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Abstract

This dissertation describes single-molecule tracking (SMT) studies for the quantitative
characterization of one-dimensional (1D) nanostructures in surfactant-templated mesoporous
silica monoliths prepared within microfluidic channels. Single molecule diffusion of fluorescent
probe molecules within the cylindrical mesopores reflects microscopic morphologies and mass-
transport properties of the materials with high temporal and spatial resolution. The pore
organization and materials order are initially investigated as a function of sol aging prior to loading
into the microfluidic channels. Mesopores in these materials are templated by
Cetyltrimethylammonium bromide (CTAB). Wide-field fluorescence videos depict 1D motion of
the dyes within the individual mesopores. Orthogonal regression analysis of these motions
provides a measure of the mesopore orientation. Channels filled prior to gelation of the sol produce
monoliths incorporating large monodomains with highly aligned mesopores. In contrast, channels
filled close to or after gelation yield monoliths with misaligned pores that are also more disordered.
Two-dimensional (2D) small angle X-ray scattering (SAXS) experiments support the results
obtained by SMT. These studies help to identify conditions under which highly aligned
mesoporous monoliths can be obtained and also demonstrate the utility of SMT for
characterization of mesopore order.

The non-ionic surfactant Pluronic F127 is also utilized as the structural-directing agent.
The diffusive motions of PDI dyes that are uncharged, cationic and anionic are explored by SMT
and fluorescence correlation spectroscopy (FCS). The SMT studies for the uncharged dye show
development of 1D diffusion along the flow direction while charged dyes exhibit predominant
isotropic diffusion, with each of these behaviors becoming more prevalent as a function of aging

time after filling of the microfluidic channels. SMT studies from silica-free F127 gels suggest that



partitioning plays a important role in governing the diffusion behavior of the PDI dyes within the
surfactant-filled mesopores. FCS results exhibit similar mean diffusion coefficients for all three
dyes that suggest these dyes diffuse through similar sample regions. These studies demonstrate
that the silica pore walls in the mesoporous silica monoliths remain permeable after gelation and
that partitioning of solute species to different regions within the pores plays an important role in

restricting the dimensionality of their diffusive motion.
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This dissertation describes single-molecule tracking (SMT) studies for the quantitative
characterization of one-dimensional (1D) nanostructures in surfactant-templated mesoporous
silica monoliths prepared within microfluidic channels. Single molecule diffusion of fluorescent
probe molecules within the cylindrical mesopores reflects microscopic morphologies and mass-
transport properties of the materials with high temporal and spatial resolution. The pore
organization and materials order are initially investigated as a function of sol aging prior to loading
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the dyes within the individual mesopores. Orthogonal regression analysis of these motions
provides a measure of the mesopore orientation. Channels filled prior to gelation of the sol produce
monoliths incorporating large monodomains with highly aligned mesopores. In contrast, channels
filled close to or after gelation yield monoliths with misaligned pores that are also more disordered.
Two-dimensional (2D) small angle X-ray scattering (SAXS) experiments support the results
obtained by SMT. These studies help to identify conditions under which highly aligned
mesoporous monoliths can be obtained and also demonstrate the utility of SMT for
characterization of mesopore order.

The non-ionic surfactant Pluronic F127 is also utilized as the structural-directing agent.
The diffusive motions of PDI dyes that are uncharged, cationic and anionic are explored by SMT
and fluorescence correlation spectroscopy (FCS). The SMT studies for the uncharged dye show
development of 1D diffusion along the flow direction while charged dyes exhibit predominant
isotropic diffusion, with each of these behaviors becoming more prevalent as a function of aging

time after filling of the microfluidic channels. SMT studies from silica-free F127 gels suggest



that partitioning plays a important role in governing the diffusion behavior of the PDI dyes
within the surfactant-filled mesopores. FCS results exhibit similar mean diffusion coefficients for
all three dyes that suggest these dyes diffuse through similar sample regions. These studies
demonstrate that the silica pore walls in the mesoporous silica monoliths remain permeable after
gelation and that partitioning of solute species to different regions within the pores plays an

important role in restricting the dimensionality of their diffusive motion
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Chapter 1 - General Introduction

1.1 Mesoporous Silcia Materials

Mesoporous materials contain pores with diameters between 2 and 50 nm. These materials
are typically prepared by the hydrolysis and condensation of inorganic oxide precursors (e.g.,
alkoxysilanes) in the presence of structure-directing agents such as surfactant micelles. The
development of mesoporous materials has employed a diversity of framework compositions (e.g.,
silica, organosilica, and metals) and various morphologies (e.g., nanoparticles, monoliths, and
films) under various synthetic conditions.® 2

Since ordered mesoporous silica particles were first produced by surfactant-templating
methods in the early 1990s,® # these new materials have been utilized in many different fields.
These mesoporous silicas were originally developed to afford materials for catalysis and chemical
separations that would allow for entry of molecules that were too large to fit in the micropores of
conventional zeolites. The pore organization and morphology of mesoporous silica materials are
defined by the mesophase of the structure-directing agent (i.e., the structure of the surfactant
micelles). The most commonly used mesophases for mesoporous silicas with pore sizes in the
range of 2-5 nm are the 2D hexagonal (pém space group), the 3D cubic (la3d) and the lamellar
(p2), also known as MCM-41, MCM-48 and MCM-50 materials, respectively.® For the preparation
of materials with larger pore sizes, 6 to 20 nm in diameter, 2D hexagonal SBA-15 and 3D cubic
IBN-2 were developed.®

Due to their unique properties, including high surface area, large pore volume, controlled
morphology, facile functionalization, and good biocompatibility, mesoporous silica materials have
been of interest to many academic and industrial labs for the past few decades.”  These materials

have been explored for use in the fields of catalysis, chemical separation, ion exchange, molecular



sieving, and adsorption.®** Mesoporous silicas have been used as catalytic nano-reactors for the
synthesis of conductive polymers,*1° and as templates for growth of certain carbon nanostructures
such as nanotubes, nanowires and mesoporous carbon materials.?’ Synthetic mesoporous silicas
are also being used in the fields of sensors and energy transfer devices.?!?® Mesoporous silica
materials incorporating hexagonally organized cylinder-shaped mesopores have been intensively
studied. This is due to the fact that the ordered array of cylindrical channels can serve as a simple
model to evaluate materials properties.?® 2’ Such cylindrical open pores find potential applications
as supporting media for catalysis and chemical separations, and as drug carriers for selective drug
delivery. To facilitate any/all such applications, it is necessary to establish well-defined procedures
to produce well-ordered mesoporous silica solids incorporating fully aligned nanochannels and to
understand the formation mechanisms of such materials. Most importantly, as described in this
dissertation, it is also important that their mass transport properties be fully characterized and
understood. Therefore, it is essential to quantitatively evaluate the characteristics of the nanoscale
structures and morphologies of these materials, and the behavior of guest molecules in these host
systems. Because of the short length scales over which such phenomena are manifested, it is also
important that these issues be explored with high spatial resolution in a temporally resolved
manner.

The structural characteristics of mesoporous materials are usually assessed by electron
microscopy (EM),* 283% small-angle X-ray scattering (SAXS),* 2%-3L 35 and nuclear magnetic
resonance (NMR) spectroscopy.®® These methods offer complementary information on the
material characteristics and thus it is common to combine two or more of these techniques to

complete the structural analysis of mesoporous silicas.



EM (e.g., TEM and SEM) provides visual evidence of local structure of the material
through a direct observation of mesopore structure with nanometer scale spatial resolution.?® 2/
The local morphologies including pore diameter and orientation can be directly revealed from the
high-resolution microscopic view of the mesostructure. However, due to the extremely small view
area, these methods require significant time and labor for longer-range (>10 um) detection of the
pore organization. X-ray scattering techniques also have been widely employed to assess
nanostructure size and organization. SAXS measurements are made by detection of the diffraction
scattering at very low angles (< 5°). Thus, they reveal information on organized pores 2-30 nm in
size in mesoporous silicas. Furthermore, two-dimensional (2D) SAXS measurements provide
anisotropy data that reflect the orientation of ordered pore domains, and hence, quantitative
measurements of average nanostructure order.®® However, the materials properties obtained by
SAXS measurements are effectively averaged over macroscopic (< 1 mm) sample regions.?® 2/
While EM and SAXS provide microscopic and macroscopic views of the physical structure of
mesoporous silica materials, neither directly provides dynamical information related to their mass-
transport characteristics such as the rate and anisotropy of diffusion for incorporated reagents and
analytes. NMR methods provide such dynamical information of probe molecules within the
mesostructure and also afford an important measure of the long-range organization and orientation
of the mesopores.®” However, NMR measurements provide averaged mass-transport information

over relatively large sample regions.

1. 2 Single Molecule Tracking Methods Applied to Mesoporous Silica

Single molecule tracking (SMT) methods are now being widely employed in investigations
of mesoporous systems.®® In these studies, the mesoporous materials are doped to nanomolar

concentrations with fluorescence probe molecules. The samples are then usually imaged under



wide-field illumination in an optical microscope and the motions, orientations and spectral
emission characteristics of the individual molecules detected and followed in time.** An important
advantage of SMT methods stems from their ability to directly revel the locations and motions of
individual probe molecules incorporated within nanostructures with nm-scale spatial precision and
millisecond time resolution. Adoption of SMT techniques for the characterization of mesoporous
silica materials enables visualization of open mesopore structures, characterization of pore
orientation and organization, as well as direct determination of the dimensionality and mobility of
the probe's diffusive motions. Therefore, SMT provides a unique means to assess the local mass-
transport and structural properties of nanostructured materials, while overcoming some of the
limitations of more conventional methods.

Importantly, the capability to monitor molecular motions at the single-molecule level also
enables the exploration and investigation of the materials heterogeneity. Assessment of spatial and
temporal heterogeneities is essential for in-depth characterization and understanding of materials
properties. Monitoring diffusion behavior of individual probe molecules in discrete nanochannels
reveals the presence of local defects in the organized mesostructure. In addition, SMT data can be
used to visualize the presence of distinct domains or grains having different pore orientations but
similar levels of pore order, as has been demonstrated in previous studies of spin-coated
mesoporous silica films.> Such organized domains were found to be nanometers to micrometers
in size and were difficult to detect by SAXS measurements in which the beam size was much
larger than the domain size.

Close study of the single molecule trajectories generated from the molecular diffusion at
the single-pore and single molecule level afford significant fundamental insights on mesoporous

silica materials and on the origins of their unique properties. For example, the angular distribution



of the mesopore orientation offers the average in-plane alignment of cylindrical nanochannels and
a quantitative measure of materials order. SMT data also directly describe the aging-time
dependence of pore organization within the flow-aligned mesoporous silica monoliths. In addition,
the frame-to-frame mean square displacement (MSD) for each molecule in the SMT videos allows
for estimation of mobility and transport rate of incorporated probe molecules.

SMT studies also reveal different diffusion behaviors of differently charged molecules in
the flow-aligned, cylinder-shaped mesopores. The dimensionality of single molecule motion
associated with the charge of probe molecules suggests the pore wall permeability is defined by
the interaction between the guest molecules and the mesoporous host system as well as the inherent

structure of the mesoporous silica materials.

1. 3 Objectives and Motivations of the Present Research

In the present dissertation, two important aspects of mesoporous silica materials
preparation and properties are explored. In the first, the exact aging conditions that lead to highly
ordered materials are identified. Secondly, the origins of silica wall permeability and solute
diffusion anisotropy are investigated. SMT was employed (i) to characterize the in-plane alignment
and order of cylindrical mesopores, (ii) to estimate diffusion rate of incorporated probe molecules,
and (iii) to determine dimensionality of single molecule motions in flow-aligned surfactant-
templated silica monoliths. The structural and mass-transport characteristics were quantitatively
evaluated via a series of SMT experiments on thick mesoporous silica monoliths (70-150 um in
thickness) templated alternately by an ionic surfactant and non-ionic surfactant.

The characterization of mesoporous silicas having well-defined pore orientation and a high
degree of order is required for several potential applications of mesoporous silica materials

Through direct observation of the fluorescent probes diffusing within the cylindrical nanopores



with high spatial (ca. 50 nm) resolution at the single molecule level, SMT served as a unique tool
for characterization of the order and organization of mesoporous systems incorporating one-
dimensional (1D) nanostructures. Along with fabrication of aligned mesopores in a particular
direction, quantitative estimation of the long-range nanopore alignment is specifically important
for optimum performance in most applications.

On that account, systematic investigation on the mesopore order in the flow-aligned
mesoporous silica monoliths were conducted by SMT as a function of sol aging time. Silica sols
incorporating cylindrical micelles of an ionic surfactant, cetyltrimethylammonium bromide
(CTAB) were injected into microfluidic channels with different aging times prior to filling of the
microfluidic channels. SMT and SAXS were then utilized to explore mesopore organization. The
results were used to obtain a quantitative measure of the 2D orientational order parameter and
suggest a model describing the aging-time dependence of sol organization to achieve optimum
pore organization. Studies of these phenomena are reported in Chapter 4 of this dissertation.

Another structural aspect of mesoporous silica materials to be investigated was the inter-
connectivity and/or permeability of the mesopores. In many mesoporous silica systems
incorporating cylindrical pores, it is assumed that the guest molecules are confined to and travel
along one dimension within the pores templated by the surfactant micelles. However, evidence for
permeability of the silica pore walls is readily found in the literature.3” ®>* One objective of this
dissertation is to explore/identify the factors that affect the permeability of the pore walls to
incorporated reagents or analytes. With knowledge of the material structure, such cross-wall
porosity and permeability are often inferred from ensemble measurements. However, as mentioned
above, SMT provides the means directly visualize the motions of the incorporated molecules. In

fact, a recent work reported the electrophoretic mobility of charged and uncharged dyes within



aligned mesoporous silica.*’ The single molecular trajectories showed different levels of isotropic
and anisotropic motion from probe molecules having different chemical structures and different
charges. The results imply that pore wall permeability in the surfactant filled silica mesopores
depends upon probe molecule properties (i.e., charge) and its interaction with regions nearest the
pore walls.

In this dissertation, SMT experiments with use of differently charged fluorescence probes
have been performed to elucidate the role of partitioning in governing the diffusion behavior of
probe molecules in aligned, surfactant-filled mesoporous silica monoliths. Silica sol incorporating
cylindrical micelles of a nonionic triblock copolymer surfactant, Pluronic F127 were injected into
microfluidic channels to form the flow-aligned mesoporous silica monoliths. SMT and FCS were
utilized to quantify diffusion behaviors of incorporated probes. Studies of the above phenomena

are reported in Chapter 5 of this dissertation.



Chapter 2 - Surfactant-templated Mesoporous Silica Materials

The mesoporous molecular sieves are one of the most intensively studied and rapidly
developed materials over the past few decades. The effort to create such organized materials found
considerable boost after the discovery that micellar and lyotropic liquid-crystal phases can serve
as templates for the organized porous structures at the meso-scales.® >’ Since then, many science
and engineering disciplines have challenged to establish the design, synthesis, characterization,
and utilization of the organized and structured materials.'? °® Development of mesostructured and
mesoporous materials have been carried out by employing a diversity of chemical compositions
and provided various shapes and morphologies such as powders, thin films, fibers, or monoliths.
210 A high degree of versatility of these innovative materials also has been found in terms of
structure, texture, and functionality.t 2%

Surfactant-templated mesoporous silica materials have been introduced as chemically and
thermally stable materials with well-defined and controllable structure. Preparation of these
materials is generally accomplished by the sol-gel-process in which alkoxysilane precursors are
hydrolyzed and condensed in the presence of amphiphilic surfactant molecules as structure
directing agents. The properties of the silica material such as its structure, morphology and porosity
are determined by the specific synthetic conditions employed including the concentration of silica
precursor and surfactant, and polarity and pH of the sol.

