient temperature (ca. 3–5 days), and self-standing monoliths of 

colloidal crystals were thus formed. They were cut into centimeter-sized pieces and served as templates 

without further treatment. 

All metal oxide precursors were prepared following the same procedure: 0.01 mol metal acetate 

powder was first dissolved in 2.7 g solvent. The solvent was either n-propanol or a mixture of n-propanol 

and an amine as listed in Table 4.1. These choices accommodated the differences in solubility of the 

different metal acetates. The powder was agitated in the solvent for 30–60 min to achieve uniform mixing. 

Then 2.73 g Brij 56 surfactant and 1.84 g triethyl phosphate were added, and the vial was capped and 

stirred for 120 min to ensure good mixing. Following this procedure, uniform syrup-like precursors were 

obtained. 
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The precursors were infiltrated into colloidal crystals at room temperature. PMMA templates were 

half-immersed into the precursors, and the precursor entered the voids in the template by capillary forces. 

Thorough penetration was usually achieved within a few hours. The template pieces were retrieved from 

the vials and extra precursor on the surface was wiped off. Then the template-precursor composites were 

sealed in a glass container, stored at 50 ˚C at least 2 d and subsequently heated in flowing air (1 L/min) at 

400 ˚C for 4 h to remove the template and cause the 3DOM structure to disassemble. The as-calcined 

samples contain metal oxide and phosphate in composite phases. To remove the phosphate phase, samples 

were soaked in 7% NaOH for 12 h under mild stirring, followed by centrifugation and repeated rinsing with 

7% NaOH and deionized H2O.  

4.2.3 Characterization The sample morphologies were characterized by electron microscopy. Scanning 

electron microscopy (SEM) images were taken on a JEOL 6700 field emission microscope (5 kV). For 

imaging, samples were sputter-coated with 5 nm-thick Pt to avoid charging effects. Compositional analyses 

were performed with a Thermo-Noran Vantage system on a JEOL 6500 microscope with samples coated 

with 5 nm carbon. X-ray diffraction (XRD) patterns were acquired using a Bruker AXS D5005 

diffractometer with a Cu-Kα X-ray source. Solution 1H NMR spectra were acquired on a Varian VXR-300 

NMR spectrometer. Nitrogen adsorption measurements were taken on a Micromeritics ASAP 2000 gas 

sorptometer and the samples were degassed below 0.003 mmHg at 200 ˚C overnight prior to measurement. 

 

4.3 Results  

4.3.1 Single-metal oxides With the colloidal crystal templating and disassembly method, a series of cubic 

oxide NPs were synthesized from different metal acetate precursors. Uniform cubic nanoparticles or 

rounded cubes were obtained in all the cases (Figure 4.3). The average particle sizes varied between 66 to 

101 nm for templating spheres with diameters of 400 +/- 5 nm (Table 4.2), reflecting different extents of 

shrinking of the materials as a result of calcination. In some images, the particles seemed to be glued 

together by an amorphous phase, however the particles themselves were not agglomerated and could be 

easily dispersed in ethanol (Figure 4.4). In comparison, products from syntheses without a colloidal crystal 

template displayed no definitive morphology at all (Figure 4.5). 

Powder X-ray diffraction (XRD) patterns of these metal oxide particles indicated that all the materials 

possessed nanocrystalline structures, except chromium oxide which still remained amorphous. The 

crystalline phases were indexed using the ICDD (International Centre for Diffraction Data) database 

(Figure 4.6). Even though triethyl phosphate was used in the synthesis to control particle formation, only 

pure metal oxide phases were identified but no crystalline phosphate phases were observed. Metal 

phosphate could only be detected when the samples were heated to ca. 800–900 ºC. As the crystalline 

domain sizes were only a few nanometers, as estimated using the Scherrer equation, one can rule out the 
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possibility that the particle morphologies were defined by the crystalline structures. In addition, the absence 

of crystalline phosphate phases and the small size of metal oxide crystal domains support the picture that 

metal oxide and phosphate co-exist in composite form (Figure 4.6).  

Table 4.2 Particle dimensions and textural characteristics of particle before phosphate removal 

System Particle 

dimensions1 

Surface area 

(BET) (m2/g) 

Average pore size1   

(nm) 

Pore volume2       

(mL STP/g) 

CrOx 83±3 745.5 3.6 0.837 

Mn3O4 85±5 52.3 7.6 0.116 

Fe2O3 + Fe3O4 66±4 48.4 12.1 0.184 

Co3O4 101±7 40.4 7.0 0.097 

NiO 82±3 137.3 4.2 0.171 

CuO 82±4 39.8 16.8 0.156 

ZnO 84±4 22.5 4.4 0.031 

CoFe2O4 101±12 110.8 8.8 0.258 

ZnFe2O4 99±4 28.7 4.6 0.054 

1. Standard deviations were determined by counting at least 20 cubes or cuboids in each batch. 
Occasionally observed much larger particles were not included in the particle analysis as they could be 
easily removed by centrifugation. 

2. Calculated based on desorption curve 
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Figure 4.3 SEM images of d-block metal oxide/phosphate nanoparticles. (a) CrOx, (b) Mn3O4, (c) Fe2O3-

Fe3O4, (d) Co3O4, (e) NiO, (f) CuO, (g) ZnO, (h) CoFe2O4 and (i) ZnFe2O4. Phosphate had not been 

removed from these samples. 
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Figure 4.4 TEM images metal of oxide/phosphate particles. (a) CrOx (overview), (b) CrOx, (c) Fe2O3-

Fe3O4, (d) NiO. 

 

Figure 4.5 SEM micrographs of samples prepared in control experiments, where precursor gels were 

subjected to calcination directly and no colloidal crystal template was used to control particle morphology.  
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Figure 4.6 Powder XRD patterns of the oxide/phosphate nanoparticles. The crystalline phases were 

indexed using the ICDD database and the markers are located based on: Mn3O4 (PDF#18-0803), mixture of 

Fe2O3 (red, PDF#33-0664) and Fe3O4 (blue, PDF#39-1346), Co3O4 (PDF#42-1467), NiO (PDF#47-1049), 

ZnO (PDF#36-1451), CoFe2O4 (PDF#03-0864) and ZnFe2O4 (PDF#22-1012). No lines are included for 

CrOx, which was amorphous. 

If the metal oxide and phosphate formed separate phases upon crystallization, the phosphate phase 

should be removable by base treatment in base whereas the metal oxide should remain intact. This was 

indeed the case for samples containing crystalline metal oxides, where the phosphate could be selectively 

removed via soaking in NaOH as confirmed by EDX (Figure 4.7) and the SEM images (Figure 4.8) that 

showed that particle shapes were well preserved during this process. In contrast, the phosphate could not be 

entirely removed from the chromium oxide sample, indicating that in this sample no phase separation 

occurred between oxide and phosphate components. 
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Figure 4.7 EDX spectra of (a) CrOx, (b) Mn3O4, (c) Fe2O3-Fe3O4, (d) Co3O4, (e) NiO and (f) ZnO 

nanoparticles before (green) and after phosphate removal (red). The silicon peak originates from the silicon 

substrate used in the analysis. 

 

Figure 4.8 SEM images of oxide particles after P removal. (a) Fe2O3-Fe3O4, (b) Co3O4, (c) NiO. 

4.3.2 Porous particles In this study, the Brij 56 surfactant was found to promote disassembly. Highly 

concentrated amphiphilic surfactants such as the Brij series are also known to form lyotropic crystalline 

phases, which can template mesoporous structures.23 To determine the presence of mesopores in the 

templated particles, we analyzed the samples by N2 sorption measurements (before extraction of 

phosphate). The isotherms are shown in Figure 4.9 and the results are summarized in Table 4.2. Particles of 

several samples had porous interiors, with BET surface areas up to ca. 750 m2/g for the amorphous 

chromium oxide sample. This sample has a broader BJH pore size distribution  than observed in templated 

silica cubes,19 peaking at 3.6 nm.23,23-25 However, for most crystalline samples, the surface area dropped 

significantly to below 50 m2/g, a surface area that is largely associated with external particle surfaces and 

indicative of non-porous interiors.. It is not uncommon that crystallization damages mesoporosity to some 

extent and leads to smaller surface areas and poor mesostructures.26 The porous structure was also analyzed 

by SAXS. Occasionally, the SAXS measurements demonstrated distinguishable peaks in the low angle 
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region but they were not pronounced, indicating that pores produced in the current synthesis, when they 

existed, were mainly disordered. 

 

Figure 4.9 Nitrogen sorption isotherms of different oxide particles. (a) CrOx, (b) Mn3O4, (c) Fe2O3-Fe3O4, 

(d) Co3O4, (e) NiO, (f) CuO, (g) ZnO, (h) CoFe2O4 and (i) ZnFe2O4. Phosphate had not been removed from 

these samples. 

4.3.3 Mixed oxides Complex oxides with multiple components are important for the development of 

functional ceramic materials. One example is the large family of spinel oxides with general formula 

XY2O4.27 Preparing such ternary oxide nanoparticles via co-precipitation requires careful adjustment of the 

precursor solubilities or ion ratios to assure that the required stoichiometries are obtained.28,29 As an 

example, Fe3+ hydrolyzes and condenses much faster than Zn2+ in aqueous solution, and co-precipitation to 

the spinel ZnFe2O4 requires a certain amount of excess Zn2+ for compensation while ZnO formation must 

be carefully avoided.29 Such complications can be avoided in the current templating approach. Metal 

precursors with the desired stoichiometric ratio were mixed uniformly and then infiltrated into the template. 

The confined spaces within the colloidal crystal template served as micro-reactors and helped prevent 

crystalline phase separation. Two mixed oxides (CoFe2O4 and ZnFe2O4) were synthesized by mixing the 

precursors in a stoichiometric ratio. Both samples showed similar particle morphologies to the single-

component NPs (Figure 4.3). The XRD patterns (Figure 4.6) confirmed the presence of the mixed oxide 

crystalline structures, and no other phase was found for the ZnFe2O4 sample. For CoFe2O4, however, a 

small amount of a secondary Co3O4 single oxide phase was identified. 
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4.3.4 Particle reassembly Ordered NP assemblies represent a new generation of materials that may have 

applications in optoelectronic, photonic, microelectronic, and biomedical devices.30 The self-assembly of 

NPs is an effective and inexpensive way to achieve certain patterns. Smaller NPs (diameter < 20 nm) may 

be organized through manipulating interactions such as van der Waals forces, electrostatic attractions, steric 

repulsion, and entropy depletion.31 But these short-range interactions are usually less effective in 

controlling large particles or colloids. Surface tethering, such as with programmed DNA strands is a more 

flexible way and was shown to direct Au NPs into face-centered cubic or body-centered cubic patterns.32,33 

But the design of suitable DNA strands and manipulation of their interactions is highly complicated. The 

current templating method provides opportunities for three dimensional particle organizations in a very 

different and yet very simple manner. The ordered arrangement of the voids within the colloidal crystal 

lattice was carried over by particles, and the particles could be considered as pre-positioned with 3D 

periodicity and from this point re-organize into closed packed structures. This special “structural memory 

effect” can produce some unusual patterns such as 3D simple cubic arrays as we recently demonstrated for 

a titanium oxide/phosphate nanocube array.21 Here we show that this geometric conversion is applicable to 

other compositions as well. Figure 4.10 displays metal oxide NPs self-organized into three-dimensional 

arrays and simple cubic symmetry can be easily identified in Figure 4.10b. Cubic particles tend to form 

ordered cubic superlattice structures in two dimensions.34 But similar three-dimensional patterns bearing 

long range order are quite rare. The reassembly process is also highly controllable into different patterns 

and a detailed discussion will be presented later. This simple reassembly process may be further developed 

into a facile and inexpensive route towards non-face-centered-cubic (non-fcc) structure, and may find 

applications in the research of photonic crystals.35 

 

Figure 4.10 SEM images of oxide/phosphate nanoparticle arrays formed by the reassembly process. (a) and 

(b) CrOx, particles re-assemble into simple cubic patterns. Structural reassembly is also evident for (c) 

Co3O4 and (d) NiO containing samples. 
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4.4 Discussion 

4.4.1 Disassembly and Particle Formation The 3DOM structure is a 3D periodic framework with uniform, 

interconnected air balls. The disassembly process converts the 3DOM structure into uniform cubic and 

smaller spherical particles as depicted in Figure 4.2. A 2D transformation of a hole-patterned Au film was 

reported in which annealing broke the connections between vertices and transformed the holey pattern into 

a dot array.36,37 The 3D version of this picture, i.e., the disassembly of the 3DOM structure generally 

follows a similar pattern by breaking up the vertices from the necks, which have been shown to be the 

weakest points in the structure.38 As this process reduces the surface-to-volume ratio of the structure, it is a 

thermodynamically favored process. However, most 3DOM metal oxides synthesized before were quite 

thermally stable prior to sintering or excessive crystallization.39,40 Since the syntheses of these 3DOM 

materials usually involved direct precipitation of a precursor within the template, they may have high 

degrees of condensation and therefore sufficiently high mechanical strength to maintain an extended 

skeleton. More importantly, we believe that the relatively high degree of condensation limits the possibility 

of further reaction and provides an insufficient driving force for disassembly.  

Therefore, one aim of the current study was to prepare 3DOM structures that initially have low 

mechanical strength. The use of an amphiphilic surfactant is a key factor. Amphiphilic surfactants, such as 

Brij series surfactants, could form lyotropic liquid crystal phases that were uniformly distributed in the 

precursor and exhibited sufficient thermal phase stability during processing. In fact, the 3DOM structural 

changes observed during the investigation provided the incentive to develop this template-mediated 

nanoparticle synthetic route. With appropriate composition, when a contracting force is initiated, such as 

from condensation under calcination, disassembly occurs spontaneously.  

4.4.2 Metal precursor Sol-gel syntheses of 3DOM oxides are typically based on metal alkoxide hydrolysis-

condensation,18,41 although other methodologies, such as salt precipitation, allow more flexibility in 

choosing starting materials.42 Metal alkoxide precursors have limitations related to their cost, availability, 

or difficulty in handling. In this study, we chose metal acetate salts as more general sources. The metal 

acetates were dispersed in n-propanol and amines were used as co-solvents. The amines helped dissolve the 

metal acetates, which, except for chromium acetate, have only limited solubility in alcohol.43 The choice of 

amine co-solvent was based on experimentation to minimize the solvent usage and thus to ensure enough 

solid content after calcination. Hydrolysis/alcoholysis and condensation of zinc acetate in alcohol or amine 

towards ZnO nanostructures have been thoroughly studied, due to many potential applications of ZnO-

related materials. Similar reactions of other transition metal acetates have been explored to a lesser degree. 

Nevertheless, they may be described largely by the same reaction scheme as zinc acetate. When a metal 
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acetate is dispersed in n-propanol, it can be hydrolyzed into a hydroxyl species by its own water of 

coordination (eq. 1).44,45 

M O

O

M OH +
OH

O

. H2O (1)
 

Alternatively, hydroxylation may occur between the metal acetate and an alcohol molecule via ester 

elimination (eq. 2).46,47 A similar route may be followed when an amine is used as a co-solvent (eq. 3).48,49  

M O
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+ M OHOH +
O
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M O
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H

+
N

O

H
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It is worth mentioning that an amine can coordinate with the metal, and in cases when tridentate 

amines are used (such as for iron acetate in this study), the amine may bind multiple metal ions and enable 

coordination polymerization.50 However, such interactions are generally weak,51-53 and their effects should 

be minimal and are therefore not considered here. Subsequently, following the hydrolysis, the hydroxylated 

metal ions could proceed with condensation (eq. 4 and 5).  

M OH + MHO  H2OM O M

+ MHO M O M
M O

O

+
OH

O

+ (4)

(5)
 

In the proposed reaction scheme, the limited amount of coordination water and the slower rate of ester 

elimination reaction compared with direct hydrolysis led to stable sols rather than precipitates. We studied 

the proposed mechanism based on a model system with chromium acetate and n-propanol. Surfactant (Brij 

56) and triethyl phosphate were not added for simplification of the analyses: the poly(oxyethylene) 

surfactant should not be involved in the reaction and the triethyl phosphate has shown quite low reactivity 

towards hydrolysis.54 The reaction system was analyzed by 1H NMR and the results are plotted in Figure 

4.11. We found that acetic acid was initially formed as a by-product at low temperature, whereas propyl 

acetate dominated when the temperature was raised above 120 ˚C. Therefore the ester formation could 

proceed through the HAc route followed by esterification55 or through a direct ester elimination (eq. 2).46,47 

The total amount of ester may be inferred from the alcohol conversion, which followed an exponential 

growth and at 200 ºC approached the theoretical maximum of 44.4%, when nearly all the acetate groups 

existed as the ester. The degree of alcoholysis of chromium acetate was also calculated and plotted. It also 

indicated that the alcoholysis was relatively low initially and then grew exponentially at high temperature. 
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Therefore, it is clear that the hydro/alcoholysis and condensation reactions did not reach completion prior 

to calcination. It likely involved a mixture of oxide, hydroxide and acetates.56,57 The possibility for further 

condensation at higher temperature provided the driving forces for disassembly.  

 

Figure 4.11 The degrees of alcoholysis (dark yellow) and n-propanol conversion (red) in a simplified 

chromium acetate model system at different reaction temperatures. (Inset: the relative percentages of propyl 

acetate (Ester) and acetic acid (Acid) products at different temperatures.) 

4.4.3 Controlling NP synthesis and NP characteristics by templating The current disassembly strategy 

extends colloidal crystal templating to nanoparticle synthesis and provides fine control over particle size19 

and morphology. Hard templating is a common strategy to modulate nanostructured materials. Although 

templating methods have been widely used to produce 3D, 2D and 1D nanostructures, the application in 

syntheses of particles, which are essentially “zero dimensional”, is rather limited. NPs have been templated 

inside mesoporous silica or porous structures,58,59 but these products have limited size ranges and control 

over their morphology is not satisfactory. In the lost-wax approach, colloidal crystals were used to create 

3DOM structure which underwent another templating cycle resulting in spherical particles with essentially 

the same shape as the original colloidal sphere template.60 In the current method, the combined colloidal 

crystal templating and disassembly provides a facile and straightforward way to new structures. Uniform 

nanocubes are formed for a variety of materials with different properties, and the particles can be either 

amorphous or crystalline. The particle sizes could also be readily tuned by choosing PMMA templates of 

different sizes.19 The disassembly method also permits incorporation of more features by forming binary or 

doped systems. With broader interest in oxide nanoparticles for various applications, much effort has been 

geared toward larger quantity production.61 The method reported here is essentially a solid-state synthesis 

viable for scale up to meet the quantity needs such as those in syntheses of NP/polymer nanocomposites. 
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4.4.4 Structural transformation during reassembly Previously, we suggested that the capillary force due to 

the evaporation of a volatile phase led to the re-organization of non-close packed oxide cubes into a more 

close-packed motif (Figure 4.12).21 However, the route of the transformation had not been fully clarified. 

Here we used chromium oxide/phosphate particles as a model system to study the reassembly process. This 

highly controllable system allowed us the probe the process along the reassembly. Based on our 

observation we here propose a reassembly pathway that involves sequential reorganization of the 

nanocubes in one, two and three dimensions. 

 

Figure 4.12 Schematic of evaporation induced self-reassembly. As the volatile phases evaporated, shaped 

oxide particles were driven into closer packing. 

Following the disassembly process, the nanocubes initially resided in an fcc configuration, which was 

inherited from the octahedral holes within the original colloidal crystal template (see schematic in Figure 

4.2 and Figure 4.13a-3). Figure 4.13a-1 shows that particles stayed in the fcc arrangement and were 

embedded in an amorphous volatile phosphate phase. The non-close-packed arrangement can be clearly 

seen in Figure 4.13a-2. During removal of the volatile phase, the spaced nanocubes could no longer 

maintain their original positions. Driven by capillary forces, the nanocubes first organized into chain-like 

structures with roughly uniaxial direction (Figure 4.13b). It should be noted that the nanocubes tended to 

form chains along the [110] directions, where they could easily find the closest neighbors. Subsequently, 

the thus formed zigzag particle chains assembled laterally to form 2D particle arrays. The formation of such 

structures and their role as intermediate aggregates can be appreciated from Figure 4.13c. Once the single 

particle layers were formed, 3D packing could be realized by stacking of multiple layers in the next step. 

