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Abstract 
 

This dissertation describes single-molecule tracking (SMT) studies for the quantitative 

characterization of one-dimensional (1D) solvent-filled surfactant-templated mesoporous silica 

(STMS) materials and other nanostructured materials, such as double stranded DNA. SMT permits 

the simultaneous and quantitative assessment of the nanoscale and microscale morphologies and 

mass-transport properties of the materials with nanometer-scale spatial resolution. The efficiency 

and selectivity of catalytic reactions and chemical separations occurring in liquid-filled 

mesoporous materials are governed by the translational and orientational mobilities and surface 

interactions of the incorporated reagents and analytes.  Polarization dependent SMT results 

demonstrate that the dye molecules used as probes of materials nanostructure are tightly confined 

within the one-dimensional (1D) pores of surfactant-templated mesoporous silica films. 

Spectroscopic single molecule tracking (sSMT) data reveal that the hydrophobic probe dyes are 

confined within nonpolar regions of the nanomaterials. 

For this dissertation, surfactant templated mesoporous silica films were prepared by the spin 

coating of acid catalyzed tetramethoxysilane (TMOS)-based silica sols on glass substrates in the 

presence of Cetyltrimethylammonium bromide (CTAB).  Cylindrical CTAB micelles formed 

during evaporation of the solvent acted as a structure directing template, forming nanometer-sized 

one-dimensional pores within the silica films.  SMT experiments were performed using a wide-

field fluorescence microscope that was sufficiently sensitive to allow detection of the fluorescence 

from individual dye molecules.  A series of perylene diimide (PDI) dyes was employed for basic 

structural characterization of the silica materials.  Single molecule fluorescence was recorded in 

the form of fluorescence videos.  These videos revealed the presence of immobile dye molecules, 

along with those diffusing in one and two dimensions (1D and 2D).  The 1D diffusing molecules 

provided basic evidence for the confinement mass transport of the dye molecules within the silica 

mesopores.  



 
 

Spectroscopic single molecule tracking (sSMT) studies served as an extension of basic SMT 

experiments and were employed to determine the location of the molecules.  The polarity sensitive 

dye Nile Red (NR) was employed in these studies.  It exhibits 1D diffusion, consistent with its 

confinement to the cylindrical pores, as was also the case for the PDI dyes. The sSMT data revealed 

that the majority of NR molecules were found in nonpolar environments having polarities similar 

to that of n-hexane. Single molecule emission polarization (SMEP) measurements were employed 

to explore the orientational confinement of the dyes.  The results of these experiments 

demonstrated that the PDI and NR molecules diffuse with their long axes aligned parallel to the 

long axis of the pores.  All of the dyes employed were found to be orientationally confined to ∼1 

nm diameter pathways within the pores. The diffusion coefficient for the dyes was also shown to 

be ∼103 -fold smaller than in bulk solution. The results of the NR studies demonstrate that the dye 

molecules were confined to the hydrophobic cores of the micelles, and provide support for the 

conclusion that the PDI dyes are similarly confined. These studies afford an enhanced 

understanding of how nanostructuring of the pore-filling medium in solvent- and surfactant-filled 

mesoporous materials governs the mass transport and surface interactions of incorporated reagents 

and analytes. 

 

The dependence of molecular confinement on dye charge and structure was also explored in 

this dissertation.  The confined translational and orientational motions of a series of four different 

PDI dyes diffusing along one dimension (1D) within individual cylindrical silica mesopores were 

investigated in these studies. Specifically, the motions of cationic and anionic PDI dyes were 

compared to those of two uncharged PDIs having different alkane tail lengths. All four dyes 

exhibited populations that were immobile, along with separate populations that diffused in either 

1D or 2D. The anionic and cationic PDI dyes exhibited the largest and smallest populations, 

respectively, of immobile molecules, suggesting that electrostatic interactions between the charged 

dyes and the cationic surfactant head groups play a significant role in limiting molecular motion. 



 
 

The cationic and anionic PDI dyes also exhibit the largest populations of 2D diffusing molecules, 

suggesting they may more readily pass between the cylindrical micelles and through the silica pore 

walls. All four dyes also emit strongly polarized fluorescence as they move in 1D, indicating they 

are orientationally confined within the nanochannels. 

Nile Red dye was used to determine the dielectric constant, ε, of nonpolar 

microenvironments in double stranded DNA (ds-DNA) single molecules both in aqueous buffer 

solution and when adsorbed on amine-modified chemical gradient surfaces. The value of ε within 

the DNA decreased with increasing buffer concentration. Values of ε ∼ 6.75 and ∼3.00 were 

obtained in 0.1 mM phosphate buffered saline (PBS) and in 10 mM PBS, respectively. Similar 

effects were observed upon adsorption to chemically graded amine-modified silica surfaces. Under 

1 mM buffer, ε was measured to be ∼2.84 and ∼1.90 at the low amine (high silica), and high amine 

(low silica) ends of the gradient, respectively. An increase in the buffer concentration again led to 

a decrease in ε, but only at the low amine end. It is concluded that high buffer concentrations and 

binding to an amine surface cause a condensation of the ds-DNA, forming less polar 

microenvironments within its structure. These results provide important knowledge of the factors 

governing the polarity of DNA microenvironments to which intercalators bind. 
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Abstract 
 

This dissertation describes single-molecule tracking (SMT) studies for the quantitative 

characterization of one-dimensional (1D) solvent-filled surfactant-templated mesoporous silica 

(STMS) materials and other nanostructured materials, such as double stranded DNA. SMT permits 

the simultaneous and quantitative assessment of the nanoscale and microscale morphologies and 

mass-transport properties of the materials with nanometer-scale spatial resolution. The efficiency 

and selectivity of catalytic reactions and chemical separations occurring in liquid-filled 

mesoporous materials are governed by the translational and orientational mobilities and surface 

interactions of the incorporated reagents and analytes.  Polarization dependent SMT results 

demonstrate that the dye molecules used as probes of materials nanostructure are tightly confined 

within the one-dimensional (1D) pores of surfactant-templated mesoporous silica films. 

Spectroscopic single molecule tracking (sSMT) data reveal that the hydrophobic probe dyes are 

confined within nonpolar regions of the nanomaterials 

For this dissertation, surfactant templated mesoporous silica films were prepared by the spin 

coating of acid catalyzed tetramethoxysilane (TMOS)-based silica sols on glass substrates in the 

presence of Cetyltrimethylammonium bromide (CTAB).  Cylindrical CTAB micelles formed 

during evaporation of the solvent acted as a structure directing template, forming nanometer-sized 

one-dimensional pores within the silica films.  SMT experiments were performed using a wide-

field fluorescence microscope that was sufficiently sensitive to allow detection of the fluorescence 

from individual dye molecules.  A series of perylene diimide (PDI) dyes was employed for basic 

structural characterization of the silica materials.  Single molecule fluorescence was recorded in 

the form of fluorescence videos.  These videos revealed the presence of immobile dye molecules, 

along with those diffusing in one and two dimensions (1D and 2D).  The 1D diffusing molecules 

provided basic evidence for the confinement mass transport of the dye molecules within the silica 

mesopores.  



 
 

Spectroscopic single molecule tracking (sSMT) studies served as an extension of basic SMT 

experiments and were employed to determine the location of the molecules.  The polarity sensitive 

dye Nile Red (NR) was employed in these studies.  It exhibits 1D diffusion, consistent with its 

confinement to the cylindrical pores, as was also the case for the PDI dyes. The sSMT data revealed 

that the majority of NR molecules were found in nonpolar environments having polarities similar 

to that of n-hexane. Single molecule emission polarization (SMEP) measurements were employed 

to explore the orientational confinement of the dyes.  The results of these experiments 

demonstrated that the PDI and NR molecules diffuse with their long axes aligned parallel to the 

long axis of the pores.  All of the dyes employed were found to be orientationally confined to ∼1 

nm diameter pathways within the pores. The diffusion coefficient for the dyes was also shown to 

be ∼103 -fold smaller than in bulk solution. The results of the NR studies demonstrate that the dye 

molecules were confined to the hydrophobic cores of the micelles, and provide support for the 

conclusion that the PDI dyes are similarly confined. These studies afford an enhanced 

understanding of how nanostructuring of the pore-filling medium in solvent- and surfactant-filled 

mesoporous materials governs the mass transport and surface interactions of incorporated reagents 

and analytes. 

The dependence of molecular confinement on dye charge and structure was also explored in 

this dissertation.  The confined translational and orientational motions of a series of four different 

PDI dyes diffusing along one dimension (1D) within individual cylindrical silica mesopores were 

investigated in these studies. Specifically, the motions of cationic and anionic PDI dyes were 

compared to those of two uncharged PDIs having different alkane tail lengths. All four dyes 

exhibited populations that were immobile, along with separate populations that diffused in either 

1D or 2D. The anionic and cationic PDI dyes exhibited the largest and smallest populations, 

respectively, of immobile molecules, suggesting that electrostatic interactions between the charged 

dyes and the cationic surfactant head groups play a significant role in limiting molecular motion. 



 
 

The cationic and anionic PDI dyes also exhibit the largest populations of 2D diffusing molecules, 

suggesting they may more readily pass between the cylindrical micelles and through the silica pore 

walls. All four dyes also emit strongly polarized fluorescence as they move in 1D, indicating they 

are orientationally confined within the nanochannels. 

Nile Red dye was used to determine the dielectric constant, ε, of nonpolar 

microenvironments in double stranded DNA (ds-DNA) single molecules both in aqueous buffer 

solution and when adsorbed on amine-modified chemical gradient surfaces. The value of ε within 

the DNA decreased with increasing buffer concentration. Values of ε ∼ 6.75 and ∼3.00 were 

obtained in 0.1 mM phosphate buffered saline (PBS) and in 10 mM PBS, respectively. Similar 

effects were observed upon adsorption to chemically graded amine-modified silica surfaces. Under 

1 mM buffer, ε was measured to be ∼2.84 and ∼1.90 at the low amine (high silica), and high amine 

(low silica) ends of the gradient, respectively. An increase in the buffer concentration again led to 

a decrease in ε, but only at the low amine end. It is concluded that high buffer concentrations and 

binding to an amine surface cause a condensation of the ds-DNA, forming less polar 

microenvironments within its structure. These results provide important knowledge of the factors 

governing the polarity of DNA microenvironments to which intercalators bind. 
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American Chemical Society……………………………………………………….....108 

Figure 7.6 A) CM factor and B)dielectric constant for Nile Red doped supercoiled (red points) 

and relaxed (blue triangles) plasmid DNA as a function of position along APTMOS-

derived gradients, and as a function of buffer concentration. All DNA molecules analyzed 

were adsorbed on the gradient surface. The 6 mm position represents the high amine end, 

with decreasing amine coverage towards the 12 mm position. The error bars show the 95% 

confidence intervals for each value. Copyright American Chemical Society………..109 
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Chapter 1 - General Introduction 

1.1 Mesoporous Silica Materials 

Mesoporous materials are distinctive nanostructured materials containing nanostructured 

pores with a characteristic dimension of 2-50 nm.3,106 They have attracted great attention especially 

because of their unique properties such as ordered pore structures, very high specific surface areas 

and their possible synthesis in a wide range of morphologies (spheres, rods, discs, powders, etc.). 

The compound producing mesoporous silica was produced in around 1970. (R1)   In the 1990s, 

researchers in Japan first reported surfactant-templating methods.1,64Mesoporous silica materials 

were later produced at Mobil Corporation laboratories, and named  Mobil Crystalline Materials 

(MCM).1,64 The surfactant-templating method employs the well-established sol-gel-process, in 

which the hydrolysis and condensation of inorganic oxide precursors (e.g., alkoxysilanes) in the 

presence of structure-directing agents such as surfactant micelles lead to the formation of porous 

surfactant-templated mesoporous materials. 

Most importantly, the use of different synthesis conditions allows for various morphologies 

(e.g., nanoparticles, monoliths, and films) and porosities of mesoporous silica to be obtained. The 

morphology and porosity of mesoporous silica materials are determined by the mesophase of the 

structure-directing agent (i.e., the structure and organization of the surfactant micelles). By 

changing parameters such as the silica-surfactant-water ratio, nature, and concentration of catalyst 

and any subsequent processing conditions, different mesophases can be formed.  These include 2D 

hexagonal (p6m space group), 3D cubic (Ia3d), and lamellar(p2) mesoporous materials that are 

also known as MCM-41, MCM-48, and MCM-50 materials, respectively. 

These materials were invented mainly for use as molecular sieves due to their porous 

structure. Over the years, researchers were able to discover many unique properties of these 

materials such as high surface area, tunable pore volume, controlled morphology, surface 

functionalization, and biocompatibility. In the past few decades, due to such unique properties, 
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these materials have influenced many fields of research and industrial groups in areas such as 

catalysis, chemical separations, ion exchange, molecular sieving, optical materials, and low 

dielectric materials.9-14 Mesoporous silica containing unidirectional pore arrays throughout the 

material have been successfully exploited as templates for semiconductor materials formed from 

the gas phase.65-69 Recently, a novel supercritical fluid solution-phase based approach to producing 

silicon nanowires within the pores of mesoporous silica has also been reported.70   Hexagonally 

organized cylindrical mesoporous silica materials with open pores lead to the development of 

potential applications in the fields of catalysis, chemical separations, and drug carriers for selective 

drug delivery systems. Mesoporous silicas have been used as catalytic nanoreactors for the 

synthesis of conductive polymers,65-69 and as templates for the growth of certain carbon 

nanostructures such as nanotubes, nanowires, and mesoporous carbon materials.70 Silica 

membranes have been proposed as potential candidates for separation applications. They are 

advantageous for rapid diffusion of molecules, can be modified in a variety of ways, and have high 

chemical and thermal stability, thus allowing for specific separation applications over a range of 

molecular sizes (e.g., from small gas molecules to larger pharmaceutical or biological molecules.6    

 

Applications of mesoporous silica are centered around their morphology and porosity. 

Producing well-ordered mesoporous silica materials incorporating aligned nanochannels is 

essential to assist the progress of such applications. In such applications, having nanostructures 

such as pores, domains or molecular assemblies are a crucial factor in allowing these structures to 

act as pathways that support or limit the mass transport of analytes.9 Also, among many 

nanostructured materials, surfactant templated mesoporous silica materials have drawn significant 

attention due to their frequent incorporation of cylindrical one-dimensional nanopores.8,105,147 

Importantly, mass transport within nanostructured materials is one of the vital processes required 

for the use of these materials in the applications mentioned above. The incorporation of pores and 
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small porous domains provide mass transport pathways for incorporated solvent or analyte 

molecules in such applications. The chemical and physical characteristics of these pathways can 

further determine the mass transport process by assisting or limiting molecular dynamics.9 

The structural and morphology characteristics of mesoporous materials are usually assessed 

by electron microscopy (EM), 1,73-79   small-angle X-ray scattering (SAXS), 1, 74-76, 80  and nuclear 

magnetic resonance (NMR) spectroscopy.80 These techniques often provide complementary 

information on the material characteristics from a nanometer-to-micrometer length scale and a 

nano-to-macroscale structural basis. EM can deliver nm-scale spatial resolution images of the 

nanostructure properties, while also allowing for visualization of the local structures. SAXS 

provides average information about the orientation and spacing of ordered nanotructures within a 

macroscopic (< 1 mm) sample region. By combining two or more of these techniques the complete 

structural analysis of mesoporous silica can be achieved. 