In the present dissertation, characterization of surfactant-filled mesoporous silica
monoliths comprising nanoscale cylindrical pores is mainly discussed. The sol composition should
be carefully adjusted to produce well-aligned, open cylindrical pores. This chapter provides a
review of the fundamentals behind fabrication of well-ordered and aligned mesoporous silica

monoliths before stepping into the specific subject.



2.1 Silica Sol-Gel Process

The sol-gel process is a method for producing solid materials from a colloidal suspension,
generally obtained from the hydrolysis and condensation of alkoxysilane precursors. This process
offers a low temperature route to homogeneous materials having unique and various compositions.
Along with capability to obtain materials of diverse composition, it also possesses the ability to
produce materials in powder (particle), film, fiber, and bulk monolith form. Such versatility leads
sol-gel-derived materials to a prominent place in various areas of research. For the preparation of
mesoporous silica materials, the sol-gel process provides a convenient and simple route to produce
ordered materials having various structural and functional properties.®® As in the general sol-gel
process, the synthesis of mesoporous silicas involves the hydrolysis and condensation
(polymerization) of the silica precursor.t™ 2 General acid and base catalyzed silica sol-gel
procedures are shown in Figure 2.1.%% Hydrolysis of a silicon alkoxide (e.g., tetraethoxysilane
(TEOS), or tetramethoxysilicate (TMOS)) leads to the formation of silanol groups, Si-OH, and
further reaction of the silanol groups forms Si-O-Si groups. As the hydrolysis and condensation
proceed, the sol viscosity increases and a solid silica matrix, the gel is formed. During the sol—gel
transition, the ratio of precursor silane to water, the pH and concentration of the catalyst, and aging
and drying conditions have a critical effect on the final structure, morphology and porosity of the
gel b1 62,6466 Eor example, acid catalyzed processes produce highly crosslinked networks (e.g., a
continuous gel) of relatively low porosity, while in base-catalyzed preparations, colloidal particles

are produced that subsequently form xerogels (dried gels) possessing higher porosity.®®
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Figure 2.1 General mechanisms of hydrolysis and condensation of alkoxysilane precursors
to form silica under (a) acid catalyzed conditions and (b) base catalyzed conditions.
Condensation can produce either water or alcohol as a byproduct. Adapted with permission
from Ref (62). Copyright © 2013, Royal Society of Chemistry.

2. 2 Preparation of Surfactant-Templated Mesoporous Silica

As the structural-directing agent, surfactant micelles play a significant role to form the organized
structure of the mesoporous silicas. The mesoporous structure of the synthesized silica material is
directly determined by the micellar structure of the surfactant under the synthetic conditions
employed. Representative mesopore structures obtained by surfactant micelles are shown in
Figure 2.2.57 Under various sol compositions, the surfactant may form bilayers, spherical micelles,

or cylindrical micelles. These micellar structures finally produce lamellar, three-dimensional (3D)
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cubic or 2D hexagonal mesostructures that serve to template nanostructures (i.e., pores) in the

fabricated silica materials.

a)

Figure 2.2 Structures of mesoporous M41S materials: a) MCM-41 (2D hexagonal, space
group p6mm), b) MCM-48 (cubic, space group Ia3d), and ¢) MCM-50 (lamellar, space
group p2). Adapted with permission from Ref (66). Copyright © 2006 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Formation of mesoporous silica is generally explained by a liquid crystal templating (LCT)
mechanism as shown in Figure 2. 3.* 87 In-depth investigations into the formation procedure of
the mesoporous structures have found that the LCT process involves two different routes. Firstly,
in true LCT (Route (a) in Figure 2.3), the concentration of the surfactant is high enough to form
the desired micellar structure under the prevailing conditions (temperature, pH). Thus, the
inorganic phase (i.e., silica precursor) condenses around a stable lyotropic liquid-crystalline phase
already formed in the initial sol.* %6 On the other hand, the cooperative self-assembly (Route (b)
in Figure 2.3) of surfactant molecules and inorganic species forms hybrid intermediate substances.
The hybrid species act as independent composite entities and further self-assembly of these species
allows a liquid-crystal phase to develop into the hexagonal, cubic, or laminar arrangement.’0-"2
Besides concentration of the surfactant, the overall characteristics of the solution including polarity,
pH, and concentration of the silica have a crucial influence on the formation of the hybrid
composite species of the surfactant and the silica precursor. So, it is possible to form the micellar

structure even at lower concentrations of surfactant molecules via the cooperative self-assembly
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route. However, it is sometimes difficult to say which process is particularly involved in
organization of the material. In the true LCT, the mesophase and organization of surfactant
micelles are affected by addition of the silica precursor. Also, the surfactant molecules should
form appropriate micellar structures before and/or during the cooperative self-assembly process to
be finally arranged into the desired mesostructure. Hence, it is most likely that a combination of
both mechanisms governs the construction of the mesostructured hybrid phases depending on the
critical sol composition (e.g., silica and surfactant concentration, polarity and pH of the sol) and
processing parameters (e.g., aging and temperature). Such a complicated formation mechanism
provides a wide versatility on the materials properties while, on the other hand, the synthetic
conditions have to be carefully chosen to obtain the desired materials for any specific fabrication

or application.

composite: inorganic mesoporous material
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Figure 2.3 Formation of mesoporous materials by structure-directing agents: a) true liquid-
crystal template mechanism, b) cooperative liquid crystal template mechanism. Adapted
with permission from Ref (66). Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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2. 3 Influence of Synthetic Parameters

In the design and fabrication of mesoporous silica materials, it is important to know how
the sol composition and processing conditions control the final mesopore structure and
morphology. By changing the inorganic precursors and adjusting the synthesis conditions,
mesoporous thin films,” 7* spheres,” " tubes,”” fibers,”® and monoliths’ 8 have been prepared.
Many studies of surfactant-templated mesoporous silicas in various systems have been reported to
improve knowledge of the organized material.

The pore structure and size are two of the important parameters that define the properties
of mesoporous materials. The pore structures of mesoporous materials are controlled by a
cooperative process between the template and the growing silica polymer. Because aggregation of
the surfactant in solution depends on its concentration and on the pH of the solution, the relative
amount of silica source and surfactant in solution is a critical parameter for determination of the
pore structure.® In addition to this, the packing capacity of the surfactant determined by its
molecular structure is the main factor for the pore structure control &

For example, addition of organic cosolvents , such as 1,3,5-trimethylbenzene (TMB)
expanded the pore size of the mesoporous silica materials. The pore size could be adjusted by

varying the heating temperature and time in the reaction solution.®

2. 4 Control of One-dimensional (1D) Mesopores

In this section, alignment and order of 1D nanochannels in mesoporous silica materials are
discussed. The 1D nanochannels comprised of cylinder shape open pores are constructed by
hexagonal arrangement of cylindrical surfactant micelles. Spontaneous self-assembly of the
mesostructure provides locally ordered, organized pores. However, it is more difficult to achieve

control over long-range pore order and orientation in a particular alignment. Many researchers
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have explored a number of strategies to obtain preferential orientation of the channels and long-
range order of the mesostructure. For instance, thermodynamic parameters were controlled in the
solution phase preparation of mesoporous silicas by utilizing different templates, by adjusting the
pH, and by using co-solvents or additives.23%” In addition, several methods have been developed
for preparation of mesoporous thin films, including use of substrate modifications®!, external

fields,?® % and confinement in small space.® 8889

2. 4.1 Control of Mesopore Orientation in Solution Phase Synthesis

A synthesis of mesoporous silica materials in solution provides growth of mesoporous
silica particles or fibers on nanometer to micrometer length scales. Experimental conditions
including the precursor solution composition, temperature, and stirring rate govern fundamental
variables, which control the size and morphology of mesoporous silica, such as rates of hydrolysis
and condensation of the silica source, and the degree of the interactions between the growing silica
polymer and the assembled templates. For example, by using a series of alkyl substituted silanes
with various functionalities or changing its concentration, it was possible to generate diverse
morphologies such as spheres, tubes, and rods of various dimensions, with precisely controlled
particle sizes.®® Mesoporous silica nanofibers also have been obtained by slow growth of the silica
mesophase. 1%

As with control of particle morphology and size, the sol composition also affects the
internal pore architectures of mesoporous silica particles and fibers. Considering the free energy
balance for the formation of mesostructures may help reveal the influence of the synthetic
conditions on the internal pore alignment. The free energy involved in the cooperative assembly
of the surfactant molecules and silica species into well-defined nanoscale organic and inorganic

domains includes several possible contributions; (i) van der Waals and electrostatic interactions at
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the interface between surfactant and silica domains, (ii) interactions within the silica domains, (iii)
van der Waals and conformational energies of surfactant hydrocarbon chains and/or van der Waals
and electrostatic interactions of surfactant headgroups, (iv) the chemical potential of the
surrounding solution phase, and (v) the solid-liquid interfacial energy between solid
mesostructured products and the growth solution.®> As a result of the intricate association of
thermodynamic processes, the mechanism behind materials ordering is difficult to understand.
Neverthless, carefully adjusted experimental conditions have been used to produce well-defined
meporous silicas incorporating well-aligned pores.

Tan et al. reported fabrication of spherical silica particles with radially oriented nanopores.
Their investigation suggested that ethanol plays a significant role as a cosolvent and as a low-
dielectric constant solvent to bring about cooperative effects on micelle organization. Ethanol is
expected to induce a decrease in the surface area per surfactant in the aggregates and therefore
promote formation of low-curvature aggregates such as cylindrical micelles and bilayers.®® As a
result, mesoporous silica particles with radially oriented pores were synthesized at a large ethanol
concentration.

Moreover for mesoporous silica particles, fabrication of hollow mesoporous silica spheres
with highly ordered pores oriented perpendicular to the surface were demonstrated by using the
water/oil emulsions,®* air bubbles induced by ultrasonic irradiation,®® and vesicles templated by
fluorocarbon-hydrocarbon surfactants.?® Regarding the arrangement of the surfactant micelles,
some simulation studies suggested possible mechanisms for the ordering of surfactant
aggregates.®® 9 In the presence of either hydrophilic or hydrophobic walls, the mesostructure
would align parallel to the wall. In contrast, if the wall has no preferential interaction, the

mesophase would be aligned perpendicular to the wall.®® Moreover, surface curvature has an
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impact on the arrangement of the micelles.®” In this point of view, the hollow (core) structure
templates play an important role in the formation of ordered pores perpendicular to the surface as
well as hollow cavity formation.

Under strongly acidic conditions, highly organized mesoporous silica nanofibers have been
synthesized with cationic alkyltrimethylammonium and alkylpyridinium surfactants.®® The
nanofibers can possess hexagonally packed pores either aligned parallel to the fiber axis (i.e., a
longitudinal pore architecture) or wound circularly around the fiber axis (i.e., a circular pore
architecture). Systematic experiments were conducted to determine the fraction of the nanofibers
with circular pore architectures among the overall nanofibers, as a function of the growth
temperature. The result generally showed mesopores in the nanofiber tended to be aligned parallel
to the fiber axis at lower temperatures while circular pore architectures were preferentially formed
at higher temperatures. This is due to the variation of the free energy associated with the
organization of amphiphilic surfactant molecules.®” The temperature change can also affect the
electrostatic interactions between charged surfactant molecules and silica species, and the
chemical potential of the growth solution. The result from the minimization of the overall free
energy was then manifested by formation of the nucleation sites for mesostructured nanofibers

with different internal pore architectures.

2. 4. 2 Control of 1D Mesopores in Mesoporous Silica Films

One of the important features of sol-gel processing is that fluidic precursor sols can form
solids with a diversity of shapes. So, it is possible to produce high quality mesoporous silica thin
films easily by simple methods such as spin-coating. Development of mesoporous thin films is
motivated by their possible applications as membranes, sensors, and surfaces for heterogeneous

catalysis. Understandably, the precise control of the orientation of 2D hexagonal mesopores in the
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films is needed for many practical applications. Such substances showed interesting anisotropic
properties in the films on the macroscopic scale. For example, aligned fluorescent dyes
incorporated in fully oriented mesoporous silica films showed anisotropic optical properties.®®
Highly uniaxial alignments of mesochannels were organized in the silica thin film with use of a
rubbing-treated polyimide surface.?® ®° 1% The mesoporous films with aligned cyanine dyes
showed the maximum absorption when the incident polarization was parallel to the mesochannels
(i.e., parallel to the long axis of the cyanine dyes).

As with 1D mesochannels aligned with their long-axis running parallel to the substrate, the
1D mesochannels aligned perpendicular to the substrates also have practical importance. The
vertical 1D nanochannels can act as a barrier with controlled permeation for analytes without
lateral diffusion. Different methods were investigated to obtain fully oriented films, using the
template approach. For example, Teramae et al. reported a demonstration of size-selective
molecular transport across the perpendicular 1D mesochannels inside porous anodic alumina (PAA)
membranes. 0

In this section, several approaches/techniques are introduced for the control of 1D

mesochannels in mesoporous silica films.

2. 4. 2. 1 Orientation by Confinement
The alignment of mesopores in 2D hexagonal mesoporous materials is significantly

affected by confinement of the materials on short length scales. In a confined space, the
mesochannels tend to be aligned in the most thermodynamically stable direction. Porous anodic
alumina (PAA) membranes are the most widely used substrate to guide mesopore alignment in a
particular direction. In the synthetic approach, evaporation of a precursor solution penetrated into

the matrices of PAA leads to formation of the mesoporous silica films. The direction of the
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mesochannels in this process strongly depended on the synthetic conditions.%1% For example, a
cationic surfactant such as CTAB provided mesochannels aligned along the long axes of the PAA
channels (i.e., columnar orientation). ! The mesochannels were oriented perpendicular to the PAA
channels and circularly packed like stacked donuts with use of nonionic surfactants as the
structural directing agents.

Confinement within small structures fabricated by electron-beam lithography is also very
effective for orientation control of mesochannels, as demonstrated by Wu and Kuroda et al.1%’
Their results show that the widths of the mold strongly affect the final orientation of the
mesochannels. For the same thickness of the molds, 1D mesochannels were highly aligned along
the long axis of molds of 0.5 mm widths. With a decrease in the width down to 0.1 mm, the
mesochannels were less ordered and were at least partly oriented in the perpendicular direction.

The Brauchle group has demonstrated a simple synthesis method for well-aligned 2D
hexagonal mesoporous silica thin films using PDMS microgrooves.® Well-defined macroscopic
alignment of the mesochannels was achieved by confinement in PDMS microgrooves. Further
investigation of the influence of experimental conditions found that the alignment of the
mesochannels can change from parallel to perpendicular depending on the height within the

MICrogrooves.

2. 4. 2. 2 Spontaneous Pore Orientation on Modified Substrates.

The reciprocal interaction between surfactants and substrates induces the spontaneous self-
assembly of surfactants oriented in particular directions without external forces. Epitaxial growth
is typically utilized to selectively grow a single-crystal layer. The Ozin'%® group and the Aksay*®
group reported mesoscale epitaxial-like growth by using anisotropic surface structures of mica and

graphite substrates. The in-plane arrangement of aligned mesochannels reflected the surface
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structure through the interactions between the substrate surface and the silicate-surfactant species.
Si (110) substrates were also employed by Miyata and Kuroda®! to prepare uniaxially aligned
mesoporous silica films. In this research, the 2-fold symmetry arrangement of the silicon atoms on
the Si (110) surface determined the preferred alignment of the mesopores. The same group also
achieved the control of mesochannels in films by using substrates that were previously coated with
a rubbing-treated polyimide film.3* % 100 Uniaxially oriented mesopores were supposed to be
induced by the hydrophobic interactions between the alkyl chains of surfactants and elongated
polymer chains. Another useful technique for control of 1D mesochannel alignment is the photo-
orientation technique. Seki et al. demonstrated the control of mesochannels using the previously
aligned polymer prepared by patterning using photo-masks.!® The result showed various
orientations of the 1D mesochannels within the same film by using different patterning.