This was indeed the most likely process, as we observed that particles within each layer seemed to have 

stronger affinity to each other than between layers (Figure 4.13d). Eventually, the formation of simple 

cubic arrays was driven by the thermodynamics as it has been shown that the sc structure has the lowest 

free energy for a cubic array (Figure 4.13d).34 Note that the transformation may be facilitated by the 

absence of particle rotation in the process, which represents the biggest energy barrier for the assembly of 

random cubic particles into ordered arrays. The tendency to form a sc array is depicted in Figure 4.13e, 

where not only the multiple layer arrangement but also the placement of single particles obeyed the sc 

packing rule.  
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Figure 4.13 SEM images of chromium oxide/phosphate nanoparticles showing various stages of the 

reassembly process. (a) The initial state where the nanocubes were in a fcc arrangement. (b) Nanoparticle 

chains formed by connecting nanocubes along the [110] direction. (c) 2D particle array formed by lateral 

assembly of nanoparticle chains. (d) Stacking of multiple particle layers into 3D lattice. (e) Particle 

assemblies showing sc symmetry. 
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Although bimodal particles were supposed to be generated by the disassembly of 3DOM structures, 

corresponding to the tetrahedral and octahedral holes in the colloidal crystals template, we believe that in 

the current system the smaller particles from tetrahedral holes were assimilated by the larger ones from 

octahedral holes.19,21 Indeed, we found that in most cases the small particles were missing in the final re-

assembled patterns. Nevertheless, on occasion those particles were preserved and took part in the 

reassembly process. Figure 4.14 shows one example of re-assembly by binary particles. A nanocube array 

of sc symmetry was obtained, where the smaller particles occupied the voids between the larger cubes 

(Figure 4.14b). However, it appeared in Figure 4.14c that when the harmony of binary assembly was 

disturbed, line defects were created in the pattern.  

 

Figure 4.14 SEM images of re-assembly patterns formed by bimodal chromium oxide/phosphate particles. 

(a) Overview image showing a particle array with sc symmetry. (b) Zoomed-in image of region b in (a) 

showing an ordered binary particle assembly. (c) Zoomed-in image of region c showing line defects. 

 

4.5 Conclusions 

We presented herein a colloidal crystal templating synthesis of metal oxide nanoparticles. Unlike 

typical liquid phase syntheses, our method is based on creating a three-dimensionally ordered macroporous 

(3DOM) structure followed by disassembling it into discrete, uniform and shaped particles during the 

thermal processing step (Figure 4.2). This templating method is generally applicable to various 

compositions as we demonstrated here with d-block transition metal oxides. Although the method involves 

more steps than liquid phase syntheses, it provides straightforward morphology control, allows for scale up 

of the synthesis and is suitable for a broad spectrum of compositions. In addition, the oxide nanoparticles 

synthesized in this approach could self-reassemble into simple cubic arrays and the reassembly process was 

studied with a chromium oxide/phosphate model system. Based on its ability to dictate particle shapes and 

sizes and to facilitate spontaneous nanostructure transformations, this templating method provides a 

powerful approach towards achieving new morphologies, and we envision more exciting advancements 

following this direction in the future. 
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CHAPTER 5  
Site-Specific Functionalization of Anisotropic Nanoparticles: From Colloidal 

Atoms to Colloidal Molecules 

5.1 Introduction 

Self-assembly processes could benefit substantially from nanoparticles (NPs) with anisotropic 

structures and functions.1 Such particles, as building blocks, are capable of establishing directional 

interactions,2 and thereby facilitate either self-assembly or guided assembly into structures with different 

dimensionalities,1 ranging from functional multi-component clusters to extended arrays with desired 

symmetries.3 The variety of particles with different shapes, sizes and compositions reported in the literature 

has been categorized based on geometry and connectivity.1 In this regard, each group of NPs could be 

considered as a type of principal building block, and the design and synthesis of complex superstructures 

could, in principle, be realized by choosing from a few building blocks with simple geometries. This 

approach has been compared to organic synthesis, where a vast number of distinct compounds are 

synthesized from just a few types of atoms (e.g., C, H, O and N) that influence the product structure 

through directional bonding.4 Similarly, one can envision great advances in the self-assembly of materials 

following purposely designed trajectories, if atom-like principal building blocks with colloidal dimensions 

become readily available.  

The shapes of multipodal nanoparticles and their possible directional interactions have been compared 

to valences of atoms, i.e., the number of bonds that the atoms can form in various directions.5 The 

decoration of podal ends with functional groups and subsequent bonding with other nanoparticles would 

lead to true resemblances of atoms and molecules, but now at the colloidal or nanoscale.6-8 Theoretical 

studies have predicted that suitably designed anisotropic particles with tethers are capable of self-

assembling into some highly coveted structures.9,10 Experimentally, one recent example extending the 

valence bond concept to nanoparticles is found in CdSe quantum dots with tetrapodal structures,11 which 

were tethered with Au via selective reduction, thereby forming a structure analogous to atoms with sp3 

hybrid orbitals.7 Very recently, these tethered quantum dots were observed to form an extended network, as 

a first step towards their controlled assembly.12 However, structural control through nanocrystal 

engineering, though under rapid development,13 is limited to a small group of crystalline materials, and the 

tethering mechanism is also quite unique. One might, therefore, desire a more general shaping strategy that 

is not tied to a specific material, as well as more flexible tethering methods that enable “reactions” of 

“colloidal atoms" to form "colloidal molecules".2,8,14  

 

Reproduced in part with permission from Li, F.; Yoo, W.; Beernink, M. B.; Stein, A. J. Am. Chem. Soc.

2009, 131, 18548-18555. Copyright 2009, American Chemical Society 
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Here, we used colloidal templates as molds to shape sol-gel based multipodal nanoparticles with site-

selective tethering capable of directional interactions. Colloidal spheres as templates can be readily 

synthesized from different materials, and methods of packing spherical or quasi-spherical colloids into 

colloidal clusters (oligomers) and colloidal crystals have been widely studied, where the assembly is 

usually based on non-directional interactions, such as van der Waals forces and electrostatic forces,15,16 or 

subject to external fields, such as phase boundaries,17,18 electromagnetic fields19 and confinement 

effects.20,21 Using close-packed colloidal crystals as templates, we synthesized more interesting, tetrapodal 

particles which mimic hybrid orbitals with tetrapodal (sp3) configurations (Figure 5.1). The podal ends 

were selectively tethered with functional groups, thereby granting them the capability of site-specific 

directional bonding, as exemplified by coupling via thiol-gold interactions or by reductive amination 

between tethered nanoparticles. The synthetic strategies were designed from a nano-engineering 

perspective, and the particles were prepared by sol-gel chemistry, providing a methodology suitable for a 

wide range of materials. 

 

Figure 5.1 Schematic diagrams illustrating the processing steps to produce end-functionalized tetrapods. 

 

5.2 Experimental 

5.2.1 Materials Potassium persulfate was acquired from Fisher Scientific, ethanol (EtOH), toluene and HCl 

(37%) from Mallinckrodt. 2,2′-Azobis(2-methyl propionamidine) dihydrochloride (AMPD), 3-

mercaptopropyltrimethoxy silane (MPTMS), methyl methacrylate (MMA), sodium borohydride (NaBH4), 

sodium triacetoxyborohydride (NaBH(OAc)3), tetraethyl orthosilicate (TEOS), and p-tolunesulfonic acid 

(PTSA) were all purchased from Aldrich. 3-Aminopropyldimethylethoxy silane (APDMES), n-

hexadecyltrimethoxy silane (C16-silane), 2-[methoxy(polyethyleneoxy)propyl]trimethoxy silane (PEO-

silane), methyltrimethoxy silane, phenyltrimethoxy silane, and triethoxysilylundecanal were obtained from 

Gelest. Texas Red dye was a gift by Professor T. A. Taton. 

Uniform Au nanoparticles were synthesized via reduction of hydrogen tetrachloroaurate (Alfa) by 

tetrakis(hydroxymethy1)phosphonium chloride (Aldrich) in water (1–2 nm diameter Au particles)22 or by 

sodium borohydride (Aldrich) in toluene through a phase transfer approach (3.2 ± 0.5 nm average 

diameter).23 The as-synthesized Au nanoparticle dispersions were then stored in a refrigerator before use. 

Silica colloids (45 ± 4 nm) were prepared following the method reported by Tsapatsis et al.24 
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5.2.2 Syntheses of  polymer sphere templates Poly(methyl methacrylate) (PMMA) colloidal spheres were 

prepared via emulsifier-free emulsion polymerizations of MMA and styrene as described previously.25,26 

The synthesis parameters are listed in Table 5.1. Monolithic, three-dimensionally ordered PMMA colloidal 

crystals were prepared by gravity sedimentation of the colloid dispersion in a capped crystallization dish. 

The dish remained capped for several weeks to ensure an ordered packing of spheres, as indicated by the 

opalescent reflection of the sediment. The cap was then removed to allow solvent evaporation, and 

centimeter-sized PMMA colloidal crystal monoliths were obtained after a few days (Figure 5.2). 

Table 5.1. Synthesis conditions for the preparation of PMMA (400±5 nm) colloidal sphere templates 

Solvent / amount Initiator / amount Monomer / amount Temperature Stirring rate Time 

H2O / 1600 mL AMPD / 1.00 g MMA / 400 g 70 °C 350 rpm 2 h 

 

 

Figure 5.2 Photograph of typical amounts of colloidal crystal template that may be used for the production 

of anisotropic nanoparticles, in particular the tetrapods. The inset shows a typical, ca. 5 mm thick PMMA 

monolith used for templating. 

5.2.3 Three-dimensionally ordered macroporous (3DOM) silica synthesis and surface passivation A 

3DOM silica structure was first prepared by templating against polymethyl methacrylate (PMMA) colloidal 

crystals of face-centered cubic symmetry. Centimeter-sized colloidal crystal templates were half-immersed 

in a silica sol-gel precursor [2 g tetraethyl orthosilicate (TEOS) and 1 g HCl (1M)], which was driven into 

the interstices within the colloidal crystals by capillary forces. After complete infiltration, the sol-

gel/colloidal crystal composites were stored in a closed container at 50 ºC for 48 h. The PMMA spheres 

were removed by dissolution in toluene, and the resulting 3DOM silica was harvested by filtration and 

dried in air. 

3DOM silica powder was then redispersed in dry toluene and surface functionalized with passivation 

groups by reacting with a range of alkoxysilanes bearing different side chains (see the Results and 
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Discussion section). In a typical synthesis, 0.23 g silane and 0.1 g 3DOM silica were mixed in 60 mL dry 

toluene and reacted at 60 ºC with 0.011 g p-tolunesulfonic acid (PTSA) as the catalyst and under N2 

protection. The functionalized silica structures were collected by filtration and repeatedly washed with 

fresh toluene. To ensure complete passivation, the surface functionalization and washing steps were 

repeated twice to increase the silane coverage on the silica surface. Next, the silica particles were dispersed 

in PTSA-saturated toluene and heated at 90 ºC for 48 h under a N2 purge.  

5.2.4 Tetrapod synthesis and foot-functionalization Tetrapodal structures were obtained through 

disassembly of the 3DOM structure. For disassembly and tethering, 0.1 g 3-mercaptopropyltrimethoxy 

silane (MPTMS) and 0.02 g 3DOM silica were mixed in toluene and stirred vigorously for 48 h. The 

shearing force induced by stirring fractured the structures into tetrapods and cubes, and the MPTMS was 

simultaneously grafted onto the freshly generated podal tips. Alternatively, ultrasonication could be applied 

for the disassembly of 3DOM silica, which, however, usually resulted in slightly less regular particles. To 

enrich the tetrapods from the mixture, a gradient solution of ethylene glycol (EG) and EG/EtOH (50:50 

wt:wt) was prepared in a two-jar gradient solution apparatus. The mixture of particles was dispersed in 

EtOH, loaded on top of the gradient solution and centrifuged at 1000 rpm for 30 s. Only the top 1/3 layer 

was collected, and the particles were re-dispersed in EtOH. The centrifugation process was then repeated 

3–5 times. Typical batches yielded ca. 2 mg of fractionated particles (about 70% tetrapods), corresponding 

to approximately 1013 particles, i.e., sufficient for subsequent investigations of assembly. 

5.2.5 Au tethering For tethering of Au NPs, 300 μL of a toluene dispersion of silica multipodal particles 

(ca. 3 wt%) was mixed with 150 μL toluene dispersion containing Au NPs (either 1–2 nm or ca. 3.2±0.5 

nm in diameter), followed by the addition of another 500 μL dry toluene. The mixture was stirred at room 

temperature for 2.5 h and then the particle assemblies were collected by centrifugation and washed three 

times each with PTSA-saturated toluene and dry toluene. 

5.2.6 Colloidal silica tethering To attach colloidal silica spheres, the same tethering procedure was applied 

on the multipodal particles as described before, except that triethoxysilylundecanal was used as the 

tethering agent. Meanwhile, 2 mg of 45 nm silica spheres were surface functionalized by mixing them with 

50 mg 3-aminopropyldimethylethoxy silane (APDMES) in 1 mL EtOH and stirring for 24 h, followed by 

repeated washing with EtOH. Afterwards, ca. 2 mg of triethoxysilylundecanal-tethered multipodal 

nanoparticles in 500 μL toluene were mixed with 1 mg silica spheres in 500 μL EtOH, followed by the 

addition of 0.5 mg of NaBH(OAc)3 and incubation for 24 h. The sample was finally isolated by 

centrifugation. 

5.2.7 Joint assembly by –SH tethered (HS-Td) and Au tethered (Au-Td) tetrapods Toluene dispersions 

containing 1–5 wt% of HS-Td and Au-Td, respectively, were prepared. They were set aside for 30 min to 

allow any excessively large particles to sediment. Afterwards equal amounts of the supernatants were 
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mixed in a 1.5 mL cuvet and stirred with a pipet to facilitate mixing. The cuvet was then incubated at 

different temperatures to observe phenomena related to self-assembly. 

5.2.8 Characterization SEM micrographs were recorded on a JEOL JEM-6500 field emission microscope 

using an accelerating voltage of 5 kV and an emission current of 20 mA. Chips of product material were 

either directly loaded into the microscope, or the samples were crushed into powders and pasted onto 

carbon double-sticky tape. The samples for SEM analysis were not sputter coated with a conductive layer 

(Pt, C etc.), which was found to interfere with image interpretation. TEM micrographs were taken on a FEI 

Tecnai T12 microscope equipped with a LaB6 filament working at 120 kV. The TEM samples, all dispersed 

in EtOH, were placed onto Formvar/carbon-film-coated copper grids using micropipettes. Magic-angle-

spinning NMR spectra were taken on a Varian 700-MHz, solid-state NMR spectrometer working at 139 

MHz for 29Si. The fluorescence spectra were taken on a Quantamaster Fluorimeter (PTI) using an excitation 

wavelength of 550 nm. A few droplets of thiolated Texas Red dye (concentration not calibrated) were 

added into the Au-Td dispersion in EtOH and incubated for 5 min. Afterwards the sample was washed 

repeatedly with fresh EtOH. In a control experiment, an HS-Td dispersion was prepared following the same 

procedure. The dynamic light scattering (DLS) measurements were performed on a Brookhaven 

Instruments ZetaPlus analyzer. The dispersions were diluted with EtOH fivefold prior to mixing. The 

mixture was then loaded in a fluorescence cuvet and used for measurements. 

 

5.3 Results and Discussion 

5.3.1 Multipodal particles through disassembly The typical products obtained during the shaping and 

tethering procedures for the multipodal NPs are summarized in Figure 5.3. Slow sedimentation of 

monodisperse PMMA colloids in H2O formed close-packed arrays with face-centered cubic (fcc) symmetry 

(Figure 5.3a).20 By templating against highly ordered PMMA colloidal crystal templates, 3D macroporous 

silica structures were obtained, which inherited the ordering and symmetries from the template structures 

(Figure 5.3b).27 The original colloidal crystals with fcc symmetry contain two types of interstitial spaces 

corresponding to tetrahedral and octahedral holes in the fcc sphere array, and therefore the 3DOM structure 

could be considered to be composed of interconnected tetrahedra (67%) and cubes (33%).28,29 Multipodal 

particles were then derived by disassembling these structures as illustrated in Figure 5.1. Figure 5.3c shows 

a mixture of disassembled particles, which can be easily recognized as the “broken pieces”, or “building 

blocks” of the original 3DOM structure. A broader survey of the disassembly product can be found in 

Figure 5.4. Typically, the fractured structures include 70–80% individual primary building blocks, as well 

as dimers or larger superstructures, from which the smaller tetrahedra were harvested by density gradient 

centrifugation (Figure 5.3d). It should be emphasized that the particles obtained after disassembly can be 

very uniform in size and shape;29 for example, the cubes have been found to assemble into extended regions 
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of simple cubic packing.30 In contrast to our previous study, where disassembly was induced by stresses 

during the calcination of 3DOM silica with hierarchical pore structure,29 shear was used to effect 

disassembly28 in this work to permit passivation of the macropore surface and to maintain the surface 

groups during and after disassembly. 

 

Figure 5.3 Electron microscopy images illustrating materials obtained at various stages during the 

synthesis procedures. (a) SEM image of a PMMA colloidal crystal. (b) 3DOM silica prepared by 

replicating the interstitial space in the colloidal crystal template. (c) A mixture of silica tetrapods and cubes 

after the disassembly. (d) TEM image of functionalized tetrapods enriched from the mixture. (e) A zoomed-

in image showing a tetrapod with Au tethers. (f) TEM image illustrating the tendency for aggregation 

between Au-tethered tetrapodal particles. 
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Figure 5.4 Products of disassembly. TEM image of a mixture of silica cubes (i.e., replicas of octahedral 

holes in a face-centered cubic colloidal crystal) and tetrapods (replicas of tetrahedral holes) obtained after 

disassembly of 3DOM silica. In addition, incompletely disassembled structures, such as dimers, trimers and 

a few larger oligomers were also observed. These were later removed by density gradient centrifugation. 

5.3.2 Surface passivation strategy Surface passivation of 3DOM silica prior to disassembly of the 

macrostructure eliminated most surface silanol groups. Site-specific functionalization with tethering groups 

was then possible on the freshly exposed podal ends after disassembly. Ideally, such passivation may be 

realized by coating a thin layer of inert molecules on the macropore walls. As the passivation layer had to 

survive the disassembly process, which involved considerable mechanical agitation, chemical grafting was 

preferred over physical deposition. In the current study, the surface silanol groups could be replaced by 

reacting with alkoxysilane, and we performed a series of experiments with different silanes as passivating 

reagents, which will be discussed in the following paragraphs. Subsequently, mechanical agitation (stirring) 

or ultrasonication was applied to rupture the connections between vertices in the structures, leading to 

individual building blocks. The podal ends of the particles were populated with silanol groups — either 

pre-existing in the silicate structure or newly formed during the fracturing process31 — that could then be 

modified with a tethering agent (Table 5.2). In practice this was realized through a simultaneous 

disassembly and functionalization process. To visualize the site-specific functionalization, MPTMS was 

used as a tethering reagent and gold NPs as a contrast agent. The distribution of active functional groups 

and passivating groups can thus be examined by chemical adsorption of Au NPs (either 1–2 nm or 3 nm 

average Au diameter) on the thiolated surfaces.  

Searching for a suitable passivation reagent, we initially examined phenyl trimethoxysilane, because 

treatment with aromatic organosilane, as often used in the silylation of glassware, could significantly alter 
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the properties of the silica surface. However, passivation proved to be incomplete when MPTMS was 

subsequently grafted and Au clusters with diameters of 1–2 nm were attached (Figure 5.5, left panel). This 

could be due to the fact that the bulky phenyl groups prevented the consumption of all the surface silanol 

groups and some residue silanol were still available for the following MPTMS grafting.32 On the other 

hand, when methyltrimethoxysilane (MTMS) was used, complete passivation could be achieved, but 

meanwhile the podal ends also lost their activity for Au tethers (Figure 5.5, right panel). In this case, 

MTMS with its smaller methyl group permitted the formation of a close-packed monolayer binding all the 

surface silanols.32 However, since the 3DOM structures were made through a sol-gel process, where 

internal porosity was a common feature, the small MTMS molecules may have also coated micropores or 

small mesopores in the structure, and thereby caused “internal over-passivation”, which led to the inactive 

tips after the disassembly. Internal over-passivation would be even more pronounced if templated 

mesopores were present as in our earlier report of particle synthesis by disassembly.29 A surfactant template 

for mesopores was therefore not used here, even though additional mesopores would weaken the 

interconnects between tetrahedral and octahedral hole replicates and would facilitate disassembly. 