The local attributes of mesoporous silica such as the pore diameter and orientation can be 

directly revealed from high-resolution microscopic views (e.g., TEM and SEM) of the 

mesostructure. These techniques provide visual evidence of the local structure of the material 

through direct observation of the mesopores with nanometer-scale spatial resolution.71, 72  

Unfortunately, it is quite challenging to discuss the longer-range (>10 µm) orientation and 

organization of the nanostructures from such measurements. These techniques can only be used to 

image microscopic regions of a given sample, making it time-consuming to study larger areas (> 

10 μm) of the sample. SAXS probes the material characteristics across the sample thickness by 

detecting X-ray scattering at very low angles (< 5°). SAXS provides average orientation and 

spacing information about the organized pores (2-30 nm in size) in mesoporous silicas. However, 

the materials properties obtained by SAXS measurements are effectively averaged over 

macroscopic (< 1 mm) sample regions. 71, 72 The characterization of materials’ structural properties 

is necessary to establish the formation of well-ordered mesoporous silica solids incorporating 
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aligned nanochannels. This knowledge further facilitates the optimization of synthesis conditions 

and the development of well-defined procedures for synthesis of mesoporous silica materials. 

 

As described in this dissertation, it is often more important to characterize  and understand 

the mass transport properties of mesoporous materials in order to achieve optimal performance in 

their intended applications. Unfortunately, none of the structural characterization methods 

discussed above provide direct dynamical information related to their mass-transport 

characteristics such as the rate and anisotropy of diffusion for incorporated reagents and analytes. 

NMR can detect the dynamics of molecules within the nanomaterials and also provide evidence 

on the long-range structure orientation.81   However, it can only provide spatially-averaged 

information over a relatively large sample region.81 Flux measurements have been used to observe 

the overall continuity and accessibility of nanoporous materials for small molecules and relatively 

large proteins.105 Further, overall transport rates and selectivities for these molecules within 

nanopore materials have been measured. 105   Unfortunately, none of the aforementioned methods 

provides enough information to fully characterize the spatial and temporal heterogeneities of these 

materials and their mass-transport properties within local, µm-scale sample regions.  

 

1.2 Single Molecule Tracking Methods Applied to Mesoporous Silica 

In recent years, single molecule tracking (SMT) has been employed as a unique method to 

overcome the above limitations of conventional methods and has also been used as a means to 

directly probe mass transport.9,53 As a result, SMT methods are now being widely employed in 

investigations of mesoporous systems. 27-30,53,82-87 SMT is an effective method of understanding 

the dynamic behaviors and material characteristics in 1D cylindrical nanostructures.45 SMT is most 

useful for exploring the relatively slow diffusion dynamics of molecules confined within such 

nanostructures. 
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In the SMT method, the diffusion dynamics of individual fluorescent probe molecules are 

monitored under wide-field illumination in an optical microscope having high nm-scale spatial 

precision and millisecond temporal resolution. The wide-field microscope allows the recording of 

fluorescence videos that reveal the presence of confined molecular pathways in the materials. 9,53 

Furthermore, the SMT method provides the ability to visualize open mesopore structures and 

characterize their orientation and organization. Also, it provides visual evidence of nanostructure 

accessibility for probe molecules as well as the direct determination of the dimensionality and 

mobility of the probe's diffusive motions. This information provides a unique means to assess the 

qualitative picture of the local mass-transport and structural properties of nanostructured materials. 

The comprehensive quantitative assessment of single molecule data from probe molecules affords 

quantitative measures of materials order, nanostructure sizes, and continuity.  Most importantly, 

the trajectory data reveals the local mass transport and material properties of the 1D 

nanostructures.45 

The most significant advantage of SMT over conventional methods is the capability to 

monitor molecular dynamics such as interfacial adsorption and partitioning of permeants between 

the different phases at the single-molecule level. Single-molecule-level detection facilitates in-

depth exploration and investigation of the materials spatial and temporal heterogeneities. For 

example, surface defects, the presence of solvent (e.g., water) islands, or the irregularity in the 

formed micellar structures can be detected. A comprehensive study of the single molecule 

trajectories generated from molecular diffusion at the single molecule level can yield significant 

fundamental insights on the nanostructure of mesoporous silica materials and the host-guest 

interactions between nanopore structure and probe molecules. In addition, the frame-to-frame 

mean square displacement (MSD) for each molecule in the SMT videos allows for estimation of 

the rate of mass transport (given by, e.g., the diffusion coefficient) of incorporated probe 

molecules.  This information further leads to a qualitative and quantitative evaluation of the level 
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of confinement and the mechanisms of diffusion for probe molecules inside the silica-surfactant 

nanochannels. An in-depth study of the single molecule trajectories generated from the SMT 

method for a specific probe molecule can deliver valuable information on the location of individual 

molecules and the heterogeneity of their surrounding environment. The method can be a further 

extended for use with biological systems such as DNA, to explore their microscopic chemical 

properties (i.e., dielectric constant).  

 

1.3 Objective and Motivation of the Present Research 

In the present dissertation, the SMT method was used to probe and quantitatively analyze 

the heterogeneity of the nanoscale morphology and mass-transport dynamics of surfactant 

templated mesoporous silica nanochannels. The primary objective of the studies performed in this 

dissertation is to explore the molecule dynamics, and mass transport in solvent filled surfactant 

templated mesoporous silica materials. SMT facilitated the characterization of the 1D 

nanostructured materials by detecting and quantitatively assessing the diffusion dynamics of single 

molecules within the cylindrical nanopores with high spatial resolution. SMT offered evidence of 

properties of confined nanoscale morphologies and structures. Importantly, the single molecule 

diffusion trajectories obtained afforded a wealth of information from the quantitative assessment 

of the molecular transport. A better understanding and quantitative evidence of the above stated 

facts play a profound role in governing ultimate application performance.  

In all solution-phase applications of mesoporous silica materials, the nanopores contained 

within the silica gel are necessarily filled with liquids, such as compress water or organic liquids 

condensed from the atmosphere, or the surfactants and solvents remaining from materials 

synthesis. The efficiency and selectivity of catalytic reactions and chemical separations occurring 

in liquid-filled mesoporous materials are governed by the translational and orientational mobilities, 

and surface interactions of the incorporated solvents, reagents, and analytes.146 The properties of 
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solvents in nanoconfined pores have been reported to differ from those of bulk liquids, due to 

molecular cooperativity.1-14 The properties of the pore-filling solvent plays a crucial role in 

determining mass transport and molecule dynamics within the nanochannels. Interactions of 

incorporated reagents and analytes with the pore-filling medium and pore surfaces govern the 

molecular level mechanisms of mass transport within such materials.146 The location of the reagent 

and analytes, as well as the volume they explore inside the pore structure, constitute important 

information required to fully understand their behavior in nanoconfined spaces. For example, the 

reagent’s and the analyte’s ability to explore the full pore diameter or capability to move between 

central or near-surface pore regions facilitate the partitioning of the permeants between the 

different phases within the cavities or nanoscale domains or adsorption onto their surfaces. These 

same factors play an integral role in defining the selectivity of chemical separations in mesoporous 

silica.146 Therefore, it is important to explore and understand the nanoscale morphology and 

molecule dynamics in a surfactant-silica mesoporous nanochannel, which provides essential aid to 

optimize and develop the performance of such applications.  

Mesoporous silica systems have been studied previously by many methods including 

NMR15,16 and ensemble spectroscopic methods.16-18 Unfortunately, the exact location of the probe 

molecules within the pores has been difficult to ascertain. To date, the most detailed molecular 

level information on solute confinement within silica mesopores has been obtained by computer 

modeling.25,26 In the present dissertation, the SMT method was applied to investigate the exact 

location of the probe molecules inside solvent- and surfactant-filled mesoporous silica nanopores. 

Surfactant-silica mesopores incorporating the cationic surfactant cetyltrimethylammonium 

bromide (CTAB) were investigated by employing suitable probe dye molecules (i.e., Nile Red and 

PDI dyes). This dissertation demonstrates the applicability of modified SMEP and sSMT methods 

to explore mesoporous silica materials, to quantify their properties such as nanoscale 

heterogeneity, and to assess their mass transport characteristics. The rate of diffusion of probe 
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molecules and their confinement were investigated to understand the mass transport within 

solvent- and surfactant-filled mesoporous silica materials. The dependence of molecular 

confinement on dye charge and structure was also explored in this dissertation. More evidence of 

their location, confinement, and the nanoscale heterogeneities within pore structure (e.g., surface 

defects, the presence of solvent (e.g., water) islands, or irregularity in the formed micellar 

structures were further investigated by incorporating probe molecules of different charges and 

sizes. The capability of the sSMT method to explore biological environments were demonstrated 

by determining the dielectric constant, ε, of nonpolar microenvironments in double-stranded DNA 

(ds-DNA) single molecules both in aqueous buffer solution and when adsorbed on amine-modified 

chemical gradient surfaces. 

 

1.4  Overview of Thesis 

The present dissertation consists of eight chapters. It begins with a general introduction of 

the research performed, along with the research objectives and motivations of the dissertation 

(Chapter 1). Chapter 2 discusses the applications and properties of surfactant-templated 

mesoporous silica materials. This chapter explains the synthesis of surfactant templated 

mesoporous silica materials by the evaporation induced self-assembly method and further 

discusses mass transport in these nanostructured materials. Chapter 3 focuses on the methods used 

in investigating mass transport in nanostructured materials. Both ensemble and conventional 

methods for investigation of mass transport are briefly discussed. This chapter mainly explores the 

applicability and advantages of single molecule tracking methods in the investigation of 

nanostructured materials and their mass transport characteristics. Chapter 3 further introduces two 

modified methods of single molecule tracking (SMEP and sSMT methods) that have been applied 

in this research.  These methods were employed to observe and assess specific morphological and 

molecular dynamics characteristics of the materials being investigated. Chapter 4 covers 
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experimental details such as the preparation of surfactant-templated mesoporous silica materials 

and details of the fluorescent probe dyes employed in single-molecule imaging. Also, in this 

chapter, the instrumentation employed in wide-field fluorescence microscopy and imaging are 

discussed in detail. The last section of Chapter 4 describes the orthogonal regression analysis 

method and trajectory angle order parameter analysis, which represents the quantitative assessment 

of all 1D SMT data in the present work.38  

       The confined translational and orientational motions of the solvatochromic dye Nile Red 

and a series of four different PDI dyes diffusing along one dimension (1D) within individual 

cylindrical silica mesopores were investigated in this dissertation. Both Chapters 5 and 6 

investigate the nanoscale structural properties and mass transport characteristics of mesoporous 

silica materials synthesized by incorporating cationic surfactant, cetyltrimethylammonium 

bromide (CTAB) as the structural directing agent. In Chapter 5 spectroscopic single molecule 

tracking (sSMT) studies were used to determine the location of the Nile Red dye within solvent 

and surfactant filled mesoporous silica materials. Single molecule emission polarization (SMEP) 

methods were used to explore the confinement and alignment of the probe dye molecules inside 

the silica nanochannels. These studies have afforded an enhanced understanding of how 

nanostructuring of the pore-filling medium in solvent and surfactant filled mesoporous materials 

governs the mass transport and surface interactions of incorporated reagents and analytes. In 

Chapter 6, the dependence of molecular confinement on dye charge and structure was explored. 

The SMEP method and four different PDI dyes were employed to compare the dynamics of 

charged and uncharged perylene diimide dyes in surfactant-silica nanochannels. The results 

provide evidence on the degree of confinement and the diffusion mechanism for each molecule. 

Chapter 6 offers more evidence of probe molecule location and nanoscale heterogeneity (e.g., 

surface defects, solvent islands (e.g., water) or irregularity in the formed micellar structures) within 

solvent and surfactant filled mesoporous silica materials.  Chapter 7 demonstrates the applicability 
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of sSMT methods in the study of nanostructured biomolecules by determining the dielectric 

constant, ε, of nonpolar microenvironments in double-stranded DNA (ds-DNA) single molecules 

both in aqueous buffer solution and when adsorbed on amine-modified chemical gradient surfaces. 

In Chapter 7, quantitative information on the local dielectric properties of plasmid DNA is obtained 

in buffer solutions of different ionic strengths and on the aminosilane gradients, again using the 

solvatochromic dye Nile Red.  
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Chapter 2 - Mass Transport and Nano-Structure of Surfactant-

Templated Mesoporous Silica Materials 

 

Surfactant-templated mesoporous silica materials play an important role in both research and 

industrial fields due to their chemical and thermal stability as well as well-defined and controllable 

structure. Among many nanostructured materials, solvent and surfactant-filled mesoporous silica 

materials1 find a wealth of potential applications as models for self-assembly in confined 

geometries,2 and as porous media for solution-phase catalysis3−5 and chemical separations.6 In 

these applications, the transport rate and selectivity are governed by the partitioning of permeants 

between the different phases and by mass transport within the cavities or nanoscale domains.9 

Also, interfacial adsorption is another important factor in determining materials properties for the 

above applications.9 The characterization of the nanoscale structures and a comprehensive study 

of mass-transport characteristics within such systems is important to understand and improve 

materials properties and performance for the applications mentioned above. 

Self-organized nanostructured materials such as surfactant-filled mesoporous silica 

containing pores, domains, or molecular assemblies provide pathways that may facilitate or limit 

the mass transport of incorporated reagents and analytes. Interactions of incorporated reagents and 

analytes with the pore-filling medium and pore surfaces govern the molecular level mechanisms 

of mass transport within such materials.9 The present dissertation primarily focuses on such 

cylindrical one-dimensional (1D) pathways in surfactant filled mesoporous silica material and to 

understand mass transport within them. When considering application-specific performance, host-

guest interactions within nanomaterials play a significant role in defining mass transport and 

selective transport of specific reagents/analyte. Mesoporous silica systems for condensed-phase 

applications incorporate surfactant templates and solvents within their pores. The pore-filling 
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medium can create nanoscale heterogeneity that leads to a complex host-guest model with many 

possible selective mass transport paths.  