A long-range ordering of mesopores oriented perpendicular to the substrate was achieved
by utilizing PAA substrates with straight holes (around 100 nm in diameter).}'*1® From SEM and
TEM observation, the standing mesochannels are epitaxially generated along the PAA holes'!! and
grew from the interface between the holes and the continuous silica region above the PAA holes.
The oriented mesochannels within the PAA holes served as an initiator for the forced evolution of
the aligned mesochannels in the silica film above the PAA holes. As a result, the mesopore
alignment in the continuous region exhibited similar mesochannel orientation as that inside the
PAA holes. Furthermore, This concept was employed to prepare perpendicularly oriented P123-

based mesochannels on PAA substrates with conical holes.?

2. 4. 2. 3 Application of External Fields
The utilization of external fields such as electric fields and magnetic fields can induce

alignment of mesopores in a particular orientation. For example, Chmelka and coworkers applied
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a strong magnetic field to control the alignment of 1D mesochannels.®® Under a strong, anisotropic
magnetic field, uniaxial self-assembly of rod-like surfactants micelles was induced along the
magnetic field direction.!** 11> While heating the samples above the isotropic-to-anisotropic phase
transition, followed by slow cooling, unpolymerized hexagonal silicate-surfactant lyotropic liquid
crystals were oriented under the influence of the field. Thus, the long-axis of the tubular micelles
was aligned parallel to the magnetic direction. Preparation of perpendicular 1D mesoporous films
has also been demonstrated by similar methods.*'¢!8 Mesoporous silica films were prepared by
casting the ethanolic silicate-surfactant precursor under a strong magnetic field. During
evaporation of the precursor sol, the magnetic field was applied either perpendicular or parallel to
the substrate. Cross-sectional TEM images and XRD measurements found that the mesochannels
were indeed aligned parallel to the field direction.

Electric fields have also been used by the Walcarius group to create vertically-aligned
mesopores on an underlying electrode surface.?® This research showed synthesis of mesoporous
silica films with perpendicular 1D mesochannels on various conductive substrates under
potentiostatic control. The mesopores in the silica films were found to be perfectly aligned
perpendicular to the substrate. However, electric field strength should be limited to avoid
degradation of the materials and it is difficult to obtain longer-range alignment due to the limited

electric field strength.

2. 4.3 Flow-alignment in Mesoporous Silica Monoliths

Efforts to develop orientationally ordered mesoporous silica solids has produced well-
ordered and well-aligned mesostructured silica thin films, fibers and even particles by employing
many different approaches mentioned above. Despite successful progress in the synthesis of such

mesoporous silica materials, some of techniques are not well suited to the synthesis of well-defined
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macroscopic monoliths with highly ordered mesopores, because many of the driving forces for
pore alignment such as surface interactions and thermodynamic energy balancing do not extend
into the bulk. However, a shear stress still provides the simplest and most effective way to induce
macroscopic alignment in a bulk silica monolith.

Su et al. applied air flow to guide the orientation of mesochannels in multilayer films.!°
The surfactants in the silica precursor sol could be enriched and form tubular-shaped micelles
surrounded by silica species with evaporation of ethanol under hot air flow. High speed air flow
also leads to rapid motion of the droplet,*?° generating great shear force. The micelles were then
anisotropically arranged along the air-flow direction under the shear force induced by the air flow.

Melosh el al. demonstrated fabrication of mesoscopically ordered bulk silica with a high
degree of macroscopic alignment using capillary flow and parallel plate shearing.3* To achieve a
shear-induced alignment of cylindrical mesopores, evaporation of alcohol produced by hydrolysis
of silica precursors is require to form 2D hexagonally arranged cylindrical surfactant micelles.
Transmission XRD studies and uniform birefringence from products identified highly aligned

mesostructures along the shear direction.

2. 5 Pore Wall Permeability

The organized, well-aligned nanostructures within mesoporous silica materials
incorporating cylindrical open pores provide well-defined 1D pathways for the mass transport of
incorporated reagents or analytes. These well-defined and simple structures attract considerable
interest as a host system for applications in catalysis, drug release and separations. As a result, it
is essential to investigate the parameters affecting the diffusion characteristics of host molecules

within the mesoporous systems. The comprehensive study of mass transport processes within
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these materials would facilitate the successful preparation and appropriate functionalization of the
mesopores for their possible applications.

The anisotropic diffusion of incorporated probe molecules is suggested on the basis of the
materials structure. Several studies have also reported observing 1D molecular diffusion in the
mesopores using SMT experiments.®**** 121 The diffusive motions of the probe molecules
frequently follow the well-defined structure of the mesopores. In the SMT studies, the 1D motion
reflects the organization of the cylindrical mesochannels. Isotropic diffusive trajectories are often
assumed to imply disorder of the nanostructures brought about by, for example, local defects. In
recent research from the Brauchle group, different diffusion modes (i.e., isotropic and anisotropic
diffusion) based on charge of the guest molecule were revealed.*” The results demonstrated
charged and uncharged probe molecules traveled different pathways in the organized
mesostructure. The charged molecules showed isotropic diffusive motions that likely arose by
probe molecules crossing between neighboring pores. In contrast, the uncharged molecules
depicted 1D diffusion along the aligned, 1D nanochannels. This result may indicate very
interesting features of the diffusion behaviors of incorporated reagents or analytes within the
mesoporous materials.

The inherent microporosity of the mesoporous silica materials may lead to permeability of
the silica pore walls, providing isotropic pathways for the molecular transport. Micropores in the
pore wall may arise as a result of the surfactant-templating process. For example, the well-known
core-corona structure of EOmPOnEOm triblock copolymer micelles'?>1?® are composed of
hydrophobic PO blocks and relatively hydrophilic EO blocks. In the formation of mesoporous
silica materials templated by triblock copolymer micelles (e.g., Pluronic F127), the silica

framework may be penetrated by the EO blocks composing the corona region of the micelles. The
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penetration of the EO tails into the silica matrix may therefore produce micropores, voids or small
defects that permit passage of some molecules through the pore walls.

Cross-wall transport and release of incorporated dye molecules have also been reported for
CTAB-templated materials.>® > The mesoporous system chosen for these studies comprised a
unique pore organization,'?® in which the mesopores were coiled around the axis of symmetry. The
loss of dye from the mesoporous fibers was observed under a microscope.>® The results suggested
transport of the dye in the radial direction (perpendicular to the long-axis of the mesoporous fiber),
which requires channel-to-channel diffusion or cross-wall transport. Further investigations were
also conducted on the coiled pore systems of microparticles.>* Figure 2.4 represents the schematic
structure of these microparticles. The result from this research confirmed the release of probe
molecules by cross-wall transport. Such transport provides support for the conclusion that the guest
molecules escape from the mesoporous system through micropores connecting the mesopores.

In addition, distinct diffusion behaviors of uncharged and charged molecules indicated that
the interaction between the guest molecules and the host mesoporous system plays a significant
role in pore wall permeability. Host-guest interactions may affect the selectivity of diffusion of
incorporated guest molecules. In this dissertation, diffusion behavior of charged and uncharged
dye molecules within the F127 templated mesoporous monoliths are discussed in Chapter 5.
Different diffusion modes (i.e., isotropic and anisotropic) suggested dissimilar pore wall
permeability of charged and uncharged probe molecules, which is governed by the partitioning of
dye molecules into the different regions of the cylindrical micelles consisting hydrophilic exterior

and hydrophobic core.
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Figure 2.4 Schematic structure of a conelike particle produced in an SBA-3-like synthesis.
Release from a whole particle is determined by cross-wall transport connected with the flux
&2 and the effective diffusion coefficient D . (B) After cutting a particle in half, diffusion
along the pores becomes effective ((])'('3ff associated with Dﬂff ) with diffusion paths along &.
Reprinted with permission from Ref (53). Copyright 2007 American Chemical Society.
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Chapter 3 - Experimental Considerations

This chapter describes the fabrication of flow-aligned mesoporous silica monoliths studied
throughout this dissertation. It also covers the techniques and data analysis procedures used in the
characterization of the samples. Chapters 4 and 5 give further detail on experimental setups and

sample preparation conditions.

3.1 Silica Sol Preparation: Formation of the Hexagonal Mesophase

In this dissertation, two different surfactant molecules were used to construct highly
ordered cylindrical mesopores in the mesoporous silica monoliths, aligned by flow-induced shear.
First, an ionic surfactant, CTAB (cetyltrimethylammonium bromide, (C1sH33)N(CHz3)3Br) was
employed to investigate the aging-time dependence of mesopore orientation and a non-ionic
surfactant, Pluronic F127 was used as the structural directing agent for studies of the
dimensionality of diffusion in flow-aligned surfactant-templated mesoporous silica monoliths. The

chemical structures of CTAB and F127 are shown in Figure 3.1.
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Cetyltrimethylammonium bromide (CTAB) Pluronic F127(PEO, ,PPO,PEO

100)

Figure 3.1 Chemical structures of (left) CTAB and (right) Pluronic F127 surfactants.

For both cases, the formation of aligned mesopores was achieved via flow-induced
orientation of cylindrical surfactant micelles. So, the hexagonal mesophase of cylindrical micelles
was formed by using a high concentration of surfactant and removal of the alcohol produced by

hydrolysis of the silica precursor (i.e., methanol from hydrolysis of TMOS). Thus, sols prepared
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under carefully selected composition fall within the hexagonal region of the phase diagrams shown

in Figure 3.2.

Ethanol F127
0.0

w/ Hexagonal  crystalline o .
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H,O, Silica CTAB H,O, Silica Butanol

Figure 3.2 (left) The ternary CTAB/water/ethanol phase diagram!?’ and (right) phase
diagram for F127/water/butanol mixtures*. The sol compositions were adjusted to form
hexagonal mesophase in both phase diagrams.

3. 2 Perylene Diimide (PDI) Dyes

In the present work, diffusive motions of a series of charged and uncharged perylene
diimide (PDI) dyes were followed by SMT as a means to explore the physical properties of the
surfactant-filled cylindrical mesopores. Diffusion coeffcients of these dyes were also estimated by
FCS studies of Pluronic F127 templated mesoporous silica monoliths. The dyes employed include
an uncharged PDI, N,N'-bis(octyloxypropyl)-perylene-3,4,9,10-tetracarboxylic diimide, and two
doubly charged PDIs, N,N'-bis(3-sulfonatopropyl)perylene-3,4,9,10-tetracarboxylic diimide and
N,N'-bis(2-(trimethylammonio)ethyl)-perylene-3,4,9,10-tetracarboxylic diimide. All dyes were

synthesized in house.!? Figure 3.3 depicts the chemical structures of the PDI dyes.
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Figure 3.3 Chemical structures of the uncharged (a), cationic (b), and anionic (c) PDI dye
molecules employed in single molecule tracking and FCS experiments.

3. 3 Instrumentation
3. 3. 1 Two-dimensional (2D) Small Angle X-Ray Scattering (SAXS)

The morphology and orientation of the cylindrical nanostructures in monoliths was
assessed by 2D SAXS. In the general, the 2D SAXS technique provides complete information on
average domain and nanopore structures, spacing and orientation over macroscopic sample regions,
throughout the entire thickness of the bulk materials. The morphology of the nanoscale structure
is probed by collecting the variation of elastic X-ray scattering intensity at very small angles (26
< 29 from an X-ray beam incident on the sample. The scattering angle () directly describes the
spacing/distance (d) between the periodic structures (domains or pores) by Bragg’s law:

2dsinf=nA (Eg. 3.1)
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where A is the wavelength of the X-rays (i.e., A = 1.54 A in this dissertation) and n the order of
the scattering peak. When a 2D detector is employed in the SAXS measurements, the anisotropy
of the mesostructure and thus, the order and orientation of cylindrical mesopores can be estimated.
However, a broad illumination of X-ray beam provides spatially averaged information and is not
sufficient to describe the local structure and morphology as well as sample heterogeneities (e.g.
defects) in the materials.

The 2D-SAXS instrument used in this dissertation employed a rotating anode Cu (A= 1.54
A) source and a multi-wire area detector provided 2D features of X-ray scattering. A large distance
(59.5 cm) between the sample holder and the detector was used to record very small angle

scattering (Figure 3.4).

Tube 59.5 om 12D Detector

Figure 3.4 Schematic of a 2D-SAXS instrument with its major components: an X-ray source,
sample and a 2D detector. The SAXS data are collected simultaneously for small scattering
angles (20) and the anisotropic pattern of scattering intensity indicates an ordered and
aligned mesostructure of the sample.

3. 3. 2 Wide-field Fluorescence Microscopy

All SMT measurements were performed on a wide-field fluorescence microscope. A
typical setup is shown in Figure 3.5. This microscope set-up consists of a blue diode laser emitting
488 nm light as an excitation source, suitable optics including optical filters, a dichroic mirror or
polarizers, a high magnification and high numerical aperture (NA) objective lens (100X
magnification, 1.49 NA) and a highly sensitive electron multiplying (EM) CCD-camera for
detection of the signal. Utilization of the high magnification and high NA objective lens enables

almost diffraction-limited detection of single molecule spots and provides for efficient collection
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of the fluorescence emission from individual fluorescent probe molecules. The EM-CCD detector
afforded high-speed data collection (e.g., 0.042 sec/frame in this dissertation) with sufficient
signal-to-noise (S/N) ratio for detection and tracking of single molecule fluorescent probes.
Combined with broad illumination, high-throughput and sensitive data acquisition allows the
dynamics of a number of single molecules within nanoscale structures to be recorded

simultaneously for um-scale wide sample areas (e.g. 18.75 um x 18.75 um in the present works).
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Figure 3.5 Schematic of wide-field microscope used for single molecule imaging.

For SMT imaging of the mesoporous silica monoliths, total internal reflection fluorescence
(TIRF) mode measurements were required to minimize the background fluorescence intensity.
TIRF allows for fluorescence excitation in a narrow region close to the glass-sample interface. A
typical objective-based TIRF scheme is shown in Figure 3.6. In TIRF imaging, the incident angle
(Binc) of the excitation light is adjusted to produce total internal reflection at the glass-sample
interface (i.e., finc > Gcrit) When the refractive index of the sample (ns) is smaller than that of the

glass (ng): 129130

Ocrie = sin”™ () (Eq. 32)

Ng
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When total internal reflection occurs, an evanescent wave of the incident laser excites the
fluorescence probe molecules within a nm-scale thin layer adjacent to the glass-sample interface.
The penetration depth (dp) of the evanescent wave is governed by decay of the evanescent fields

and can be estimated using:*?% 13

A . -1/2
d, = E[ng sin?6 — nZ] (Eg. 3.3)
where / is the wavelength of the light source. Typically, dp is between 30 to 300 nm depending on
the incident angle (finc). For example, the d, of the evanescent wave produced by a 488 nm laser

at the interface of the glass substrate (ng = 1.54) and CTAB sample (ns = 1.41) with 6inc 0f 75.4° is

~160 nm (1/ ;).
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Figure 3.6 Schematic of objective-based TIRF imaging mode. The pink dotted line in the
inset image shows the decay of the evanescent field.

3. 3. 3 Confocal Fluorescence Microscopy

A confocal fluorescence microscope (Figure 3.7) was used to study the diffusion behavior
(i.e., diffusion rate) of charged and uncharged PDI dyes. This home-built microscope setup

includes a blue diode laser (488 nm), as an excitation source, mirrors, high NA objective lens (NA

30



=1.3), adichroic mirror, and a filter set to select emission of the desired wavelength; the emission
was subsequently detected by an avalanche photo diode (APD). A closed-loop piezoelectric
positioner was employed to prevent focus drift and a pinhole (50 um diameter) defined the
detection volume. From the known diffusion coefficient of rhodamine 123 in aqueous solution
(e.9., Drip3 = 4.6 X 107% cm?/s), the dimensions of the detection volume were calibrated.
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Figure 3.7 Schematic of confocal fluorescence microscope set-up used for wide-field single
molecule imaging.