5.3.3 Site-specific functionalization Therefore, it may be concluded that two criteria existed for picking a 

suitable passivating reagent in order to successfully implement this synthetic strategy. The passivating 

reagent should be able to completely cover the 3DOM structure externally and render it inert to the 

following tethering reagent. In addition, the passivating reagent should be prevented from reaching internal 

pores. For the best results, trimethoxysilanes containing two types of long-chain structures were selected: 

2-[methoxy(polyethyleneoxy)propyl]trimethoxy silane (PEO-silane), a siliceous passivating reagent for 

biotechnology33, and n-hexadecyltrimethoxy silane (C16-silane) (Table 5.2). The long-chain structures 

provided additional protection against any non-specific adsorption and also prevented their entering 

internal micropores. Furthermore, the PEO- and C16-silanes coating could furnish particles with dissimilar 

surface polarities, which may facilitate the future application of these particles in different media. After a 

single passivation step with PEO-silane or C16-silane, it was found that although small Au NPs (1–2 nm) no 

longer attached themselves to the protected surface, larger Au NPs (3 nm) were still adsorbed throughout 

the structure (Figure 5.5, middle panel). Although polyethylene oxide/alkyl chains eliminated surface 

silanols only partially in a single passivation step, with extended lengths up to 3.1 nm33 they could 

effectively repel small Au clusters and prevent their reaching the embedded thiol groups (Figure 5.5). Such 

repelling became less effective for larger Au clusters, perhaps because these extended over larger areas and 

could penetrate the surface layer and bind with the underlying thiol groups. To realize true passivation, a 

highly condensed layer was needed to form a strong network and more completely eliminate surface silanol 

groups32. This was achieved by a two-step reaction as depicted in Figure 5.6: the passivating reagent 

(silane) was first anchored to the surface of the porous silica in toluene at 60 °C, with PTSA as the catalyst. 

This grafting process was repeated multiple times to increase the amount of attached silane. Afterwards the 

silica was re-dispersed in PTSA-saturated toluene at 90 °C to enhance lateral condensation of silane groups. 
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The improved condensation was evident from an increase in the ratio of T3:T2 resonances in solid-state 

NMR spectra (i.e., resonances corresponding to organosilane groups without and with a remaining 

hydroxyl group, Figure 5.7), and it was critical to achieve complete passivation. After this optimal 

passivation process, almost 100% site-selectivity could be realized when the tethering process was 

conducted. As shown in Figure 5.3e and f and Figure 5.5, middle panel, the Au NPs packed densely on the 

podal ends, whereas almost no Au NPs were visible on the surrounding podal walls, indicating highly 

selective functionalization. It should be noted that those building blocks originally located on the edge or 

surface of the original 3DOM network contained podal ends that were exposed during the passivation 

process with PEO. The corresponding multipods obtained after disassembly contained fewer active 

vertices. The number of these particles with “lower valence”6 could be increased intentionally by partially 

fracturing the 3DOM structures prior to passivation (Figure 5.8).  

Table 5.2 Passivation and tethering agents 

 

 

Figure 5.5 Summary of surface functionalization with different passivating agents. Left: Passivation with 

phenyltrimethoxysilane results in nonspecific adsorption of gold particles. Middle: The listed passivating 

agents with long alkyl chains provide site specific adsorption after multiple passivation steps. Right: No 

gold particle adsorption occurs for a control sample that was fully passivated with methyltrimethoxysilane.  
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Figure 5.6 Schematic diagram of the passivation process. The procedure includes multiple grafting and 

surface re-hydroxylation steps and a final condensation step.  

 

Figure 5.7 29Si solid state MAS-NMR spectra. (a) Pristine 3-dimensionally ordered macroporous (3DOM) 

silica after toluene extraction. The resonances at 107 and 98 ppm correspond to silicon atoms in Q4 [(Si–

O)3–Si–O–Si] and Q3 [(Si–O)3–Si–O–H] environments, respectively. (b) 3DOM silica after 3 cycles of 

surface passivation with PEO-silane. The relative intensity of the Q3 resonance has decreased as a result of 

attachment of the silane to surface silanol groups. A T2 resonance at -54 ppm confirms the presence of C–Si 

bonds in this sample. (c) PEO-silane passivated 3DOM silica after the surface condensation step. The 

arrows correspond to published positions of T1, T2 and T3 resonances.34 The degree of condensation in the 

C16 grafting layer increased as indicated by the emerging T3 resonance. The ratio of Q3/Q4 was not altered 

significantly during this step, showing that internal silanol groups still existed within the structure.  
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Figure 5.8 Schematic diagram showing the relationship between the scheduling of the passivation process 

and the average number of tethered feet on the tetrapods. Passivation performed before disassembly 

produced tetrapods with all of the four feet active for tethering. Passivation on partially disassembled 

structures resulted in tetrapods with fewer active feet (on the average), as some pod ends were already 

exposed to passivating groups. The average number of less active feet could be increased intentionally by 

partially fracturing the 3DOM structures prior to passivation. Insets in the TEM images show molecular 

analogs for molecules with an sp3 hybrid orbital on a central atom and 4-fold, 2-fold or 1-fold coordination 

from left to right, respectively (e.g., CH4, H2O, OH-). 

5.3.4 Assembly of “colloidal molecule” through directional interaction An ultimate goal of this research 

is to connect the anisotropic building blocks into extended and, ideally, periodic structures, for example, the 

highly desirable diamond photonic crystal structure. Here, the facile synthesis and tethering process 

provided a platform for us to explore the self-assembly behavior of multipodal building blocks. Numerous 

silanes bearing different functional groups are available as potential tethers and can be attached in the same 

manner as MPTMS, i.e., through anchoring with surface silanol groups. Alternatively, the attached Au NPs 

can serve as anchors for thiolated DNA35,36 or other functionalized nanoobjects.37,38 We have explored both 

strategies to form "colloidal molecules" and potentially "colloidal macromolecules" as presented in the 

following paragraphs. 

To demonstrate the self-assembly of colloidal molecules, the functionalized multipodal nanoparticles 

and colloidal silica spheres were used as building blocks. In the series of multipodal structures, the 

tetrapodal particles are most interesting for constructing 3D periodic nanostructures. Therefore, the study of 

particle assembly was focused on tetrapodal particles, but it should be straight-forward to extend the 

protocol to other particles. Many approaches exist for specific binding between binary NPs, ranging from 

chemical reaction or electrostatic attraction to more complicated DNA hybridization. Here, tetrapodal 

particles tethered with triethoxysilylundecanal (Figure 5.9a) were mixed with aminated colloidal silica 
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spheres ca. 45 nm in diameter (Figure 5.9b),24 and the mixture was incubated in the presence of 

NaBH(OAc)3. During this process, reductive amination occurred, and colloidal spheres were immobilized 

on the podal ends. 
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As shown in Figures 5.9c, 5.10 and 5.11, silica colloids were accurately mounted on the podal tips with 

dimensions less than 20 nm; meanwhile no random adsorption on other regions was observed. Multiple 

colloidal silica spheres could be mounted onto one tetrapod, thereby forming an ammonia-like, colloidal 

molecule (Figure 5.9d-f). The precision and selectivity of this assembly process clearly demonstrates the 

advantage of building blocks with both structural and functional anisotropies. The process can thus be 

considered as a “chemical reaction” between different colloidal atoms to form colloidal molecules. 

Moreover, one may choose suitable functional groups and design a sequential route, much like a synthetic 

organic chemist, to fabricate more complex structures. 

 

Figure 5.9 From colloidal atoms to colloidal molecules: site-specific assembly of colloidal silica spheres 

on tethered tetrapods. (a) Schematic of the assembly process based on reductive amination. (b) 

Monodisperse silica colloidal spheres, ca. 45 nm in diameter, prepared by a seed growth method. (c) TEM 

image showing a silica colloid mounted on a podal end. (d) TEM image showing an ammonia-like 

nanostructure formed by three spherical silica colloids attached to one tetrapod. (e) and (f) show the same 

region under the TEM with ±25º tilting. The models drawn in panels (d), (e) and (f) are intended as guides 

to indicate the viewing angle and the 3D structure of the colloidal molecule. 



 

  90  

 

Figure 5.10 Different binding patterns between silica colloidal spheres and multipodal ends via selective 

attachment. (a) One sphere occupies one podal end. (b) Two spheres are mounted on a slightly larger podal 

end. (c) One tetrapod with two sphere tethers, and a sphere shared by two podal ends from different 

directions (right part of image).  

 

Figure 5.11 Selective particle coupling. An assortment of TEM images showing many examples of site-

specific functionalization of anisotropic particles with smaller silica spheres. 

5.3.5 Assembly of binary tetrapodal particles Our second strategy was based on the assembly of multipods 

with existing Au tethers, which were still active towards approaching -SH groups, as tested by a thiolated 

Texas-red dye (Figure 5.12). The tendency of Au-thiol attraction to drive particle assembly was first 

observed in preparing Au tethered tetrapods when insufficient Au sol was added in the mixture (Figure 

5.3f). We herein adopted a simple scheme of Au-mediated assembly and analyzed the interactions between 

Au-tethered tetrapods and thiolated ones (Figure 5.13a). Although separately, both particle dispersions 

remained stable for several days, flocculation occurred immediately upon mixing and led to a wooly 

suspension. This, as we propose, was due to the specific interactions between thiolated podal ends and Au-

tethered podal ends, and the attraction between the multivalent particles eventually resulted in a 3D 
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network on a macroscopic scale. The vital role of Au tethers as intermediates was further proved by the 

observation that adding free Au NPs into the mixture greatly suppressed the flocculation, as free Au NPs 

could more readily capture unsaturated –SH surface groups compared to Au tethers already bound to 

another multipod. The freshly flocculated material could, however, be reverted to a clear appearance with 

gentle shaking (Figure 5.13b), after which flocculation resumed. This indicates that the system was 

governed by weak interactions, possibly in a dynamic state with constant assembly and disassembly of 

particles. Therefore, instead of capturing a definite micro-structure, we used dynamic light scattering (DLS) 

to further study the dynamics of the assembly process. To be suitable for DLS measurements, the particle 

suspensions were diluted fivefold with ethanol. Both the thiolated tetrapods and the Au-tethered tetrapods 

displayed steady hydrodynamic particle sizes around 150 nm, which roughly corresponds to dimensions of 

single particles measured by TEM. (Figure 5.14) Upon mixing, the fitted average particle size abruptly 

changed to ca. 850 nm, indicating that a certain degree of aggregation had occurred. Further aggregation 

was reflected by the shifts and slope changes of the time intensity autocorrelation functions (g2(t)), which 

indicate greater correlation between tetrapods as these formed larger clusters with a broader size 

distribution. After 20 min, the initial aggregate was re-dispersed with stirring and another DLS 

measurement was performed. This sedimentation/re-dispersion process was cycled ten times, and very 

similar patterns of the g2(t) and particle size evolution were observed (Figure 5.13c, d and e), indicating the 

assembly process became slower but was fully reversible. The reversibility of the assembly may benefit in-

situ studies of the tetrapod assembly process, by allowing tests of different parameters with only one 

sample. A more detailed analysis of the assembly process is currently ongoing. 

 

Figure 5.12 Fluorescence spectroscopy data to confirm the reactivity of the Au tips for further reactions. 

Thiolated Texas Red fluorescent dye (absorption maximum = 603 nm, red curve) was mixed with Au-

tethered, multi-podal silica particles for 5 min, followed by triplicate centrifugation and washing steps. The 

attachment of Texas Red dye molecules onto the particles is evident by comparing the spectra before (green 

curve) and after the reaction (orange curve). In contrast, silica particles without Au tethers were unable to 

hold any Texas Red dye (blue curve). 
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Figure 5.13 Reversible assembly-disassembly processes by mercapto-tethered tetrapods (HS-Td) and Au-

tethered tetrapods (Au-Td). (a) Schematic diagram showing how a mixture of HS-Td and Au-Td colloids 

may assemble into 3D-interconnected macroscopic structures. (b) Photographs of a cuvet containing a 

mixture of HS-Td and Au-Td in toluene in the aggregated (left) and dispersed (right) states. (c) Normalized 

correlation functions from DLS measurements following the initial mixing process. The inset shows data 

for the two dispersions before mixing, and neither of the two dispersions undergo significant size changes 

in 20 min (Figure S12). (d) Comparison of the evolution of the correlation function in the first reassembly 

process (cycle #1) and the tenth reassembly (cycle #10). The curves are offset by ±0.05 for cycle #1 and 

#10 respectively. (e) Effective particle size change during the mixing and 10 cycles obtained from the DLS 

data. Note that secondary peaks in some g2(t) curves are associated with a minimal amount of much larger 

aggregates,39 whose formation is not likely related to the site-specific assembly.40 These peaks were cut off 

in fitting average particle size.  
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Figure 5.14 Stability of the HS-Td and Au-Td dispersions monitored by DLS. (a) The intensity correlation 

function (g2(t)) of a HS-Td dispersion measured during a period of 20 min. The inset shows the effective 

particle size computed from g2(t). (b) The intensity correlation function (g2(t)) of a Au-Td dispersion 

measured during a period of 20 min. The inset shows the effective particle size computed from g2(t). No 

significant change is observed in both cases. 

 

5.4 Conclusions 

We have shown a general and flexible colloidal templating approach towards tetrapodal nanoparticles 

and a successful passivation-tethering strategy to realize tailored functional tips on the tetrapods. Such 

particles may be compared to the shapes and bonding functions of atoms with specific valences (colloidal 

atoms), and they were demonstrated to act like ‘atoms’ for self-assembled composite structures (colloidal 

molecules). The process of particle formation is applicable to a wide range of sol-gel materials and the 

tethering can also be customized. Nano-sized building blocks of even more varieties are possible by 

disassembling other periodic structures,41,42 which may be prepared by templating43 or lithographic5 

methods, followed by mounting desired tethering groups. Individually, such particles with unique shapes 

and bonding capabilities may find applications in areas such as sensing or biomedicine44 or as building 

blocks for proposed metananocircuits.45 Collectively, they represent a general class of building blocks for 

experimental studies of self-assembly processes to complement simulations1,46 and, in the long term, to 

perhaps achieve some of the highly coveted geometries for nanostructured materials.  
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CHAPTER 6  
Conjugation of Colloidal Clusters and Chains by Capillary Condensation 

6.1 Introduction 

Colloidal particles featuring anisotropic shapes and functionalities are highly interesting building 

blocks suitable for self-assembly of complex nanostructured systems.1 While in certain cases, anisotropic 

particles can be attained by direct syntheses, unique shapes and symmetries can also be achieved by 

grouping simple particles, such as spherical colloids, into clusters.2 The pristine clusters, though often 

referred to as “colloidal molecules”,3 still lack the directional bonding capabilities of their counterparts in 

the molecular realm. Recently, much effort has been devoted to cluster development and functionalization, 

including mass production of monodisperse clusters,4-6 assembly of hybrid clusters comprising different 

colloids,7-11 preparation of composite clusters decorated with secondary components,12-15 etc. Such 

approaches represent early steps toward mimicking molecular assembly at the colloidal scale and toward 

the realization of rational colloid assembly processes by true designer pathways.16 

We explored the application of capillary condensation to modulate colloid connectivity and surface 

topology, leading to conjugated clusters and chains with anisotropic functionality. Capillary condensation 

— the phenomenon involving selective condensation of vapor below its saturation vapor pressure in 

cavities or between surfaces — has been widely employed to modify porous materials,17 and recently, to 

adjust the mechanical properties18 and refractive indices19 of thin nanoparticle films. Here it is used as an 

effective means for selective deposition of material that links colloidal nanostructures, as schematically 

illustrated in Figure 6.1. 

 

Figure 6.1 Illustration of the vapor-phase templating process. Vapor condenses preferentially in the inter-

colloid spaces. 

 

 

 Reproduced in part with permission from Li, F.; Stein, A. J. Am. Chem. Soc. 2009, 131, 9920-9921.

Copyright 2009, American Chemical Society 
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6.2 Experimental 

6.2.1 Preparation of colloidal clusters and chains Colloidal polystyrene (PS) spheres (468 ± 12 nm) were 

prepared via emulsifier-free emulsion polymerization of styrene (>99%, Aldrich) as described previously.20 

A volume of 1 mL of the aqueous PS colloidal dispersion (10–12% volume fraction) was centrifuged at 

1000 rpm for 12 h, and the sediment was washed three times with ethanol (Mallinckrodt) and re-dispersed 

in 5 mL of a 50/50 wt% mixture of ethanol and ethylene glycol (Mallinckrodt). The substrate was prepared 

by spin coating ca. 500 nm S1805 positive photoresist (Shipley) on a silicon wafer (p-doped, (100) surface 

orientation, Silicon Inc.), followed by sputter coating 200 nm tungsten with an AJA argon plasma 

sputtering system to provide an inert surface. Colloidal clusters and chains were formed by spin coating the 

PS dispersion on the substrate at 500 rpm. The rapid evaporation of ethanol led to domain formation on the 

substrate, and the slow removal of ethylene glycol resulted in colloids grouping into close-packed clusters 

in most areas and a few chains in some locations.21 The sample was kept in a humidity chamber at 25 ºC 

and 50% relative humidity for at least 24 h before capillary condensation. To create different inter-sphere 

spacings, the clusters supported on the substrate were treated with an oxygen plasma in a STS 320 etcher 

for 30–90 s at 50 watt and 100 sccm.  

6.2.2 Conjugation through capillary condensation The setup for the capillary condensation process is 

depicted in Figure 6.2. The sample was placed on the bottom of a 250 mL flask, and a 1 mL vial was used 

for precursor storage. The system was evacuated and refilled with air (supplied from a cylinder) three times 

and then purged with air as a carrier gas at ca. 0.001 L/min during the capillary condensation process in 

order to remove excess moisture and maintain a reproducible environment. A volume of 1 mL 

dichloromethylvinylsilane (DCMVS) (97%, Aldrich) precursor was injected into the vial inside the flask, 

and the deposition process was allowed to proceed for 5–60 min. Afterwards, the flask was purged with air 

at 0.2 L/min for 15 min, before it was opened and the sample retrieved. The sample was then immediately 

immerged into isopropyl alcohol (IPA) for 10 s and transferred into an oven at 50 °C for storage.  

 

Figure 6.2 Schematic of the setup for the vapor deposition process. 
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6.2.3 Creation of surface anisotropy Micrometer-sized fluorescent clusters were prepared by spin coating 

3 μm polystyrene colloids (Polysciences, carboxylate surface groups), which were stained with Rhodamine 

6G (Aldrich) following a published protocol.22 The cluster formation and templating processes followed the 

same steps as described above. Au-tethered clusters were prepared similarly with 500 nm amino-

functionalized polystyrene spheres (Polybead®, Polysciences). After vapor deposition for 60 min, the 

sample (with substrate) was immersed in a dispersion of ca. 3 nm Au nanoparticles23 for 1 h, followed by 

washing with H2O and IPA to remove unbound Au particles. 

6.2.4 Characterization SEM micrographs were taken on a JEOL JEM-6700 field emission microscope with 

an accelerating voltage of 5 kV and an emission current of 20 mA. Sputter coating with a conductive layer 

(Pt, C etc) was not necessary due to the conductive substrate. A backscattered SEM image was obtained on 

a Hitachi S-900 scanning electron microscope with an accelerating voltage of 5 kV. Confocal microscopic 

images were captured with an Olympus FluoView FV1000 confocal microscope (60× lens with an 

additional 5× zoom). 

6.2.5 Molecular Simulations Monte Carlo simulations were performed to evaluate the spontaneous 

adsorption of DCMVS on the polystyrene surface at 298 K, using the Materials Studio® 4.3 software 

package (Accelrys Inc.). The simulation box was set as 28.820 Å × 26.430 Å × 158.855Å with periodic 

boundary conditions applied in all three dimensions. An 8.55 Å-thick polystyrene layer was placed at one 

end along the z-axis and was treated as a rigid structure with ‘frozen’ atoms. The interaction in the silane-

polymer system was modeled with the COMPASS (condensed-phase optimized molecular potentials for 

atomistic simulation studies) force field24 and the Metropolis Monte Carlo algorithm25 was used for 

calculations. The sorbate fugacity, a parameter associated with the chemical potentials in the calculation, 

was assumed to be equal to the partial pressure of DCMVS. In each calculation, 1,000,000 iterations were 

allowed for the adsorption to reach equilibrium, followed by another 1,000,000 iterations for data sampling. 