 

2.1 Surfactant-Templated Mesoporous Silica 

Surfactant-templated mesoporous silica materials gained popularity in industrial and 

research fields due to their relatively simple, time-efficient, and low-cost synthesis process.95 Most 

importantly, their tunable pore size and well-organized, narrow pore distribution caught the 

attention of many researchers in research fields such as catalysis, chemical separation, molecular 

sieving, and optical materials, due to their unique properties, including high surface area, large 

pore volume, controlled morphology, facile functionalization, and good biocompatibility.4 Before 

the discovery of micellar and lyotropic liquid-crystal phases as templates for organized mesoscale 

porous structures, it was challenging to synthesize and design well organized structured 

nanomaterials.64,88,89 

Mesostructured and mesoporous materials have been developed in various shapes and 

morphologies such as fibers, powders, and thin films. Synthesis of these materials commonly 

employs a well-established sol-gel process. In this process, alkoxysilane (e.g., tetramethoxysilane, 

TEOS) precursors are hydrolyzed and condensed in the presence of amphiphilic surfactant 

molecules (e.g., cetyltrimethylammonium bromide, CTAB) that act as structure directing 

agents.107 Spin-coating108 or dip-coating107 procedures are the simplest procedures by which to 

obtain thin films of mesoporous silica materials.  

In this process, several synthesis parameters such as the concentration of reagents (e.g., 

surfactants and silica precursor), concentration and nature of the catalyst, and any subsequent 

processing conditions such as drying and calcination all play crucial roles in controlling the 

properties of the final product.92 Importantly, these synthesis parameters determine the properties 

of silica materials, including their final structure, morphology, and porosity. The controlled and 
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optimized synthesis parameters can offer more productive and applicable mesoporous silica 

products.   

 

2.1.1 Properties and Application of Mesoporous Silica 

Surfactant-templated mesoporous silica materials became a significant class of 

nanostructured materials due to their unique properties and broad applicability in a number of 

disciplines. Because of their inorganic framework, they have been introduced as chemically and 

thermally stable nanomaterials with well-defined and controllable structures.  

Importantly, by simply changing synthesis parameters a diverse group of porous materials 

can be obtained. For example, synthesis conditions such as the acid catalyzed sol-gel-process 

commonly produce silica networks with relatively low porosity, while the base-catalyzed reaction, 

in general, leads to xerogels with intrinsic higher porosity.92 The narrow and tunable pore size 

distribution that can often be obtained allows surfactant templated mesoporous silica to stand out 

amongst other porous materials.92 The uniform and well-defined porous structures of surfactant 

templated mesoporous silica materials affords routes to a wealth of applications in chemical 

separations110, sensing,111 catalytic substrates,110nonlinear optical materials112 and solid-state 

electrochemical devices.104 Uniform and well-defined mesoporous structures are important in 

defining the selectivity and efficiency of their applications.103 For example, the separation 

applications exhibit a link between the morphological characteristic of the incorporated 

nanomaterials and separation performance. It has been observed chromatographic band broadening 

in the presence of strong adsorption sites on the nanostructure surfaces as well as the presence of 

defects often exhibit adsorption and desorption events of molecules at the surface in a statistically 

random process.159,167 

Surfactant-templated mesoporous silica materials are popular in medicine and environmental 

applications because of their biocompatibility and low toxicity. They are often applied in drug 

delivery systems due to their capability in enhancing bioavailability of poorly water-soluble drug 
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molecules.178 Also, the porous structure facilitates mass transport, which allows them to be used 

in applications that require the associated species to enter and interact with the materials.  Such 

materials might be used to remove toxic organics and heavy metals from wastewater in water 

purification systems, for example.178 

Furthermore, mesoporous silica materials can also be easily modified with well-established 

chemistries, thus offering valuable means for their optimization for use in potential applications.92 

Importantly, as synthesis of silica materials by the sol-gel process is frequently performed at room 

temperature, these mild reaction conditions allow for incorporation of many reagents (enzymes, 

catalysts, or receptors) without degradation of their activity and reactivity. 

In the applications mentioned above, analytes or small molecules of interest are incorporated 

within or move along the nanopores of surfactant templated mesoporous silica materials. Obtaining 

well-ordered mesoporous silica materials with aligned nanochannels by well-defined procedures 

are advantageous to develop and optimize their performance for these applications. Mainly, it is 

essential to understand the interaction between the analyte/guest molecule and nanoscale structure 

to acquire a better understanding of mass transport properties in surfactant templated mesoporous 

silica nanochannels.   

 

2.1.2 Silica Sol-gel Process 

The sol-gel process is the most popular and promising technique available for synthesis of 

mesoporous silica nanomaterials. The sol-gel process was first introduced by Graham in 1864 

during his work on silica sols.179 This technique has become more popular than other synthesis 

techniques due to its ability to control size, distribution, and morphology of the particles by 

controlling reaction parameters.179 The sol-gel process is a low-temperature route that produces 

homogeneous solid materials such as mesoporous silica from small molecules. First, in the sol-gel 

process, silicon alkoxide monomers transform into a colloidal solution (or sol), and then this sol 

becomes the precursor for the formation of an integrated network (or gel) of discrete particles or 
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network polymers. This technique helps to produce materials of different morphology and 

compositions and offers diverse materials such as powders, fibers, films, and bulk monoliths.  

In the sol-gel process, a colloidal suspension (or sol) is generally obtained by the acid or base 

catalyzed hydrolysis and condensation of alkoxysilane precursors. The acid catalyzed process 

produces highly crosslinked networks (e.g., a continuous gel) with relatively low porosity, while 

base-catalyzed process offers higher porosity due to the formation of xerogels (dried gel) by 

subsequence aggregation of the colloidal particles.95 Control over the reaction conditions is very 

important since the final structure, morphology, and porosity of the gel depend on the reaction 

conditions. Moreover, reaction conditions such as 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 

product.91,92,94,95  

The sol-gel process offers a simple and effective method to obtain ordered mesoporous silica 

materials with different structural and functional properties.90 Figure 2.1. shows the chemical 

processes involved in a sol-gel reaction.  As the first step, the figure shows93 that the silanol groups, 

Si-OH, form by hydrolysis of silicon alkoxides. In the next step, the silanol groups further react to 

form siloxane linkages.  That is Si-O-Si groups.  
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Figure 2.1 General mechanisms for hydrolysis and condensation of alkoxysilane 

precursors to form silica under (a) acid catalyzed conditions and (b) base catalyzed 

conditions Reprinted with permission from Ref (92) Copyright © 2013, Royal Society of 

Chemistry. 

 

2.1.3 Evaporation Induced Self Assembly (EISA) 

Evaporation-induced self-assembly process (EISA) is an efficient approach to obtain 

mesoporous transition metal oxides. Synthesis of surfactant templated mesoporous silica materials 

by EISA combines both sol-gel and self-assembly processes. Hydrolysis and condensation of 

alkoxysilane precursors in the presence of a rapidly evaporating solvent and a structure directing 

surfactant produce porous or nanocomposite materials. 

The formation of surfactant micelles is the key factor in the EISA process in determining the 

structure of the synthesized mesoporous silica materials. In a homogeneous surfactant solution, 

rapid solvent evaporation causes the concentration of the solution to increase to the point at which 

the critical micelle concentration is exceeded, and this increase of concentration drives self-

assembly of micelles.91-93 As shown in figure 2.2., 4 different solvent compositions form different 

types of micelles such as bilayers, spherical micelles, or cylindrical micelles. Consequently, 

micellar structures transform into lamellar, three-dimensional (3D) cubic or 2D hexagonal 

mesostructures and become the templating nanostructures (i.e., forming the pores) in the fabricated 

silica materials. 
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Many researchers have attempted to explore and explain the chemistry behind the EISA 

process. As explained in Grosso et al., the EISA method consists of four important steps.91-93 These 

steps include rapid solvent evaporation, after which the water content of the film reaches 

equilibrium with the atmosphere, formation, and stabilization of the hybrid mesophase, and further 

condensation to form the rigid network. According to Grosso et al., these steps can take place at 

any point of the reaction process in no specific order.91-93 

The EISA process involves the formation of liquid crystalline mesophases that template 

pores in the silica matrix by combining self-assembled micelles with the silica precursor.1,4 Figure 

2.3 shows two possible formation mechanisms included with the liquid crystal templating process.  

The most prominent synthesis process is defined by the route labeled a) in the figure. Here, in the 

initial step, rapid solvent evaporation leads to the formation of lamellar, three-dimensional (3D) 

cubic, or 2D hexagonal mesostructures. By changing the reaction conditions such as starting 

solvent composition, temperature, and pH, the desired micellar mesostructure can be obtained.  

In the EISA process, the formation of appropriate micellar structures such as the hexagonal 

mesophase comprised of cylindrical micelles is critical to obtain the desired porous 

mesostructures. Proper choice of reaction conditions and processing parameters as stated in the 

above discussion, will lead to desired mesostructure and specific material form. 

 

 

 
 

Figure 2.2 Structures of mesoporous M41S materials: a) MCM-41 (2D hexagonal, space 

group 𝒑𝟔𝒎𝒎), b) MCM-48 (cubic, space group 𝑰𝒂𝟑 ̅𝒅), and c) MCM-50 (lamellar, space 



18 
 

group 𝒑𝟐). Reprinted with permission from Ref (95) Copyright © 2006 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

 

 

 
 

 

Figure 2.3 Formation of mesoporous materials by structure-directing agents: a) true 

liquid crystal template mechanism, b) cooperative liquid crystal template mechanism. 

Reprinted with permission from Ref (95) Copyright © 2006 WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

2.2 Properties of Nano-confined Solvents 

Many applications of mesoporous silica such as solution-phase catalysis3-5 and chemical 

separations6-8 require the nanometer-sized pores to be filled with solvents. In such applications, 

molecular level interactions between analytes and the pore surfaces define the mass transport 

processes occurring within the porous structure.9 These molecular level interactions are governed 

in part by the properties of incorporated solvent(s). 9 However, nanoconfinement of the solvent 

can lead to solvent properties that differ dramatically from those of bulk solutions. 11 
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Importantly, among other properties, the translational and orientation motions of 

nanoconfined solvents often differ from what is observed in bulk solvents. Likewise, the dynamics 

of probe/analyte molecules within the nanopores depend upon the nature of the nanoconfined 

solute, solvent, and pore surfaces.   Many simulations142, fluorescence studies19 and vibrational 

spectroscopy experiments141 offer evidence of nanoconfinement effects on solvent and dynamic 

properties of analytes such as their translational and orientation properties.  For example, nuclear 

magnetic resonance15,16 and electron spin resonance16-18 experiments demonstrate the slowing of 

probe motions with decreasing pore size in solvent-filled pores in mesoporous materials. The 

results of fluorescence studies have come to similar conclusions by revealing evidence of 

decreased solute motions as a result of increased levels of confinement.9,19-21 The fluorescence 

studies19 provide valuable evidence on nanoconfined analyte molecules. In earlier studies of 

mesoporous silica materials by single-molecule emission polarization (SMEP) methods, perylene 

diimide (PDI) dyes were shown to exhibit unexpectedly strong confinement as they diffused within 

the one-dimensional (1D) pores of surfactant-templated mesoporous silica films.146 Also, SMEP 

measurements demonstrate that the PDI molecules diffuse with their long axes aligned parallel to 

the long axis of the pores.19 Further, spectroscopic single molecule tracking (sSMT) studies using 

the polarity sensitive dye Nile Red (NR) employed to determine the location of the molecules, and 

these results demonstrate that the NR dyes are confined to the hydrophobic cores of the micelles.146 

Importantly, a variation of properties of nanoconfined solvents and analytes can result in 

interactions of the liquids with the pore walls.11 Surfactant and solvent filled mesoporous silica 

structures form a heterogeneous environment due to the presence of organized surfactant structures 

within the pores, as well as those of incorporated solvent/analyte mixtures. The pore structures are 

expected to be relatively polar and hydrophilic micelle/pore interface, while taking on the non-

polar and hydrophobic character at the center of each pore.1 The resulting heterogeneous 

environment inside the surfactant-silica pore system could limit the solvent and analyte/probe 
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molecular motion to specific nanoscale subregions within even the smallest pores. Furthermore, 

an understanding of the properties of nanoconfined solvents/analytes can also be made more 

complicated due to the spontaneous demixing (i.e., phase separation) of solvent mixtures in such 

nanoscale environments.10 

 

2.3 Mass Transport in Nanostructured Materials 

Most nanostructured materials, including surfactant templated mesoporous silica, have found 

a wealth of applications in the field of solution-phase catalysis,3-5 chemical separations6-8   and as 

energy storage. In such applications, having nanostructures such as pores, domains or molecular 

assemblies are a crucial factor in allowing these structures to act as pathways that support or limit 

the mass transport of analytes.9 Also, among many nanostructured materials, surfactant templated 

mesoporous silica have drawn significant attention due to their cylindrical one-dimensional 

pathways.8,30,147 Importantly, mass transport within nanostructured materials is one of the vital 

processes required for the use of these materials in the applications mentioned above. The 

structural characteristics such as pores and domains provide pathways to incorporated solvent or 

analyte molecules in such applications. The chemical and physical characteristics of the pathways 

can further determine the mass transport process by assisting and limiting molecular dynamics.9 

 

 
 

Figure 2.4 Model for partitioning and mass transport (e.g., diffusion) in solvent-filled 

1D nanoporous media such as solvent and surfactant filled mesoporous silica. 
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Several different dynamic phenomena participate in mass transport processes occurring 

within solvent filled surfactant templated mesoporous silica nanochannels. The analyte molecules 

exhibit various molecular dynamics such as adsorption/desorption, partitioning and diffusion 

within and between phases. The partitioning of analytes between different layers/phases as well as 

the diffusion of analyte molecules within layers/phases determines the selectivity and transport 

rate of analyte molecules. The presence of solvent layers or phases 14 and the diffuse electrical 

double layer 105,147,148 affects the mass transport by spatial permeant distributions within these 

nanostructures. 9 The presence of nanoscale structures such as layers/phases can act as 

impermeable or semipermeable barriers to confine molecular motions in one or more dimensions. 

9 The physical and chemical properties of nanostructured materials are highly affected by 

nanoscale molecular dynamics occurring in their cavities or nanoscale domains. Moreover, a clear 

understanding of mass transport and molecular dynamics within nanostructured materials plays an 

important role in understanding their properties and optimizing their applications.  
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Chapter 3 - Optical, Microscopic, and Single Molecule Methods for 

Investigating Mass Transport in Nanostructured Materials 

 

The mass transport is a key factor in application-specific performance characteristics of 

nanostructured materials. The knowledge gained from the investigation of mass transport in 

nanostructured materials helps to improve and optimize their applications. Many simulation 

studies142, fluorescence methods19 and vibrational spectroscopy experiments141 offer some 

evidence of properties of solvents/analytes in nanostructured materials. But such experiments do 

not provide sufficient information to fully understand the mass transport since this is a molecular 

level process taking place in nanoscale structures. Unfortunately, the exact location of the probe 

molecules within the pores has been difficult to ascertain. The impacts of probe location have been 

explored in liquid crystal mesophases22 and in surfactant-templated silica23,24 by employing two or 

more fluorescent probes that partition differently between polar and nonpolar regions. 