3. 4 Single molecular Trajectory Analysis
3. 4.1 Orthogonal Regression
Analysis of the single-molecule motions in the wide-field fluorescence videos offers
information on mass transport dynamics of molecules within the nanostructures as well as detailed
structural features of the materials. The comprehensive analysis of single-molecule diffusion is
commonly accomplished by investigating the single molecule trajectories of the detected spots.
The single molecule trajectories are produced by linking the single molecule spots frame-by-frame

in avideo and depict the diffusive motions of each molecule. In the present dissertation, orthogonal
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linear regression methods®® were utilized for quantitative analysis of the individual trajectory
segments. 3133 Fundamentally, the orthogonal regression analysis assumes that the trajectories
are truly 1D without any detectable curvature. By fitting the single-molecule trajectories to linear
functions, this analysis allows for a more quantitative assessment of a number of parameters. For
example, this analysis quantitatively provides the in-plane orientation of each 1D trajectory
segment, the best fit (x,y) locations of the single molecule spot in each trajectory, and estimates of
angular and positional errors in these parameters. These parameters can also be used to determine
mobility and dimensionalities of the diffusive motion of individual molecules.
With an assumption that x and y positions are measured to similar levels of precision, . the
measured position (Xi, yi) can be written as:
xp = X; + 6 (Eq. 3.4)
y; = X;tan8 + §; (Eg. 3.5)
where X; represents the best estimate of the actual x position of the molecule and §; is the error in
measuring the position of the molecule. 8 corresponds to the angle (-90° to 90°) of the trajectory
segment with respect to the horizontal direction (x-axis) in the video frames and thus represent the
in-plane orientation of the diffusive motion. While the best-fit line (Y; = X; tan ) is obtained by
finding tan @ for a minimum sum of the squared residuals (SSR) between x; and X, and yi and Y,
the errors in determining x; and y; for each molecule along each trajectory provides a measure of
the positioning error across the entire length of the trajectory. The variance in the position

measurement along each trajectory is given by:*32 133

2 _ Syy —2Sxytan@ + Syytan®6
9 = 1+tan28 (Eq 36)
where,
Syy = ~X ¥ Sex = ~Xh xfand S, = ~ X7 Eq. 3.7
yy = pZi=1YirOxx = L Li=1Xi QN0 Oxy = = 2i=1 XY (Eq. 3.7)
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Also, the motional variance in the molecular position along 1D trajectories is found by:
of = 2L (1 + tan’6) (Eg. 3.8)
While ¢ can actually reflect the width of corresponding trajectory by describing the total

deviation of the trajectory from a 1D model, o affords a measure of the trajectory length.

3. 4. 2 Trajectory Angle Order Parameter

A common ensemble parameter used to quantify materials order is the order parameter. In
general, individual pore orientations can be described as the angular deviations of the
nanochannels from the most preferred pore direction of the material (or selected region). The
Legendre polynomials can provide a quantitative measure of the angular deviations, and the
average of the second Legendre polynomial is employed to estimate the orientational order

parameter in 3D systems for materials with cylindrical symmetry. So, the ensemble order
parameter (S) is universally defined as § = %(3<COSZ(A9)>— 1), where 46 represents the

angular deviation of individual cylindrical pores and ( ) denotes the average within a selected
population, region or sample domain. Consequently, the value of S, the 3D ensemble order
parameter, ranges from -1/2 to 1, where S = 1 for perfect ordering of the populations, and S = 0
indicates a totally isotropic organization of the pore structure. The perfect ordering of the structure
orthogonal to the expected preferred plane corresponds S = -1/2, theoretically. For the trajectory
analysis in the present single molecule tracking studies, the 2D analog of the 3D order parameter
was employed. The 2D order parameter is defined as (P) = 2{cos?(A8)) — 1, where 40
represents the angular deviation in the direction of the individual trajectories, 8 from 8. The latter
is the mean trajectory orientation in a given sample region. Resulting value of (P) =1 for

perfectly ordered populations, and (P) = 0 for totally disordered populations are obtained.
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The order parameter can successfully quantify the materials order, and so is being widely
used especially for studies on the nematic mesophases. Single molecule methods presently
represent the only means to follow mass transport at the single molecule and single nanostructure
levels. In this case, the single molecules represent tracers that “map” the open nanostructures and
reveal their abilities to confine and guide mass transport. The trajectory data obtained therefore
provide valuable information on materials order specifically as it relates to mass transport. Most
importantly, this information is obtained at the single nanostructure level, allowing for the
complete distribution of open channel alignments to be assessed. Therefore, it is possible to

describe the materials order in more detail than is provided by the ensemble order parameter alone.
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Chapter 4 - Single Molecule Tracking Studies of Flow-Aligned
Mesoporous Silica Monoliths: Aging-Time Dependence of Pore

Order?!

4.1 Introduction

Surfactant template mesoporous silica materials find a range of possible applications in
catalysis, chemical sensing, separations and molecular sieving.® % 134 1% Sych materials are
prepared by the hydrolysis and condensation of alkoxysilane precursors in the presence of
structure-directing agents such as surfactant micelles. Depending on the synthetic conditions
employed, materials incorporating spherical, planar, or cylindrical surfactant structures organized
in cubic, lamellar or hexagonal configurations can be produced.®** 3 Mesoporous materials
derived from hexagonally arranged cylindrical micelles are most common and are the subject of
this report. Polymerization of the inorganic silica matrix around these micelles produces rigid
glass materials incorporating hexagonally organized cylindrical mesopores.

Pore alignment is largely uncontrolled in most such syntheses, resulting in “polycrystalline”
materials incorporating randomly aligned domains of otherwise well-organized pores.>® However,
optimum performance in many of their applications (i.e., membranes for chemical separations)
requires the fabrication of pores aligned along a particular pre-defined direction. As a result,
several research groups have developed methods for preparation of aligned mesoporous
materials.®> 138 For example, Chmelka and coworkers demonstrated that exposure of a surfactant-

templated sol to a strong magnetic field® produced aligned mesopores upon gelation of the sol.

! Reprinted with permission from (Park, S. C.; Ito, T.; Higgins, D. A. Single Molecule Tracking Studies of Flow-
Aligned Mesoporous Silica Monoliths: Aging-Time Dependence of Pore Order. J. Phys. Chem. B 2013, 117, 4222-
4230.). Copyright (2013) American Chemical Society.
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Walcarius, et al. have described electrochemically-assisted self-assembly methods for
synthesizing silica films incorporating 1D mesopores oriented perpendicular to an underlying
electrode surface.?® 2° Interactions with substrate surface structures have also been employed to
produce aligned mesopores. Representative methods include depositing surfactant-templated sols
on rubbed polyimide films,*® on single crystal substrates,3! and on lithographically-prepared
surface nanostructures.!’®” Some of the simplest methods for obtaining aligned mesoporous
materials, however, involve the injection of surfactant-containing sols into confining structures,**®
such as the pores of anodic alumina membranes,®> 2 glass capillaries® or microfluidic channels.8®
8 In capillaries and microfluidic channels, micelle (and pore) alignment often results from
shearing of the surfactant mesophase.®

The physical properties of mesoporous materials are commonly assessed by electron
microscopy (EM),* 2834 small-angle X-ray scattering (SAXS) * 23° and by NMR.* %% EM
provides high-resolution visual evidence of local mesopore structure and orientation but requires
significant effort to detect long-range organization. It also involves placing the sample under
vacuum, and hence, removal of any solvent. Likewise, SAXS affords detailed physical insights
into mesopore morphology and alignment, but the data obtained largely reflect average materials
properties. Unfortunately, neither EM nor SAXS provides direct data on the mass-transport
characteristics of the materials. NMR methods provide an important route to obtaining such
dynamic information (i.e., rate and anisotropy of probe diffusion) along with data on long-range
mesopore alignment. However, like SAXS, the information obtained is averaged over relatively
large sample regions.

It has recently been demonstrated by the Brauchle group®® 8 121137 and others®® 0 that

single molecule tracking (SMT) methods'® can be used to directly observe the motions of
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individual fluorescent molecules diffusing within discrete nanometer-sized cylindrical channels of
surfactant-templated mesoporous silica. ldentical experiments on similarly-structured materials
are now also being reported.*> 122 SMT methods represent important tools for the investigation of
mesoporous systems because they allow for (i) materials structure to be visualized,>® ® (ii) the
occurrence of 1D mass transport to be directly observed, (iii) molecular mobility within individual
pores to be quantified, and (iv) the alignment and organization of single mesopores to be assessed.
While such methods have been used previously to qualitatively assess materials organization,
recent work from our lab shows that quantitative information on mesopore orientational alignment
and ordering can be obtained via orthogonal regression analysis of single molecule trajectory
data.>® We have used these methods to characterize mesopore alignment and order in spin-coated
silica films,® the alignment of cylindrical surfactant micelles in lyotropic liquid crystal
mesophases'?? and the alignment of cylindrical domains in block copolymer films.*® Importantly,
the ability to observe molecular motions at the single event level also enables investigation of
materials heterogeneity. For example, in our studies of spin-coated silica films, SMT data revealed
the presence of distinct domains having different average pore orientations but similar levels of
pore order.>® Such information would be lost in SAXS measurements, when the domain size is
smaller than the incident beam size.

In this study, macroscopically aligned mesoporous silica monoliths were prepared by flow-
alignment of surfactant-templated silica sols in etched glass microfluidic channels.
Cetyltrimethylammonium bromide (CTAB) was employed as the surfactant and was present at
sufficient concentration to form the hexagonal mesophase in the precursor sol. Mesopore
alignment and organization in each sample was assessed by both SMT and SAXS. The primary

goal of these investigations was to characterize mesopore organization as a function of sol aging

37



time (i.e. the time between sol preparation and injection into the microfluidic channel). A
fluorescent perylene diimide dye (OPDI) (structure shown in Figure 3.3) was employed as the
probe molecule. Wide-field fluorescence videos depicting OPDI motions at the single-
molecule/single-pore level revealed a predominance of 1D diffusion. Orthogonal regression
analysis of the trajectory data provided quantitative information on the in-plane orientation of
individual pores. The degree to which the pores were aligned along the flow direction was assessed
in each sample, as was mesopore order, which was quantified by calculation of a 2D order
parameter from the individual trajectory angles. The results obtained were compared to those from
SAXS experiments. Taken together, the results showed that materials prepared well before
gelation of the sol incorporate large monodomains that extend over millimeter length scales. The
mesopores within these monodomains were closely aligned with the flow direction and were well
ordered. In contrast, materials prepared close to the time of sol gelation were often misaligned

and always more disordered.

4. 2 Experimental Section
4. 2.1 Sample Preparation
Silica sols were prepared from tetramethoxysilane (99%, TMOS, Aldrich), acidified water
(HPLC grade, pH ~ 2) and cetyltrimethylammonium bromide (CTAB, Aldrich). The first step in
the procedure was to mix 0.250 g of TMOS with 1 mL of acidified water, with stirring. The
methanol generated by the hydrolysis of TMOS was then removed under vacuum.** CTAB (0.6 g)
was subsequently dissolved in the sol by vigorous stirring, and by repeated inversion while
centrifuging. For SMT experiments, all samples were doped to nanomolar concentrations with
N,N'-bis(octyloxypropyl)-perylene-3,4,9,10-tetracarboxylic diimide (OPDI1)* (see Figure 3.3) by

addition of 10 puL of 200 nM ethanolic dye solution to the sol, yielding a final dye concentration
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of ~2 nM. Sols prepared in this manner fall within the hexagonal region of the ternary
CTAB/water/ethanol phase diagram.'?’ The sols were subsequently aged at 35 °C in the dark, for
a period of 0 to 20 hours. Finally, they were injected into microfluidic channels and capillaries for
characterization by SMT and SAXS, respectively. The gelation time for the sol was determined by
checking sol fluidity at 2 h intervals. Sol fluidity was assessed by inverting the vial and observing
whether the sol flowed over the course of 10 min. The sols were concluded to gel 19 = 1 h after

preparation.

4. 2. 2 Microfluidic Channel Design and Fabrication

Microfluidic chips were designed to incorporate rectangular channels of 70 um depth, 15
mm length, and 2 mm width (Figure 4.1a). The channels were etched into microscope slides
(FisherFinest Premium) using a buffered NH4F oxide etchant (Transene Co.).2*°® Channel
dimensions were defined by patterned commercial electrical tape contacted to the slide glass. After
etching, the tape was removed and the slides were rinsed using 18 MQcm water. Channel depths
were measured using a surface profiler (Ambios Technology). Once etched to the desired depth, 1
mm diameter inlet and outlet holes were mechanically drilled at the ends of the channel.

Each etched slide was then bonded to a microscope coverslip (FisherFinest Premium) to
form a microfluidic cell.** Before assembly of the cell, the slide and coverslip were thoroughly
cleaned by a multistep process. First, the etched slide and coverslip were submerged in warm soap
water, sonicated for 10 minutes and rinsed with 18 MQcm water. They were subsequently
sonicated in a warm 10 wt% NaOH and again rinsed. Next, they were immersed in 5 vol% H2SOa.
Immediately after a final rinse in 18 MQcm water, the slide and coverslip were pressed together
using binder clips. The assembled chips were then placed in an oven at 45 °C for 30 min to

evaporate remaining water and to prebond the two pieces of glass. Finally the cells were transferred
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to a furnace and permanently bonded by heating at 350 °C for 12 h.
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Figure 4.1 a) Etched glass microfluidic cell employed to obtain flow-aligned mesoporous
silica monoliths for SMT experiments. These cells are comprised of an etched microscope
slide incorporating a rectangular channel 15 mm long, 2 mm wide and 70 um deep, with inlet
and outlet holes drilled through the glass at the channel ends. A microscope cover glass is
bonded to each slide to enclose the channel and to allow for imaging with a high NA objective.
b) Locations at which SMT tracking measurements were made within each monolith (red
circles). ¢) Model for flow-aligned, hexagonally arranged cylindrical surfactant micelles in
mesoporous silica.

4. 2. 3 Flow Alignment of Sols

Silica sols were aged for 0, 4, 8, 12, 16 and 20 h prior to loading into the microfluidic
channels and capillaries. Sols aged beyond 20 h could not be infused into the microfluidic channels.
For filling of microfluidic channels, the sol was first drawn into a glass capillary, using a syringe
pump. The capillary was then inserted into the channel inlet and the syringe pump reversed to
introduce the sol into the channel. Sol was pumped into the channel at a flow velocity of ~12
mm/min. Once the channel was filled, the inlet and outlet holes were sealed using two-part 5 min

epoxy. The microfluidic chips were then stored for one additional day, at 35 °C in the dark, to
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ensure that the sol had gelled in each case.

4. 2. 4 Single Molecule Tracking

All SMT experiments were conducted on a wide-field fluorescence microscope operated
in the through-objective total internal reflection fluorescence (TIRF) mode.**® The optical
microscope employed has been described previously.>® 122 For excitation of the dye, 488 nm light
from a blue diode laser was employed. The incident laser power was maintained at 4 mW in all
experiments. In most, the incident light was linearly polarized parallel to the microfluidic channel
axis. An electron multiplying CCD camera (Andor iXon DU-897) was used to detect sample

emission (all polarizations).

Figure 4.2 Representative wide-field fluorescence images of a flow-aligned monolith from an
8 h aged sol under different excitation polarizations. The excitation polarization is circular
(a, b), horizontal on the optical table (c, d) and vertical on the optical table (e, f). The initial
direction of the microfluidic channel axis was parallel to the horizontally polarized incident
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light (a, c, e) and rotated by 90° (b, d, f). The images were obtained using the Z-project
routine in ImageJ and depict the maximum intensity for each pixel in the associated videos.
The scale bars are S pm.