 

6.3 Results and Discussion 

6.3.1 Approximation of Meniscus Profile Calculations of the meniscus profile can be complicated by 

factors such as surface topology and chemistry, as well as spontaneous adsorption of liquid.26 To a first 

approximation, it was assumed that the meniscus cross section was circular with radius r, and the meniscus 

had a definite edge with the gas-liquid-solid triple point at P(x,y). (Figure 6.3a) The vapor pressure 

difference across the meniscus at point C(0,h) can be derived from the Kelvin equation as 

  

                                                           Equation (6.1) 
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where γ is the surface tension. During condensation the maximum extent of the equilibrium meniscus 

occurs when the pressure difference becomes zero and correspondingly 1/h – 1/r = 0 and h = r. Cohen et 

al. derived the condensation profile, assuming a condensate contact angle of θ = 0º.19 More generally, at 

any given θ, the parameters h, r, R (the colloidal sphere radius) and θ can be trigonometrically related by 

the law of cosines as 

  

                     Equation (6.2) 

and therefore at equilibrium, h and r can be expressed as 

  

                                                    Equation (6.3) 

The coordinates of the triple point P(x,y) are  

                              

Equation (6.4)

 

 

Therefore, the meniscus cross sectional profile can be plotted as a function of the condensate 

contacting angle, and the meniscus scales proportionally with the colloidal sphere radius R (Figure 6.3b).  

 

Figure 6.3 (a) Illustration of capillary condensation between two contacting spheres. (b) Cross sectional 

profiles of equilibrium menisci as a function of condensate contact angle. 
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6.3.2 Conjugation through capillary condensation Colloidal chains and colloidal clusters with various 

aggregation numbers (n) were formed by spin-coating dilute dispersions of polystyrene (PS) spheres in a 

50/50 wt% mixture of ethanol and ethylene glycol on a tungsten-coated substrate. The rapid evaporation of 

ethanol led to formation of sphere domains on the substrate, and the slow removal of ethylene glycol 

resulted in colloids grouping into close-packed clusters in most areas and a few chains in some locations.21 

When air containing dichloromethylvinylsilane (DCMVS) vapor was passed over the sample, capillary 

condensation commenced in the vicinity of the contacting points between colloids, and the condensation 

region gradually expanded to fill the void space until equilibrium was reached. Meanwhile, the highly 

reactive Si–Cl bonds were hydrolyzed by moisture and through “chemical condensation” converted the 

condensate into a solid organosilicate. A series of 2D composite clusters and a 1D-connected colloid chain 

are shown in Figure 6.4. Previously such composite clusters were synthesized through co-assembly of 

“back-bone” colloids and secondary materials, such as nanoparticles13 or liquid precursors.12,15 The spatial 

selectivity of capillary condensation is evident from the observation that the templated organosilicate 

phases (bright bands) reside predominantly between adjacent spheres, different from previous reports, 

where co-assembly led to uniform silicate coatings on the clusters.12,27 

 

Figure 6.4 (a) Illustration of the vapor-phase templating process. Vapor condenses preferentially in the 

inter-colloid spaces. (b) SEM micrographs of PS/organosilicate composite colloidal clusters with varying 

number (n = 2 ~ 9) of colloidal building blocks. (c) A colloidal chain connected by organosilicate deposits. 

All the scale bars represent 200 nm. 

The cross-sectional profile of the meniscus at equilibrium was derived as a function of condensate 

contact angle and the sphere radius, as described in the previous section. Since both of these parameters and 

the interparticle spacing were nearly constant for the colloids used here, the condensation pattern was also 



 

  101  

spatially very uniform. However, the actual DCVMS deposition process was further complicated by 

spontaneous adsorption. Previous studies have revealed that, in association with capillary condensation, a 

precursor monolayer may also be formed on the substrate due to spontaneous adsorption.26,28 Monte Carlo 

simulations confirmed the propensity of DCMVS molecules to pack loosely on the polystyrene surfaces, 

forming sub-monolayers to multiple layers a few nanometers thick, depending on the partial vapor pressure 

(Figure 6.5).  

 

Figure 6.5 Snapshots of the spontaneous adsorption of DCMVS on a PS surface at various degrees of 

saturation (sat.). The curve shown in the inset plots the corresponding average loading of DCMVS 

molecules per square nm of the PS surface. For comparison, assuming that each DCMVS molecule requires 

ca. 0.12 nm2 on average (calculated based on optimized molecular configuration), a close-packed DCMVS 

monolayer represents a loading of 8.3/nm2. 

Such adsorption layers are also visible in the SEM images of some of the clusters (Figures 6.6), 

although these could be removed by brief washing with isopropyl alcohol (IPA). The spontaneous 

adsorption influenced the deposition profile by altering the effective contact angle,26 and since it was a 

function of the partial pressure, it was important to distribute the vapor evenly in the condensation process. 

When DCMVS vapor was passed over the spheres in a flowing atmosphere, the condensates were confined 

between spheres, consistent with the calculated equilibrium meniscus in Figure 6.3b. In a static atmosphere, 

however, a fraction of clusters closest to the source of DCMVS was coated more extensively with an 

organosilicate deposit (Figure 6.6). Note that the precursor vapor could also condense at the colloid-

substrate interface. In practice, we found that washing the sample with IPA could efficiently remove the 

substrate adhesion layer whereas the deposit between spheres was hardly affected. This may be explained 

by the tendency for IPA to slightly lift up the colloidal clusters and thereby remove the condensed material 

underneath (Figure 6.7).29 
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Figure 6.6 A set of colloidal clusters with various morphologies after capillary condensation in a static 

chamber. In this set-up, the clusters along the edge of the substrate (left side) were closer to the vapor 

source where deposition of DCMVS from the saturated vapor was more extensive. 

 

Figure 6.7 SEM images of vapor-templated colloidal clusters and aggregates. a) Top view of colloidal 

clusters on a tungsten substrate after capillary condensation. b) Side view of colloidal clusters after washing 

with IPA. c) Bottom view of clusters that were fetched with conductive carbon tape and turned over for 

imaging. The scale bar corresponds to 100 nm in all three images. 

6.3.3 Connection of non-close-packed clusters and chains Capillary condensation does not require 

spheres to be in contact. We created different inter-sphere spacings (d) by oxygen plasma etching the 

colloids and studied the dependence of the condensation process on the spacing. As shown in Figure 6.8, 

the conjugation was well preserved up to the ratio d/R = 0.28 (R: colloid radius). Even at d/R = 0.62, inter-

sphere capillary condensation still occurred as evidenced by the residue of a precursor bridge, which had, 

however, been destroyed by capillary forces.30 Capillary forces could also deform the spheres, which is 

more apparent for linearly arranged colloids (Figure 6.9). Although further process optimization is 

necessary to overcome the capillary forces at large interparticle distances, capillary condensation 

nevertheless opens up exciting applications in arresting scattered colloidal particles31 into continuous chains 

and allows modulation of spacing-related properties.32  
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Figure 6.8 Capillary condensation on non-close-packed colloidal clusters. The clusters were created by 

plasma etching of close-packed PS clusters for different times to reach a desired sphere radius (R) and 

inter-sphere distance (d, edge-to-edge). The values of d/R are given as a measure of relative inter-sphere 

spacing. All the scale bars represent 100 nm. 

 

Figure 6.9 SEM images illustrating capillary condensation between spheres in non-close-packed colloidal 

chains. Sphere arrays with inter-sphere distance d (edge-to-edge) were derived by plasma etching of close-

packed spheres for different times. Note that the capillary force caused considerable sphere elongation 

along the chain axis, and therefore two sphere radii were measured (R1 and R2, as indicated in the figure). 

Values of d/R1 and d/R2 are given in each image as a measure of relative inter-sphere spacing. For the 

largest ratios (0.58/0.53) the spheres are disconnected. All of the scale bars represent 100 nm. 

6.3.4 Surface anisotropy and decoration One objective of this research was to modulate the distribution of 

surface groups through vapor deposition, leading to functionally anisotropic nanosized building blocks 

(Figure 6.10a). The effect of selective organosilicate deposition was visually evident by condensation on 

clusters of 3-μm fluorescent PS beads. The organosilicate deposit clearly resulted in regional diminution of 

the fluorescence (Figure 6.10b). A similar observation has been reported for clusters co-assembled with 

fluorescent polymer colloids.14 However, to ensure that the remaining surface was really active rather than 

being covered by an invisible condensate monolayer, we used amine-functionalized polymer beads, and 

after deposition, examined the surface amino group distribution by probing with Au nanoparticles (~3 nm). 

The backscattered SEM image (Figure 6.10c) confirmed that no chemically adsorbed Au nanoparticles 

resided in DCMVS-deposited regions; meanwhile the surface was fully covered by Au in other areas of the 

triangle cluster, which confirms that tethered colloidal clusters could be prepared by this facile approach. In 

addition, it should be noted that in this study we examined polymer beads with different sizes and surface 
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chemistries (e.g., pristine, plasma-modified and amine-functionalized surfaces), but the deposition 

selectivity was never compromised. 

 

Figure 6.10 a) Schematic illustration of a tethered triangle cluster modulated by capillary condensation. b) 

Confocal microscopy image of a fluorescent PS cluster after DCMVS condensation. The weakened 

fluorescence was caused by the DCMVS deposit. c) Backscattered SEM image showing the site-specific 

distribution of Au nanoparticles (white spots) on an amine-functionalized PS cluster.  

 

6.4 Conclusions 

In summary, through controlled capillary condensation, regional selectivity could be realized in a 

vapor phase deposition process on colloidal nanostructures. This approach was successfully used in 

establishing connections in colloidal clusters and 1D colloidal chains and would be easily adaptable to 

stabilize colloidal clusters prepared by other methods that produce more controllable cluster sizes and 

shapes.4-6 The capillary condensation method is simple and can be applied to a wide range of materials. It 

has great tolerance for geometric variations and even permits conjugation of spatially separated particles. 

The selective deposition was also used to modulate the functionality on the colloid surfaces and led to tip-

tethered nanosized building blocks, whose assembly via directional interactions will be the subject of future 

research. 
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CHAPTER 7  
Controlling the Shape and Alignment of Mesopores by Confinement in 

Colloidal Crystals: Designer Pathways to Silica Monoliths with Hierarchical 

Porosity 

7.1 Introduction 

Materials with hierarchical pore systems benefit applications that rely on rapid distribution of 

molecules to a large surface area with minimal pressure build-up, such as heterogeneous catalysis,1 high 

speed separation,2 and sensing. In addition, hierarchically structured porous solids can serve as tunable 

photonic crystal materials,3 nanoreactors, or as hard templates to prepare other materials with mesoporous 

structures via nanocasting.4 The specific architecture of porous solids, including pore size ranges and 

distributions, pore orientations, as well as pore interconnectivity, can significantly influence diffusion and 

reactivity of guests.1 Relatively large molecules pass readily through a connected macropore system, 

whereas smaller molecules can be differentiated by size- and/or shape-selective uptake in smaller 

micropores or mesopores. For optimal transport, the pores should be well interconnected on each length 

scale.5 Although the smaller pores provide the largest fraction of the surface area, they also pose the 

greatest diffusional resistance. Such limitations can be reduced by making meso- and micropores more 

accessible and by keeping diffusion paths in these pores relatively short. For example, Chmelka et al. 

observed increased rates and selectivities in toluene alkylation with macro/mesoporous monolithic 

substrates compared to SBA-15 and zeolite Beta pellets.6 Schüth et al. also confirmed an improved 

performance in both rate and selectivity for a hierarchically structured zeolite monolith.7   

Here, we describe the synthesis and structure of silica monoliths containing a quasi-fractal pore 

structure of well-ordered, interconnected macropores (several hundred nanometers in diameter) and 

mesopores (2–4 nm in diameter). Each pore size range is produced by templating methods that yield narrow 

size distributions: the macropores by colloidal crystal templating with monodisperse polymer latex spheres, 

and the mesopores by liquid crystal templating with nonionic surfactants. The rigid array of close packed 

spheres further influences the mesopore architecture. By appropriate choice of the surfactant system and 

processing conditions, the shapes and orientations of mesopores with respect to the macropore surfaces can 

be directed in a controlled manner. The monolithic form is beneficial for many of the applications listed 

above. 

Various syntheses of hierarchically ordered porous structures via colloidal sphere/surfactant dual-

templating have been reported.3,8-18 Dual templating approaches for silica systems fall mainly into two  

Reproduced in part with permission from Li, F.; Wang, Z.; Ergang, N. S.; Fyfe, C. A.; Stein, A. Langmuir.

2007, 23, 3996-4004. Copyright 2007, American Chemical Society 
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categories. One strategy is to introduce individual colloidal spheres or sphere clusters, either in suspension 

or as a powder, into a mixture of a surfactant and a silica source. The other involves infiltration of 

precursors into colloidal crystal templates, a method that has been widely used to prepare macroporous 

materials targeting applications, such as photonic crystals, sensors, catalyst supports, bioactive materials, 

membranes and others.19 Following the first strategy, Antonietti et al. produced a silica structure with 

bimodal pore size distributions by combining polymer spheres with the liquid crystalline (LC) phase of a 

block copolymer surfactant as dual templates.8 However, the macropores templated by the latex spheres 

were not ordered or connected, because the gel used in this procedure prevented polymer spheres from 

assembling into periodic arrays. Kaliaguine et al. prepared macrostructured MCM-48 by introducing 

polystyrene (PS) microspheres into a typical MCM-48 synthesis mixture.12 The colloidal spheres 

sedimented and aggregated in a dilute silicate/surfactant solution, which formed a mesostructured phase 

that deposited on the spheres. However, the composite spheres typically packed in a non-regular fashion 

during silicate condensation, and the egg-shell macropores obtained after PS removal were poorly 

interconnected. Ihm et al. developed this technique further by controlling drying and shrinking of the 

silicate coating to achieve large windows between adjacent voids.15 The product consisted of 

macrostructured MCM-41 with interconnected and relatively ordered voids. It was noted that PS 

confinement did not induce disordering of the hexagonal arrays in MCM-41. However, this process was 

limited to form powdered samples with many possible defects, and a predictable monolith with long-range 

ordering would be difficult to prepare by a dilute solution/dispersion approach. 

In comparison, templating via pre-formed colloidal crystal pieces leads to interconnected macroporous 

structures with relatively long-range order, because the template is directly replicated. Furthermore, this 

approach is amenable to form monolithic shapes. A prerequisite for achieving a satisfactory inverse-replica 

is that the solid phase formed after precursor processing should occupy the highest possible volume fraction 

of the interstitial space in the template. In a typical hydrothermal synthesis of M41s materials, the 

mesostructured silica is precipitated from a very dilute solution,20,21 which, as precursor in colloidal crystal 

templating, does not produce enough of the solid silicate phase to occupy all the interstitial space. As a 

result, the integrity of the ordered pore structure is reduced. Hernan et al. prepared a silica film with 

hierarchical porosity by multiple infiltration of a PS thin film via spin-coating and observed a hexagonal 

mesophase.3 But this method is not suitable to prepare monolithic samples, because the outer channels are 

easily blocked after initial infiltration, preventing further diffusion toward the interior. In addition, long-

range ordering and continuity of mesopores is difficult to achieve unless the consecutively precipitated 

mesophases can be perfectly matched. Alternatively, a mesophase could be realized through sol-gel 

nanocasting the LC phase of amphiphilic molecules at ambient temperature. Antonietti et al.22 used an 

amphiphilic ionic liquid (IL) as a template and obtained three-dimensionally ordered macroporous (3DOM) 

silica with a skeleton composed of a super-microlamellar phase with a layer spacing less than 2 nm. 

Anderson et al.23 used block copolymers (P123, F127) and PS to prepare a macro-, meso- and microporous 
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structure, in which the micropores were produced by fractions of individual PEO chains embedded in the 

silica phase. Smarsly et al.14 obtained hierarchically structured silica with bimodal mesoporosities via a 

mixture of block copolymer (KLE) and IL in addition to a PS template. The KLE produced spherical 

mesopores of ca. 12 nm and the IL mesopores 2–3 nm in diameter, respectively.  

Although block copolymers have been widely used in synthesizing silicate material with highly 

ordered mesoporosities of different types,24-26 few of them were directly reproduced in the hierarchically 

structured porous solids mentioned above. Instead, mesostructures with lower symmetry and ordering were 

often obtained, indicating strong perturbations resulting from colloidal sphere confinement.27 An extreme 

case demonstrating the influence of 3D periodic confinement was presented by Ozin et al.,28 who showed 

that self-assembled polystyrene-block-polyferrocenylethylmethylsilane (PS-b-PFEMS, Mn = 132000 

g/mol) aligned with alternate domains of PS and PFEMS along the direction of the channel extension of the 

voids. Indeed, the interstices within the colloidal crystal, with a cross-sectional dimension usually less than 

0.5 μm, should be considered as a highly-branched nanochannel system. Therefore, one can expect a 

significant difference in the phase behavior of amphiphilic macromolecules inside the colloidal crystal 

compared to their behavior in a bulky material. At this point, the interplay between different types of 

templates and their effect on the inverse replica structures is still not well understood in silica/polymer 

sphere/surfactant systems. An important issue remaining to be addressed concerns the variations in 

orientation and alignment of the columnar micelles, i.e., the superstructure of the mesoporosities within 

3DOM silica structures. Furthermore, even though silica materials with hierarchical porosity have 

previously been prepared by dual templating with colloidal crystals in the form of powders,8-17 thin 

films,3,11 or lithographic patterns,18 self-supporting monolithic samples have not been realized directly. 

Recent progress in syntheses of mesoporous silica monoliths with polyoxyethylene surfactant templates 

(e.g., Brij 56)29,30 provides a starting point for dual templating of silica monoliths with designed 

hierarchical porosities. 

Here we present syntheses of hierarchically porous silicate monoliths with a 3DOM structure and 

highly ordered mesophases (denoted as 3DOM/m) based on dual templating with PMMA colloidal crystals 

and poly(oxyethylene) surfactant (Brij 56)/alkane microemulsions. Similar to block-copolymer surfactants, 

Brij 56 can form LC phases and has been used as a structure-directing agent for mesoporous silica.31,32 

Since Brij 56 has a much shorter average chain length than most block copolymers, its assembly is less 

influenced by the structural confinement from PMMA latex spheres. An alkane was used as a swelling 

agent to adjust the mesopore size and shape for this system. By tuning the ratio of surfactant, alkane and 

silicate and other experimental conditions, hierarchically porous silica samples with different 

mesoporosities were produced, including bi-continuous worm-hole like, bi-continuous cubic (Pm3n), and 

2D hexagonal channel arrays. We analyzed the porous structures in detail by 3D-TEM, a technique that has 

been used successfully to characterize various three-dimensional mesostructures.33,34 We clarified the 

position and alignment of the mesopores and illuminated the superstructure of the mesopores within the 
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larger-scale 3DOM structure. Finally, we tried to rationalize the observed phenomena with respect to 

theoretical and experimental studies of the block copolymer phase behavior under different confinement 

conditions. To our best knowledge, this is the first demonstration of mesophase tuning in hierarchical 

porous materials. As monoliths, the products facilitate further studies and promote more applications. 

 

7.2 Experimental 

7.2.1 Materials 2,2′-Azobis(2-methyl propionamidine) dihydrochloride (AMPD), methyl methacrylate 

(MMA), tetramethyl orthosilicate (TMOS), Brij 56 (C16EOn, n~10), and dodecane (C12H26) were purchased 

from Aldrich, HCl (37%) from Mallinckrodt. Pluronic P123 (EO20PO70EO20) was kindly donated by BASF. 

7.2.2 Synthesis procedure Suspensions of poly(methyl methacrylate) (PMMA) spheres were prepared via 

an emulsifier-free emulsion polymerization of MMA as described previously.35 Gravity sedimentation of 

this suspension resulted in the self-assembly of spheres into mostly face-centered cubic (fcc) arrays.36 The 

obtained PMMA colloidal crystals were cut into pieces with edge lengths of several millimeters and served 

as the templates. 