Unfortunately, such methods do not allow for the location of individual probe molecules to be 

explicitly identified.146  

 

3.1 Ensemble Methods for Mass Transport Nanostructured Materials 

Throughout the years, many approaches have been taken to investigate the mass transport in 

nanostructured materials but most of these approaches are known as ensemble methods. In an 

ensemble method, information can be obtained as an “average result” of a large number of 

molecules in many different local environments. For example, methods such as quasielastic 

neutron scattering (QENS) and Fourier transform infrared spectroscopy (FTIR) studies were used 

to monitor the effects of pore structure on methanol molecules adsorbed in HMCM-41 and HZSM-

5 molecular sieves.140 These studies have shown that the motions of capillary-condensed alcohols 

become slower as the pore size decreases in mesoporous silica, due to interactions of the alcohols 
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with the pore walls.140 Furthermore, these methods do not offer necessary insight into 

nanoconfined solvent systems and effectively “average out” important molecular level aspects. 

Therefore it is important to consider other methods to investigate nanoconfined solvent systems. 

Also, fluorescence recovery after photobleaching (FRAP) experiments are commonly used the 

optical technique to investigate solvent and analyte molecules behavior in nanostructured systems. 

149,150 But, similar to other ensemble methods, FRAP experiments involves extensive signal 

averaging which will limit detecting valuable molecular level information.  

The flux method can be introduced as another important example of an ensemble method. 

Briefly, in the flux method, the concentration of permeants will be observed and recorded while 

they pass from the source reservoir through the material. 147,148  

 

        ( eq 3.1 ) 

 

The equation 3.1 defines the diffusion-controlled flux, J, of permeants through a nanoporous 

monolith.9 Where, D is the diffusion coefficient of the permeant within the pores; P is its partition 

coefficient, defined between the external solution and the pore-filling medium; ε is the fraction of 

the material cross-section comprising open pores, τ is the pore tortuosity; and dC/dx is the 

concentration gradient.9 The eq. 3.1 exhibits that flux is associated with both mass transport 

parameters (D and P) and the structural properties (ε and τ ) of the material.9 These details will 

provide average information on the mass transport process but limit acquiring details of molecular-

level processes such as molecule-matrix interaction and limit the ability to observe molecular 

motions.  These methods will not provide necessary insight into nanostructured systems and 

effectively “average out” important molecular level aspects. Therefore it is important to consider 

other methods to investigate mass transport in nanostructured materials. 
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3.2 Single-Molecule Methods for Mass Transport Studies 

The single molecule methods provide an important to explore chemical, steric and 

electrostatic interactions between the solvent/analyte molecules and nanoscale structures to fully 

understand molecular dynamics in nanostructured materials. The information gained by ensemble 

techniques does not provide great details.  Therefore, techniques capable of observing properties 

and behaviors of each solvent/analyte molecule incorporated in nanostructured materials needed 

to be introduced. The optical single-molecule methods 151-156 have been able to address the 

challenges and limitations of previous ensemble measurements successfully. Also, optical single-

molecule methods facilitate the detection of nanoscale domains and their morphologies under the 

high spatial resolution, 9,53 which makes this method popular and more useful than x-ray scattering 

methods and electron microscopy methods.114-122 The optical single-molecule method expected to 

offer the capability to detect individual molecular level mechanism and to observe and track the 

motions of individual fluorescent molecules in many transparent media. Therefore, this method 

provides a better means for studies of mass transport within transparent nanostructured materials. 

53,95,157,158 In single molecule techniques, fluorescent molecules are used to detect molecular 

dynamics in nanoscale structures, and these probe molecules are capable of partitioning into 

specific nanoscale domains of interest. Furthermore, trajectory data collected from these probe 

molecules will offer information such as rate and directional motion of the analyte molecules in 

nanostructured materials. Also, this technique provides the details of nanoscale structural 

properties and their effect on limiting and facilitating molecular dynamics which will provide more 

evidence to understand mass transport characteristics within nanostructured materials. 

 

3.3 Single-Molecule Fluorescence Methods 

In 1996, Schmidt and coworker performed the first single-molecule tracking experiment to 

obtain diffusion coefficients of rhodamine dye-labeled phospholipids in a phospholipid membrane 

under ambient conditions.45 Over the years, many single-molecule fluorescence methods have 
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been developed such as confocal microscopy, wide-field single-molecule tracking (SMT) and 

fluorescence correlation spectroscopy (FCS).  

The confocal microscopy method is capable of observing individual diffusive transits and 

adsorption events and quantify collected data.9 The confocal method records single-point time 

transients of a passage of probe molecules at an isolated detection volume.153,164 The confocal 

microscopy imaging technique increases the optical resolution and contrast of an image  by using 

a spatial pinhole to block out-of-focus light in image formation.9 Capturing multiple two-

dimensional images at different depths in a sample enables the reconstruction of three-dimensional 

structures within an object. Briefly, the confocal imaging employs a laser light to excite 

fluorescence probe molecules. The excitation light is pass through any required optics such as a 

polarizers and filters. Then the light is directed into a high numerical aperture objective by a 

dichroic mirror and focuses into the sample. The beam scanning or sample scanning methods can 

be employ to obtain the sample position relative to the laser spot. Using the same objective, the 

fluorescence from the sample is frequently acquired in reflection. The collected light is passed 

back through the dichroic mirror and focused through an appropriately sized pinhole placed in an 

image plane of the microscope. Then the light is directed through any additional filters and/or 

polarizers and subsequently imaged onto a detector, such as a single-photon-counting avalanche 

photodiode.9 For sufficiently dilute solutions (e.g., <1 molecule in the detection volume), passage 

of molecules through the microscope focus produces bursts of signal above the background.9 

On the other hand, the fluorescence correlation spectroscopy (FCS) method will be used to 

generate a correlation function for the purpose of analyzing fluctuations of 

the fluorescence intensities coming from probe molecules.165,166 Simply, FCS is a correlation 

analysis of the fluctuation of the fluorescence intensity. The fluorescence intensity fluctuations can 

be due to diffusion, physical/ chemical reactions or aggregation taking place in a nanoscale 

environment. Briefly, the fluorescence emitted from a very tiny space in solution containing a 

https://en.wikipedia.org/wiki/Optical_resolution
https://en.wikipedia.org/wiki/Contrast_(vision)
https://en.wikipedia.org/wiki/Spatial_filter
https://en.wikipedia.org/wiki/Fluorescence
https://en.wikipedia.org/wiki/Diffusion
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small number of fluorescent particles is observed. The fluorescence intensity fluctuation due to 

particles passing through the space is observes and analyzed to obtain the average number of 

fluorescent particles and average diffusion time of the particles.  

When considering the wide-field single-molecule tracking (SMT), it provides the ability to 

track probe molecule with millisecond time resolution as well as nanometer-scale spatial precision. 

45,61,161-163 Further, SMT methods capability to detect single molecule at single event levels provide 

evidence of temporal and nanoscale spatial heterogeneity of nanostructures in different 

environments.123 

 

3.3.1 Wide-Field Fluorescence Video Microscopy and Single Molecule Tracking 

(SMT) 

Wide-field single-molecule tracking (SMT) method is one of the successful technique to 

overcome limitations and challenges in many of the discussed ensemble and conventional 

methods. It is known from the theory and experiments that SMT method offers quantitative 

measurements of local concentrations, molecular diffusion coefficients, diffusion anisotropies, 

adsorption and reaction times, the order and orientation of nanostructures, and the confinement of 

molecular motions.9 Using SMT methods, trajectories of fluorescent probe molecules are recorded, 

and, when properly analyzed, these trajectories provide information on the rate and direction of 

probe molecule motions. While other optical methods as FRAP experiments only measure the 

diffusion of many probe molecules in µm-scale regions, SMT is capable of detecting the diffusion 

of each molecule over nm-scale regions.124 Therefore, it has been applied to detect diffusion in 

near-surface regions.45,167  Also, diffusion dimensions of molecules in different nanostructured 

materials such as polymer films,126 lipid bilayers,44,128 Langmuir films,44,129,130 in gels127,131 and cell 

membranes132,133 have been studied. Furthermore, SMT studies are applied in observing molecular 

level processes such as molecular adsorption at interfaces and partition coefficient in nanoscale 

environments.159, 167, 170, 171 Recent studies exhibit that SMT method provides qualitative evidence 
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of sizes, orientation, and order of the organized domains within mesoporous silica materials and 

diblock polymers.39,84,113 Also SMT has been successfully employed in detecting mass transport 

within nanostructured materials as well as to observe defects and material heterogeneities.39,134,147 

 

 

 
 

Figure 3.1 Common components often found in wide-field microscopes. Some optics 

have been omitted for simplicity. Abbreviations: CCD, charge-coupled device. 

 

Figure 3.1 shows the components of a wide-field microscope that are commonly employed 

in the SMT method.9,53 In the first step, fluorescence probe molecules in the transparent sample 

will be illuminated by focusing a laser beam through the back aperture of the microscope objective, 

but in some approaches, probe molecules are illuminated externally to the objective.123 Depending 

on the probe specificity, expected information and simple experiment condition there can be a 

variety of optics inserted in the optical path. For example in each specific experiment different 

filter cubes, bandpass filters, dichroic mirrors, and polarizing beam splitters can be employed. The 

imaging detectors such as Charge-Coupled Device (CCD) camera, or Complementary Metal Oxide 

Semiconductor (CMOS) camera, or an Electron multiplying CCD (EMCCD) camera are 
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commonly employ as the detectors.180 But in CCD/CMOS detector, readout noise can severely 

weaken the quality of the acquired data, especially at low signal level measurements.180 Among 

other detectors, the EMCCD camera successfully resolves this issue by minimizing readout noise 

on the measured signal by amplifying the signal before the readout process.180 After collection of 

video data with the CCD camera, the videos must be processed and analyzed.  This is commonly 

accomplished using either commercial or custom-written image analysis software. These computer 

programs can employed to locate the individual fluorescent spots in each frame.160 These spots are 

commonly approximated by Gaussian intensity profiles.47,48 Fitting of the spots to two dimensional 

(2D) Gaussians allows their locations to be determined with subdiffraction and subpixel precision. 

61 These fluorescent molecules can be located to within ±20–50 nm and the precision may approach 

±1nm in some situations.168,169  Located fluorescence spots can be further connected in each frame 

by a linking program to obtain probe trajectories. These trajectory data represent the time-

dependent translational motions of the molecules due to molecular level processes such as 

adsorption and partitioning of molecules inside the nanostructured materials. 

Moreover, the SMT method can be employed in observing the molecular level process in a 

variety of nanostructured materials such as mesoporous materials, polymer films,126 lipid 

bilayers,29,45,128 langmuir films,45,129,140 in gels92,157 and cell membranes.132,133 Considering material 

characteristics and expected information, each experiment requires specific experimental 

conditions and experimental setups. The SMT method can be modified and developed according 

to experiment specificity by introducing a variety of optics in the optical path. Single molecule 

emission polarization (SMEP) mode and spectroscopic single molecule tracking (sSMT) method 

are two such SMT approaches that aid in the study of nanostructured materials.   
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3.3.1.1 Single Molecule Emission Polarization (SMEP)  

 

 

 
 

Figure 3.2 Common components often found in SMEP wide-field microscopes setup.  

 

The SMEP is one of the SMT methods that can be used to determine the orientations of 

molecules, which illustrate in figure 3.2. While the SMEP method offers evidence time-dependent 

translational and orientational motions of the molecules, it specifically provides insight into 

confined molecular motions. In the SMEP method, fluorescence emission light will be split into 

orthogonal polarizations. Figure 3.3 provides a representative example of the data obtained.  These 

data obtained from SMT/SMEP studies of mesoporous silica incorporating 1D nanopores in which 

the Nile Red molecules used as probes molecules.146 The two polarization waves are collected and 

detected as two channels in the video image as shown in figure 3.3. The double-ended arrows 

designate the detected polarizations. The separate pairs of images (left and right) are displayed on 

identical intensity scales. In this case, the results show that the emission is strongly polarized in 

the direction of molecular motion, indicating the orientation of the molecules is parallel to the pore 

axis, and any orientational motions are tightly confined.146 

Briefly, in order to acquire orthogonal polarization emission from probe molecules, they 

must be excited by circularly polarized light. Therefore, in the optical path a quarter wave plate is 

involved as shown in figure 3.2, to create circularly polarized incident laser light. Then depending 
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on the excitation and emission wavelengths of probe molecules, emitted light will pass through an 

appropriate bandpass filter. The bandpass filter will block the excitation light, and pass the 

emission light from probe molecules. After filtering, the fluorescence will be routed into an image 

splitter which is fitted with a polarizing beam splitter. This splitter will divide the collected 

fluorescence into two image channels having orthogonal polarizations. Finally, the data can be 

analyzed by image analysis software. 

 

 

 
 

 

Figure 3.3 (a, b) SMEP images acquired simultaneously in two orthogonal polarizations 

for Nile Red-doped CTAB-template mesoporous silica films. The orthogonal emission 

polarizations designated by the white double-ended arrows. The images depict the maximum 

signal level observed at each pixel across the 200 frame long videos. Reprinted with 

permission from Ref (146) Copyright © 2016, American Chemical Society.  
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3.3.1.2 Spectroscopic Single Molecule Tracking (sSMT)  

 

 

 
 

 

Figure 3.4 Common components often found in sSMT wide-field microscope setup. 

 

Spectroscopic single molecule tracking (sSMT) is one of the modified SMT technique which 

offers characteristic specific information of nanodomains. As an example, sSMT method can be 

employed to determine the presence of distinct polarity environments in nanostructured materials. 

Some probe molecules such as Nile red (NR) exhibit specific polarity sensitive characteristics. The 

NR is known as a solvatochromic dye. The excitation and emission spectra of solvatochromic dyes 

strongly dependent on the dielectric constant of their local nano-environment. For example, when 

NR is in a nonpolar environment such as toluene, it emits fluorescence in the orange wavelength 

region. But when NR is in a polar environment such as ethanol solution it emits in the red 

wavelength region. Therefore, probe molecules like NR can be used to assess the polarity of 

nanoenvironments in spectroscopic single molecule tracking experiments. In sSMT experiment,  

NR emit distinct wavelength lights(625nm at polar environment and 580 nm at non-polar 

environments) depending on their polarity environment. 
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In sSMT experiments, the fluorescence collected from the sample will subsequently be 

directed through an appropriate filter (Schott Glass) in order to distinct excitation and emission 

beams. The emitted fluorescence will then be routed into a beam splitter cube incorporating a 

second dichroic mirror and two bandpass filters. This will divide the fluorescence into two image 

channels centered at two distinct wavelengths. Finally, the fluorescence in these image channels 

will be simultaneously detected using an electron-multiplying CCD as shown in figure 3.5. Figure 

3.5 provides a representative example of the data obtained.  These data obtained from SMT/sSMT 

studies of mesoporous silica incorporating 1D nanopores in which the Nile Red molecules used as 

probe molecules.146 The two emission lights are collected and detected as two channels in the video 

image as shown in figure 3.3 In this case, the results show that the emission is strongly intense in 

the 580nm channel compared to 625nm channel. The sSMT data of this study reveal that the 

majority of NR molecules are found in nonpolar environments having polarities similar to that of 

n-hexane.146 

 

 
 

Figure 3.5 sSMT images acquired simultaneously in (a) 625nm and (b) 580 nm 

wavelength detection channels for Nile Red-doped CTAB-templated mesoporous silica films.  