TIRF videos were collected from nine different locations in each monolith (Figure 4.1b).
Five of these were collected at evenly spaced 1 mm intervals along the centerline of the monolith.
Four additional measurements were made at points displaced vertically and horizontally from the
monolith center by a distance of 300 um. Videos were acquired as 1000 frame sequences with a
cycle time of 0.042 s per frame, using an electron multiplying gain of 30 and a 10 MHz readout
rate. Camera pixels were binned in a 2 X 2 configuration, giving a calibrated image pixel size of
125 nm. Unbiased excitation and detection of the molecules was verified by exciting the sample
with linearly polarized light of orthogonal polarizations (perpendicular and parallel to the channel
axis), with circularly polarized light, and with the microfluidic channel oriented in orthogonal
directions on the microscope stage (see Figure 4.2 and Table 4.1). The number of molecules
detected was independent of sample orientation on the microscope stage and the level of sample
order was invariant with incident polarization and sample orientation.

Table 4.1 Single molecule tracking data under different excitation polarization and channel
direction. Error bars give the 95% confidence intervals of the mean values

Excitation Polarization Channel Direction ne (P)
) Q°c 192 0.8910.03
Circular
90°d 182 0.8510.04
0° 246 0.85+0.04
Horizontal?
90° 262 0.86+0.04
_ 0° 317 0.88+0.03
Vertical®
90° 315 0.87+0.03

2 Parallel to the optic table
b \ertical to the optic table

¢ Parallel to the horizontal polarization
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d Rotated by 90° from initial direction (0°)

¢ Number of trajectories analyzed from 6 images in each sample.

4.2.5 2D SAXS Measurements

Two-dimensional (2D)-SAXS measurements were performed at the Characterization
Facility at the University of Minnesota, Minneapolis, MN. The SAXS instrument employed
incorporates a Rigaku 12kW Cu rotating anode source (A= 1.54 A) and a multi-wire area detector.
The sample-to-detector distance was 59.5 cm. As in the single-molecule tracking experiments, 0,
4,8, 12, 16 and 20 h aged sols were prepared and characterized. In this case, the sols were drawn
into 1 mm diameter thin-walled (10 um wall thickness) capillaries (Charles Supper Co.). The
capillaries were then flame sealed. Several replicate SAXS patterns were acquired for each sample,

with an exposure time of 300 s.

4. 3 Results

4. 3.1 2D SAXS Measurements

The SAXS pattern obtained from a representative flow-aligned mesoporous silica monolith
is shown in Figure 4.3a (inset). The capillary from which these data were acquired was oriented
along the vertical direction on the figure. The bright regions on either side of the X-ray beam
(center) demonstrate that the scattering is strongest in the plane perpendicular to the capillary axis.
Scattering intensity as a function of 26 is also plotted in Figure 4.3a. These data are consistent
with the presence of hexagonally ordered cylindrical mesopores.*® The characteristic (100) peak
appears at 20 ~ 1.67°, which corresponds to a d-spacing of ~52.8 + 0.3A (from multiple
measurements). The d-spacing in this case is significantly larger than previously reported for dry®®
140 and/or calcined mesoporous silica.* *° This discrepancy is attributable to swelling of the
surfactant micelles in the wet gels being investigated. Importantly, the d-spacing was found to be

independent of sol aging time, as shown in Figure 4.3b.
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Information on mesopore alignment and order was obtained by plotting the SAXS data as
a function of azimuthal angle, y, as shown in Figure 4.3c. The observation of strong scattering in
the plane perpendicular to the capillary axis demonstrates that the mesopores are aligned parallel
to the flow direction, on average, as depicted in Figure 4.1c. Qualitatively, the sharpness of the
scattering peak in y indicates that the mesopores are relatively well ordered, for short sol aging
times (see Figure 4.3c, 4 h data). SAXS anisotropy data obtained for longer aging times show a
trend in mesopore order that is consistent with the results of SMT experiments (see below). In
particular, the incorporation of misaligned mesophases and a dramatic decrease in materials order

is observed for capillaries filled near the time of sol gelation (see Figure 4.3c, 20 h data).
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Figure 4.3 a) X-ray scattering intensity as a function of scattering angle 26, derived from the
2D SAXS pattern shown in the inset. The data was obtained from a flow-aligned mesoporous

44



silica monolith prepared within a cylindrical glass capillary from a 4 h aged sol. The
capillary was oriented along the vertical direction on the scattering pattern (see inset). b)
Characteristic d-spacing for hexagonally arranged cylindrical mesopores in the silica
monoliths as a function of sol aging time. The data demonstrate that mesopore spacing is
independent of sol aging time. Error bars depict the 95% confidence intervals about the
mean. c¢) Scattering intensity as a function of azimuthal angle, z, from 4h (black) and 20 h
(gray) aged sols. Here, 0° corresponds to the long axis of the capillary.

4. 3. 2 Single Molecule Tracking Studies

The diffusion of single molecules in the mesoporous silica monoliths was investigated by
recording wide-field TIRF-mode videos.'*® Use of TIRF imaging selectively probes molecules
near the gel/glass interface and facilitates SMT by limiting the background fluorescence from dye
molecules at different depths in the monolith. The depth probed is limited to ~200 nm (i.e., the
1/e? distance) by the decay of the evanescent fields from the gel/glass interface.

A representative wide-field image of a flow-aligned silica monolith (prepared from a 4 h
aged sol) is shown in Figure 4.4a. This image was generated by combining all 1000 frames from
a single video, using the z-project routine in the ImageJ software package; it depicts the maximum
intensity observed at each pixel in the video. Clearly apparent in the image are a large number of
horizontal streaks. These streaks demonstrate the predominance of 1D diffusion by the individual
OPDI molecules. The observation of 1D molecular motion is consistent with the presence of open
(albeit surfactant-filled) cylindrical mesopores in the silica monoliths. The SMT data also
demonstrate that the mesopores are aligned predominantly along the flow direction (Figure 4.1c).
Along with 1D diffusing molecules, immobile molecules are also found in the videos (e.g., round
spots shown in Figure 4.4a). Mobile and immobile molecules were distinguished by comparison
of the single molecule localization precision® (calculated using Eq. 7 in Ref 47; 63 nm, on average)
with the frame-to-frame mean square displacement (MSD) for each molecule. Those spots

exhibiting MSD values greater than the localization precision at better than 90% confidence were
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concluded to be mobile. The observation of immobile molecules was ascribed to adsorption of
some at the gel/glass interface, while others may be trapped within the silica matrix or in short (i.e.
closed) silica mesopores. Such fixed molecules provide no information on materials order and are
excluded from further analysis, as discussed below.

For detailed analysis of single molecule motions, automated software routines available as
an ImagelJ plugin!*! (modified in house) were employed. Trajectories depicting the motions of the
individual molecules within each video were obtained. Only those trajectories >6 frames in length
were selected for further analysis. Relatively short trajectories were obtained in the present case
because single molecule diffusion was relatively fast (see below), making it difficult to link the
fluorescent spots observed in the video frames into longer trajectories. Trajectory length may also
be limited by blinking of the molecules (i.e., fluorescence intermittency). Trajectories were
terminated when the molecule being tracked disappeared for one or more frames. Figure 4.4b
depicts the trajectories produced by the video shown in Figure 4.4a, again reflecting the
predominance of 1D molecular motion.

The single molecule trajectories incorporate quantitative data on molecular position as a
function of time. As we have demonstrated in previous SMT studies,® these data can be fit to a
line, using orthogonal regression methods,**® to quantitatively determine the in-plane orientation
of each 1D trajectory. This analysis also provides additional statistical data such as the error in the
trajectory orientation.® The trajectory angles were used to construct histograms showing the
distribution of trajectory orientations. Importantly, as the trajectories depict molecular motions
within discrete silica mesopores, they also provide a measure of pore alignment. Figure 4.4c
presents the distribution of trajectory angles for the data shown in Figure 4.4b.

The histogram is sharply peaked near 0°, corresponding to the approximate direction (+5°)

46



of sol flow during filling of the microfluidic channel. While the position of the peak indicates
average pore alignment is along the expected direction, the narrow distribution observed also

suggests a high degree of orientational order.
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Figure 4.4 a) Representative wide-field fluorescence image of a flow-aligned monolith
prepared from a4 h aged sol. Thisimage was obtained using the Z-project routine in ImageJ
and plots the maximum intensity for each pixel observed in the associated video. b) Single
molecule trajectories obtained from the same video. ¢) Histogram showing the trajectory
angles relative to the flow axis (0°) in the microfluidic channel. d)-f) Similar data obtained
from a flow-alinged monolith prepared from a 20 h aged sol.

As the main purpose of this report is to explore the dependence of pore organization on sol
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aging time, similar SMT data were collected from a series of samples prepared from sols aged for
up to 20 h. A clear trend towards misaligned and disordered mesopores was observed near the
time of gelation (~ 19 h, see below). Monoliths prepared from 20 h aged sols were found to be the
most disordered. Figure 4.4d depicts a representative image obtained from one such sample. The
trajectory data and the trajectory angle histogram obtained from this video are shown in Figure
4.4e,f. As shown by these data, monoliths prepared from 20 h aged sols exhibited fewer 1D
trajectories. Furthermore, the trajectories recorded from these samples were more randomly
aligned and in some cases were even aligned perpendicular to the sol flow direction. It must be
noted that some trajectories in these samples appear to depict 2D molecular motion. While the
“orientations” of such trajectories are strictly undefined, their fitted values were still included in
the pore orientation histograms and subsequent analysis to most properly reflect the true level of
mesopore order in these materials.1?2

Wide-field videos and trajectory data were acquired for three replicate sample series
prepared from sols aged for 0, 4, 8, 12, 16 and 20h (i.e., a total of 18 samples). Data were collected
for nine different locations in each sample, as defined in Figure 4.1b. Representative histograms
depicting the trajectory orientations for one sample series are shown in Figure 4.5. These
histograms are compilations of trajectory angle data from all nine locations in each sample.
Qualitatively, the distributions show that for short aging times, the mesopores are well aligned (on
average) along the expected direction. These data appear to depict a small systematic bias to
positive angles. As noted above, samples can only be aligned on the microscope to £5°. Single
data series as show in Figure 4.5 may also exhibit some bias within this range. However, data
compiled from measurements on several different samples over several days show no such bias

(see Table 4.2).
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Figure 4.5 Histograms depicting the trajectory angles compiled from all 9 images collected
from each sample in a single, representative set of flow-aligned silica samples, as a function
of sol aging time. The data demonstrate that the mesopores are all well aligned along the flow
direction (0°) over distances of several millimeters, for materials prepared prior to gelation
of the sol at ~ 19 h. Near the gelation time, markedly more disordered and misaligned
materials are obtained (see 20 h data).

The distribution widths reflect a relatively high level of mesopore orientational order that
does not vary dramatically with sol aging, up to about the time of gelation. The mesopores become
misaligned and markedly more disordered in monoliths prepared from sols aged to close to the
gelation time, as demonstrated by the 20 h aged sample (Figure 4.5). As noted above, gelation of
these sols occurred at ~19 h. The bias to positive angles in this case falls far outside that expected
from alignment error on the microscope. Evidence of misaligned mesopores was also observed

by SAXS (Figure 4.3c, 20 h data) in similarly prepared samples.
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In our earlier studies of spin-coated mesoporous silica films, it was found from excitation-
polarization-dependent imaging that OPDI molecules diffused within the silica pores in a strongly
aligned state,* with their long axes oriented parallel to the pore axis. Such strong orientation of
the dye clearly results from its steric confinement within the silica mesopores. In the present
samples, the images obtained were largely independent of excitation polarization (see Figure 4.2
and Table 4.1), demonstrating that the alignment measurements are not biased by polarization-
selective detection of oriented molecules within pores aligned along the expected direction. These
results are also consistent with “rapid” tumbling of the dye within the pores on time scales shorter
than the video frame time. The pores in the present samples are concluded to be larger than in the

spin-coated films, as is also suggested by the larger d-spacing determined from the SAXS data.
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Figure 4.6 Selected MSD data (symbols) from (a) the shortest (7 frames) and (b) the longest
(23 frames for dashed and gray lines, and 18 frames for black line) trajectories in a single
video of a flow-aligned monolith from an 8 h aged sol. All frame times were 0.042 s, as
described in the experimental section. Dashed and solid lines were obtained by fitting the
first five points of each trajectory and diffusion coefficients were determined from the slope
of these lines. Error bars depict the standard deviation about the mean in each.

Finally, the SMT data also provide the means to assess OPDI mobility within the silica
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mesopores, as a function of sol aging time. The apparent diffusion coefficients, D, for individual
mobile molecules were determined from their MSD values over short time scales, using MSD =
2Dt (see Figure 4.6 for representative examples).**? As shown previously, these measurements are
somewhat biased to smaller values for short trajectories.!?? Figure 4.7a depicts a histogram of the
D values obtained from a 4 h aged sample, from which a mean D value of 1.74 pm?/s is obtained.
D values measured as a function of sol aging time are presented in Figure 4.7b and show no
apparent trend with sol aging time. The D values from SMT studies are ~ 100 fold larger than

those reported for spin-coated mesoporous silica films under drier conditions.>® 137.143
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Figure 4.7 a) Representative histogram showing diffusion coefficients determined from a
single flow-aligned mesoporous silica sample prepared from a 4 h aged sol. The diffusion
coefficients were determined from the mean square diffusion coefficients obtained as a
function of sol aging time for three replicate sample series. No apparent trend is observed
in these data, suggesting the viscosity within the surfactant-containing mesopores is invariant
over the range of samples investigated. Error bars depict the 95% confidence intervals about
the mean in each case. displacement exhibited by each single molecule at short time delays
(i.e. 5 frames). ). b) Mean diffusion coefficients obtained as a function of sol aging time for
three replicate sample series. No apparent trend is observed in these data, suggesting the

51



viscosity within the surfactant-containing mesopores is invariant over the range of samples
investigated. Error bars depict the 95% confidence intervals about the mean in each case.

4. 4 Discussion
4. 4. 1 Quantitative Assessment of Mesopore Alignment and Order

The representative SMT results depicted in Figure 4.5 demonstrate that with the exception
of sols aged to near the gelation time (~ 19 h), the majority of materials are comprised of well-
ordered monodomains in which the average mesopore alignment is along the flow direction. These
monodomains extend over distances of several millimeters. The high degree of pore alignment
and order in the present materials stands in stark contrast to prior results from spin-coated
mesoporous silica films, in which organized domains only a few tens to hundreds of microns in
size were observed.>® 14 These previous materials exhibited widely-variable domain alignments,
even when spin-coating methods meant to induce mesopore alignment along a particular direction
were employed.>® Their “polycrystalline” nature clearly reflects the participation of nucleation and
growth processes in domain formation.'** Organized domains in the present samples were
produced instead by flow alignment of hexagonally-organized cylindrical mesophases already
present in the sol.®® Materials organization was quantitatively assessed based on two distinct
parameters: i) average mesopore alignment relative to the expected direction and ii) the materials
order parameter, reflecting the distribution of mesopore orientations around the average alignment
direction.