The silicate precursor was prepared by mixing Brij 56, dodecane and TMOS (see Table 7.1 for 

amounts) and stirring at 50 °C until a homogeneous phase was formed. Then 0.05 M HCl(aq) was added to 

the mixture, followed by vigorous stirring for 1 min. This precursor solution was added into a beaker 

containing 2–3 pieces of PMMA templates until the templates were half-immersed. When the liquid 

mixture came into contact with the PMMA colloidal crystals, it infiltrated the voids of the template pieces. 

Complete infiltration was indicated once the non-immersed part was fully wetted through capillary action. 

The infiltrated PMMA pieces were then carefully wiped with tissue paper to remove extra precursor 

solution from their surfaces. They were transferred into a filter flask and kept in vacuo for 12 h at room 

temperature to remove the methanol generated during hydrolysis and condensation, which was believed to 

disturb surfactant self-assembly. The vacuum-drying step was not used for sample 3DOM/m-1, whose 

skeleton contained disordered worm-hole like mesophases. After evacuation, the nanocomposites 

consisting of gel precursor and PMMA template were subjected to calcination in air at 550 °C for 6 h at a 

rate of 3 °C/min. Through calcination, the PMMA and Brij 56 were removed and monoliths of 3DOM 

silica with secondary mesoporosity were obtained.  

For comparison, an experiment with P123 as the mesostructure-directing agent was also performed, in 

which 2 g P123 was used in place of Brij 56 and no alkane was added for swelling. All other processing 

steps were the same as described above. 
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Table 7.1 Synthesis conditions for the preparation of silica monoliths with hierarchical porosity. 

Sample Mesophase  Brij 56 

(g) 

C12H26 

(g) 

TMOS 

(g) 

0.05M HCl 

(g) 

Mole Ratio* Vacuum 

drying 

3DOM/m-1 Worm-hole 2 0 4 2 0.114:0:1:0.00388:4.3 no 

3DOM/m-2 Cubic (Pm3n) 1.6 1.0 4 2 0.091:0.226:1:0.00388:4.3 12 h 

3DOM/m-3 2D hexagonal 

(P6mm,⊥) 

2.6 1.3 4 2 0.148:0.293:1:0.00388:4.3 12 h 

3DOM/m-

P123 
2D hexagonal 

(P6mm,‖) 

2 

(P123) 

0 4 2 0.014:0:1:0.00388:4.3 12 h 

Mole ratio = Brij 56: C12H26: TMOS: HCl: H2O 

7.2.3 Characterization SEM micrographs were recorded using a JEOL JEM-6500 field emission 

microscope at an accelerating voltage of 5 kV. Samples were crushed into powders and mounted onto a 

microscope stub with carbon double-sticky tape. Samples were coated with a 5 nm-thick platinum film to 

avoid charging effects. TEM micrographs were taken on a FEI Tecnai T12 microscope equipped with a 

LaB6 filament working at 120 kV. Samples were dispersed in acetone for 4 h with sonication. Then the 

dispersion was placed onto a Lacey-Formvar/carbon-film-coated copper grid using a micropipette. A 

double-tilting holder (Philips, Inc.) was utilized to realize the rotation in two perpendicular directions. The 

electron beam was spread to minimize sample damage during long time exposure and the CCD camera 

(Gatan, Inc.) was set to a low-dose mode for acquisition. Small angle X-ray scattering (SAXS) patterns 

were acquired on a Rigaku RU-200BVH 2-D SAXS instrument with a Siemens Hi-Star multi-wire area 

detector. Nitrogen adsorption/desorption measurements were performed on a Micromeritics ASAP 2000 

gas sorptometer. Monolithic samples were used directly for the tests and all the samples were outgassed at 

0.003 mmHg for 24 h at 200 ºC. 

 

7.3 Results and Discussion 

7.3.1 Bulk and macropore structure Figure 7.1 is a photograph showing typical examples of the 3DOM/m 

SiO2 monoliths that were prepared using the different, optimized synthesis conditions summarized in Table 

1. The external shapes of the PMMA templates were preserved by the 3DOM/m SiO2 replicas. The replicas 

have slightly smaller dimensions (ca. 10% shrinkage) compared with the original template due to removal 

of the PMMA spheres and condensation of silanol groups. Among the monoliths, the 3DOM/m-1 SiO2 
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sample appeared to be the most intact and, qualitatively, had the greatest mechanical strength when 

pressure was applied to it with a spatula. Both the PMMA template and the 3DOM/m SiO2 samples were 

opalescent due to diffraction of light, a visual proof for structural periodicity with repeating distances in the 

range of the wavelengths of visible light.  

 

Figure 7.1 Photograph of monolithic 3DOM/m-1 (wormhole-like), 3DOM/m-2 (cubic, Pm3n), 3DOM/m-3 

(2D hexagonal, P6mm) and 3DOM/m-P123 silica samples. A ruler with centimeter and millimeter 

divisions is shown for reference. 

Figure 7.2 shows SEM micrographs of the original PMMA sphere template and the 3DOM/m SiO2 

samples. Well-ordered macroporous structures were obtained for all the samples. Figure 7.2e demonstrates 

for the example of 3DOM/m-1 SiO2 that the periodic macroporous structure extends throughout the entire 

sample, with grain boundaries separated by tens of micrometers and crack-free regions up to several 

millimeters. The sizes of the macropores depended on the original PMMA colloidal spheres. Starting from 

PMMA spheres with diameters of ca. 400±5 nm, 3DOM/m SiO2 samples with pore spacings of ca. 

353±12.5 nm and window sizes of ca. 128±6 nm were obtained, regardless of the different mesophases in 

the walls. This 12% shrinkage is close to the shrinkage of the external shape, indicating a homogeneous 

contraction and explaining why the monolithic shape was preserved. It is worth mentioning that the 

window size (125 nm) in these 3DOM/m SiO2 structures is much larger than the contact area between 

touching spheres, an observation that should also be attributed to the silicate shrinkage. This cross-sectional 

shrinkage actually helps reduce the bulk shrinkage of the monolith and minimized the occurrence of cracks. 

The large window size is advantageous in facilitating transport of guest molecules. 

7.3.2 Overview of the mesopore Structures Hierarchically-structured silica materials with different 

mesoporosities were obtained by adjusting the ratio of surfactant (Brij 56), dodecane, TMOS and H2O. A 

systematic analysis has shown that the 2D hexagonal mesophase dominates on the ternary phase diagram of 

Brij 56, TMOS, and H2O,37 although other mesophases have also been obtained through carefully adjusting 

the experimental conditions.29,32,38 However, by directly applying the recipes published in the literature for 

mesoporous silica monoliths, 40 we were not able to reproduce the corresponding ordered mesophases 

within PMMA templates except for a 2D-hexagonal case observed during process optimization (data not 

shown). We attribute this to the presence of the PMMA template, whose influence upon surfactant 

templating will be discussed later. Organic compounds have been used as swelling agents to modify the 
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shapes and dimensions of the mesophases by forming microemulsions. El-Safty et al. observed only cubic 

mesophases after addition of alkane swelling agents, such as dodecane (C12H26) and longer alkane chains.30 

However, in our study, both cubic and 2D hexagonal mesophases could be obtained with added dodecane 

in the colloidal crystal template, indicating the influence of 3D confinement on the mesophase formation. 

 

Figure 7.2 SEM micrographs of a) the PMMA template, b) 3DOM/m-1, c) 3DOM/m-2, and d) 3DOM/m-

3. Part (e) is a low magnification image of 3DOM/m-1 showing the long-range ordering of the macropore 

structure. Part (f) is an illustration of the FCC inverse opal structure. A unit cell is shown here, consisting 

of two different structural units: an octahedral interstice (Oh) originally surrounded by six PMMA spheres 

and a tetrahedral interstice (Td) surrounded by four PMMA spheres. These units are all connected through 

thinner necks indicated in the figure by a loop. 

Figure 7.3 shows TEM images providing overviews of the mesophases of 3DOM/m-1 SiO2 

(wormhole-like), 3DOM/m-2 SiO2 (cubic, Pm3n)), and 3DOM/m-3 SiO2 (2D hexagonal, P6mm). Clearly, 

the mesopore networks extended throughout the whole 3DOM skeletons. In certain regions of the images 

for 3DOM/m-2 SiO2 and 3DOM/m-3 SiO2, the ordered mesophases could be readily identified as cubic 

(Pm3n) and 2D hexagonal (P6mm), but in other regions, the pore network did not seem ordered on first 

inspection, and the determination of the mesophase was not as straightforward. Through observation of the 

sample from multiple directions, using a double-tilting holder, the apparent structural complexity was 

attributed to multi-oriented alignment of mesopores as a result of the curved macropore walls. As 

illustrated in Figure 7.3b for 3DOM/m-2 SiO2 (Pm3n), (100), (110), (111) and (210) planes of the 

mesophase can be observed simultaneously in the same image. Therefore, it can be expected that the 

mesophases are off-axis in some regions. In addition, since TEM produces a 2D representation of the real 
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3D structure, the situation is further complicated when the multi-oriented mesophases overlap with each 

other.  

 

Figure 7.3 TEM images showing overviews of the hierarchically porous silica (3DOM/m silica) with 

different mesoporosities: a) 3DOM/m-1 SiO2 (wormhole-like), b) 3DOM/m-2 SiO2 (cubic, Pm3n) and c) 

3DOM/m-3 SiO2 (2D hexagonal, P6mm). Different Pm3n orientations are labeled in part (b). 

For a detailed interpretation of the mesophases, it is therefore necessary to consider some features of 

the 3DOM structure. Figure 7.2f shows a unit cell of this structure. As the inverse replica, it possesses the 

symmetry of the original colloidal crystal (fcc), except that the interstices among spheres become solid and 

the touching spheres become connected air balls. To avoid confusion with the symmetry of the mesoporous 

structure, the lattice planes and axes of the 3DOM structure are denoted in italics with the subscript 

“3DOM”, i.e. (110)3DOM and [110]3DOM. The 3DOM lattice possesses two structural units corresponding to 

the two types of interstices (tetrahedral and octahedral) in fcc colloidal crystals, with a ratio of Td: Oh = 2:1. 

Each of the two units is connected with a ‘neck’ surrounded by three touching spheres. Depending on the 

spherical radius R and the deformation between two attaching spheres, the dimensions of the 3DOM units 

change accordingly. In our case the 3DOM lattice parameters are all below 500 nm. The overall surface 

within the 3DOM structure has a constant negative curvature of -1/R, except near the window edge, where 

it changes abruptly.  

7.3.3 Multi-angle TEM investigation A detailed TEM investigation was performed to interpret the multi-

oriented mesoporosities. To minimize the complications from overlap, the sample was subjected to long-

time sonication to fracture it into small pieces consisting of only a few 3DOM units. A double tilted holder 

was utilized to observe the sample from different angles in order to identify the real mesostructure in all the 

regions. (Figure 7.4) Several techniques have been developed to process images from different angles and 

reconstruct 3D structures, such as electron tomography and electron crystallography. Electron tomography 

(ET) has been utilized to analyze the morphology and induced meso-scale deformation in zeolites;39,40 

while electron crystallography has succeeded in revealing quite complicated mesostructures.34 The former 

technique provides relatively low resolution (typically ca. 10 nm, too low to resolve the current structure), 

although building on prior knowledge, MCM-48 (Ia3d) was recently analyzed with ET via high-angle 

annular dark-field imaging in STEM mode.41 Electron crystallography requires diffractive information from 
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fast Fourier transformation (FFT), which is unsuitable in the present case due to overlapping regions with 

multiple orientations. Here, we tried to directly interpret the images and deduce the structure by computer-

aided modeling. This semi-empirical route has been used by Anderson et al. to analyze MCM-4842,43 and 

recently some other mesostructures.44 In practice, the chosen particle was first tilted along both x- and y-

axes with large intervals at lower magnification. In this step, the macroporous structure of the particle in 3D 

space could be determined by observing the relative movement of different portions during the rotation and 

comparing with a 3DOM model. Afterwards, the view was zoomed in to record the mesoporous structure. 

Based on the knowledge of the 3DOM structure from the previous step, the sample was tilted accordingly 

to locate highly symmetric axes and avoid overlapping. The purpose of this two-step method was to 

minimize the exposure time during the TEM observation, especially at high magnification when the 

electron beam would severely damage the mesoporous structure. Alternatively, images were taken 

consecutively to create an animated view while rotating the sample in 1–2 degree steps. This required a 

low-dose beam and a CCD camera in its high sensitivity mode. By analyzing the information thus obtained, 

a model showing the mesoporous structure and orientation was built up and refined to the best fit.  

 

Figure 7.4 Schematic illustration of multi-angle TEM characterization 

For 3DOM/m-1 SiO2 with disordered mesopores, a homogeneous mesophase with relatively uniform 

channel widths (ca. 2.5 nm) but otherwise no specific structural features was observed. This mesostructure 

is comparable with typical disordered mesoporous materials templated by polyethylene oxide such as 

MSU-X.45,46 Within the colloidal crystal template, the 3D confinement had little influence on the 

mesostructure of 3DOM/m-1 SiO2. Because the individual micellar unit is more than an order of magnitude 

smaller than the interstitial space in the colloidal crystal, interfacial effects induced by the PMMA spheres 

are not likely to affect the internal arrangement. The continuity of the disordered mesopores was proved by 

our ability to use 3DOM/m-1 SiO2 as a hard template to prepare a hierarchically porous carbon replica by 

nanocasting, a system reported elsewhere.4  
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For 3DOM/m-2 SiO2 with cubic (Pm3n) mesopores, the mesophase is also formed by globular 

micelles47 and thus should not be affected by the structural confinement directly. However, if a specific 

plane of the cubic phase is preferred48 in contact with the PMMA sphere, the preferred orientation along the 

curved PMMA surface could influence the packing order of the internal region and result in a lattice 

parameter change or even a phase transition. Figure 7.5 shows the TEM images of a 3DOM/m-2 SiO2 

sample. In spite of obvious multi-orientation, an ordered cubic mesophase can be easily discerned, 

indicating an ordered packing in the bulkier interstitial regions. This probably means that no interfacial 

preference exists or that the internal assembly of the LC phase is independent of the surface-induced 

phenomenon. However, the mesophase around the 3DOM window edges shows less ordering, which might 

be caused by the limited available space or by interfacial effects.  

 

Figure 7.5 TEM images of 3DOM/m-2 SiO2 (cubic: Pm3n). Image (a) was taken along the [100]3DOM axis. 

Images (b) and (c) were views of selected regions from (a) after horizontal and vertical tilting, respectively. 

The ordered cubic mesophases are more clearly seen after tilting. Figure (d) is a model of the 3DOM 

structure in part (a). A high definition movie showing rotation process is available at 

http://dx.doi.org/10.1021/la062969s.   

The situation is more complicated for 3DOM/m-3 SiO2 with columnar mesopores templated from 

cylindrical micelles. First, the interfacial effects influence the orientation of the cylindrical micelles. For 

example, the channels can, in principle, be aligned parallel or normal to the PMMA surface. In addition, 

since cylindrical micelles can extend to relatively long distances, their arrangement is inevitably affected by 

the dimension and shape of the 3D confinement. Based on TEM observations, it may be concluded that the 
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Brij 56 micelle columns tend to be perpendicular to the surface of the PMMA spheres. This can be 

appreciated from Figure 7.3c, in which honeycomb patterns dominate the whole image. In addition, the 

cylindrical arrays have been reconstructed and fit the TEM observation very well. For a clear 

demonstration, two cross sectional views are shown in Figure 7.6, corresponding to the neck and octahedral 

unit center (see Figure 7.2f for definitions). The whole structure can be easily deduced from the 2D models. 

Figure 7.6a portrays the neck region surrounded by three close-packed spheres. Linear micelle columns are 

close to the corners. As the columns approach the center, they bend towards it and eventually join together, 

forming a special trident micelle. In the octahedral center surrounded by four spheres, the micelle columns 

show a diagonal array (Figure 7.6b) with 2-fold symmetry instead of 4-fold symmetry. This arrangement 

makes it easier for micelles to occupy all the central spaces and, at the same time, minimize compression 

and bending of cylindrical micelles. These features have been directly observed in cross-sectional views 

under the TEM through carefully adjusting the depth of field to maximize the contrast of the corresponding 

structures (Figure 7.6, insets). 

 

Figure 7.6 Schematics of the detailed channel structure of the 2D hexagonal (P6mm) mesophase within 

3DOM/m-3 SiO2 and the corresponding TEM images. (a) A trigonal hole in the neck region between three 

spheres. (b) An octahedral hole. The region corresponds to a cross-section of the unit cell through the 

center and parallel to the (100) planes. 

This micellar arrangement was further confirmed by TEM images presented in Figure 7.7, parts a and 

b, which were taken along two adjacent [110]3DOM axes of the same area. In image 7.7a, a honeycomb array 

can be clearly seen in region (I), an octahedral center. The solid phase becomes darker from the edge to the 

center with increased thickness. Concurrently, the pore phase becomes less bright and eventually invisible. 

This reduced contrast is due to bending and overlapping of the mesopores as shown in Figure 7.6. Upon 60 

degree tilting to another [110]3DOM axis (Figure 7.7b), this honeycomb pattern was replaced by a tilted line 

pattern, a lateral view of columnar mesopores. The situation is a similar for region (II) except for the 

orientation of columns. No honeycomb pattern is visible in region (III) in both images, simply because it 

can only be observed along one [110]3DOM axis out of six in total. Additionally, a neck structure is pointed 

out by an arrow in the images and it clearly shows highly ordered hexagonal mesopore arrays with multiple 

orientations. Due to the complexity in alignment, it is always easier to recognize the mesophases by 
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combining more TEM images. Therefore, a series of TEM snapshots recording continuous rotation of a 

3DOM/m-3 SiO2 is presented in Figure 7.8. 

 

Figure 7.7 TEM images of 3DOM/m-3 SiO2 (2D hexagonal: P6mm). Images were taken in the same 

region approximately along two [110]3DOM axes. Regions I, II and III are octahedral centers containing 

columnar mesopores with different orientations, and the arrow indicates a neck structure in which the top 

edge shows parallel lines (100) and a honeycomb array (001), respectively, in (a) and (b) (see Fig. 2f for 

definitions). 

 

Figure 7.8 TEM snapshots obtained during continuous sample rotation of 3DOM/m-3 SiO2. An animated 

movie at higher definition can be found at http://dx.doi.org/10.1021/la062969s.   

To investigate the influence of the surfactant structure on confined mesostructures, an experiment with 

P123 as the mesostructure-directing agent was also performed. For direct comparison, the same procedure 

as for Brij 56 was utilized instead of following previous literature by Anderson et al.13 Based on our 
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method, a monolithic sample was also obtained, similar to the Brij-56-derived samples. Figure 7.9 provides 

the TEM image of the 3DOM/m-P123 SiO2 sample, which shows curved line patterns parallel to the 

macropore wall and honeycomb arrays in the octahedral centers. Anderson et al. showed similar line 

patterns but did not identify the mesophase.13,27 Here, the mesostructure was confirmed to be 2D hexagonal 

upon TEM observation. Compared with Brij 56, P123 produced larger mesopores with an average pore 

spacing around 10 nm as estimated by TEM (8.2 nm by SAXS). More importantly, the P123-templated 

columnar mesopores extended parallel to the macropore walls, clearly indicating a different phase behavior 

from Brij 56 under the same conditions.  

 

Figure 7.9 TEM images of the hierarchically porous sample prepared with P123 as the mesostructure-

directing agent (3DOM/m-P123 SiO2). 

7.3.4 Explanation of mesophase orientation Since the silica mesophases were templated from the LC 

phase of the non-ionic surfactants Brij 56 and P123, an explanation of the mesostructure should be based 

on the self-assembly of these amphiphilic molecules. Although the influence of the colloidal crystal on the 

phase behavior of amphiphilic molecules has not yet been fully investigated,28 some clues can be found by 

referring to theoretical and experimental studies of block copolymers within 1D and 2D confinement. In the 

1D case, simulation studies have shown that the dimension of confinement and the surface preference are 

two factors determining the morphology of cylindrical micelle assemblies.49,50 A hexagonal array 

perpendicular to the interface can be achieved only if the surface of the substrate has no or very weak 

preference for one block of the amphiphilic molecule.49,50 Otherwise, micellar columns are positioned 

parallel to the interface, unless their diameters are incompatible with the confinement dimension, resulting 

in frustration, a less significant phenomenon when this dimension is much larger than the column diameter. 