The images depict the maximum signal level observed at each pixel across the 200 frame long 

videos. Reprinted with permission from Ref (146) Copyright © 2016, American Chemical 

Society.   
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Chapter 4 - Experimental Considerations 

This chapter reports the preparation of surfactant-templated mesoporous silica films, which 

will be studied and discussed in Chapters 5 and 6 of this dissertation. It will also discuss the 

experimental techniques and data analysis procedures involved in the characterization of the 

samples.  Each chapter will further discuss the experimental methods and sample preparation 

conditions for each study in detail.   

 

4.1 Preparation of Surfactant-Templated Mesoporous Silica: Formation 

of the Hexagonal Mesophase 

The following Chapters 5 and 6 of this dissertation discuss the surfactant templated 

mesoporous silica nanostructures which were employed as the confining porous system.  These 

materials were selected due to the relative simplicity of their preparation and modification as well 

as wide range of their applicability in methods such as solution-phase catalysis3-5 and chemical 

separations.6-8 In this dissertation, hexagonal mesoporous silica nanostructures were synthesized 

by the acid catalyzed sol-gel process, while employing a surfactant as the structure-directing agent. 

Evaporation-induced self-assembly (EISA), as discussed in chapter 2, was also employed in the 

fabrication of mesoporous silica materials. EISA, in this case, involved the rapid evaporation of 

solvent during spin coating of the silica sols on to glass coverslips. Micelle formation and silica 

hydrolysis and condensation occur during the EISA process, forming surfactant-templated 

mesoporous silica materials.    

 
 

Figure 4.1 Chemical structures of (left) CTAB and (right) TMOS. 
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The following reagents and procedures were employed in the synthesis of the surfactant-

containing mesoporous silica materials employed in Chapters 5 and 6. Briefly, silica sols were 

prepared by dissolving tetramethoxysilane (TMOS, Figure 4.1) in ethanol.  Deionized water (18 

MΩ cm) and HCl (0.1 M) in deionized water were subsequently added to initiate the hydrolysis 

and condensation process that leads to gel formation. This sol mixture was stirred for 1 hour and 

aged for another 24 hours in a desiccator. Cetyltrimethylammonium bromide (CTAB, Figure 4.1) 

was added to the aged sol. The sols were next stirred for an additional 1 h and then spincast onto 

plasma-cleaned glass coverslips at 3000 rpm for 30 s. The thin films obtained were aged for 24 h 

to a few days in a desiccator prior to characterization. All samples were imaged on a wide-field 

epifluoresence microscope. The samples were mounted on the microscope and then immediately 

covered with a Plexiglas chamber. The chamber was purged with a mixture of water and ethanol 

(8:3) vapor in N2 gas. The gas flow rates were set to maintain an ambient relative humidity of 70% 

at ∼22 °C. All samples were exposed to this vapor mixture for ∼30 min prior to imaging and were 

maintained under the same atmosphere during imaging.  

 

Importantly, proper concentrations of the surfactant, silica precursor, and water, and proper 

experimental conditions such as the reaction temperature need to be employed to obtain hexagonal 

mesoporous structures. Figure 4.2 shows the ternary phase diagram for ethanol, water (and TMOS) 

and surfactant. It shows the mesophases expected for sols of different compositions for each 

component. In this dissertation, the composition was selected to reach the hexagonal region upon 

evaporation of the solvent during spin coating.    
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Figure 4.2 The ternary CTAB/water/ethanol phase diagram. Reprinted with 

permission from Ref (101). The sol composition was adjusted to form the hexagonal 

mesophase in spin-coated films. (I = Isotropic, C = Cubic, H = Hexagonal).   

 

4.2 Perylene Diimide (PDI) Dyes 

In chapters 5 and 6 of this dissertation, fluorescent dyes were employed as probes of the 

silica mesostructure (i.e., cylindrical nanopores).  Tracking of mobile dye molecules revealed the 

presence of the nanopores and their orientations in the plane of the spin-coated films and were also 

used to determine their polarity properties and the accessible pore diameters quantitatively. 

Neutral, positively charged, and negatively charged perylene diimide (PDI) dyes synthesized in 

our labs were employed in initial SMT experiments.101  Figure 4.3 depicts the chemical structures 

of the PDI dyes.  The specific PDIs employed included uncharged N,N′-

bis(methoxypropyl)perylene-3,4,9,10-tetracarboxylic diimide (C4OPDI), 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.  These dyes were used to 

explore charge dependent mass transport dynamics in the films.  Another uncharged PDI of greater 

length, N,N′- bis(octyloxypropyl)perylene-3,4,9,10-tetracarboxylic diimide (C11OPDI), was also 

employed to investigate the role of steric and confinement effects on mass transport.  
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Figure 4.3 Molecular structures ; 

(a) N,N′- bis(octyloxypropyl)perylene-3,4,9,10-tetracarboxylic diimide. 

(b) N,N′-bis(methoxypropyl)perylene-3,4,9,10-tetracarboxylic diimide.  

(c) N,N′-bis(3-sulfonatopropyl)perylene-3,4,9,10-tetracarboxylic diimide.  

(d)N,N′-bis(2-(trimethylammonio)ethyl)-perylene-3,4,9,10-tetracarboxylic 

diimide. 

 

4.3 Nile Red (NR) Dye and its Solvatochromic Properties 

Chapter 5 of this dissertation specifically focuses on developing an understanding of the 

polarity properties of microenvironments within solvent and surfactant filled mesoporous silica 

materials.  

A highly solvatochromic dye was employed for this purpose.  The specific dye selected for 

these studies was Nile Red (NR, Figure 4.4.a).  This molecule is highly fluorescent and can readily 

be detected at the single molecule level.  Most importantly, as shown in Figure 4.4.b, this dye 

exhibits a strong sensitivity to the polarity of its local environment. The emission from NR exhibits 



37 
 

a ∼100nm bathochromic shift with a change in ε from ∼2 to ∼32. The dramatic wavelength change 

in its peak emission with respect to environmental polarity is explained by its large change in 

dipole moment between the ground and excited states, which arises from the transfer of charge 

between its diethylamino and quinoidal moieties. The charge transfer state is stabilized in more 

polar media than non-polar media, lowering the energy of the excited state and shifting its emission 

to longer wavelengths with increasing solvent polarity. 

Like many other dyes, such as the PDIs discussed above, NR also produces well-polarized 

emission.  Its transition dipole is oriented slightly off its long axis direction (figure 5.1). As with 

the PDIs, it can also be used to study wobbling motions within the silica mesopores.  SMEP 

methods obtain such data (see below). 

Nile red has previously been used to measure the evolution of the dielectric constant for 

poly(vinylidene fluoride) (PVDF) films accompanying the transition from the disordered α phase 

to the ferroelectric β phase upon mechanical stretching.145 Nile red has also been used in single-

molecule (SM) studies of dielectric heterogeneity in poly(methyl methacrylate) (PMMA) and 

poly(vinyl alcohol) films.34 Most recently, the surface characteristics of polarity gradients prepared 

from phenyltrimethoxysilane (PTMOS) and tetramethoxysilane have been studied by single 

molecule spectroscopic measurements using the Nile red molecule.41 

 

 
          

Figure 4.4 a) Nile Red molecular structure and intramolecular charge transfer process.  

                  b) Fluorescence spectra of NR in hexane (red), heptanes (orange), 

cyclohexane (yellow), toluene (dark green), chloroform(light green), 
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dichloromethane (dark blue), acetone (light blue), and acetonitrile (dark 

purple) obtained with 488-nm excitation. Reprinted with permission from 

Ref (42). Copyright © 2013, American Chemical Society. 

 

4.4 Instrumentation 

4.4.1 Wide-Field Fluorescence Microscopy 

The SMT experiments carried out in this dissertation were performed on a wide-field 

fluorescence microscope.  A typical setup is shown in Figure 3.1.9,53  In our set-up, laser light of 

different wavelengths (e.g., 488 nm, 514nm, 532nm) was employed to excite fluorescence from 

the different dyes used to probe our samples. Appropriate optics such as polarizers, optical filters, 

dichroic mirrors, and image splitters were incorporated as required by each experiment. Most 

importantly, our set-up employed a high magnification and high numerical aperture (NA) objective 

lens (100X magnification, 1.49 NA).  The use of a high magnification and high NA objective 

allowed for detection of single molecules as fluorescent spots of diffraction-limited size. Also, the 

use of a high NA objective was required for the efficient collection of the fluorescence emission 

from individual fluorescent probe molecules. 

Furthermore, broad illumination over a relatively wide area could be achieved when the laser 

light was focused at the back focal plane of this objective. Broad, or wide-field, illumination 

allowed for the dynamics of a number of single molecules within nanoscale structures to be 

simultaneously recorded for μm-scale sample areas (eg.15 X 15 µm2 in the present work). A highly 

sensitive, back-illuminated electron multiplying (EM) CCD camera was employed to detect the 

single-molecule fluorescence. This detector provided for high-speed data collection with a signal-

to-noise (S/N) ratio that was sufficient for detecting and tracking fast moving probe molecules.  

In this thesis, SMT experiments were conducted by both SMEP and sSMT methods. Figures 

3.2 and 3.4 depict typical set-ups and components incorporated in the microscope for SMEP and 

sSMT measurements, respectively. In the case of sSMT, the emission spectrum of the fluorescence 
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probe molecules was used to select the optics (i.e., dichroic mirror and optical filters) involved in 

each set-up.  SMEP measurements employed a polarizing beam splitter in all cases.    

 

4.5 Single Molecule Trajectory Analysis  

4.5.1 Orthogonal Regression  

Single molecule tracking experiments provide data on the locations and motions of 

fluorescent probe molecules.  In this dissertation, SMT was used to track probe molecules in 

nanostructured materials, such as surfactant-templated mesoporous silica. The fluorescent spots 

produced by the probe molecules dispersed within these samples were recorded in the form of 

fluorescence videos, using the aforementioned EM-CCD camera.  The spots were subsequently 

located in each video frame and linked into trajectories across the videos.  These trajectories 

showed the motions of each molecule.  Spot location and linking into trajectories was 

accomplished using software written in-house in the LabView environment. Once the trajectories 

were obtained, they were analyzed to distinguish mobile and immobile molecules, and those 

moving in 1D and 2D in the sample film plane. A comprehensive analysis of the fluorescence 

trajectories in this regard was carried out by employing an orthogonal linear regression analysis.38 

In orthogonal regression, trajectories produced by the probe molecules were fitted to a linear 

function, affording important quantitative parameters such as the best fit (x,y) positions of each 

single molecule trajectory, the in-plane orientation of the 1D trajectory segment, and estimates of 

positional errors for each spot and angular errors for the local trajectory orientation. Furthermore, 

the orthogonal regression analysis provided quantitative evaluations of the mobility (i.e., the 

diffusion coefficient) for each single molecule.  

The orthogonal regression method assumes that all the trajectories are absolutely one 

dimensional.  It assumes each molecule takes a random walk in 1D about its mean position (x=0, 
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y=0).  It also assumes that the x and y positions of each molecule are measured to similar levels of 

precision. 60,135    

The measured position (𝑥𝑖, 𝑦𝑖) for a single molecule in one video frame can be written as:  

 

 

        (Eq.4.1) 

      (Eq. 4.2) 

 

Where R𝑖 is the actual position along the 1D trajectory (i.e., error free), 𝜃 corresponds to the 

angle (-90° to 90°) of the trajectory segment with respect to the x axis (horizontal direction) in the 

video frames and thus represents the in-plane orientation of the diffusive motion, 𝑖 is the 

localization error in the position of the molecule. The mean position of each molecule is defined 

as <R>= 0. 

By considering equation 4.1 and equation 4.2, the measured (xi, yi) positions of the molecule 

can be rewritten as:  

 

                     (Eq. 4.3) 
 

          (Eq. 4.3) 
  

Where 𝑋𝑖 is the best estimate of the actual x position of the molecule. The orthogonal 

regression analysis produces the best-fit line (Yi = 𝑋𝑖 tan𝜃) giving the minimum sum of the squared 

residuals (SSR) between 𝑥𝑖 and 𝑋𝑖, and 𝑦𝑖 and Yi.  The error is estimated by drawing a normal to the 

fitted line from each point.  The error is measured across the entire length of the trajectory. 60,135 

Accordingly, actual positions of the molecules can be defined by: 60,135 

                                   
 

(Eq. 4.4)  
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(Eq. 4.5)  
 

 
                                             
The best-fit line (Yi = 𝑋𝑖 tan𝜃) produces the minimum SSR represented by: 60,135 
 
                                                                              

                    (Eq. 4.6) 
 

The fitted tan is found by setting the derivative of SSR with respect to tan equal to zero: 
60,135 

 

                                                           (Eq. 4.7) 

 

In equation 4.7, Syy, Sxx and Sxy are defined as,  

 

 

 
 

The finite noise level of the fluorescence profile (i.e., the spot) produced by each molecule 

leads to a finite localization error for each molecule.  However, this is not the only source of error 

in the measurement.  The additional error can arise from the deviation of molecule position from 

a true 1D trajectory path. This type of error can result from irregularity in the nanochannels, 

reflecting bends or kinks in these channels. Furthermore, it is well known that probe molecules 

can cross between neighboring channels in mesoporous silica materials, apparently by passing 

through defects in the pore walls. 24,125  

 



42 
 

The following equation offers the positional variance (i.e., the errors in determining xi and 

yi) for each trajectory due to the deviations above from a 1D trajectory 60,135 

 
 

                                                              (Eq. 4.8) 

  Furthermore, the variance in the tangent of the estimated trajectory angle can be determined 

from equation 4.6, and the trajectory angle error can be obtained from equation 4.7. 60,135 These 

parameters provide the means to assign trajectories produced by moving molecules to 1D and 2D 

populations. 

  

                                     (Eq. 4.9) 
 

 

                                                                                   (Eq. 4.10) 
 
 

In equation 4.9, n is the number of data points in each trajectory, while  is the error in the 

trajectory angle, in equation 4.10. 