Quantitative assessment of average mesopore alignment was accomplished by calculating
the average in-plane trajectory angle, 3, for all individual trajectories acquired from three replicate
samples at each aging time. Table 4.2 presents these results. For samples prepared from sols aged
for < 16 h, § was found to be 0° (the expected alignment), within the error of sample alignment on

the microscope (i.e., £5°). In contrast, significant deviations from the flow direction were found
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for 20 h aged sols, and S also varied widely between replicate samples. For the three replicate
samples compiled in Table 1, the individual 8 values obtained were 51° (data in Figure 4.5), 10°
and -2°. Comparison of the results obtained for samples aged < 16 h with those aged for 20 h
demonstrates that effective flow alignment requires the injection of a fluid sol into the microfluidic
channel. Although somewhat more variable, the SAXS results provide support for this conclusion.
As shown in Table 4.2, the greatest deviations from 0° are again observed for the 20 h aged sol,
as demonstrated by the large error bar (95% confidence interval) on 8. Greater variability in the
SAXS results may reflect differences in pore populations probed: SAXS measurements probe
pore organization throughout the monolith, while TIRF-mode SMT probes only those pores within
~200 nm of the gel-glass interface.

Quantitative data on mesopore order was obtained from the widths of the SMT trajectory
angle distributions (Figure 4.5). The widths of the scattering peaks in SAXS anisotropy data
(Figure 4.3c) provide similar information. In both cases, the data obtained actually represent a
2D projection, f(f), of the 3D pore orientation distribution function.*> ¢ For materials of
cylindrical symmetry, 3D order is most often reported as the average value of the second Legendre
polynomial. However, as in previous reports,®® 122 a 2D order parameter, (P), is employed here
instead. It is defined as follows:

(P(AB)) = 2(cos*(AB)) —1 (Eq. 4.1)

where (cos”(AB)) is given by:

Jo £(8B) cos?(ARYA(AB)
Iy F(BYA(AB)

(cos?(AB)) = (Eq. 4.2)

Here, AB = B — 3, where £ represents the individual trajectory angles, and A3 defines

their deviations from the average trajectory angle for each aging time. In practice, (cos?(AB)) is
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determined from the arithmetic mean of the cos?(ApB) values from the single molecule trajectories.
For a perfectly aligned mesophase (P) = 1.0, while for a totally disordered population (P) = 0.0.

Several factors motivate the use of this alternative (2D) order parameter. For the SMT data,
out-of-plane disorder is assumed to be much smaller than in-plane disorder. The shear rate during
channel filling is inversely proportional to the channel dimension, suggesting a narrower
orientation distribution in the out-of-plane direction. The observation of aligned pores extending
for tens of microns in the SMT data provides support for this assumption. Were the pores tilted
out of the image plane by only a few degrees, they would appear much shorter than is observed
(see Figure 4.4) as they would extend beyond the excitation volume of the microscope. While the
orientation distribution function is expected to be cylindrically symmetric for the SAXS samples,
comparison with SMT data requires the use of the same order parameter.

The (P) values obtained from SMT data demonstrate that highly ordered mesoporous
materials can be obtained from sols aged for < 16 h. As shown in Table 1, results derived from
several thousand trajectories produce relatively constant (P) values ranging from 0.88 to 0.79.
These values are similar to those reported previously for individual domains in spin-coated
mesoporous silica films.>® A marked decrease in (P) is observed for samples prepared from 20 h
aged sols, for which (P) = 0.37. This same trend in order with sol aging time was observed in
three replicate sample series. The order parameters obtained from these individual series are
plotted in Figure 4.8. The average width of the individual distributions provides a more
fundamental view of materials order. These values are given in Table 4.2 as (Af). Average
distribution widths of 14° to 19° are obtained for samples prepared well before sol gelation. An
increase in the average distribution width to 34° occurs near the time of gelation.

SAXS anisotropy data depict a similar level of mesopore orientational order and a
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similar trend with sol aging time. In this case, due to difficulties with background subtraction, the
results were fit to Gaussian functions and their widths, o, were used to determine the associated
(P) values:

(P) ~2cos?o—1 (Eq. 4.3)

The values obtained are given in Table 4.2 and are also plotted along with the SMT results
in Figure 4.8. The (P) values obtained by SAXS provide strong supporting evidence for the high
level of materials order deduced from SMT data. However, the SAXS (P) values are almost all
modestly smaller than those from the SMT data. These differences are easily attributable to
differences in both fundamental and experimental aspects of the measurements. SAXS probes
periodic structures in the monoliths while SMT probes the alignment of individual mesopores that
support 1D diffusion. Furthermore, SAXS probes the entire monolith thickness, while TIRF-mode

SMT probes materials organization only near the gel/glass interface.

Table 4.2 Single molecule tracking and SAXS data compiled from a series of replicate
samples in each case. Errors give the 95% confidence intervals of the mean values.

Aging Single Molecule 2D-SAXS
Time — —
) n; pe <P> <Aﬁ>° Ny pe <P> <Aﬂ>f d-spacing (nm)
0 883 3a 0.8810.02 14 6 -16.16 0.66+0.13 24 5.30:0.04
4 997 241 0.86x0.02 15 3 01 0.81+002 18 5.2640.03
1053 341 0.80x003 18 6 =154 0.75+007 21 5.26:0.06
12 1173 =241 0.8640.02 15 3 1044 0.75+0.20 20 5.2610.02
16 1038 31 0.79:002 19 3 56 0.77+005 20 5.31s002
20 886 25:3 0.37+004 34 3 -81100 0.390.38 31 5.31:00

& Number of trajectories analyzed from three different samples at each aging time.
b Average trajectory orientation in degrees, relative to the expected alignment direction, given as

the arithmetic mean of all individual trajectory orientations.
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¢ Average width of the trajectory angle distribution in degrees, derived from single molecule data.
4 Number of 2D-SAXS measurements analyzed (3 measurements were made per sample).

¢ Average alignment of hexagonal mesopores in degrees, relative to the expected alignment
direction, determined from 3-6 replicate SAXS measurements.

" Average width of hexagonal mesopore orientation distribution determined from SAXS, i.e., <Aﬂ>

= oin Eq. 4.3.
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Figure 4.8 Order parameters measured for flow-aligned silica monoliths as a function of sol
aging time prior to injection into the microfluidic channel. Shown are SMT data from three
replicate sample series along with SAXS data. The data depict a constant, high level of
organization up to approximately the gelation time (~ 19 h, vertical line), beyond which an
abrupt decrease in order is observed. The dashed line has been appended to better highlight
this tren

4. 4. 2 Mechanism for Organization of Flow-Aligned Mesopores

The SMT and SAXS results demonstrate that mesopore alignment and order is strongly
dependent upon sol aging time. Microfluidic channels filled well before gelation yield materials
comprising large, well-ordered monodomains of mesopores aligned along the flow direction. In
contrast, those filled close to the time of sol gelation yield monoliths in which the mesopores are
misaligned and substantially more disordered. A simple model has been developed to explain

these observations, as shown in Figure 4.9.
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Figure 4.9 Model for the trend in mesopore order as a function of sol aging time. Surfactant-
templated sols that are injected into microfluidic channels or capillaries prior to gelation are
strongly aligned by shear flow during injection. Subsequent gelation of the sol forms a rigid
matrix incorporating well aligned mesopores. For sols close to the gelation time, the rigid
gel structure has already begun to form around randomly aligned domains in the original
vessel. These sols are not strongly aligned by flow during injection into the channels and
capillaries and may be broken up by strong mechanical forces during injection.

Under the conditions employed, as-prepared (fresh) sols incorporate cylindrical surfactant
micelles that are organized in randomly-aligned domains. Prior to gelation, the surfactant
mesophase is easily aligned by shear forces during the filling of the microfluidic channels. The
mesophase remains aligned during condensation of the silica precursors, which ultimately form a
rigid gel around the micelles. Importantly, the sols remain sufficiently fluid up until just before

gelation to allow for well-aligned materials to be prepared. However, for sols aged to near or
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beyond the gelation time, the transition to a gel state occurs in the original vessel and locks in the
original mesophase orientations within the sol. Injection of these rigid, polycrystalline materials
into the microfluidic channel produces a monolith comprised of misaligned, disordered mesopores.
Mesopore order may reflect whatever alignment/order was originally present, or the mesophase
may be broken up as it is infused into the microfluidic channel. It is believed the former
mechanism is most important, as evidenced by the 20 h data shown in Figure 4.5 and the
associated replicate measurements. In these cases, the average mesopore alignment (8) values
fluctuate from sample to sample and can be far from the expected 0°. The 20 h SAXS data shown
in Figure 4.3c depicts a similar deviation from the expected 8 = 0° for a similarly prepared sample.
Taken together, these results suggest that “large” preformed domains present in the original vessel
are loaded into the channel. These domains are not strongly aligned by the flow process when
infused into the channel near the time of gelation. Were such domains broken up by infusion into
the channel, small, randomly-aligned domains, similar to those observed for spin coated films,>*

121 and exhibiting 8 = 0° would be expected.

4.5 Conclusion

We have demonstrated that well-ordered mesoporous silica monoliths can be obtained by
flow alignment of viscous, surfactant-templated sols within etched glass microfluidic channels.
The orientational alignment of open, surfactant-filled mesopores in these materials was assessed
by tracking the motions of single molecules exhibiting 1D diffusion. Confirmation of materials
alignment and order was obtained by SAXS anisotropy measurements. Mesopore organization
was explored as a function of sol aging time. Microfluidic channels filled well before gelation of
the sol were shown to incorporate large mesoporous monodomains having average pore

alignments within a few degrees of the expected direction over distances of several millimeters.
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These domains exhibit a high degree of mesopore orientation order, producing 2D order
parameters averaging between 0.79 and 0.88. Channels filled near the time of sol gelation
exhibited substantially greater variability in average pore alignment and markedly reduced pore
order, yielding order parameters near 0.35. The results of this study demonstrate that highly-
aligned, well-ordered mesoporous silica monoliths having applications in capillary- and/or
microfluidic-based chemical separations can be obtained by simple flow alignment procedures.
They also provide important guidance on the sample preparation conditions required to achieve
optimum mesopore alignment: fresh sols or those aged for only brief periods of time should be

employed.

59



Chapter 5 - On the Dimensionality of Diffusion in Flow-Aligned
Surfactant-Templated Mesoporous Silica: A Single Molecule

Tracking Study of Pore Wall Permeability?

5.1 Introduction

Surfactant-templated mesoporous silica films and monoliths* find a wealth of potential
applications in chemical sensing,'4’ catalysis,® 48150 separations,®" 2 batteries®™>® and fuel
cells.™> Broad interest in these materials stems from their unique attributes such as regular and
adjustable pore sizes (from 2 to 20 nm), high surface areas, and tunable pore surface chemistries.
In many of the aforementioned applications, the ability to prepare aligned, well-ordered one-
dimensional (1D) mesopores that guide and confine the motions of reagents or analytes is often
required to achieve optimum material performance. A variety of methods for obtaining aligned
cylindrical mesopores have been reported to date. Many involve flow alignment of the cylindrical
surfactant micelles that serve as structure-directing agents in the precursor sols. 3 36 99 119

The structure, alignment and organization of mesoporous silica materials are often
characterized by small angle X-ray scattering (SAXS)3* 36 9. 119 and scanning or transmission
electron microscopy (SEM or TEM).28 9 118, 137 SAXS anisotropy measurements provide
quantitative data on average pore alignment and order from the angular positions and widths of
the diffraction peaks.®® 14 Pore alignment can be assessed on a microscopic scale by TEM, which
also provides evidence of relatively large pore interconnections, blockages and other materials

defects.’®” However, none of these methods provides concrete information on the permeability of

2 Reproduced with permission from (Park, S. C.; Ito, T.; Higgins, D. A. Dimensionality of Diffusion in Flow-Aligned
Surfactant-Templated Mesoporous Silica: A Single Molecule Tracking Study of Pore Wall Permeability. J. Phys.
Chem. C, 2015, 119, 26101-26110.). Copyright (2015) American Chemical Society.
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the pore walls to incorporated reagents or analytes. Evidence that the silica pore walls are
relatively permeable has been obtained from water- and organic-sorption® %2 and NMR¥*’
measurements. Possible cross-wall diffusion has also been observed in optical studies of dye
molecule release from mesoporous silica materials.>® > The extent to which molecules can pass
through the silica pore walls depends upon their size relative to any pore wall openings.t®>-1%
Besides such steric effects, pore wall permeability in solution-phase applications also depends
upon the partitioning of the reagents or analytes (i.e., solutes) to regions nearest the pore walls.
The relative polarities of the solute molecules, pore surface and pore-filling medium are all
important factors in governing partitioning processes. The charge carried by the molecules and
pore surface, and the thickness of the diffuse electrical double layer within the pores are also
important factors.?® 159 Distinguishing the roles played by mesopore structure, order and pore
wall permeability in determining the dimensionality of reagent or analyte motions is often difficult
when ensemble methods are employed. Perhaps the best methods for such studies involve directly
following the motions of the incorporated molecules as they pass through the materials.

Single molecule tracking (SMT) methods are now being widely employed in investigations
of mass transport within mesoporous silica®**® 12! and related 1D nanostructured systems.38 4% 44-
4 An important advantage of SMT is that the motions of individual probe molecules can be
directly visualized and the dimensionality of their motions quantitatively assessed in local sample
regions. In recent work of relevance to this study, the electrophoretic mobility of charged and
uncharged dyes within aligned mesoporous silica was explored.*” The results showed that
molecules having different chemical structures and different charges exhibited distinctly different

levels of isotropic and anisotropic motion. Most importantly, it was found that charged probe
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molecules could be driven across the pore walls by applied electric fields while uncharged
molecules primarily moved in 1D along the pore axis.

In the present work, the random diffusive motions of a series of charged and uncharged
perylene diimide (PDI) dyes were followed by SMT as a means to explore the origins of pore-wall
permeability in mesoporous silica. For this purpose, silica monoliths were prepared by flow
injection of surfactant-templated silica sols into microfluidic channels.®* 3 The triblock
copolymer Pluronic F127 was used as the structure-directing agent. Its concentration was adjusted
to obtain hexagonally ordered cylindrical micelles in the precursor sols.*® Silica-free F127 gels
were also prepared and characterized to aid in understanding the silica results. The dyes employed
include an uncharged PDI, N,N’-bis(octyloxypropyl)-perylene-3,4,9,10-tetracarboxylic diimide,
and two doubly charged PDIs, N,N’-bis(3-sulfonatopropyl)perylene-3,4,9,10-tetracarboxylic
diimide and N,N’-bis(2-(trimethylammonio)ethyl)-perylene-3,4,9,10-tetracarboxylic diimide.1?
The chemical structures of these dyes are shown in Figure 3.2. Each was loaded into separate
silica monoliths and their diffusive motions were followed by wide-field fluorescence video
microscopy as a function of monolith aging time. Orthogonal regression methods® were used to
analyze the single molecule trajectory data and to assign the mobility and dimensionality of motion
for each molecule. While SMT data have been widely used to measure the rates of diffusion for
molecules moving through related gels and polymer matrices,3® 4 8. 122 the molecules in the
present studies diffused too rapidly to allow for accurate determination of their diffusion
coefficients.’?? As a result, fluorescence correlation spectroscopy (FCS) was used to obtain these
data from the same samples imaged in SMT studies. The FCS results afforded more information

on the environments in which the molecules were incorporated.
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5. 2 Experimental Considerations
5. 2.1 Sample Preparation

Tetramethoxysilane (TMOS) (99%, Aldrich) was used as the silica precursor, while
Pluronic F127 (Anatrace) was employed as the structure-directing agent. The chemical structure
of F127 is shown in Figure 3.1, and has the formula PEO100PPOgsPEO100. Silica sols were
prepared from TMOS, acidified water (HPLC grade, pH ~1.4), n-butanol (reagent grade), and
F127. In the preparation process, 0.520 g of TMOS was first mixed with 500 pL of acidified
water, with stirring. The methanol generated by TMOS hydrolysis was subsequently removed
under vacuum.®* F127 (0.72 g) and n-butanol (265 pL) were next added to the sol with vigorous
stirring, repeated inversion and centrifuging to remove air bubbles. Sols prepared in this manner
were optically clear and fall within the hexagonal region of the ternary F127/water/butanol phase
diagram.*® Each sol was doped with either an uncharged, cationic, or anionic PDI dye, all of which
were synthesized in house.? Each sol was doped by addition of 10 uL of a 200 nM dye solution
in ethanol (uncharged PDI) or methanol (charged PDIs) to the sol, prior to mixing as described
above, yielding a final dye concentration of ~2 nM.