As for 2D confinement, though a variety of morphologies have been predicted for cylindrical micelles51 and 

have been observed for templated mesoporous silica in nanochannels,52,53 no columnar mesostructures 

normal to the interface have been noted. This is probably because the employed confinement usually has a 

circular cross section, geometrically prohibiting cylinder formation normal to the interface. As for colloidal 

crystals, if only two touching spheres are considered, the possible micelle cylinder alignment between them 

could be deduced based on the 1D and 2D confinement. This is illustrated in Figure 7.10. These ideal 
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situations have been observed for the above samples, though in a somewhat distorted fashion. Many more 

varieties can be generated when other factors of the colloidal crystal are considered, such as the limited 

space, the curved interface and the 3D interconnectivity. The situation is further complicated with the 

addition of a silicate source. The templated mesostructure is related to the molecular structure of the 

surfactant, its relation with the PMMA surface, interactions with the silicate precursor, etc. A systematic, 

detailed investigation combining all these factors and their cooperative effects would be merited. With 

respect to applications, the columnar mesopores normal to the macropore surface from Brij 56 are more 

accessible with much shorter inner diffusion distances, a big advantage for applications as catalysis 

supports and others. In contrast, P123-derived samples possess extended mesocolumns, which are further 

interconnected by micropores. These may be good candidates as hard templates for hierarchically porous 

structures of other materials. 

 

Figure 7.10 Schematics showing assemblies of cylindrical micelles within 1D or 2D confinement and 

between two touching spheres. In 1D confinement, channels may be parallel or perpendicular to the 

confining planes. In 2D confinement, the surface curvature influences the alignment of mesochannels. Two 

limiting situations are shown here, which represent simplified models around the necks. For the region 

between two neighboring spheres, additional curvature in the third dimension can lead to the models shown 

above. TEM images of 3DOM/m-3 SiO2 resemble the situation on the top left, images of 3DOM/m-P123 

SiO2 show regions similar in appearance to the other two models. 

7.3.5 Additional characterization of mesoporosity Small angle X-ray scattering (SAXS) is an important 

technique to index mesoporosities, especially to differentiate cubic phases. However, in the hierarchically 

porous system it becomes less informative. As shown above, the ordered mesophase consists of numerous 

microdomains with different orientations, and in each microdomain the mesostructure is also subject to 

continuous change. This results in considerable peak broadening and an absence of multiple hkl reflections 
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(Figure 7.11). However, at least one reflection peak is observed for each sample, indicating the periodic 

variation of the electron density, i.e., a periodic mesoporous structure. The 3DOM/m-P123 sample actually 

shows a more resolved SAXS pattern. This could be related to its mesopore orientation and also to the 

uniformity of pore diameters because no swelling agent was added in this case. 

 

Figure 7.11 Small-angle X-ray scattering (SAXS) patterns of 3DOM/m-1 SiO2 (wormhole-like), 

3DOM/m-2 SiO2 (cubic, Pm3n), 3DOM/m-3 SiO2 (2D hexagonal, P6mm), and 3DOM/m P123 (2D 

hexagonal, P6mm). 

Nitrogen adsorption/desorption isotherms are shown in Figure 7.12. All the 3DOM/m samples exhibit 

typical reversible type-IV adsorption isotherms.54 Inflections of the isotherms due to capillary condensation 

in mesopores are observed for all samples, although the relative pressures differ due to different mesopore 

sizes. Hysteresis loops are present for all samples except 3DOM/m-1 with the smallest mesopores. 

3DOM/m-1 displayed a significantly higher BET (Brunauer-Emmett-Teller)54 surface area than the other 

samples (Table 7.2). The BJH (Barrett, Joyner, and Halenda)54 pore size distribution calculated from the 

desorption curves confirmed the presence of relatively uniform mesopores in all the samples. Trends in 

mesopore sizes were consistent with the d-spacings calculated from SAXS. The dimensions of the macro- 

and mesopores are listed in Table 7.2.  

 

Figure 7.12 Nitrogen sorption isotherms and pore size distributions of 3DOM/m-1, 3DOM/m-2, 3DOM/m-

3 and 3DOM/m-P123. 
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Table 7.2 Structural and textural parameters of the silica monoliths. 

Sample 
Macropore 

size (nm)a 

Window 

size 

(nm)a 

Mesopore 

size 

(nm)b 

Mesopore 

wall 

thickness 

(nm)b 

SAXS d-

spacing 

(primary 

peak) (nm) 

BET 

surface 

area 

(m2/g) 

BJH pore 

size 

distribution 

(nm)c 

3DOM/m-1 357±7 125±5 2.5±0.5 2.4±0.4 4.9 1144.7 2.68 

3DOM/m-2 341±11 131±3 n/a n/a 6.0 476.1 4.95 

3DOM/m-3 365±9 122±7 3.8±0.2 1.9±0.2 6.7 477.5 5.00 

3DOM/m-P123 351±12 135±13 5.1±0.3 4.4±0.3 8.2 422.4 5.25 

a) estimated from SEM images    b) estimated from TEM images    c) based on desorption branch 

 

7.4 Conclusions 

A range of hierarchically structured silicate materials with both 3D periodic, interconnected 

macropores and, under the appropriate conditions, highly ordered mesopores were prepared through a 

combination of colloidal crystal templating and amphiphilic surfactant nanocasting. Characterization of 

their morphologies demonstrated that features of the colloidal crystal template were replicated at both a 

macroscopic level (monolith) and a microscopic level (three dimensionally ordered macropores). By using 

a low-molecular-weight, non-ionic surfactant, in certain cases with dodecane added as a swelling agent, 

several distinct mesophases were produced, including disordered worm-hole structures and ordered cubic 

or 2D hexagonal structures. These hierarchically ordered porous structures were systematically analyzed 

via TEM. Our study revealed the special alignment of the surfactant induced by the 3D confinement of 

colloidal crystals, especially for cylindrical micelles, which could be aligned either parallel or 

perpendicular to the sphere surfaces. Such alignment is difficult to obtain in bulk mesoporous materials, 

although it has been observed in mesostructures produced within 1D or 2D confinement.49,52,55-57 A 

thorough understanding of the hierarchically porous structure will not only shed light on the theoretical 

study of micellar behavior under confinement, but will also benefit technological applications of these 

materials in many fields. 
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CHAPTER 8  
Simulation-aided Design and Synthesis of Hierarchically Porous Membranes 

8.1 Introduction 

Ultra thin films or membranes with equally sized, well-defined through-hole pores exist ubiquitously 

in nature, particularly in biological systems. Synthetic porous membranes of different compositions are also 

widely used for various separation, filtration and purification processes.1 In this regard, precise control of 

parameters such as pore size, pore spacing, and film thickness are highly desirable.2 A narrow pore size 

distribution is critical for an effective separation with a definite “cut-off” size, whereas high pore density 

and thin film thickness are desired to allow high throughput and improve the separation efficiency.  

As the field of nanotechnology is advancing, materials researchers now have more opportunities to 

manipulate objects on a submicron scale, and porous membranes with pore sizes down to a few hundred 

nanometers become increasingly important to assist various miniaturized operations. Commercially 

available products, including fiber glass membranes, cellulose, particle-track-etched films etc., are 

disadvantageous due to their irregular porosity, high thickness or low pore density. Technologies such as 

lithography and anodic corrosion are capable of generating membranes with densely packed, uniform, 

cylindrical pores. However, these methods suffer from high cost or availability of materials. 

Alternatively, the fabrication of porous membranes at the submicron length scale may be realized 

following self-assembly approaches.2 In contrast to top-down techniques, self-assembly relies on the 

intrinsic ability of the materials to achieve spontaneous structural organization. Porous membranes have 

been synthesized from block copolymers.3 Block copolymers are capable of realizing phase separation from 

several nm to μm, and a porous membrane could thus be produced by selective etching of one 

block/component. The phase behavior of block copolymers is influenced by affinity, confinement, 

shearing, external field, temperature, etc. providing a rich tool box for tailoring porous structures.3  

Another self-assembly approach for porous thin films is based on colloidal templating.4 Monodisperse 

colloidal spheres can self-assemble into a monolayer of an ordered, hexagonally close-packed array, 

namely a 2D colloidal crystal, on a substrate. By filling the interstitial space by another material followed 

by removal of the spheres, a porous membrane with uniform circular pores is formed. As a hard templating 

approach, colloidal templating is readily available for a wide range of materials.4 

In this work, we investigated the synthesis of a membrane with ordered circular pores and smaller 

textural mesopores by using both colloidal spheres and block copolymer as co-templates. We fabricated a 

non-close packed hemispherical array based on etching and annealing of a polystyrene (PS) colloidal 

monolayer as a robust substrate for templating the porous membrane through spin coating (see Figure 8.1). 
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In addition, a block copolymer (Pluronic P123, also known as a non-ionic surfactant) was introduced into 

the precursor as a template for textural porosity. The presence of dual porosities may be advantageous in 

that while the bigger pores serve for size selection, the smaller mesopores can provide additional pathways 

for fluid transport. Therefore we expected that the hierarchically porous membrane can offer higher 

throughput with a lower pressure build-up. For this purpose, it is necessary to ensure that the mesopores are 

open and easily accessible on both sides of the membrane. A preferable structure would consist of a 

vertically oriented 2D hexagonal (P6mm, ┴) mesopore array. Previously, we explored the alignment of 2D 

hexagonal mesopores within 3D colloidal crystals, and suggested that the mesoporous structures were 

associated with the block copolymer structure and composition, the surface properties of the polymer 

colloid and spatial confinement.5 However, the exact relationship between these multiple factors and the 

underlying mechanism was still unclear. To aid the design of 2D porous membrane, we used a simulation 

based on dissipative particle dynamics (DPD) to elucidate the phase behavior of the block copolymer 

within 2D colloidal confinement and to explore possible routes for structural control based on the 

mechanistic understanding. 

 

Figure 8.1 Schematic illustration of the fabrication of a 2D non-close packed colloidal hemisphere array 

and its use as a template for a 2D sub-micron porous membrane. 

Several different methods have been described to replicate the colloidal array, including vapor phase 

deposition, electrochemical plating, etc.4 A simpler approach is to directly cast a precursor onto the 

colloidal film in liquid form and allow it to solidify. In this regard, spin coating is an effective and reliable 

approach to ensure a uniform coating on a substrate over a large scale. Jiang et al. developed a series of 

methods to prepare porous membranes through a co-deposition route, namely a mixture of a sol precursor 

and colloids was spin coated onto the substrate, the colloids being removed after precursor gelation.6,7 A 

more convenient way would be to spin cast a precursor on a pre-formed colloidal film template.  However, 

direct application of a colloidal monolayer by spin coating was proven to be unsuccessful due to the low 

affinity of the colloids with the substrate.8 

DPD as a mesoscopic simulation method is a suitable tool to examine the phase behavior of polymer 

systems.9 Mesoscale modeling was developed to address the incompatibility between fast molecular 

kinetics and macroscale properties by treating polymer chains at the coarse-grained level.10 Although 

previous work mainly focused on the phase study of block copolymer melts, recently additional factors 
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were incorporated, such as solvents, nanoparticles, confinement and even dynamic systems.11-14 In a 

previous study, mesoscopic simulations were utilized to study the process of mesoporous materials 

synthesis.15 Herein we employ the DPD method to investigate the mesopore formation by a mixture of 

surfactant and silica precursor within colloidal hemispherical confinement. It was expected that the 

simulation system would not only help verify our hypothesis of using colloids to control mesopore 

alignment but also provide valuable insight about tuning the interactions between colloids and surfactants 

for the experimental design.  

 

8.2 Experimental 

8.2.1 DPD simulation The DPD simulations were performed using the Materials Studio v4.3 package 

(Accelrys). A unit cell of the non-close packed 2D hemispherical array is shown in Figure 2a (blue box). 

Assuming 400 nm colloids are used as template, the area of the unit cell will be over 250,000 nm2, which is 

several magnitudes higher than typically involved in mesoscopic simulations. As a simplification, we chose 

the area in close vicinity between two spheres (Figure 8.2a (red box)). Because the sphere radius is much 

larger than the surfactant molecules, this structure can be further simplified into a confined space between 

two parallel walls, together with a substrate and a free upper surface (Figure 8.2b), and the actual 

simulation cell using these assumptions is shown in Figure 8.2c. The parallel walls and substrate were 

composed of frozen hard spheres, whereas the free surface was simulated by using a “bad solvent”.16 The 

“bad solvent” was bounded at the top of the simulation cell and was immiscible with the block 

copolymer/silica phase. The presence of the deformable air phase (“bad solvent”) eliminated the case of 

structural frustration potentially caused by hard confinement. 

 

Figure 8.2 Schematic illustrations describing the choice of the simulation cell. (a) Blue: unit cell of 2D 

hexagonal lattice; Red: reduced cell for simulation. (b) Cross sectional view of reduced cell in (a). (c) 

Construction of the actual simulation cell. 

In the mesoscopic simulation, the block copolymer was represented by a string of beads: each block 

was represented by a number of beads connected by springs and the dynamics is governed by Newton’s 

law.9 Each bead represents a minimal polymer coil whose internal structure is macroscopically small and is 

considered to have little influence on the phase behaviors.17 The interactions between different blocks in the 
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polymer, as defined by the Flory-Huggins parameter χ, were replaced by the bead-to-bead repulsion 

parameter εij = 25 + 3.5 χij. Although using more beads could improve the details of the simulated 

structures and allow more precise mapping of a specific real polymer, it also demands more computation 

time. Since this study deals with a very large system whose dimensions were decided by the size of the 

colloidal confinement and our focus is to acquire qualitative insight to direct the experimental design, 

smaller numbers of beads are more practical choices. Here we used one bead for each block and built a 

triblock copolymer as A1B1A1, with an additional bead (M) representing a certain volume of the fluidic 

silica precursor. The ratio of A1B1A1 and M was 4:1, corresponding to the molar ratio in typical syntheses 

(see section 8.2.3). Previous studies on polymer dispersions showed that such a simplification could still 

present reasonable phase information.9,18 The parameterization of the simulation is discussed in the Results 

and Discussion section. The simulation time was set to be 200 000 steps.  

8.2.2 Fabrication of a 2D hemispherical array PS colloidal spheres were prepared via emulsifier-free 

emulsion polymerizations of styrene (Aldrich) as described previously.19 A pristine silicon wafer [p-doped, 

(100) surface orientation] was first coated with 50 nm Al2O3 by atomic layer deposition (ALD) using a 

Cambridge NanoTech ALD system. A hexagonally close-packed, single-layer PS sphere array was 

deposited on top of the Al2O3 layer by spin coating an ethylene glycol (EG)/H2O suspension of PS spheres 

(diameter 468±12 nm) at 1000 rpm for 16 min. Parameters were adjusted to achieve full coverage of the 

wafer by a colloid monolayer. The colloidal film was O2 plasma etched in a STS 320 etcher running at low 

power (50 W), where the colloids were etched isotropically resulting in non-close-packed sphere array. 

Afterwards, the colloidal film was annealed to convert spheres into dome-like structures. The annealing 

should be performed immediately after the RIE process, as non-close-packed spheres are unstable before 

annealing and spontaneously aggregate. To finely adjust the profile of the hemisphere, a two-step annealing 

process was developed. The freshly etched template was first subjected to 1 min “pulse annealing” at 140 

ºC for 10 times, with 1 min cooling at room temperature in between. In the second stage, the annealing took 

place at 115 ºC, when the colloid gradually approached the Si substrate, and a perfect hemispherical shape 

was obtained after 75 min. The wafer was then cut into ca. 2×2 cm2 chips. To compare the stability of the 

pristine colloidal monolayer and the annealed hemisphere layer, the samples were placed in EtOH and 

subjected to gentle sonication for certain periods, and changes in sample structure were tracked using 

reflectance UV-vis spectroscopy at a 90° angle of incidence (Spectral Instruments 400 spectrophotometer). 

The instrumental error was tested to be within 2% over a period of 4 h after 1 h stabilization. When 

different regions of a sample were measured, the spatial deviation due to the spatial difference in colloid 

coverage was found to be ca. 10%. To eliminate the influence of sample deviation, the UV-vis probe was 

coupled with a microscope (Olympus BH) on a precision sample stage as shown in Figure 8.3, and samples 

were analyzed at the same spot for each measurement. 
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Figure 8.3 Illustration of the microscope-coupled UV-vis measurement. The sample was placed on a 

sample stage and positioned precisely to the same spot for each measurement with the assistance of a 

microscope. 

8.2.3 Dual-templating of hierarchically porous membrane A silica sol-gel precursor was prepared by 

mixing 1 g tetramethyl orthosilicate (TMOS) (Aldrich), 1 g Pluronic P123 (donated by BASF), 0.5 g HCl 

(0.1 M) (Mallinckrodt) and 6 g H2O or MeOH (Aldrich) and stirring for 1 h. One piece of silicon chip with 

a colloidal hemisphere array was placed on a home-made spin coater with a droplet of silica precursor (ca. 

50 μL) applied, and the chip was then spun at 300 rpm overnight. After being aged in a closed container at 

50 ºC for 24 h, the chip was immersed in toluene (Mallinckrodt) to dissolve the templates and dried at 50 

ºC. To obtain a free-standing membrane, the sample was soaked in 5M H3PO4 for several hours to dissolve 

the underlying Al2O3 layer. 

8.2.4 Characterization SEM micrographs were recorded on a JEOL JEM-6700 field emission microscope 

using an accelerating voltage of 5 kV and an emission current of 20 mA. Chips were directly loaded into 

the microscope without any conductive coating layer. 

 

8.3 Results and Discussion 

8.3.1 Controlling mesopore alignment via surface and confinement In the parameterization process, the 

first step is to determine the interactions between two blocks (εAB) of the P123 surfactant and between 

blocks and the silica precursor (εAM and εBM). Herein, the parameters were adopted from previous reports 

on the successful simulation of similar Pluronic surfactants and rescaled based on the number of beads used 

in the current simulations.18 The interactions were chosen as εAA = εBB = εAM = 25, εAB = 150, εBM = 200. 

With these parameters, a highly ordered hexagonal mesophase could be obtained in a simulation box 

without external confinement. 
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When a mixture of surfactant (block copolymer) and inorganic precursor assembles on a substrate or 

within confinement, the alignment of the columnar structure formed by the lyotropic liquid crystal was a 

function of surfactant-substrate interaction and structural confinement.20 For a block copolymer surfactant 

consisting of two different blocks, the columns align vertically when the two blocks have similar affinity 

with the substrate, whereas a parallel alignment is adopted when one block is preferred by the substrate.21 

We adjusted the interactions of the P123 blocks/silica precursor with the substrate (S), namely εAS (εMS = 

εAS) and εBS, until such alignments were achieved (Figure 8.4). Here the affinities εAS and εBS may be 

represented by the effective affinity ξs = 9εAS –4 εBS (multiplied by molar ratio, including the silica 

precursor). When ξs = 1500, columnar mesopores parallel to the substrate were obtained (Figure 8.4a), 

whereas when ξs was reduced to 1100, the columns became diagonal within the simulation cell (Figure 

8.4b). Further reducing ξs had little effect on the alignment, rather the mesophase became disordered when 

ξs = 300 (Figure 8.4c). In fact, the tilted alignment was consistent with the prevailing morphology  

previously observed experimentally.22 

 

Figure 8.4 Different alignments of columnar mesopores induced by different affinities with the substrate. 

(a) ξs = 1500, (b) ξs = 1100 and (c) ξs = 300. 

The addition of parallel walls could significantly alter the mesopore alignment. Figure 8.5 shows two 

examples with identical parameters as above but having two parallel walls. If the walls do not show enough 

preference for the PEO block, the columnar mesopores may realign and therefore create a phase transition. 

On the other hand, when the PEO phase is more preferred, the overall phase remains the same, except that 

the preference for columns to be parallel to the walls can effectively align them vertically rather than tilted 

(Figure 8.5b). 
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Figure 8.5 Parallel walls with different interactions with the PPO block. (a) εPW = 500 and (b) εPW = 600. 

Side views, 45° views, top and bottom views are shown. 