 

4.5.2 Trajectory Angle Order Parameter 

Valuable information on nanopore order can be obtained by observing the orientations of the 

nanopores in nanostructured materials. This information is frequently accomplished using static 

imaging data obtained from electron microscopy images or X-ray scattering data.(cite our JPCLett 

review).  Unfortunately, such data provide little information on the ability of these materials to 

support mass transport in 1D along any particular direction.  A primary objective of the work 

reported in this dissertation was to use SMT methods to observe and characterize 1D mass 

transport in nanostructured materials, based on the motions exhibited by single probe molecules.  



43 
 

As discussed above, single molecule motions are ultimately obtained as trajectories showing the 

rate and direction of these motions. 

Importantly, the trajectories obtained in the analysis of single molecule motions can be 

further analyzed and used to calculate an order parameter for local regions of a particular sample.  

The order parameters obtained afford a quantitative measurement of the complete distribution of 

open channel alignments in the region being characterized.  Specifically, the order parameter 

provides a measure of the width of the trajectory angle distribution for the region of interest.  In a 

selected sample region, the orientation of the individual pores or nanochannels are directly 

identified by the orientations of the individual trajectories.  By determining the deviations of the 

individual trajectories from their mean orientation in the region of interest, the order parameter 

describing the degree of trajectory alignment is obtained. The second Legendre polynomial (i.e., 

Eq. 4.11) provides the universal ensemble order parameter for systems of spherical symmetry.   

 

                                                                                 (Eq. 4.11) 
 

Where Δθ is the angular deviation of individual cylindrical pores in a given sample region, 

and 〈 〉 represents the average over the selected population, region, or sample domain. S can fall 

anywhere in the range of -1/2 – 1.  Isotropically ordered pore structures exhibit S = 0. Δθ = �̅� - 𝜃 

where 𝜃 ̅ represents the mean trajectory orientation. 143  

For systems of cylindrical symmetry (i.e., mesopores oriented in a planar sample), 143 the 2D 

order parameter is more appropriate for defining materials order.  In this case, the order parameter 

is defined by equation 4.12. 

 

                                            〈𝑃〉 = 2〈cos2(∆𝜃)〉 −1                                         (Eq. 4.12) 

 

Here, 〈𝑃〉 = 1 indicates perfectly ordered populations are present, while 〈𝑃〉 = 0 for totally 

disordered populations. 143 
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4.5.3 Emission Polarization Measurements  

As the name implies, single molecule tracking (SMT) is used to follow and observe the 

translational motions of individual fluorescent molecules.  As discussed above, these 

measurements allow for 1D trajectories to be assigned and order parameters for organized 

nanopore domains to be quantified.  However, single molecule data can also be used to access 

additional quantitative parameters describing the nanoscale properties of porous materials.  For 

example, the dye molecules used to probe the 1D orientations of the nanochannels can also be used 

to obtain information on the accessible pore diameter.  A number of different methods can obtain 

this information.  One such method involves characterizing the wobbling motions of the individual 

molecules tightly confined to the nanopores. 

The wobbling motions of individual molecules are readily detected and quantified by 

characterizing the polarization of the fluorescence emitted by the probe molecules.  This 

polarization imaging was done in this dissertation by employing single molecule emission 

polarization (SMEP) methods. SMEP methods work for one-dimensionally (1D) moving 

molecules for which both the trajectory orientation and the degree of emission polarization can be 

simultaneously measured. 146  Note that most of the molecules tracked in this dissertation emit 

strongly polarized light as they diffuse within 1D nanochannels.  However, a subtle depolarization 

of the fluorescence from the probe dye molecules was readily detected.  It is this subtle 

depolarization that reflects their wobbling motions.  

There are a few possible mechanisms that can result in emission depolarization for single 

molecules. In this dissertation, “wobbling” of confined dye molecules inside the nanochannels was 

identified as the main element causing the depolarization of fluorescence emission. However, the 

microscope itself can also cause depolarization of the collected emission via optical effects in the 

high NA objective, and due to the polarization characteristics of the dichroic mirrors. 143 The 

effects from these components need to be considered and incorporated into the models employed 

to understand the emission depolarization in detail.    
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A simple model and analysis method were developed earlier by our group to determine the 

wobbling-induced depolarization quantitatively, and the associated wobbling angle exhibited by 

probe dye molecules diffusing through surfactant-templated mesoporous silica.27 The expected 

wobbling motion is shown in Figure 4.5, where the maximum wobbling angle is defined by θmax. 

 

 
 

Figure 4.5 Wobbling motion of dye molecule inside a nanochannel.  

 

The process of determining the wobbling angle for each molecule first involves a careful 

analysis of the emission intensity of each molecule in the pairs of orthogonally polarized images 

obtained by SMEP. The following equations provide the expected signal levels in each of the two 

channels for a given wobbling angle.27   

 

 
(Eq. 4.13) 

 

 

 
(Eq. 4.14) 

 

Where θmax is the maximum wobbling angle and ϕ is the average orientation of each 

molecule. The IV̅ and IH̅  parameters represent the measured emission intensities of each molecule 

in the vertical and horizontal polarization channels, respectively. The parameter a2 represents the 

depolarization produced by the high NA objective. For this dissertation, a2 was estimated to be 

∼0.44 for a 1.49 NA objective by applying a model published earlier.18  The effect of the dichroic 

mirrors causes only slight variations in the detected intensity with average orientation.27  
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Furthermore, the effect of the dichroic mirrors is greatest for 45o oriented trajectories, for which 

there is no sensitivity to the wobbling motions, and it gives the smallest errors for 0o and 90o 

oriented trajectories, where the measurement is most sensitive to wobbling. 

It is known that when dye molecules emit fluorescence light into an anisotropic medium, 

their emission also depends on their orientation relative to the optical axis.27,39  This effect was 

neglected in the experiments conducted for this dissertation.  The effect was believed to be small 

for surfactant filled mesoporous silica materials because the refractive index associated with the 

surfactant filled mesoporous silica was close to that of the silica itself, giving a sample that closely 

resembles an optically isotropic system.27,144   

The fluorescence polarization, given as the frame averaged linear emission dichroism (LD) 

in equation 4.15 is the parameter ultimately used to determine the wobbling angle. 27  

 

 

             (Eq. 4.15) 
 

The degree of molecular wobbling can be calculated by using the LD values, and the average 

orientation of each molecule as follows by equation 4.16:27  

 

 

(Eq. 4.16) 

The ⟨cos2 θ⟩ represent the orientational motions of the molecule that take place on time scales 

much shorter (i.e., <microseconds) than the video frame time (∼0.3 s). The maximum wobbling 

angle, θmax, is related to ⟨cos2 θ⟩ by the following expression:27  

 

 

(Eq. 4.17) 
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Chapter 5 - Spectroscopic and Polarization-Dependent Single-

Molecule Tracking Reveal the One-Dimensional Diffusion Pathways 

in Surfactant-Templated Mesoporous Silica  
 

Reproduced with permission from American Chemical Society. 

Published as: Ruwandi Kumarasinghe, Eric D. Higgins, Takashi Ito and Daniel A. Higgins 

J. Phys. Chem. C, 2016, 120, 715–723. 

 
Contributions of Authors 

 

I was responsible for the preparation of surfactant templated mesoporous silica samples. I 

carried out the calibration of the Nile red response. Also, I was responsible of carrying out single 

molecule imaging, data analysis and summarization. Eric D. Higgins performed the Monte Carlo 

simulations of the dye molecules in model pores.  Prof. Daniel Higgins and Prof. Takashi Ito 

guided the research. They provided indispensable help for the publication of this work. 

 

5. 1 Introduction 

Solvent- and surfactant-filled mesoporous silica materials1 find a wealth of potential 

applications as models for self-assembly in confined geometries,2 and as porous media for 

solution-phase catalysis3−5 and chemical separations.6−8 Interactions of incorporated reagents and 

analytes with the pore-filling medium and pore surfaces govern the molecular level mechanisms 

of mass transport within such materials.9 The transport of reagents and analytes is most efficient 

when they can explore the full pore diameter, readily moving between central and near-surface 

pore regions. Likewise, these same factors play an integral role in defining the selectivity of 

chemical separations in mesoporous silica. However, confinement of liquids within nanometer-

size pores often leads to changes in their properties.10−14 Among other factors, these properties 

variations may arise from interactions of the liquids with the pore walls.11 In the case of solvent 

mixtures, spontaneous demixing of the different components on nanometer length scales also 
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contributes to this complexity.10 Because of their inherent nanostructure, surfactant micelles 

exhibit significant variations in properties along their radial dimensions. In surfactant-filled silica 

mesopores, the micelle/ pore interface is expected to be relatively hydrophilic, while micelle core 

regions at the center of each pore should be nonpolar and hydrophobic.1 Such nano-structuring of 

the pore filling medium is expected to play a profound role in limiting the motions of reagents, 

analytes, or probe molecules (i.e., solutes) dissolved within the pores, confining their motions to 

specific nanoscale sub regions within even the smallest pores. The confinement of solute 

molecules within individual mesopores is inherently difficult to investigate because of the 

nanometer (and smaller) length scales over which confinement occurs. The effects of solute 

confinement in mesoporous materials have been explored previously by nuclear magnetic 

resonance15,16 and electron spin resonance methods.16−18 These studies revealed a slowing of probe 

motions in solvent filled pores. Fluorescence methods have also revealed a slowing of solute 

motions as a result of confinement.9,19−21 Unfortunately, the exact location of the probe molecules 

within the pores has been difficult to ascertain. The impacts of probe location have been explored 

in liquid crystal mesophases22 and in surfactant-templated silica23,24 by employing two or more 

fluorescent probes that partition differently between polar and nonpolar regions. Unfortunately, 

such methods do not allow for the location of individual probe molecules to be explicitly identified. 

To date, the most detailed molecular level information on solute confinement within silica 

mesopores has been obtained by computer modeling.25,26 We have recently employed single 

molecule emission polarization (SMEP) methods to explore the diffusive translational and 

orientational motions of perylene diimide (PDI) dyes within the cylindrical, solvent-, and 

surfactant-filled pores of spin-coated mesoporous silica films.27,28 In these studies, the diffusion 

coefficients for translational probe motions within the one-dimensional (1D) pores were found to 

be ∼103 -fold smaller than those in bulk solution, consistent with strong confinement of the dye.8,29 

However, the most interesting results were obtained from the polarization dependence of dye 
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fluorescence. These data revealed that the orientational motions of the dye were also tightly 

confined. Specifically, the dye molecules were found to diffuse along the cylindrical pores with 

their long axes aligned parallel (on average) to the long axis of each pore. While Brauchle and co-

workers had reported similar results for terrylene diimide dyes,30 strong orientational confinement 

of the smaller PDI dyes was not originally expected. The physical diameter of the pores was 

estimated to be ∼3.7 nm, while the longest PDI molecules employed were only ∼2.8 nm in 

length.28 In fact, the original measurements showed that the longest PDI molecules were confined 

to “wobble” within a cone of ∼20° maximum half angle.28 This wobbling angle was consistent 

with confinement of the dye to  

Only ∼1 nm diameter pathways within the pores. While the experimental evidence for 

molecular confinement was clear in these previous studies, the exact origins of confinement were 

not. It was concluded that the 1D diffusing molecules were restricted to the hydrophobic cores of 

the surfactant micelles filling the pores.27,28 However, the PDI dyes could instead have been 

confined near the surfactant−silica interface, where steric effects alone would restrict their 

orientational motions. In fact, previous ensemble studies of dye wobbling within spherical 

surfactant micelles have attributed orientational confinement of the dye to its incorporation in 

restricted environments near the micelle surface.31 In reality, no direct evidence for the location of 

the PDI molecules was obtained in our earlier studies. In this Article, we explore the origins of 

probe molecule confinement within the solvent- and surfactant-filled pores of mesoporous silica 

films in greater depth by employing the dye Nile Red (NR) as a probe molecule. NR was selected 

because of its sensitivity to the polarity of its local environment.32 Indeed, NR is one of the most 

polarity-sensitive probes known that is also sufficiently fluorescent to detect at the single molecule 

level.33,34 NR has been employed previously to determine the local polarity in surfactant 

assemblies by ensemble methods.31,35−37 In the present study, the location of the individual NR 

molecules was determined by spectroscopic single molecule tracking (sSMT). Fluorescence 
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videos depicting the diffusive motions of NR within the silica mesopores were simultaneously 

recorded in two spectral bands (∼580 ± 40 and ∼625 ± 40 nm). Comparisons of the results obtained 

from the single molecules to those in bulk solution were then used to quantitatively determine the 

polarity, and hence the identity of the environments through which each molecule diffused. 

Fluorescence videos depicting NR motions in the same samples were also acquired for two 

orthogonal emission polarizations. These data were used to determine the orientation of the NR 

molecules within the pores and to quantitatively assess their level of orientational confinement. By 

comparison of the NR results with those obtained in previous studies of PDI dyes,27,28 additional 

evidence on the diffusion pathways of the latter molecules within the solvent- and surfactant-filled 

silica mesopores was obtained. 

 

5. 2 Experimental Section 

5. 2. 1 Sample Preparation 

Surfactant-filled mesoporous silica films incorporating hexagonally ordered cylindrical 

pores were prepared by spin coating surfactant-templated silica sols onto glass coverslips. The 

silica sols were prepared by first dissolving tetramethoxysilane (TMOS, 99% Sigma-Aldrich) in 

ethanol. Deionized water (18 MΩ cm, Barnstead B-pure) and HCl (0.1 M) in deionized water were 

subsequently added to initiate hydrolysis and condensation of the alkoxysilane. After addition of 

water and HCl, the sols were stirred for 1 h and then aged for 24 h in a desiccator. At this point, 

cetyltrimethylammonium bromide (CTAB, ≥99% Sigma-Aldrich) was added to the sol. The NR 

dye used for single molecule tracking was also added at this point. The final molar ratio of 

TMOS:ethanol:water:HCl:CTAB in each sol was 1.00:48.2:17.6:0.0091:0.204. The sols were next 

stirred for an additional 1 h and then spincast onto plasma-cleaned glass coverslips at 3000 rpm 

for 30 s. The thin films obtained were aged for 24 h to a few days in a desiccator prior to 

characterization. The solvatochromic dye Nile Red (NR) was employed as a spectroscopic probe 
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of the microenvironments inside the surfactant-filled silica pores. NR was obtained from 

SigmaAldrich and was used as received. Its structure is shown in Figure 5.1. Each sol was doped 

to a concentration of ∼2.9 nM by adding 150 μL of an ∼200 nM ethanolic solution of NR to the 

sol.  

 

 
 

Figure 5.1 Nile Red structure. The red arrow depicts the orientation of the transition 

dipole for the lowest energy electronic transition. The transition dipole deviates from the 

long molecular axis (black line) by only ∼7°. The molecular axis was identified by fitting the 

positions of the atoms comprising the molecule, using orthogonal regression methods. 