Dye doped F127 gels comprising ternary F127/water/butanol mixtures were also prepared
without inclusion of silica. The same procedure described above was employed to prepare these
gels, except that the silica precursor was replaced by an equivalent amount (by weight) of water.

The same dyes were added to these samples for SMT studies.

5. 2. 2 Flow Alignment of Gels

Microfluidic channels were used for encapsulation and flow alignment of the mesoporous
silica sols.%® 122 Microfluidic channels were used for encapsulation and flow alignment of the

mesoporous silica sols.®® 122 These channels were designed to be rectangular in shape and of 150
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um depth, 10 mm length, and 2 mm width. A diagram of the channel is shown in Figure 5.1. They
were prepared by casting uncured poly(dimethylsiloxane) (PDMS, Sylgaard 184) in a
prefabricated glass mold. A small rectangular piece of glass coverslip (FisherFinest Premium)
was utilized to define the channel dimensions. Once cured, the PDMS monolith was removed
from the mold, and 1 mm diameter inlet and outlet holes were punched at each end of the channel.
The PDMS monolith and a microscope coverslip (FisherFinest Premium) were subsequently
cleaned in an air plasma for 5 min and were then immediately pressed together to form the
microfluidic channel. The microscope coverslip formed the bottom surface of the channel. All

optical experiments involved imaging through the coverslip.

i ; Cover
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Figure 5.1 PDMS-based microfluidic cell employed to obtain flow aligned mesoporous silica
monoliths and F127 gels.

Silica sols and surfactant gels were loaded into the channels by first drawing them into a

short glass capillary using a syringe pump. The capillary was then contacted to the channel inlet,
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and the syringe pump reversed to fill the channel. The viscous sols and gels were flowed into the
channels at a linear flow velocity of ~12 mm/min. After filling, the inlet and outlet holes were
sealed by covering with another plasma-cleaned coverslip.

All sols were found to be optically clear immediately after injection into the channel. They
were then aged at 35 °C in the dark for periods of 22—77 h before characterization by SMT and
FCS. After 77 h, the sols started to become white due to drying and formation of microcracks.
SMT and FCS data were only collected out to 77 h aging because light scattering from the samples
became significant relative to the fluorescence signal at later times.

The F127 gels prepared in the absence of silica were also injected into microfluidic
channels for SMT studies. Imaging of the F127 samples was conducted immediately after sample
preparation without aging. These F127 gels have been shown previously by both SMT!?? and
small angle X-ray scattering (data not shown) to incorporate flow-aligned, hexagonally organized

cylindrical micelles.

5. 2. 3 Single Molecule Tracking

All SMT experiments were conducted on a wide-field microscope that has been described
previously.® The microscope was operated in the through-objective total internal reflection
fluorescence (TIRF) mode and employed closed-loop focus stabilization. A blue diode laser (488
nm) was used as the excitation source. The light delivered to the sample was circularly polarized
for all SMT experiments and was passed through a spinning optical diffuser before being reflected
from a dichroic beamsplitter (Chroma, 505 DCLP) and focused, off-axis, into the back aperture of
an oil immersion objective (Nikon Apo TIRF 100X, 1.49 numerical aperture, NA). The power of
the incident light was maintained at 3 mW in all experiments (measured prior to entering the

microscope). Fluorescence videos were recorded using an electron-multiplying CCD camera
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(Andor iXon DU-897). Videos were collected from nine different locations in each monolith. The
data acquisition points were spaced at ~1 mm intervals along the centerline of the monolith.
Videos were recorded with a cycle time of 42 ms per frame, using an electron-multiplying gain of
30 and a 10 MHz readout rate. Each video comprised sequences of 500 images. With 2 x 2
binning, the calibrated pixel size in each image was 125 nm.

For analysis of single-molecule motions, the videos obtained were processed using
software written in house. First, a rolling-ball background subtraction was performed using a
MATLAB routine. The average background signal for each frame was also obtained and saved.
The background-subtracted data was next input into a LabView program that was used for locating
and fitting the individual fluorescent spots produced by the single molecules in each video frame.
These spots were fit to Gaussian functions to determine their precise locations, emission
amplitudes and widths. The detected spots were next linked frame-by-frame to produce
trajectories depicting the diffusive motions of each molecule.

An orthogonal regression method was utilized for quantitative analysis of the 1D
trajectories.>® Only those trajectories > 10 frames in length were analyzed. By fitting the single-
molecule trajectory data to linear functions, this method provides the in-plane trajectory
orientation. Other important parameters obtained include two different measures of the spatial
variances in molecular position. The positioning variance across the trajectory (g3) gives an
estimate of the deviation from a 1D model for each trajectory and also provides an estimate of the
single-molecule positioning precision (os). This parameter affords a quantitative means for
distinguishing mobile from immobile molecules and different dimensionalities of molecular
motion. The motional variance in molecular position () along each trajectory is also obtained

and provides a measure of the geometric length of the trajectory. The ratio of these two parameters,
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or/0s, Was used to determine the trajectory aspect ratio (i.e. length/width).

The SMT data also provides a measure of the mobility of each molecule from its frame-to-
frame mean square displacement (MSD). The average slope of each MSD vs. delay-time plot was
used to determine the MSD value. MSD plots (not shown) were only fit out to a six-frame delay
because they showed deviations from linearity at longer times. While apparent single-molecule
diffusion coefficients could be determined from the MSD values,'#* 1 these were concluded to
be inaccurate for the fast moving molecules probed here.'?2 Therefore, MSD data were only

employed as a means to assign molecules to immobile and mobile populations.

5. 2. 4 Fluorescence Correlation Spectroscopy (FCS)

A home-built confocal microscope was used to collect single point fluorescence time
transients for FCS experiments. Fluorescence was again excited by 488 nm light from a blue diode
laser. The incident laser power was maintained at ~300 pW. The confocal microscope employed
a 1.3 NA oil immersion objective (Nikon Plan Fluor, 100X) to produce a focused spot in the
sample, ~ 1 um above the coverslip-monolith interface. The objective was mounted to a closed-
loop piezoelectric positioner (Physik Instrumente) to prevent focus drift. Fluorescence from the
sample was collected in reflection, using the same objective. The detection volume was defined
by a 50 um pinhole placed in its primary image plane. The dimensions of the detection volume
were determined by calibration with 10 nM aqueous solution of rhodamine 123. Sample emission
was detected using a single-photon-counting avalanche photodiode. Time transients were acquired
using a 150 ps bin time for 22 h and 41 h aged samples and a 600 s bin time for 77 h aged samples.

They were usually 10° data points in length.

5. 3 Results and Discussion

TIRF mode was employed for collection of all wide-field fluorescence videos. Its use was
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required to minimize background fluorescence from molecules at different depths in the monoliths.
The images obtained are therefore limited to regions within ~200 nm of the gel/glass interface, as
governed by the decay of the evanescent fields. Figure 5.2 depicts representative TIRF-mode
images produced by plotting the maximum signal for each pixel across the entire video length
(termed Z-projection images). Single molecule trajectories are also shown in Figure 5.2 and
depict the motions of certain dye molecules (i.e., trajectories > 10 frames in length) in these videos.
These data are presented as a function of monolith aging time for uncharged, cationic and anionic

PDI dyes.

Figure 5.2 Representative TIRF-mode Z-projection images and corresponding trajectory
plots obtained from uncharged (a-c), cationic (d-f) and anionic (g-i) PDIs. Results obtained
at monolith aging times of 22 h, 41 h and 77 h are shown from top to bottom. Trajectories (>
10 frames in length) of immobile molecules and molecules exhibiting 1D and 2D motions are
shown in black, red and blue, respectively.

5. 3. 1 General Observations from Video Data

The video data represented in Figure 5.2 demonstrate that all three dyes exhibit different

levels of mobility, with certain single molecules appearing to be immobile on the measurement
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time scale while others are mobile. Furthermore, all three dyes exhibit both isotropic and
anisotropic diffusive motions. However, the relative populations of molecules exhibiting each of
these behaviors clearly depends upon the specific dye employed and on monolith age. Figures
5.2a-c show that uncharged PDI molecules exhibit more anisotropic (1D) motions than the others.
A gradual evolution in its behavior from apparent isotropic diffusion at the shortest aging time (22
h, panel a) to clear 1D motion at the longest (77 h, panel c) is also revealed in this series of images.
In all cases, the 1D motion of the uncharged dye was very closely aligned with the flow injection
direction along virtually the entire length of the monolith. In contrast, the charged PDI dyes
(Figure 5.2d-i) exhibited a predominance of isotropic motion for all samples and all aging times
investigated. Although the isotropic motions are visualized in 2D, they most likely reflect 3D
diffusion. These same general trends were reproduced in three independent replicate experiments
performed on different samples.

Indeed, it has been demonstrated in a number of previous publications that uncharged PDI
dyes will diffuse along the 1D pores incorporated within hexagonal surfactant-templated
mesoporous silica®® 3% 40,4243, 121 55 el as the hydrophobic cores of cylindrical F127 micelles in
their lyotropic liquid crystal mesophases.’??> Thus, the development of 1D motion in the present
studies seems to suggest an aging-time-dependent evolution of these 1D nanostructures. While it
is possible that organized 1D pores may first appear at the longer aging times, such an explanation
is easily discounted. Were these pores to form only well after flow injection of the sols, it is likely
they would produce small (i.e., tens of micrometers) randomly oriented domains, as has been
observed for solvent-vapor-annealed spin-coated films.>® The observation of 1D diffusion aligned
parallel to the original flow direction is most consistent with the presence of oriented 1D

nanostructures that were originally aligned by solution flow.3®

69



The predominance of isotropic motion exhibited by the charged dyes demonstrates that
they do not follow the same 1D nanostructures as the uncharged dye. Their simple physical
confinement within cylindrical silica pores should produce the same level of 1D diffusion and the
same time dependent evolution in the dimensionality of their motions. The stark differences in
behavior observed for the charged and uncharged PDIs therefore suggests that factors other than

physical confinement within the silica pores governs the dimensionality of dye motions.

5. 3. 2 Quantitative Analysis of Single Molecule Trajectories in Mesoporous Silica

A quantitative analysis of the SMT data was undertaken to better understand the factors
governing the dimensionality of single molecule diffusion and its evolution in time. The first step
in this analysis was to separate the molecules into immobile and mobile fractions. The mobile
fraction was then further separated into anisotropic (1D) and isotropic (2D) diffusing populations.
To make these assignments, the mean localization precision for the molecules was first determined.

The mean localization precision for each frame was obtained using the following equation:*6*

2 _ s2+a2/12 + 8ms*h? (Eq 51)

N a2N?2

where o is the localization precision, s is the Gaussian width of the detected spot, N is the
total number of photon counts in the spot area, and a is the pixel size. The background noise, b?,
was obtained from the rolling-ball background subtraction step described in Experimental
Considerations. With the spot amplitude, A, obtained by fitting the individual spots to Gaussian
functions, N was determined as follows:

N = 2mAs? (Eq. 5.2)

The localization precision for individual trajectories was estimated by averaging the mean

localization precision values for corresponding frames. The mobility characteristics of individual

molecules were determined by comparing o to the localization precision across each trajectory,
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o?, interpreted as the width of the trajectory, determined by the orgthogonal regression analysis.
Molecules were first assigned to immobile and mobile fractions by comparing their MSD values
to o2. Trajectories having MSD > 4.602 were classified as mobile, while those with smaller MSD

were classified as immobile. Immobile molecules were excluded from further analysis.
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Figure 5.3 Fractions of 1D and 2D mobile populations for uncharged (top), cationic (middle)
and anionic (bottom) PDI dyes obtained from flow-aligned mesoporous silica monoliths as a
function of aging time. Results from 9 videos obtained from each samples were used to obtain
each pair of 1D/2D bars. The empty bars represent the 1D mobile population and solid bars
indicate the 2D mobile population. The error bars show the 95% confidence intervals.

The mobile molecules were next separated into 1D and 2D diffusing populations. For this
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determination, ¢#, and o were compared. Trajectories having o7 > 4.65% were assigned as 2D
diffusion while all others were classified as 1D diffusion.

The mean populations of 1D and 2D diffusing molecules are plotted in Figure 5.3 for all
three dyes. As is readily apparent from these data, all samples showed some level of 1D diffusion,
consistent with the presence of cylindrical pores/micelles in the samples at all aging times. These
same data also reveal a monotonic, aging-time-dependent increase (at 90% confidence) in the
population of uncharged PDI molecules exhibiting 1D diffusion. In contrast, the data obtained
from the cationic and anionic dyes reveal aging-time-dependent increases in isotropic (2D)
diffusion (at 80% and 95% confidence, respectively). Curiously, these results suggest that the
uncharged dye becomes more strongly confined within the incorporated cylindrical nanostructures
as the monoliths age while the charged dyes become progressively less confined.

Further evidence for the enhanced confinement of the uncharged molecules as a function
of aging time was obtained through an analysis of the trajectory aspect ratios (length/width). As
the dyes become better confined within the cylindrical pores, their trajectories are expected to
appear more linear, yielding larger aspect ratios. Trajectory aspect ratios were calculated for both
1D and 2D diffusing molecules as the ratio oz /os. The ensemble averaged results are shown in
Figure 5.4. For long trajectories, 2D diffusing molecules should produce aspect ratios near one.
However, due to trajectory length limitations, fortuitous “elongation” often occurs and the mean
value obtained for 2D trajectories was actually 2.4+1.7 (average and standard deviation). The
1D trajectories in all cases produced aspect ratios that were at least two-fold larger. Again, these
data are consistent with the occurrence of some 1D diffusion in all samples at all aging times due

to the presence of cylindrical pores.
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Figure 5.4 Mean trajectory aspect ratios for 1D and 2D trajectories of uncharged (top),
cationic (middle) and anionic (bottom) PDI molecules as a function of aging time. The empty
bars show the mean trajectory aspect ratios for 1D trajectories, while the solid bars depict
the mean 2D trajectory aspect ratios. The error bars show the 95% confidence intervals.

The aspect ratios obtained from the 1D diffusing uncharged PDI dyes exhibit a clear
increase (>99.9% confidence level) with aging time in a trend that parallels the increase in
population of 1D diffusing molecules. The largest value is observed at 77 h aging. In contrast,
the cationic dye shows a weaker trend towards increased aspect ratios with monolith age (< 90%

confidence) while the anionic dye shows no trend whatsoever.
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The greater trajectory aspect ratios observed for the uncharged dye, especially at 77 h
aging, indicate that it spends significantly more time confined within the 1D silica pores. In the
absence of photobleaching, the square of the trajectory aspect ratios for pure 1D diffusion should
be proportional to the time the molecules spend confined within the pores (i.e., each trajectory
ends when the molecule escapes the pore). At long aging times, for the uncharged dye, the average
aspect ratio is ~13 while at short aging times, and for the charged molecules, the aspect ratios are
~ 3-4. Assuming no difference in diffusion coefficients for the different dyes (see below), the
average length of time the uncharged dye spends confined to the 1D pores is estimated to be ~ 16
times longer at 77 h aging than at 22 h. With quantitative knowledge of the diffusion coefficients

(see below), the mean time each molecule spends confined to the 1D pores can be estimated.