While the simulations showed that parallel walls with a preference for PEO could effectively assist the 

vertical alignment of mesopores, one remaining question was: how far from the wall could this effect still 

persist? We therefore expanded the simulation cell to increase the wall-to-wall distance 4 times and 

performed the simulation with the same parameters. However, an interesting observation was that the air 

phase (“bad solvent”) was pushed away from the top of the cell (Figure 8.6a). While it was reasonable that 

the mesophase would attempt to reduce the interface with the “bad solvent”, it no longer corresponded to a 

physically meaningful system. To avoid this phenomenon, we increased the thickness of the air phase 

which effectively stabilized the system and prevented the occurrence of an exclusion. In this case, it was 

shown that the vertical orientation of the mesopores could be maintained between spaces of up to 10 

columns (Figure 8.6b). Considering that each real mesopore was ca. 6-8 nm, the width of the current 

simulation cell (60-80 nm) was on the same length scale of the real colloidal hemisphere system where the 

distance was ca. 100 nm. Therefore, we may conclude that using the colloidal hemispherical array may be 

an effective approach towards vertically aligned mesopores, provided that the colloid surface has a 

preference for PEO blocks. 
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Figure 8.6 Mesopore alignment between parallel walls separated by a longer distance. (a) Air phase 

exclusion occurred. (b) Air phase remained stable. 

8.3.2 Morphology and stability of hemispherical array We used a two-step annealing process to convert a 

non-close-packed PS colloidal array into a hemispherical array. In this procedure, pulsed annealing at high 

temperature was believed to preferentially soften the external shell of the colloids, thereby helping to 

immobilize the spheres onto the substrate. The following extended annealing slightly above the PS glass 

transition temperature then gradually changed spheres into hemispheres. By controlling the plasma etching 

time, the sphere size and the interparticle space could be readily tuned (Figure 8.7). If no pulse annealing 

was applied to enhance the connection with the substrate, a disordered colloidal array was produced with a 

high percentage of sphere agglomeration.  

 

Figure 8.7 PS hemisphere array with different interparticle spaces controlled by the oxygen plasma time 

(t). (a) t=90 s, (b) t=105 s and (c) t=120 s. 

The annealed hemisphere array was highly stable on the substrate compared to the original colloidal 

sphere array, and the mechanical stability was evaluated by sonication in EtOH and periodic monitoring 

with a reflectance UV-vis spectrometer. Since the colloidal arrays have periodicity in the range of several 

hundred nanometers, typical reflection peaks for photonic bandstructures could be detected by the UV-vis 

spectrometer. For the pristine film without annealing, the initial diffraction peak disappeared quickly after 

sonication for only a few minutes, indicating that the particles had been largely removed. However, 

significant improvement was observed for the pulse annealed sample, and finally the two-step annealed 

sample showed virtually unchanged spectra after 2 min (Figure 8.8).  
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Figure 8.8 UV-vis spectra of the original colloidal array (a) and an annealed hemisphere array (b) after 

sonication for different periods.  

8.3.3 Hierarchically porous membranes through dual templating After spin coating of the silica/block 

copolymer precursor and template removal, a highly ordered hexagonal pore array was observed by SEM 

(Figure 8.9a). The membrane also displayed a uniform thickness, which is an advantage of the spin coating 

technique (Figure 8.9b). For applications targeting separations, it is necessary to have free standing 

membranes and a liftoff process is required. Here, the porous membrane fabricated on Al2O3 could be 

readily detached through etching in H3PO4 to dissolve the Al2O3 sacrificial layer (Figure 8.9c).  

 

Figure 8.9 SEM micrographs of the porous membrane. (a) Highly ordered hexagonal pore array. (b) Cross 

sectional view confirming the uniformity of the membrane. (c) Porous membrane lifted off from the 

substrate. 

The textural mesoporosity of the porous membranes was examined by high definition SEM imaging. 

Three distinct mesophases were identified when the samples were prepared with solvents of different 

polarities. Mechanol as a solvent led to columnar mesopores that were oriented parallel to the membrane 

(Figure 8.10a). Previously in a 3D colloidal crystal system we observed that the mesopores usually chose a 

preferred alignment (parallel or perpendicular) with respect to the colloid surface.5 However, this effect was 

not prominent for the current sample prepared in methanol. It appeared that the mesopores adopt a roughly 

unidirectional alignment in rather large domains indifferent to the colloids. As a result, both mesopore 
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alignments were observed, either parallel or perpendicular to the colloidal hemispheres (Figure 8.10b and 

c). 

With the addition of water as a co-solvent, a different mesophase was observed, which appeared to be 

at an intermediate stage between parallel and vertical phases (Figure 8.10d). Individual spherical mesopores 

instead of extended columnar structures were observed from the cross sectional images, consistent with 

previous reports describing the change of direction of hexagonal mesophase.23,24 At last, when only water 

was used as the solvent, a 2D hexagonal dot pattern was observed from the top view imaging (Figure 

8.10g). The mesopores appeared to be quite uniform, although the compression effect of colloidal 

confinement was apparent as marked with arrows in Figure 8.10g. However, from the cross-sectional 

views, we were unable to identify vertically aligned mesostructures as shown in simulation (Figure 8.5b 

and 8.6b). Nevertheless, Figure 10h shows an area which may be described as twisted columnar structures. 

It was possible that vertically aligned mesopores were formed initially, however, the solvent evaporation 

led to the decrease of the film thickness and therefore mesopores became twisted. Another possibility is 

that the phase transition was incomplete, as spherical mesopores (Figure 8.10i) similar to those in Figure 

8.10f were also observed. 

The effect of solvent polarity on the mesostructures may be explained as follows. In the lyotropic 

liquid crystal phase of the P123 surfactant, the solvent will preferentially stay in the more polar PEO phase. 

Therefore, the effective polarity of the PEO blocks changes when solvents of different polarities are used, 

and correspondingly the interaction between PEO and the colloidal surface is altered as well. As shown in 

the simulation (Figure 8.5), the PEO-wall interaction is highly influential for the mesophase orientation. 

While a higher preference of PEO over PPO could lead to the vertical columnar mesopore (Figure 8.5b), a 

lower preference resulted in, at least partially, parallel orientation. This is in line with our experimental 

observations. Considering that the colloids have high polarity due to the oxygen plasma treatment, water as 

the solvent can improve the affinity of the PEO phase with the colloids and result in vertical columnar 

pores, whereas less polar methanol reduces the relative affinity and leads to parallel mesopores. 
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Figure 8.10 SEM images of textural mesoporosity. (a-c) Parallel mesopores formed with methanol as the 

solvent. (d-f) Transitional mesophases with methanol/water cosolvents. (g-i) Possible vertical mesophase 

and spherical mesopores formed in water. 

 

8.4 Conclusions 

In summary, we developed a coupled etching-and-annealing process to produce an ordered non-close 

packed hemispherical array, which was used as a template for synthesizing porous membrane via spin-

coating. We explored using block copolymers as a co-template with the PS array to create a hierarchically 

porous membrane. DPD simulation was employed to examine our hypothesis of using colloidal 

confinement to control the mesopore orientation. Experimentally, hierarchically porous membranes were 

successfully prepared and the mesopore structures were found to be a function of the solvent polarity. In 

addition, the mesoporous structures in the samples also revealed complex phase transition phenomena that 

were not encountered in the simulation. 
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CHAPTER 9  
Mesoporous Spheres in a Hierarchically Porous Matrix: Functional 

Materials with Composite Porosities 

9.1 Introduction 

With the proliferation of research on surfactant templating of ordered mesoporous silica,1 attention has 

been drawn to applications of these materials in various fields, such as sensing,2 catalysis,3 separation,4 

optics,5 drug delivery6 etc. Besides the need to adjust pore features to regulate mass transport or impose 

structural selectivity, the development of high profile applications often requires integration with other 

functional components and tailored meso-structure in the context of a complex system. One example 

involves core-shell structured particles, which were prepared by controlled growth of oriented mesoporous 

layer around a magnetic core and have demonstrated potentials as recyclable catalyst carrier in 

heterogeneous catalysis.7,8 In addition, the formation of hierarchical systems requires coupling of mesopore 

formation with other templating methods or even top-down lithographic techniques.9,10 

Concurrently, the modification of the mesopore interior has permitted a great variety of functionalities. 

In particular, an interesting direction is to introduce multiple organic groups. Although dual-functionality 

may be readily available if the intrinsic acidity of the silica surface is considered,11 under a more general 

standard it requires the placement of several species inside the mesopores. Simultaneous or sequential 

functionalization with different reagents, through co-condensation and post-grafting processes,12,13 are 

facile approaches, and yet they are not directly applicable for incompatible functional groups, where 

nevertheless interesting properties may be derived, for example through the coexistence of acidic and basic 

groups. In this case, controlled spatial distribution of functional groups needs to be achieved to avoid their 

mutual destruction, and multiple-step procedures with carefully designed synthetic strategy become 

necessary, which retards the development of more complex systems.14 Methods have been developed based 

on protection/deprotection and diffusion limiting strategies, such as using surfactants as a temporary 

protecting agent to achieve spatial distribution.14,15 However, a recent study showed that for certain 

functional species using surfactants as blocking agent may not be very effective to realize spatial 

selectivity.16  

We took a different perspective by resorting to a composite porous structure for targeted single or 

multiple functionalities. Mesoporous silica spheres were prepared by surfactant templating and used as both 

the substrate for functional species and the building block for self-assembly, at which stage different 

functionalities were introduced separately. In principle, a multi-functional system could therefore be 

realized by combining a range of differently functionalized units. In a recent example of a similar concept, 

porous carbon capsules were loaded with different absorbers and assembled into films by layer-by-layer 
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adhesion.17 Herein, the chemically derivatized mesoporous colloids were embedded into a macroscopic 

porous scaffold through a second templating step, providing a 3D continuous composite porous structure. 

Using colloidal spheres and surfactant as co-templates can lead to materials with pore architectures at two 

different levels.18-21 Such hierarchically porous structures were found advantageous as carriers for sensing 

and catalysis,22,23 where the hierarchical porous structures outperformed structures with a single pore size in 

accessibility and diffusion rate.23 The composite design could prevent the small functional particles from 

being flushed away and eliminate the need for separation after use.  

Herein, we implemented this strategy to design composite porous structures as a platform for proposed 

multiple ion sensing. Light is one of the most convenient reporters used in chemical sensing, and direct 

observation of a color change, or with the assistance of a spectrometer, allows the miniaturization of the 

analyzer and provides a simple system usable in field work. A highly efficient optical system is useful for 

rapid detection with a minimal analyte volume.24 Mesoporous silica has been widely explored for ion 

sensing.2,25,26 However, chromogenic/fluorescent sensors with mesoporous solids as support were typically 

prepared in powder form, and the size of particles was still found to hinder the diffusion.27 Another issue 

for powders is the difficulty of handling and recycling.2 Polymers have been used as embedding materials 

for a mesoporous silica sensor,28 which, however, usually produce a composite with low surface area, 

hydrophilicity and stability. 

The conceptual design is illustrated in Figure 9.1. Dye molecules capable of responding to the 

concentration of metal ions are immobilized inside the mesoporous spheres, which are subsequently 

encapsulated by a poly(methyl methacrylate) (PMMA) layer. Then the core/shell spheres co-assemble with 

a surfactant-containing silica precursor into a non-close packed composite structure. After removal of the 

surfactant and PMMA templates, the resulting structure possesses 3D ordered macroporous/mesoporous 

(3DOM/m) structures templated from the core/shell sphere array, and within those isolated macropores, 

non-intercontacting enclosures (NICE) (3DOM/m-NICE). In principle, this structure allows multiple 

parallel functional sites when a mixture of different functionalized spheres is used as shown in Figure 

9.1.Here we demonstrate assembly of such a structure with one type of functional site, capable of detecting 

Ca2+ ions. 

 

Figure 9.1 Schematic illustration of the fabrication of hierarchically porous nanocomposite for multi-ion 

sensing and isolation. 
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9.2 Experimental 

9.2.1 Materials Methanol, methyl methacrylate (MMA), 2,2'-azobis(2-methyl propionamidine) 

dihydrochloride (AMPD), cetyl trimethylammonium bromide (CTAB), tetramethyl orthosilicate (TMOS), 

3-mercaptopropyl trimethoxysilane (MPTMS), p-toluenesulfonic acid (PTSA) and 5,10,15,20-tetrakis(1-

methyl-4-pyridinio)porphyrin tetra(p-toluenesulfonate) (TMPyP) were purchased from Aldrich. Ethanol 

and NaOH were acquired from Mallinckrodt, and cadmium chloride from Baker. Pluronic F127 surfactant 

(EO106PO70EO106) was kindly donated by BASF. 

9.2.2 Synthesis The synthesis of monodisperse mesoporous silica colloids (1 μm) was modified from a 

protocol by Yano et al.29 1707 mL methanol, 1050 mL DI water, 12 g CTAB, 6.85 g NaOH (Mallinckrodt) 

and 3.96 g TMOS were added into a 3 L Erlenmeyer flask under stirring at 600 rpm. The mixture was 

stirred for 12 h, followed by another 12 h aging to allow the suspension to sediment. After washing with 

methanol and drying in vacuo, the white powdery sample was calcined at 550 ºC for 6 h to remove organic 

species and then sonicated in a water/ethanol mixture (50/50 wt %) for 12 h to regenerate surface hydroxyl 

groups. 

To chemically immobilize chromophores in the mesoporous silica colloids, MPTMS was first grafted 

onto the pore surface by refluxing ca. 2 g silica colloids with 2 g MPTMS with 0.05 g PTSA as catalyst in 

50 mL toluene for 12 h. After washing and drying, the MPTMS-grafted sample was dispersed in 5% H2O2 

solution and stirred for 24 h at 50 ºC to convert mercapto groups to sulfonate groups. The immobilization 

of TMPyP was performed by mixing the sulfonate terminated silica with ca. 2 mg dye in 50 mL H2O, 

sonicating for 2 h, drying in vacuo and washing repeatedly with H2O.  

Dye-containing silica / PMMA core-shell colloids were synthesized by modifying a standard emulsion 

polymerization of MMA.30 10 mL of a dye-containing silica colloid dispersion (ca. 10 wt% solid content) 

were added into a 1 L flask containing 600 mL H2O and heated to 70 °C on an orbital shaker at 100 rpm 

under nitrogen protection, followed by the addition of 0.2 g AMPD as the initiator. After the temperature 

was stabilized, 12 g MMA was quickly poured into the flask and the cap was replaced immediately to 

minimize air exposure. The polymerization reaction was allowed to proceed for 1 h. The desired core-shell 

particles were then isolated from the emulsion via centrifugation at 1500 rpm and washed with H2O for 

three times. 

The core-shell particles, after centrifugation, were redispersed into ca. 50 wt% dispersion in water. 

Meanwhile, a silica precursor was prepared by mixing TEOS, HCl (37%) and F127 with a weight ratio of 

5:2:4 and stirring until uniform. Then the particle dispersion and silica precursor were mixed in 1:1 weight 
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ratio and stirred for 2 h until the dispersion became homogeneous. The resulting material is a viscous but 

flowable dispersion that can be stored in a capped vial for several days. 

To cast a hierarchical porous film, the precursor was spin coated onto a silicon wafer substrate with a 

home-made spin coater31 with a spinning rate close to 1000 rpm for 1 h. The as-synthesized film was stored 

at 50 °C for 24 h, and afterwards the polymer templates were extracted in toluene. 

The Cd2+ solutions were prepared by dissolving appropriate amounts of CdCl2 in H2O to reach the 

desired concentrations and then adjusting the pH of the solutions to 9.5 with 1 M NaOH. For visual 

inspection of the ion recognition process, the 3DOM/m-NICE film on glass substrate was directly soaked in 

the solutions; for UV-vis measurements, a small piece of 3DOM/m-NICE film was detached from the 

substrate and placed into a quartz cuvette filled with Cd2+ solution. 

9.2.3 Characterization SEM micrographs were taken on a JEOL 6700 field emission microscope at an 

accelerating voltage of 5 kV. TEM micrographs were recorded on a FEI Tecnai 12 microscope with a LaB6 

filament working at 120 kV. Samples were dispersed in ethanol for 30 min with sonication and then 

deposited onto a Lacey-Formvar/carbon-film-coated copper grid. Small angle X-ray scattering (SAXS) 

patterns were acquired on a Siemens D5005 X-ray diffractometer. Nitrogen adsorption/desorption 

measurements were performed on a Quantachrome Autosorb-1 gas sorptometer. Thermogravimetric 

analysis (TGA) was performed on a Netzsch STA 409 analyzer. Samples were heated under air flow from 

RT to 1000 °C at 5 °C/min. Zeta potential measurements were taken on a Brookhaven Instruments ZetaPlus 

analyzer. UV-vis spectra were taken on a Hewlett-Packard 8452A diode array spectrophotometer. 

 

9.3 Results and Discussion 

9.3.1 Mesoporous silica for ion sensing Mesoporous silica materials are suitable carriers for various 

functional species because of their large surface area, their chemical inertness/biocompatibility and their 

capability for diverse surface functionalization. Mesoporous silica spheres, uniformly sized around 1 μm 

and possessing controlled mesopore-architecture provide additional advantages such as rapid mass 

diffusion to active sites and easy integration with other structures and systems.29 Here uniform silica 

spheres featuring radially-oriented, 2D hexagonal mesopores were used as the solid support for a Cd2+ 

chromophore. The mesopores contained grafted sulfonic acid surface groups, which were subsequently 

used for the immobilization of ion-selective probe molecules. As a proof of concept, we chose TMPyP 

probe molecules as selective metal ion detectors, which have previously been demonstrated to selectively 

bind with Cd2+ ions (Figure 9.2).32,33  
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Figure 9.2 Structure of the TMPyP probe molecule and the corresponding metal complexes during the ion 

recognition processes.  

9.3.2 Mesoporous silica sphere with TMPyP The as-synthesized mesoporous colloidal silica spheres were 

characterized using TEM. As shown in Figure 9.3a, the size of the silica colloids was uniform with an 

average diameter of 1.30 ± 0.03 μm. The large sphere size was chosen here because smaller spheres (300-

600 nm), when forming arrays, showed strong photonic effects in the visible range and may interfere with 

optical sensing. The radial orientation of the hexagonal mesopores was observed along the edge of the 

spheres in the zoomed-in image (Figure 9.3b). The mesopore structure of the silica spheres was further 

characterized with SAXS and N2 adsorption (see later discussion and Figure 9.9). The SAXS pattern 

confirmed the presence of 2D hexagonal mesophase with a d-spacing of 2.96 nm, and the adsorption 

analysis showed the sample had a surface area of 1326.8 m2/g and a pore size centered at 1.80 nm. The 

mesoporous silica spheres were then grafted with MPTMS and the propylthiol groups were oxidized into 

sulfonate groups3 for the immobilization of probe molecules through electrostatic attraction (Figure 9.4). 

 

Figure 9.3 TEM images of (a) dye-containing mesoporous silica (b) zoomed-in view showing mesopores 

(c) core-shell particles (d) detailed image showing the shell structure. 



 

  144  

 

Figure 9.4 Schematic illustration of the immobilization of TMPyP on silica mesopore walls. 

9.3.3 Encapsulation in PMMA The dye-containing mesoporous silica colloids were subsequently 

encapsulated in PMMA. Previously, mesoporous silica/polymer shell colloids were mainly synthesized 

through a grafting-from strategy, namely with covalently bonded surface species to induce surface 

polymerization.34 In the current study, since the PMMA protective layer needs to be removed in the 

following step, no chemical anchors were supplied on the external surface of silica spheres and no cross 

linker was added. Therefore, the SiO2-PMMA core/shell colloids were formed through in-situ 

polymerization in an adapted emulsion polymerization process, where the PMMA coating was induced by 

electrostatic attraction. This method produced a mixture of PMMS surface-coated silica spheres and 

smaller primary PMMA spheres. The latter, however, could be readily removed through centrifugation 

(Figure 9.5). As the probe-containing spheres were negatively charged (see below for zeta-potential 

results), the cationic initiator AMPD was employed to induce the surface coating of PMMA on the silica 

colloids. The PMMA thickness in this work was estimated to be ca. 40 nm by TEM.  

 

Figure 9.5 (a) As-synthesized SiO2-PMMA core/shell colloids together with much smaller primary PMMA 

particles. (b) Purified core/shell colloids after centrifugation. 