Reprinted with permission from Ref (146) Copyright © 2016, American Chemical Society. 

 

5.2.2 Quantum Mechanical Calculations  

Electronic structure calculations were performed on Nile Red (NR) to determine the 

orientation of the transition dipole moment for its lowest energy electronic transition. The 

GAMESS software package was employed for optimizing the structure and modeling the 

electronic properties of NR. 55 NR was first constructed and its structure initially optimized using 

the Avogadro software package. 56 Its structure was then fully optimized in GAMESS at the 

Hartree-Fock level, using the 6-31G basis set. The electronic orbitals were also obtained at the 

same level of theory. The electronic transitions were obtained from a full configuration interaction 

using the graphical unitary group approach at the single excitation level. Table 5.1 gives the 

parameters obtained for first four electronic transitions. Figure 5.2 displays the optimized NR 
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structure and the HOMO, LUMO and LUMO+1 orbitals. The lowest energy electronic transition 

involves promotion of an electron from the HOMO to a combination of orbitals dominated by the 

LUMO and LUMO+1. 

The ground and excited state dipole moments for NR were found to be 7.5 Debye and 12.5 

Debye, respectively, values that compare favorably with previously-reported experimental and 

theoretical results.57,48,49, The ~ 5 Debye increase in the dipole moment upon excitation of NR 

explains its strong sensitivity to solvent polarity.32 The transition dipole associated with the lowest 

energy electronic transition was determined to deviate from the long axis of the molecule by ~ 7°. 

The long axis of NR was assigned by fitting the positions of all atoms to a line using orthogonal 

regression methods. 58, 59, 60 

 

 

 
 

 

Table 5.1. Electronic transitions of Nile Red obtained from GAMESS modeling using the 6- 

31G basis set. a Energy is given in eV, b wavelength is in nm and c transition dipoles in Debye. d 

The first transition represents the transition probed in the spectroscopic and single-molecule 

experiments. 
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Figure 5.2 (a) Optimized geometry of the Nile Red molecule. (b) HOMO representation 

for Nile Red. (c) LUMO and LUMO+1 representations. The lowest energy electronic 

transition in Nile Red is characterized primarily as a HOMO to LUMO and LUMO+1 

transition. Reprinted with permission from Ref (146). Copyright © 2016, American Chemical 

Society. 

 

5.2.3 Partition Coefficient Measurements 

The octanol-water partition coefficient for NR was determined by filling a 125 mL separatory 

funnel with a 25 mL aliquot of 2.5 µM NR solution in n-octanol and 25 mL of deionized water. 

The solution was then vigorously shaken for ~ 5 min, after which the solutions were allowed to 

separate for a period of 1.5 h. The water was then drained, a second aliquot of water added and the 

extraction repeated. A total of 5 extractions were performed with fresh volumes of water. After the 

final extraction, the octanol was drained from the separatory funnel and the absorbance of NR was 

measured in a 1 cm pathlength cuvette at 535 nm. All procedures were performed at ~ 23 °C. 
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5.2.4 Monte Carlo Simulations 

Simulations of the orientation distribution expected for NR within an empty 3.5 nm diameter 

model silica pore were performed using software written in house.54 In these simulations, random 

central positions and orientations were generated for each molecule within the pore. The pairwise 

interaction energies between the NR atoms and those of the pore were then determined using a 

Lennard-Jones potential. The σ and ε values employed to define the interaction distances and 

energies are given in Tables 5.2, 5.3. The Lennard-Jones parameters used for interactions between 

pairs of different atoms were obtained using the Lorentz-Berthelot combining rules.13 The 

Metropolis Algorithm54 was employed to accept or reject each molecular configuration within the 

pore, using a temperature of 298K. Convergence of the results was verified by repeating the 

simulations multiple times for varying numbers of attempts up to 3x105. 

 

 
 

Table 5.2. Lennard-Jones parameters for all pore atoms. 68 

 

 
Table 5.3. Lennard-Jones parameters for all NR atoms.68 

 

 

5. 2. 5 Single Molecule Tracking 

All samples were imaged on a wide-field epifluoresence microscope that has been described 

previously.38 In each case, the sample was mounted on the microscope and then immediately 

covered with a Plexiglas chamber. The chamber was purged with a mixture of water and ethanol 
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(8:3) vapor in N2 gas. The gas flow rates were set to maintain an ambient relative humidity of 70% 

at ∼22 °C. All samples were exposed to this vapor mixture for ∼30 min prior to imaging and were 

maintained under the same atmosphere during imaging. These conditions facilitated formation of 

organized mesopore domains39 and also mobilized the dye molecules within the pores.21, The NR 

dye was excited by 514 nm laser light. Prior to directing it into the microscope, ∼2 mW of the 

excitation light was first passed through a spinning optical diffuser. It was subsequently reflected 

from a dichroic beam splitter (Chroma 555 DCLP) and then focused into the back aperture of an 

oil immersion objective (1.49 numerical aperture, Nikon APO TIRF, 100×). The objective 

produced a broad illumination pattern in the sample, allowing for ∼15 × 15 μm2 regions to be 

imaged. The fluorescence emitted by the dye molecules was collected in reflection by the same 

objective and directed back through the dichroic beam splitter. In SMEP experiments, the 

fluorescence was subsequently directed through a 580 nm (Chroma HQ 580/40) bandpass filter, 

while in the case of sSMT studies, a 570 nm colored glass long-pass filter (Schott Glass) was 

employed. The fluorescence was then directed into an image splitter (Cairn Research OptoSplit 

II). In SMEP studies, the incident laser light was circularly polarized, and the image splitter was 

fitted with a polarizing beam splitter. The latter divided the collected fluorescence into two image 

channels having orthogonal polarizations. Fluorescence in these image channels was 

simultaneously detected using an electron-multiplying CCD camera (Andor iXon DU-897). In 

sSMT studies, a beamsplitter cube incorporating a second dichroic mirror (Chroma 605 DCLP) 

and two bandpass filters was employed. The latter divided the fluorescence into two image 

channels centered at ∼580 and ∼625 nm, respectively, each having a ∼40 nm passband. 

Fluorescence in these image channels was simultaneously detected using an electron-multiplying 

CCD camera (Andor iXon DU-897). Fluorescence videos depicting the single molecule motions 

were acquired as movies 200−500 frames in length at frame rates of ∼10 frames/s, using an 

electron multiplying gain of 30.  
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5. 2. 6 Trajectory Analysis 

Single molecule trajectories were obtained from the videos by locating, fitting, and tracking 

the fluorescent spots produced by each molecule using LabView-based software written inhouse. 

Briefly, fitting the pair of fluorescent spots produced by each molecule (i.e., in the vertical and 

horizontal polarization images or in the 580 and 625 nm images) to Gaussian functions provided 

the location of each molecule in the sample plane and the amplitude of its emission profile in each 

image. The spot locations obtained across a series of video frames were subsequently linked into 

trajectories depicting the pathways followed by each molecule. A variant of well-known cost 

functional linking methods40 was employed to obtain the trajectories. 

 

5.2.7 Assessing Molecular Mobility and Dimensionality of Motion 

Separation of the trajectories into mobile and immobile populations and the former into 1D 

and 2D diffusing populations was accomplished by first estimating the localization precision for 

each molecule, using the method reported by Thompson, et al.61 The amplitudes of the fitted spots 

were used to determine the total number of photons detected from each spot. The standard 

deviation of the background counts, determined from regions where no molecules were found, was 

used to estimate the effective background count level. The calibrated pixel size in the videos was 

125 nm, as determined from images of hexagonal arrays of 1 µm diameter fluorescent polystyrene 

beads. These parameters yielded common localization precisions, σ, of ~ 20 nm. Further analysis 

of the trajectory data was accomplished by previously-reported orthogonal regression methods.38 

Among other useful parameters, this analysis provides measures of the localization variance, σ
ᵟ

2 

averaged across each trajectory, and the motional variance, σR
2 due to molecular diffusion along a 

1D pathway. Molecules having σ
ᵟ

2 ≤ 4.6 σ2 were assigned to the immobile population, while all 

others were classified as mobile. Of the mobile molecules, those having σR
2 ≥ 4.6 σ

ᵟ

2 were 

classified as diffusing in 1D, while all others were classified as 2D diffusing molecules. 



57 
 

 

5. 3 Results and Discussion 

5.3.1 Spectroscopic Single Molecule Tracking (sSMT) 

The polarity of the microenvironments probed by the individual NR molecules was 

determined by analysis of the two-color sSMT data, as originally reported by Giri et al.,41 based 

on prior work by Hess et al.42 Related methods have also been employed in ensemble studies of 

local polarity in surfactant and micellar solutions.37 As a first step in this analysis, the spectral 

response of NR to environments of different polarity was explored using a series of bulk 

ethanol/hexane mixtures. The solution-phase NR response was recorded on the same microscope 

used in the sSMT experiments. In these experiments, NR solutions were used to fill a specially 

designed liquid cell that was mounted over the microscope objective. Fluorescence videos were 

then acquired from each solution. The background-subtracted average signals in the 580 and 625 

nm image channels were determined from these data for each solution in the series. The emission 

ratio, E, for each solution was then calculated, as defined in eq 5.1 

 

 

 (Eq 5.1 ) 
 

Figure 5.3 plots the average E values obtained from five replicate experiments performed on 

three different days. As is apparent from these data, NR yields E values that are linearly dependent 

on the Clausius−Mossotti factor, (ε − 1)/(2ε + 1) (CM factor), of the solvent mixture.41,42 While a 

second term based on the optical frequency dielectric constant is usually included in such 

relationships,37 the refractive index of hexane (1.38) is similar to that of ethanol (1.36), allowing 

this term to be included as a constant. The relationship between E and the CM factor was obtained 

by fitting these data to eq 5.2. 
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Figure 5.3 Nile Red emission ratio (I625 − I580)/(I625 + I580) as a function of the CM factor 

for a series of ethanol/hexane mixtures. These data were acquired on the same microscope 

and employed the same filter sets as the single molecule data. The data points show average 

values and standard deviations obtained from five replicate measurements performed on 

three separate days. From the left, the solution compositions are 0%, 2%, 3%, 5%, 10%, 

15%, 20%, 40%, 60%, 80%, and 100% ethanol (by volume), with the remainder being 

hexane. The NR concentration in each case was 2 μM. Reprinted with permission from Ref 

(146). Copyright © 2016, American Chemical Society. 

 

(Eq 5.2 ) 

 

The fitted data yielded K = 3.48 ± 0.13 and C = −0.92 ± 0.05. These parameters were 

subsequently applied in the analysis of the sSMT data (see below) to determine the apparent CM 

factor for the microenvironment surrounding each molecule. The CM factor is used here as a 

representation of the effective local polarity. Its value ranges from ∼0.5 in very polar environments 

to ∼0.19 in nonpolar environments as in n-hexane. 

Figure 5.4 shows representative two-color wide-field fluorescence video data obtained from 

NR-doped mesoporous silica films. These videos are displayed as Z-projection images produced 

by plotting the maximum signal detected at each pixel across the length of the video. The 

prevalence of 1D “streaks” in the Z-projection images reveals a significant level of 1D diffusion 

by the NR molecules. This observation confirms that the molecules are largely confined within the 
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surfactant-filled 1D silica pores, as was also the case for the PDI dyes investigated previously.27,28 

A significant number of apparently immobile molecules also appear in the images, in this case, as 

bright round “spots”. These molecules may be entrapped in the silica matrix, in spherical micelles 

included in the silica matrix, or adsorbed at the film/air or film/substrate interfaces. Most of the 

spots and 1D streaks found in these images are brightest in the 580 nm image channel, indicating 

that E ≤ 0 and the CM factor is less than 0.26 in many cases. Hence, the majority of mobile and 

immobile molecules is apparently found in nonpolar microenvironments. Similar images obtained 

from sample “blanks” in the absence of NR yielded ∼5-fold fewer fluorescent spots that also 

produced ∼2-fold weaker fluorescence, on average, than the NR-doped samples. Furthermore, 

very few of the fluorescent spots in the blanks exhibited clear 1D diffusion. 

 

 

 

Figure 5.4 (a,b) Z-projection images showing Nile Red motions in a surfactant-

templated mesoporous silica film for the 625 and 580 nm detection channels. The video data 

are provided as Supporting Information. A prevalence of 1D single molecule motions is 

observed. (c) Single molecule trajectories obtained by tracking the molecules in the same 

videos. The trajectories are color coded to reflect the emission ratio (I625 − I580)/(I625 + I580) 
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and CM factor along each trajectory. Reprinted with permission from Ref (146). Copyright 

© 2016, American Chemical Society. 

A much more quantitative assessment of local polarity, based on eq 5.2, was obtained by 

tracking the fluorescent spots produced by each molecule across multiple video frames. The total 

fluorescence counts detected from a given molecule in the 580 and 625 nm image channels were 

determined by fitting the fluorescent spots to 2D Gaussian functions. The signal levels were 

obtained as the amplitudes of the fitted spots and were used to calculate E values for each molecule 

as a function of time and position along its trajectory. This procedure also allowed for precise 

determination of the location of each molecule in each video frame. These spot locations were 

subsequently linked into trajectories. As has been reported in previous publications,24,38 the 

trajectories were used to quantitatively assign each molecule to either immobile or mobile 

populations and to determine the dimensionality of motion for the mobile molecules. 

 
 

 
 

Figure 5.5 (a,b) Emission ratios and CM factors as a function of position for each of 

two representative 1D trajectories. (c,d) The same values plotted as a function of time for an 

immobile molecule (0D) and a 2D diffusing molecule, respectively. The insets in each panel 
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show the trajectories. The scale bars in each inset are 125 nm in length. The 1D trajectories 

were rotated to appear horizontal for ease of plotting. All data were taken from Figure 5.3. 

Reprinted with permission from Ref (146). Copyright © 2016, American Chemical Society. 

 

Figure 5.4c plots the trajectories obtained from the video data in Figure 5.4a,b. Only those 

trajectories ≥10 frames in length are shown, and only these were used in subsequent analyses. The 

individual trajectories again depict the presence of 1D diffusing (streaks) and immobile molecules 

(spots). The trajectories shown are color coded to depict the E values observed in each video frame, 

and their associated CM factors. While these data reveal some variability across the region imaged, 

they also demonstrate that most molecules are found in very nonpolar environments. 