5. 3. 3 Comparisons with F127 Gels in the Absence of Silica

The SMT results obtained from mesoporous silica point to an apparent aging-time-
dependent increase in confinement of the uncharged dye to 1D silica pores while the charged dyes
exhibit an opposite trend towards decreasing confinement. To explore the role played by the F127
micelles in governing this behavior, SMT results were also obtained from silica-free F127 gels
using the same series of dyes. Representative video images and trajectory plots are given in Figure
5.5. The uncharged PDI once again exhibited clear evidence of 1D diffusion, producing trajectories
oriented approximately parallel to the flow alignment direction. It is noteworthy that these data
were acquired immediately after filling of the microfluidic channels with the gels, providing
support for the conclusion that flow aligned F127 micelles are present in the surfactant-templated

silica monoliths even at very early aging times (see above).
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Figure 5.5 Representative TIRF-mode images (left) and corresponding trajectory plots
(right) obtained from silica-free F127 gels doped with uncharged (a), cationic (b), and anionic
(c) dye. Trajectories (> 10 frames in length) obtained by tracking the motions of the molecules
were separated into immobile (black), and 1D (red) and 2D (blue) mobile populations. The
images were obtained using the Z-project routine in ImageJ and depict the maximum
intensity for each pixel in the associated videos.

Once again, the uncharged PDI exhibited the greatest level of anisotropic diffusion while
1D diffusion was less prevalent for the cationic and anionic PDI dyes. Figure 5.6a plots the
populations of 1D and 2D diffusing species in these samples. Since there are no silica pores in
these materials, confinement of the uncharged PDI motions to 1D is concluded to arise entirely
from its partitioning into the hydrophobic core of the cylindrical F127 micelles, as has been
reported previously.'?? Likewise, the increased prevalence of isotropic diffusion in the case of the

charged dyes must result from enhanced partitioning out of these 1D nanostructures. The
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trajectory aspect ratios observed in the F127 gels are plotted in Figure 5.6b and are similar for all
three dyes, although the value for the uncharged dye is largest, consistent with its relatively strong
confinement to the micelle core.!??> These aspect ratios are also similar to the values obtained at
short aging times in the silica monoliths and much smaller than the value obtained for the

uncharged dye at 77 h aging.
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Figure 5.6 Fractions of 1D and 2D mobile populations (a), and mean trajectory aspect ratio
of 1D and 2D trajectories (b) for uncharged (black), cationic (red) and anionic (blue) PDI
molecules obtained from flow-aligned silica-free F127 gels. The solid bars depict the 1D
mobile population and empty bars the 2D mobile population. The error bars show the 95%
confidence intervals.

The aspect ratio results are again most consistent with the partitioning of the uncharged
dye into the hydrophobic micelle core and the partitioning of the charged dyes into the hydrophilic
micelle coronas. Indeed, probe molecules of different polarities have been shown previously to

preferentially partition into the core or corona regions of F127 micelles.®264 |t is concluded that
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similar differences in the partitioning behaviors of the charged and uncharged PDIs must also be

important in governing the dimensionalities of their motion in the mesoporous silica monoliths.

5. 3. 4 Diffusion Coefficient Measurements

The charged and uncharged dyes are expected to exhibit different diffusion coefficients in
the different regions of the mesoporous silica samples. Dyes that partition differently between the
F127 core and corona regions have been shown previously to yield different diffusion coefficients,
reflecting the microviscosities of the local environments.62-16¢ While diffusion coefficients can
often be determined from SMT data,'*> 1% the dye motions in the present samples were too rapid
to obtain accurate D values, as was shown previously for PDI diffusion in F127 gels.*?? Therefore,
FCS measurements were instead employed to make these measurements. The same samples used
in the SMT studies were also employed here, with FCS measurements made immediately after
collection (within 1 h) of the SMT data.

Each time transient was autocorrelated as follows:

U@ie+n)

€ = —or

1 (Eq. 5.3)

where i(t) is the time transient data, i(t+z) is the time transient with a time-delay, z, and the
brackets, ( ), indicate the average value is calculated over time. Figure 5.7 shows representative
autocorrelation data from the charged and uncharged PDIs at different monolith aging times. Each
autocorrelation decay revealed clear evidence of two decay components. Based on the SMT data
and the cylindrical structure of both the templated pores and F127 micelles, these were attributed
to anisotropic and isotropic diffusion. The equation selected for fitting of these data included

models for both types of diffusion, as given by Eq. 5.4: «
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+
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G(1) = (Eq. 5.4)

77



The diffusion coefficients for the fast and slow components of the decays are represented
by Drand Ds, respectively, while A and B provide information on the relative contributions of each.
The lateral and longitudinal detection volume dimensions, ¢ and z, were determined by the

calibration procedure described in Experimental Considerations.
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Figure 5.7 Representative autocorrelation data from charged and uncharged dye doped
samples at each aging time.

Previous studies have reported faster diffusion by probe molecules in the F127 corona and
slower diffusion in the micelle cores.'®* % Therefore, the faster decay was fitted to the 3D

component of the model and the slower decay to the 1D component. While previous reports have
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tried to deduce the dimensionality of motion from FCS decay profiles,'®"1° the signal-to-noise

ratio in the present studies was too low for such a determination.
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Figure 5.8 Mean diffusion coefficients estimated from FCS measurements of uncharged (top,
black), cationic (middle, red), and anionic (bottom, blue) PDI dye molecules at different
aging times. The error bars give the 95% confidence intervals.

The ensemble averaged diffusion coefficients determined from fits of the autocorrelation
date are plotted in Figure 5.8. The diffusion coefficients for all three dyes depict clear trends
towards smaller values with increasing monolith age. Such trends are consistent with a time-

dependent increase in the microviscosities of the local environments in these materials, likely due
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to evaporation of water and butanol from the monoliths, as well as conversion of the silica sol to a
gel. Interestingly, the mean diffusion coefficients for isotropic and anisotropic diffusion are,
individually, very similar for all three dyes. Thus, on average, the dyes all appear to be
incorporated into gel regions of similar microviscosities, suggesting all three dyes spend

appreciable time in the same regions within the silica pores.

5. 3. 5 Model for Confinement of Dyes in F127-Templated Mesoporous Silica

The results presented above point to a possible model for diffusion of the charged and
uncharged PDIs in the F127-templated mesoporous silica monoliths. Figure 5.9 provides a
pictorial representation of this model. All three dyes are most likely associated with the F127
micelles filling the silica pores, as shown in Figure 5.9a. As suggested by their similar diffusion
coefficients, and by the prevalence of 1D diffusion in all samples, both the charged and uncharged
dyes likely spend significant time diffusing along the hydrophobic cores at the center of the silica
pores, as depicted in Figure 5.9b. However, as evidenced by the greater fraction of isotropic
diffusion in the case of the charged dyes, it is likely these molecules more readily partition out of
the core into the hydrophilic corona nearest the silica pore walls. Once in these regions, the
charged molecules can more readily access and pass through any defects (i.e., openings) in the
pore walls. In fact, the coronas of individual micelles may extend through the pore walls and
overlap with those of neighboring pores, greatly enhancing pore wall permeability.*’* 172 |t is the
enhanced crossing of the charged dyes between neighboring pores that likely leads to their
isotropic motions, as shown in Figure 5.9c. The uncharged dye visits the corona regions much
less frequently and thus exhibits longer 1D segments, as is consistent with the trajectory aspect
ratio data in Figure 5.4, and the greater fraction of anisotropic diffusion, as demonstrated in Figure

5.3. The appearance of enhanced 1D diffusion in the case of the uncharged dye at 77 h aging is
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likely due to its greater confinement to the hydrophobic core as the solvents present in the gel
evaporate. Butanol is expected to evaporate much faster than water, with the increased fraction of
water present driving the hydrophobic dye into more hydrophobic regions of the micelles. The
opposite effect is observed for the charged dyes. As the butanol evaporates, these molecules
partition more strongly to the hydrophilic, water-rich regions near the pore walls and an increase

in isotropic diffusion is observed.

a)

@ Uncharged dye
@ Charged dye

Figure 5.9 Model for probe localization (a), and diffusion modes for anisotropic (b) and
apparent isotropic (c) diffusion. Uncharged dyes (red circles) are mainly localized in
hydrophobic core of the F127 micelles (dark gray region) while the charged dyes (blue
circles) preferentially partition into the hydrophilic corona region (light gray region).

5. 4 Conclusion

The diffusion behavior of fluorescent probe molecules in flow-aligned, surfactant-
templated mesoporous silica monoliths has been studied by single molecule tracking and
fluorescence correlation spectroscopy. These studies were undertaken to better understand the
passage of molecules between neighboring cylindrical silica pores as manifested by the
dimensionality of their diffusive motions. Uncharged, cationic, and anionic perylene diimide dyes

were employed as probe molecules and their diffusive motions were studied as a function of
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monolith aging time. SMT studies of the flow-aligned mesoporous silica demonstrated that all
three dyes exhibited both apparent isotropic and anisotropic motions. The charged dyes exhibited
a trend towards increasing isotropic motion with monolith age while the uncharged dye exhibited
the opposite trend, in which the prevalence of 1D diffusion increased with monolith age. While
their diffusion dimensionalities clearly differed, the diffusion coefficients of the three dyes, as
measured by FCS, were very similar. It was concluded that all three dyes spend significant time
diffusing along the hydrophobic cores of the F127 micelles within the silica pores. However, the
uncharged dye more strongly partitions into the core while the charged dyes more readily access
the hydrophilic corona nearest the pore walls. The latter allows the charged dyes to more easily
pass through defects in the pore walls, leading to a greater fraction of apparent isotropic diffusion.
The aging time dependence of the diffusion data were attributed to the uncharged dye becoming
better confined to the pore axis and the charged dyes spending more time near the silica pore walls
with monolith age.

This study provides important insight into the role of partitioning in governing anisotropic
diffusion by solute molecules in aligned, solvent-filled surfactant-templated mesoporous silica.
Molecules that partition to regions near the hydrophilic pore walls can more readily access and
pass through defects in the silica walls. These molecules exhibit apparent isotropic diffusive
motions. In contrast, nonpolar molecules will partition to less polar regions in the pores,
preventing them from regularly passing between pores and better confining their motions to 1D

along the long axis of the pores.
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Chapter 6 - General Conclusions and Future Directions

This dissertation introduced a simple method to produce well-ordered mesoporous silica
monoliths by flow alignment of viscous, surfactant-templated sols within microfluidic channels.
SMT was employed for the quantitative characterization of the nanoscale structures and mass-
transport properties of the surfactant-templated mesoporous silica monoliths. The remarkable
capability of SMT for characterization of these materials was elucidated and was based on high-
throughput single molecule imaging with high spatial resolution The data obtained allowed for
the quantitative assessment of the local mass-transport and material properties in the silica
materials. The properties of nanostructured materials were probed by monitoring the diffusive
motions of individual probe molecules incorporated in the mesoporous silica materials.

Orthogonal regression analysis of these motions provided important parameters associated
with local mass-transport and structural characteristics of the mesoporous silica monoliths. By
fitting the single-molecule trajectories to linear functions, the analysis allowed for (i) the best fit
locations of the single molecule spot in each video frame to be determined, (ii) the orientational
angle of individual trajectories and the angular deviation from the average trajectory angle to be
estimated, and (iii) the positional errors along and across the trajectory direction to be assessed.
The trajectory angle afforded a quantitative measure of the in-plane orientation of the 1D
nanostructures, and the angular distribution of individual mesopore orientation provided the
orientational order via the 2D order parameter, (P). The angular and positional error afforded
useful means to determine mobility and dimensionalities of the diffusive motions.

In Chapter 4, the utility of SMT for quantitative assessment of the 1D mesostructures was
demonstrated for flow-aligned mesoporous silica monoliths incorporating nanochannels templated

by cylindrical CTAB micelles. SMT imaging afforded direct visualization of the open mesopore
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structures in the silica materials. The aging-time dependence of mesopore organization was then
explored as a function of time between sol preparation and filling of the microfluidic channels.
Orthogonal regression analysis was used to assess pore order and organization, based on the SMT
data. The results showed that sols injected into the channels well before gelation incorporated large
monodomains extending over several millimeters. These monodomains showed average pore
alignment within a few degrees of the flow direction and yield aging-time-independent (P) values
larger than ~ 0.80. In contrast, channels filled near/beyond the time of sol gelation produced
monoliths with misaligned pores that were also more disordered, having (P) ~ 0.35. To support
the SMT results, SAXS anisotropy experiments were conducted and these data were consistent
across the range of samples investigated.

SMT was also employed to directly visualize the diffusive motions of uncharged, cationic
and anionic perylene diimide (PDI) dyes within the mesoporous silica monoliths (Chapter 5). SMT
imaging was conducted as a function of aging time after filling of the microfluidic channels, and
isotropic and anisotropic diffusion were found for all three dyes. The charged dyes exhibited
predominantly isotropic motions that increased in prevalence with aging time. The isotropic
motions of the charged dyes suggested that they readily pass through the silica pore walls. In
contrast, the motions of the uncharged PDI became more anisotropic as the monoliths age. Results
obtained from flow-aligned F127 gels in the absence of silica suggest that partitioning plays an
important role in limiting passage of the PDIs between pores. The dye diffusion coefficients were
estimated by FCS as a function of monolith age. All three dyes exhibited similar mean diffusion
coefficients, D, that they diffuse through similar sample regions. Also, mean diffusion coefficients
for all three dyes decreased with monolith age. The overall results suggest that enhanced

partitioning of the charged PDI dyes into hydrophilic pore regions and better confinement of
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uncharged PDI to the hydrophobic regions governs their observed motions. Confinement of the
molecules by the silica pore walls appears to be less important. In fact, the silica pore wall appear
to be permeable, as revealed by the motions of the charged dyes. The increase in isotropic motions
and anisotropic motions with aging time for the charged and uncharged dyes, respectively, were
attributed to changes in the pore composition in time: namely, due to the evaporation of solvent
(i.e., butanol) from the pores.

This dissertation has described the application of SMT for the characterization of the
mesopore organization in surfactant-templated mesoporous silica monoliths and diffusion
behaviors of probe molecules in the mesoporous silica system. More importantly, these studies
revealed two critical aspects in the fabrication and application of mesoporous silica materials. First,
the aging-time dependence of pore order has provided information on the exact aging conditions
that are required to produce highly ordered mesoporous silica materials incorporating well-aligned
nanochannels. Second, the physical phenomena behind pore wall permeability in surfactant-
templated mesoporous silica materials were elucidated. It was determined that the partitioning
preference of incorporated probe molecules played a significant role. This finding indicates that
the transport and diffusion processes of the incorporated reagents and analytes are governed not
only by mesopore structure but also by the host-guest interaction in the mesoporous system.

This work will ultimately help establish a clear route to produce materials with well-
defined mesopore structure. It also provides important new knowledge on factors that control
mass-transport behavior within the mesoporous materials. In fact, these are crucial for many
potential applications. For example, the production of highly organized cylindrical 1D mesopore
structures combined with well-defined mass-transport characteristics would afford optimum

performance for chemical separations. Also, release of drug molecules are precisely predicted and
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controlled by well-characterized structural and diffusion properties of the mesoporous silica
materials. In addition, more efficient, selective catalytic reactions can be expected in materials
with more highly ordered porous structure and predictable mass transport pathways. Furthermore,
findings from the present work should lead to improved strategies and theoretical models for
developing novel mesoporous silica materials, and also contribute to improving conventional
applications in separations, catalysis, sensing and drug delivery.

Considering the noteworthy capability of single molecule methods to monitor molecular
motions at the single-molecule and single pore level, utilization of SMT for the investigation of
mesoporous silica materials possessing a diversity of functionalities is essential. However, it is,
obviously, challenging for thick monolithic materials, due to severe cracking and collapse of the
monolith after drying and removal of incorporated surfactants. Therefore, it should be worthwhile
to develop a method for fabrication of highly organized, true mesoporous silica monoliths having

different pore sizes and chemical functionalities without cracking and collapse.
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