Since it is critical to preserve the activity of the dye during the polymer encapsulation, the synthesis 

conditions were investigated for their potential influence on the dye activities. It was found that the dye 
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activities could be preserved, unless the polymerization was conducted above 80 °C, which is possibly due 

to the reaction between porphyrin with MMA.35  

To evaluate the grafting and encapsulation process, zeta-potential measurements were performed 

following these processes (Figure 9.6). The initial SiO2 mesoporous spheres showed slightly negative 

potentials at pH = 7, corresponding to partially deprotonated silanol groups. After TMMPS grafting and 

oxidation, the zeta-potential decreased dramatically to -110 mV, indicating the pore surface was now 

populated with strongly acidic sulfonic acid groups. Once the surface was tethered with TMPyP, the 

potential became less negative (-40 mV). Finally, after PMMA encapsulation, charge inversion occurred on 

the colloidal surface due the cationic initiator. Interestingly, after multiple measurements, the surface 

charge of the core-shell particle declined and eventually returned to a negative value again. This may 

indicate that the PMMA layer had low adhesion with the underlying silica surface and therefore could be 

stripped off during electrophoretic motion.  

 

Figure 9.6 Left: Zeta potentials of the colloidal particles during different stages of the synthesis. Right: A 

plot showing the zeta-potential change during 10 consecutive measurements for SiO2-PMMA core/shell 

colloids. 

9.3.4 Composition of core/shell spheres The surface functionalization and PMMA encapsulation was also 

characterized using TGA (Figure 9.7). From the thermogravimetric results in combination with N2 

adsorption data the density of surface hydroxyl groups was estimated to be 1.2/nm2.36 Assuming that 

grafting TMMPS did not significantly change the number of surface silanols (due to incomplete 

condensation), the surface density of propylthiol group was calculated to be 0.6/nm2. The actual density of 

sulfonate groups, after oxidation, became lower due to partial cleavage during oxidation.3 The amount of 

TMPyP was 2.8 wt% of the original silica spheres. After encapsulation, the weight of the PMMA coating 

was 59.4% of the original silica spheres. Toluene extraction proved to be only moderately effective and 

54.0% PMMA could be removed through this process. Nevertheless, the probe molecules were shown to be 
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still active and easily accessible and give color responses that were virtually indistinguishable from the 

original spheres.  

 

Figure 9.7 Thermogravimetric analysis of TMPyP loaded SiO2-PMMA core/shell particles during different 

stages of the synthesis. The percentage weight loss was rescaled based on the weight of pristine SiO2 

spheres after calcination. This allows direct comparison between different samples. Processes causing 

weight loss between 200-600 °C are labeled on the figure. Curve assignment: (I) As-calcined SiO2 

mesoporous spheres. (II) SiO2 after re-hydroxylation. (III) MPTMS-grafted SiO2. (IV) Sulfonic acid 

terminated SiO2 after oxidation. (V) TMPyP-loaded SiO2. (VI) TMPyP-loaded SiO2-PMMA core/shell 

spheres. (VII) Core/shell spheres after toluene extraction. 

Coating with PMMA is an important step for the following composite formation process. The PMMA 

capsule could protect the mesoporous silica spheres from being exposed to the silica precursor in the 

subsequent assembly step, which may block the mesopores and/or react with the surface functional species. 

For example, direct mixing of silica spheres with the silicate precursor caused a rapid sol-gel reaction and 

led to instant precipitation due to the surface hydroxyl groups and acidic entities.  

9.3.5 Structure of the composite film The isolated silica/PMMA core/shell particles were then re-dispersed 

into a mixture of silicate, surfactant and HCl, forming a dispersion which contained ca. 25% composite 

colloids in a liquid-crystal-like silicate-surfactant phase. The dispersion may be processed into thin films 

through spin coating or drop casting. Here a spin coating technique was adopted as it was capable of 
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producing a uniform, non-close packed sphere array in a liquid medium.37 After solvent extraction to 

remove the surfactant and the polymer shell, a hierarchically porous composite film, namely 3DOM/m-

NICE bearing active functionalities was obtained. The spin-coated thin film was soft, smooth and even 

elastic in the solvent and could be handled easily. Figures 9.8a and b show the overview of the film, which 

was measured to have a thickness of 25 μm. Figure 9.8c shows a SEM micrograph of the composite thin 

film, in which the core-shell colloids were embedded in the silicate matrix. The silica spheres were all 

approximately equally-spaced with short-range packing order. The mesoporous silica spheres were not in 

direct contact, instead they were separated by a mesoporous silica matrix. Figure 9.8d shows that the silica 

matrix possessed an ordered hexagonal mesoporous structure templated from the F127 surfactant. The 

mesopores connected the functional spheres within each individual macropore and therefore allowed easy 

access by a fluid containing analytes. 

 

Figure 9.8 (a) SEM image of an overview of the composite film (b) zoomed-in SEM image showing the 

ordered packing and non-close packed nature (c) TEM image showing the composite structure (d) TEM 

image shows the mesoporous structure in the silica matrix used to embed the spheres. 

Dual mesoporosity of the 3DOM/m-NICE materials was further characterized with SAXS and N2 

adsorption (Figure 9.9). Because the template removal was incomplete during solvent extraction, the 

sample was calcined at 600 ºC to remove all the organic species and allow us to unambiguously determine 

the mesostructures. The XRD patterns clearly showed two primary peaks (Figure 9.9b). The first peak 

corresponding to a d-spacing of 2.81 nm is consistent with scattering from the hexagonal phase in the 

spheres, whereas the peak at 9.81 nm, when compared with a control sample templated with pure PMMA 

spheres, was assigned as the mesophase from the surrounding silica matrix. The apparently stronger 
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diffraction from the mesoporous matrix than the mesospheres was due to the fact the framework has a more 

three-dimensionally continuous structure, i.e. larger domains, than the radially-oriented hexagonal 

mesopores in the individual spheres,29 although background scattering also contributed to this effect. The 

dual mesoporosity was also confirmed by the N2 adsorption measurements, which displayed two-stage 

hysteresis loops for both pore sizes (Figure 9.9c), and the BJH pore size distribution also clearly showed 

the existence of two different sizes of mesopores (Figure 9.9d). Because the silica colloids possess smaller 

mesopores compared with the mesoporous matrix, the sequential adsorption/desorption steps from the two 

contributors did not interfere with each other. Also, N2 uptake near unit relative pressure was observed, 

corresponding to condensation in textural pores, i.e., the spaces between the colloidal spheres and the 

matrix. Note that the adsorption in this region is much less pronounced than in previous 3DOM/m samples 

with interconnected macropores.9,38 This is because once the mesopores were filled by condensed N2, N2 

would have virtually no access to the inside of the macropores, in contrast to previous 3DOM/m sample 

where access was maintained through macropore windows.9 This further confirmed that the macropores in 

the current structure were mostly non-interconnected. 

 

Figure 9.9 SAXS and N2 adsorption (a) SAXS patterns of mesoporous silica spheres (templated by CTAB) 

and the control 3DOM/m matrix synthesized with PMMA spheres (templated by F127). (b) SAXS pattern 

of the 3DOM/m-NICE. (c) N2 adsorption/desorption isotherm of the calcined 3DOM/m-NICE. (d) BJH 

pore size distribution comparison. 
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9.3.6 Cd2+ ion detection with 3DOM/m-NICE The 3DOM/m-NICE films functionalized with TMPyP 

probe molecules were tested for Cd2+ detection. The response and selectivity of TMPyP as a Cd2+ probe 

was associated with the pH of the solution, and here the pH of the Cd2+ solutions was set at 9.5 following a 

previous protocol.33 We found that the response of the dyes to Cd2+ ion within mesoporous silica spheres in 

the 3DOM/m-NICE structure was effectively preserved and the incurred color change when the Cd2+ was 

present could easily be identified by eye (Figure 9.10, insets). This indicates that the activity of the probe 

molecules was not compromised despite the fact that multiple processes, including PMMA encapsulation, 

sol-gel reaction and solvent extraction, were performed after the probe molecules were grafted. The 

robustness of the film is satisfactory, and no visible cracks were observed on the film after it was cycled 

between different solutions. The response of the composite film was also quantitatively examined by UV-

vis absorption spectroscopy (Figure 9.10). The TMPyP molecules without Cd2+ produce an adsorption peak 

at ca. 435 nm. With 5 ppm Cd2+, an additional peak at ca. 460 nm was detected, meanwhile the intensity of 

the original adsorption at 435 nm decreased. The adsorption at 435 nm disappeared completely in the 

presence of 100 ppm Cd2+, corresponding to the complete color change of the sample. Since the UV-vis 

spectra were taken in transmission mode, these observations indicate that the TMPyP molecules in the 

internal mesopores of the film are also fully accessible and can form complexes with incoming Cd2+ ions.   

 

Figure 9.10 Quantitative measurements with UV-Vis spectrometer in transmission mode Cd2+ optimal 

adsorption curve. Inset: left: as synthesized sensing membrane; right: membrane in 20 ppm Cd2+. 

 

9.4 Conclusions 

We described the fabrication of composite porous structures consisting of non-contacting mesoporous 

spheres embedded in a hierarchically porous matrix (3DOM/m-NICE), which provided a facile approach 

for the design and synthesis of functional porous materials. As a proof of concept, we incorporated an ion 

sensing component into mesoporous silica spheres and created a 3DOM/m-NICE membrane that is capable 
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of Cd2+ detection. The synthesis is based on sol-gel reactions in a benign environment and therefore should 

allow the incorporation of a wide range of functional components. Since the porous matrix kept the 

components separated, the coexistence of multiple, incompatible functional species within a composite 

structure should be possible.  
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CHAPTER 10  
Summary and Outlook  

10.1 Summary 

10.1.1 Shaping oxide particles in colloidal crystals We developed a templating approach to create shaped 

oxide particles (Figure 1). In this method, a precursor was infiltrated into the voids of colloidal crystals 

resulting in a 3DOM structure, followed by its destruction into shaped particles. The particle shape and size 

are dictated by the colloidal template, instead of relying on some intrinsic properties of the materials. In 

principle, this disassembly method could be quite general, as the transformation from a 3D interconnected 

porous structure to individual particles is a thermodynamically favored process to minimize the surface 

energy. We applied this strategy to synthesize particles with a number of different compositions and proved 

the particle templating to be a general method. We believe that the presence of the surfactant effectively 

weakens the 3DOM structures and thereby enables their disassembly. Spontaneous disassembly was found 

possible for precursors containing non-ionic surfactants. For particles made of amorphous materials, the 

surfactant also templated mesopores in the interior of the particles, whereas crystalline materials lost much 

of the mesoporosity due to crystallization effects. 

 

Figure 10.1 Templated nanoparticles – a layman’s explanation. The nanoparticle (muffin) formation is 

controlled by the external confinement imposed by template (muffin pan). 

10.1.2 Self-reassembly into ordered structures In the course of exploring disassembled metal oxide 

particles, we found that certain metal oxide/phosphate systems were capable of forming an ordered particle 

array, and more interestingly, the resulting structure was determined to be simple cubic, a rare 3D structure 

formed by colloids. This phenomenon was explained by a self-reassembly process, in which the 

disassembled cubic particles formed ordered arrays through in-situ reorganization. Since this process was 

only enabled when a volatile phosphate was included in the synthesis, we believe that the capillary force 

induced by the evaporation of phosphate was the driving force for the re-assembly process. We proposed a 

reassembly route following sequential assembly into 1D colloidal strings, 2D colloidal sheets and 

eventually 3D ordered colloidal packing. 
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10.1.3 Site-specific functionalization of multipodal particles In this study, we exploited the disassembly 

process to realize site-specific functionalization of the disassembled colloidal particles. By conducting a 

surface passivation step prior to disassembly, the tips of the multipodal particles could be selectively 

functionalized, and the resulting particles were capable of directional interactions. These multipodal 

particles with functionalized tips may be compared with atomic structures (“colloidal atoms”), and as a 

proof-of-concept we demonstrated that colloidal spheres could be bound on the podal-ends to form 

“colloidal molecules”. In addition, the assembly between the multipodal particles was also explored, and 

preliminary results indicated that the particles self-assembled reversibly into amorphous structures in 

dispersion. Such colloids with both structural and functional anisotropies are highly desirable as building 

blocks, especially for the self-assembly of a diamond structure.1,2 

10.1.4 Conjugation of colloidal clusters and chains Colloidal spheres represent the geometrically simplest 

nano building blocks, and yet structural varieties can be realized by grouping a number of colloids into 

clusters.3 We demonstrated capillary condensation as a vapor phase approach to realize materials deposition 

on the clusters in a selective manner. The selective deposition via capillary condensation could form 

connections even between non-contacting colloids and stabilize the cluster structures. In addition, this 

method permitted selective surface functionalization, thereby leading to clusters with both structural and 

functional anisotropies. 

10.1.5 Hierarchically porous structures via dual templating While a great variety of nanostructures may 

be realized via direct self-assembly, an alternative route is through templating an existing structure. We 

explored templating with both colloidal crystals and block copolymers to fabricate porous materials 

containing a combination of macropores and mesopores. Using 3D TEM, we examined the hierarchically 

porous structures in detail. Especially, we found that the textural mesopores adopted different alignments as 

a function of spatial confinement and of the surfactant template affinity with the colloid surface. 

Controlling the mesopore alignment within the hierarchically porous structure is important for targeted 

applications, such as catalysis and fuel cells (Figure 10.2). 

 

Figure 10.2 Comparison of the impact of mesopore alignment for different applications. (a) Easily 

accessible mesopores for host-guest applications (catalysis). (b) Looped mesopores allowing binary gas 

transportation (fuel-cell). 
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10.1.6 Composite porous structure with functionality We extended the dual templating method of 

hierarchically porous structures to the design of composite porous materials. By using as the template core-

shell colloids containing functional cores and polymer shells, a 3DOM-NICE structure was obtained. The 

major differences from previous 3DOM structures are that a functional core resided in each individual 

macropore, and these were connected through mesopores. This unique structure was shown to be an 

efficient way to realize functional coatings, and we demonstrated its usage as a Cd2+ ion sensor. 

 

10.2 Outlook 

10.2.1 Particle shaping with functionalities The template-based particle shaping strategy has the 

advantage that particle morphology is not dictated by the composition, which provides an opportunity to 

tailor the particle composition for targeted functionalities. Particularly, this method should allow the 

synthesis of mixed oxide nanoparticles. For example, we have demonstrated the syntheses of ZnFe2O4 and 

CoFe2O4 mixed oxides particles. The templating method allows infiltration of mixed multiple reagents in 

liquid form and the confined space within the colloidal crystal can prevent macroscopic phase separation 

(Figure 10.3). In contrast to liquid reactions where multiple mixed precursors may phase separate during 

the reaction, confinement of mixed precursors in a colloidal crystal template can prevent macroscopic 

separation, producing more homogeneous products. 

 

Figure 10.3 Possible phase separation patterns that may occur in the synthesis of mixed oxide materials. 

10.2.2 Anisotropic disassembly Controlled disassembly of a 3DOM structure holds potential for several 

other nanostructures besides shaped particles if the disassembly could be controlled in an anisotropic 

manner. Previously, it was demonstrated that 3DOM Ni could disassemble into wires, and more rarely into 

sheets.4 We also observed that under hydrothermal conditions 3DOM TiO2 could spontaneously 

disassemble into wires and sheets (Figure 10.4). These unique structures derived from the templating 

system may not be readily available through direct synthesis. In the future, more detailed investigations are 

necessary for the development of reproducible methods for anisotropic disassembly. 
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Figure 10.4 Examples of anisotropic disassembly of 3DOM TiO2. (a) 2D disassembly into structured 

nanowires (“nano-bicycle-chain”). (b) 1D disassembly into porous nanosheet (nanonet). 

10.2.3 Re-assembly 3D colloidal crystals with simple cubic symmetry are rare.5 The self-reassembly 

method provides an opportunity to study the properties of colloidal materials with simple-cubic structure. 

Since the reassembled simple cubic lattice could be synthesized with TiO2, an oxide material with high 

refractive index, one interesting direction is to test the photonic properties. However, in the current 

synthesis, the materials typically do not possess large openings within the structures. To develop more open 

structures, one promising approach may be to design composite particles followed by selective etching.6 

10.2.4 Site-specific assembly An ultimate goal for self-assembly is to create diamond-like photonic 

crystals, which remains a rather difficult task.7 Tethered tetrapodal particles synthesized in this work mimic 

sp3 carbon atoms and therefore may permit the self-assembly of a diamond lattice. However, as direct 

assembly into a diamond structure has not yet been successful,1,2 a substrate-assisted assembly route may 

be adopted. As shown in Figure 10.5, the diamond lattice when positioned in the [111] direction will have a 

foot-print as shown in Figure 10.5d. Fortunately, such a structure may be created by colloidal lithography 

using double layer colloids as a mask (Figure 10.5c). With the assistance of this substrate we may be able 

to promote the assembly of a diamond structure through a layer-by-layer fashion. However, it should be 

mentioned that the immobilization of nanoparticles with a definition of individual particles at the <100 nm 

scale is quite challenging for a chemically patterned substrate.8 Improved precision may be achieved by 

combining both chemical patterning with physical confinement. 
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Figure 10.5 A proposed route for the substrate-assisted assembly of tetrapodal colloids into a diamond 

lattice. (a) A diamond unit cell. (b) The 2D surface pattern (“foot-print”) of a [111] oriented diamond 

lattice. (c) Creation of the diamond pattern with double layer colloidal lithography. (d) Illustration of a 

triangle array through colloidal lithography as shown in (c). 

10.2.5 Assembly by asymmetric clusters and tethered clusters Using capillary condensation we have 

created conjugated colloidal clusters of different structures and symmetries. It is interesting to observe the 

assembly, especially with structural asymmetry and site specific surface functionality imposed by the 

deposition process (Figure 10.6). In a first approach, chiral colloidal chains may be achieved by the 

assembly of asymmetrical colloidal clusters followed by conjugation, where the deposited materials may 

serve as linkers for their assembly and the chirality of the chain is dictated by the size effect of the cluster 

building blocks. In the other case, the tip functionalized tripod clusters may be controlled to form their 

head-to-head assembly on a substrate into open-ring hexagonal structures. 

 

Figure 10.6 Proposed self-assembly routes for conjugated colloidal clusters. (a) Chiral colloidal chains 

assembled from asymmetric clusters. (b) Hexagonal open-ring assembled from tripod clusters. 
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10.2.6 Multi-functional system The 3DOM-NICE concept is potentially a great platform for the integration 

of multiple functional species. Although we have only shown the inclusion of a single component, multiple 

components may be readily incorporated following the same procedure. This design may enable the 

formation of a collaborative functional system (nanofactory), in which two different functional patterns 

may be realized (Figure 10.7).  

 

Figure 10.7 Illustration of two functional patterns for multi-functional composite porous systems (a) 

parallel functioning and (b) sequential functioning. People on each floor represent one group of crew with a 

specific function. 

 

10.3 A Few Final Words 

“There's Plenty of Room at the Bottom.”    

     ─Richard P. Feynman 

As one main component of this thesis work, we explored the disassembly approach to control colloidal 

morphologies, surface modifications, and interactions. In this method we create a macroscopic structure 

followed by its destruction to obtain individual particles. This may seem counter-intuitive in the 

macroscopic world, but since the periodic structures may be easier to prepare, it represents an effective 

approach at the nano scale.  

Strictly speaking, the disassembly step itself may not be categorized as a “bottom-up” approach, where 

structures should be built from smaller building blocks. Nevertheless, the colloidal particles resulting from 

disassembly are indeed capable of forming more complex structures through self-assembly processes that 

essentially can be considered “colloid-by-colloid” processes, therefore allowing us to follow Prof. 

Feynman’s hypothesis to explore the “plenty of room”, albeit at a larger length scale. 
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What is next? Although the current systems may eventually find some applications, we consider a 

more fundamental understanding of the colloidal self-assembly process to be more important. When 

compared with self-assembly phenomena in nature, our manipulation of such miniaturized structures and 

processes is truly in its infancy.  

Research on self-assembly is not limited to colloids. It may be interesting to incorporate multiple self-

assembly techniques at multiple length scales. As a starting point, we demonstrated in this thesis the co-

assembly of surfactant and colloids. A scenario, where self-assemblies of molecular monolayers (SAM), 

surfactants, colloids, as well as those in biological systems are all combined in a synergistic way, will be 

challenging to realize but it will definitely be rewarding. 

Yes. There is plenty of room at the bottom. 
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