Representative trajectories extracted from the data in Figure 5.4 are plotted in Figure 5.5, along 

with their E values and CM factors. Shown are two examples of 1D diffusing molecules, and one 

each of 2D diffusing and immobile (0D) molecules. The 1D moving molecules both yield E < 0 

on average, as does the 2D diffusing molecule. The immobile molecule yields E > 0, indicating it 

is entrapped in a more polar environment. None of these plots show any clear time- or position-

dependent variations in their E values. The same observation was made for the vast majority of 

trajectories acquired, suggesting that the individual molecules locate within microenvironments of 

a certain polarity and remain there on the measurement time scale (∼100 ms to ∼10 s). While the 

lack of variation in environmental polarity might suggest a loss of NR sensitivity, previous results 

probing the properties of organically modified silica polarity gradients demonstrate that NR 

remains sensitive to local polarity in/on solid materials.41 

Histograms showing the distributions of E values and CM factors obtained from the sSMT 

data are provided in Figure 5.6. Shown in panels a, b, and c are results from immobile, 1D 

diffusing, and 2D diffusing molecules, respectively. These data were compiled from single-frame 

measurements of the fluorescence from a large number of single molecules. They reveal some 
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important differences in the environments experienced by the immobile, 1D, and 2D diffusing 

molecules. The main components of the distributions shown in Figure 5.6 have been fit to Gaussian 

functions to facilitate discussion of the properties of these environments. 

 

Figure 5.6 (a−c) Single frame emission ratios and CM factors for immobile (0D), 1D, 

and 2D diffusing molecules, respectively. The solid black lines show fits of the main 

populations to Gaussian functions. Reprinted with permission from Ref (146). Copyright © 

2016, American Chemical Society. 

 

First, a significant population of immobile molecules (0D) is found in highly polar 

microenvironments having CM factors peaked near ∼0.5. In contrast, the mobile populations (1D, 

2D) incorporate far fewer molecules in such environments. The greater fraction of immobile 

molecules found in polar environments is readily attributable to molecules entrapped in or 

adsorbed on the silica matrix, or at the film/air or film/ substrate interfaces. Careful inspection of 

the trajectories from the mobile molecules associated with these high polarity environments 

reveals that most are very short in spatial extent and number of video frames, suggesting they may 

actually represent immobile molecules that are erroneously assigned to the mobile populations. 

Those that do reflect a real increase in the local polarity may arise from molecules diffusing along 
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the silica/surfactant interface. No clear evidence of molecules transiting between polar and 

nonpolar environments could be found in the data. The most significant populations of the 

immobile, 1D, and 2D diffusing molecules exhibit CM factors consistent with nonpolar 

microenvironments. Specifically, the immobile population is peaked at a CM factor of 0.188 ± 

0.001, while the 2D diffusing population is peaked at 0.182 ± 0.001. The 1D diffusing population 

is peaked at 0.204 ± 0.003. Taken together, these data reveal that the vast majority of molecules 

are found in microenvironments with polarities similar to that of n-hexane, which has a CM factor 

of 0.186. 

Interestingly, the population of 1D diffusing molecules in nonpolar microenvironments 

produces a distribution that is shifted to slightly higher polarity than either of the immobile or 2D 

diffusing populations. The shift to more polar environments for the 1D diffusing molecules may 

reflect an increase in the solvent content of the local environment. In particular, the results suggest 

that more ethanol and/or water may be incorporated in regions that yield 1D diffusion. Indeed, 

addition of solvents from the vapor phase is required to induce molecular motion in these 

samples.21,30 Hydrogen bonding to solvent molecules has also been shown to produce an ∼25 nm 

red-shift in the NR emission spectrum.43,44 Thus, the shift in the 1D population may also reflect 

enhanced hydrogen bonding of NR to the solvent. Unfortunately, distinction between an increase 

in the local dielectric constant and hydrogen-bonding mechanisms cannot be made using the 

current data.  

Measurements of the diffusion coefficients, D, for the molecules tracked in Figure 5.4 

provide supporting evidence that the dye molecules diffuse within highly confined environments. 

In these measurements, the mean square displacement (MSD) exhibited by each molecule was 

calculated and plotted as a function of time.45 These data were fit to a straight line out to a five-

frame delay, with the slope of the line giving the MSD value. Figure 5.7 shows representative 

plots. The diffusion coefficient was then obtained for each molecule from its MSD value, using D 
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= MSD/(2nt), where n is the dimensionality of diffusion and t is the video frame time (0.093 s). 

The mean D value obtained by averaging all results from the 1D diffusing population was 0.08 ± 

0.02 μm2 /s, where the error bar gives the standard error on the mean for 51 trajectories. This D 

value is similar to that measured in fluorescence correlation spectroscopy studies of NR diffusion 

in related films,21 and ∼103 -fold smaller than its diffusion coefficient in bulk solution.46 Similarly, 

small D values have also been measured for 1D diffusing PDI dyes in related mesoporous silica 

films.27,38 The 2D diffusing molecules gave even smaller mean D values of 0.0013 ± 0.0007 μm2 

/s (from 27 trajectories). 

 

 

Figure 5.7 Plots of mean square displacement data (symbols) for the four single 

molecule trajectories shown in Figure 5.5 and their fits (straight lines). The filled circles and 

squares show data from Figure 5.5a,b while the open circles and squares show data from 

Figure 5.5c,d. Each data set is plotted out to a 20 frame (~ 1.9 s) delay. Reprinted with 

permission from Ref (146). Copyright © 2016, American Chemical Society. 

 

From the above observations, it is concluded that the vast majority of NR molecules are 

confined to the hydrophobic core of the CTAB micelles incorporated within the silica pores. It 

also appears that their mobility characteristics are determined by the exact morphology of the 

CTAB assemblies. For example, immobile molecules found in nonpolar environments are likely 

entrapped within spherical or very short cylindrical micelles. The 2D diffusing molecules may be 

incorporated in defected film regions that permit passage of molecules through the silica pore 
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walls,24 or they may be entrapped in film voids or at grain boundaries, all of which likely 

incorporate CTAB micelles or less well-organized surfactant assemblies. In fact, the diffusion 

coefficients of this population are only slightly larger than those obtained from the immobile 

molecules, the latter as a result of the finite localization precision. Therefore, it is likely that many 

of the 2D diffusing molecules are actually immobile. Finally, the 1D diffusing population exhibits 

clear evidence for anisotropic motion that is characteristic of their entrapment in cylindrical 

pores/micelles. The large population of NR molecules found in nonpolar, hexane-like 

microenvironments in the surfactant-templated silica films is consistent with its solution-phase 

partitioning behavior.47 Here, the NR octanol−water partition coefficient (Kow) was determined by 

extracting a 25 mL volume of 2.5 μM NR in n-octanol with five 25 mL volumes of deionized 

water. The NR absorbance at 535 nm was used to determine Kow after the final extraction. From 

these studies, Kow was determined to be ∼40. This value is consistent with values reported in the 

literature for other organic solvents.47 These results indicate that NR molecules should 

preferentially locate in nonpolar regions.  

The observation that many NR molecules are found in hexane-like microenvironments stands 

in contrast to the results of previous ensemble studies of its location in micellar solutions.31,35−37 

In these previous publications, NR was concluded to locate in somewhat more polar environments, 

often at the micelle−solution interface. This discrepancy may reflect real differences in the 

materials or it may be due to the significant spatial and temporal averaging of data that occurs in 

ensemble measurements, relative to single molecule methods. A large number of molecules 

distributed across a range of different environments are probed by ensemble methods. The spectral 

data obtained reflect the integrated contributions of all such molecules. In single molecule studies, 

the microenvironment in which each molecule resides is independently probed, and detailed 

information on the populations of molecules in microenvironments of different polarity is 

obtained. Indeed, averaging of all of the polarity data shown in Figure 5.6 to produce an ensemble-
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like result reveals that the average molecule is found in a microenvironment that is significantly 

more polar (CM factor = 0.250) than the most common environment exhibited by the 1D diffusing 

molecules (CM factor = 0.204). 

As a caveat to the above discussion, it should be noted that NR becomes less fluorescent in 

polar and hydrogen-bonding liquids, as demonstrated by published quantum yield data.44,48,49 It 

also may form non fluorescent dimers at ∼103 - fold higher concentrations.37 Therefore, it is 

possible that the population of single molecules in the most polar environments is under-detected 

in the present studies. However, the data presented in Figure 5.4 show that the NR signal levels in 

polar environments (CM factors of 0.45 ± 0.05) are ∼70% as large, on average, as those in less 

polar environments (CM factors of 0.20 ± 0.05). Therefore, it is concluded that the distributions 

shown in Figure 5.6 very likely reflect the properties of the most common environments probed 

by NR and are not significantly biased by the aforementioned phenomena. 

 

5.3.2 Single Molecule Emission Polarization (SMEP) Studies. 

The sSMT results described above demonstrate that NR preferentially locates within the 

hydrophobic core of the cylindrical micelles filling the silica mesopores. However, additional data 

are required to verify that it is confined to the same degree and within the same environments as 

the previously reported PDI dyes.27,28 To this end, polarization dependent wide-field fluorescence 

video data were also acquired from NR single molecules doped into the silica films. Figure 5.8 

presents representative video data and the trajectories obtained. Again, only those trajectories ≥10 

video frames in length are included in Figure 5.8c. These trajectories were also separated into 

immobile, 1D, and 2D diffusing populations, as described above, using the methods defined in the 

Supporting Information. The trajectories shown are color coded to depict the population to which 

each molecule was assigned. Only those trajectories determined to depict 1D diffusion were 

employed in the subsequent data analysis as only these can be used to determine the level of 

orientational confinement. The data shown in Figure 5.8 reveal that the fluorescence from 1D 
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diffusing NR molecules is strongly polarized along the diffusion direction, exactly as was 

previously observed for PDI dyes in the same materials.27,28 The strongly polarized emission from 

the single molecules indicates that their orientational motions are tightly confined within the silica 

mesopores. Quantitative interpretation of the SMEP results in terms of molecular orientation 

requires knowledge of the transition dipole orientation in the molecular reference frame. While 

previous modeling studies have explored the solvent dependence of NR emission,50,51 the exact 

orientation of its transition dipole has not been reported to our knowledge. Electronic structure 

calculations were undertaken to make this determination and are described in the Supporting 

Information. From these calculations, the transition dipole orientation in NR was estimated to be 

tilted by only ∼7° from the “long axis” of the molecule. The black and red lines appended to the 

NR structure in Figure 5.1 depict its “long axis” and transition dipole orientations, respectively. 

From this information, and from the SMEP results shown in Figure 5.8, it is concluded that NR 

diffuses with its long axis aligned approximately parallel to the pore axis, as was also the case for 

the PDI dyes studied previously.27,28 

 

 
 

Figure 5.8 (a,b) Z-projection images depicting Nile Red motions in a surfactant-

templated mesoporous silica film. The original video data were acquired for the orthogonal 

emission polarizations designated by the white double-ended arrows. The video is provided 

as Supporting Information. (c) Single molecule trajectories obtained by tracking the 

molecules in the same video. The trajectory colors designate immobile (blue), 1D diffusing 
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(red), and 2D diffusing (green) molecules. These data demonstrate that a large fraction of 

the NR molecules diffuse in 1D, and that these molecules are confined to diffuse with their 

long molecular axes oriented approximately parallel to the long axis of each pore. Reprinted 

with permission from Ref (146). Copyright © 2016, American Chemical Society. 

 

As reported for the PDI dyes,27,28 NR also exhibits a subtle depolarization of its fluorescence 

that may be attributed to a confined “wobbling”31,52 of the molecule about its average orientation 

as it diffuses along the pore. The level of orientational confinement exhibited by NR was quantified 

by determining the mean “wobbling angle” for each molecule, using methods defined in detail in 

the original reports describing SMEP measurements.27,28 Briefly, this analysis requires fitting each 

1D trajectory to a line by orthogonal regression methods,38 to obtain the average in-plane 

orientation, ϕ, of each pore, and hence the average in-plane orientation of each molecule. The 

SMEP data also provide quantitative frame-by-frame values for the fluorescence polarization, FP 

(originally called the emission dichroism27,28). These data are averaged along the trajectory length, 

and the mean wobbling angle, ⟨θ⟩, is then determined via eq 5.3.53 

 

 (Eq. 5.3) 
 

Here, a2 is a constant (0.44) defined by the numerical aperture of the microscope objective.27 

This model assumes the long molecular axis and dipole are parallel to each other, a reasonable 

approximation for NR given the ∼7° tilt between the two. Figure 5.9a plots a histogram showing 

the mean wobbling angles obtained from the 1D trajectories in Figure 5.8, using cos2 ⟨θ⟩ ≈ ⟨cos2 

θ⟩. These data reveal that the wobbling motions exhibited by NR are tightly confined, as they also 

were for the PDI dyes.27,28 The average value for the mean (and maximum, θmax) wobbling angles 

in the case of NR was 16° (and 24°), while the shortest PDI dyes exhibited wobbling angles of 

∼25° (and 36°). The maximum wobbling angle is readily related to the accessible pathway 
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diameter, d, within the pores and the molecular length, L, by d = L sin θmax.
27,28 These parameters 

yield an apparent pathway diameter of ∼0.6 nm for NR, which is ∼1.4 nm in length. This value is 

very close to the ∼1 nm value reported for the PDI dyes.28 The slight discrepancy may reflect the 

precision of the measurements or real differences in the wobbling angles of the dyes. 

 

 

 

 

Figure 5.9 (a,b) Histograms showing the distribution of mean wobbling angles and the 

same data replotted as the orientational order parameter ⟨P2⟩, respectively, for NR, as 

derived from Figure 5.8. Reprinted with permission from Ref (146). Copyright © 2016, 

American Chemical Society. 

 

5. 3. 3 Monte Carlo Simulations of Nile Red in a Model Silica Pore. 

As noted above, strong orientational confinement of the NR and PDI dyes in the CTAB-

templated silica pores is somewhat unexpected, because of the small size of these molecules 

relative to the physical pore size. Again, NR is estimated to be ∼1.4 nm in length, while the largest 

of the previously studied PDI dyes was only a factor of two longer.28 The diameter of the silica 

mesopores is estimated to be ∼3.7 nm.28 The following figures imply that a broad range of 

orientations is possible for NR molecules entrapped within the silica pores. The range of 

orientations expected was obtained through Monte Carlo simulations of NR molecules within a 

model silica pore. The pore employed is shown in Figure 5.10 a. No solvent or surfactant molecules 

were included within the pore. Briefly, Monte Carlo methods54 were used to generate random NR 
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positions and orientations within the otherwise empty pore. The interaction energies between the 

individual NR atoms and those comprising the pore were then determined using a Lennard-Jones 

potential and summed to determine the total energy of each NR configuration within the pore. NR 

configurations were accepted or rejected by comparing the total energy to kT, with T = 298 K. 

Figure 5.10a shows one representative example of an accepted NR configuration within the pore. 

In this case, the long axis of the NR molecule lies approximately perpendicular to the pore axis 

(perpendicular to the page). 

 
 

 
 

 

Figure 5.10 (a) Model ∼3.5 nm diameter silica pore employed in Monte Carlo 

simulations of NR orientation. A representative NR molecule is shown within the otherwise 

empty pore. Silicon atoms are shown in orange, oxygen in red, hydrogen in white, carbon in 

gray, and nitrogen in blue. (b) Results of the Monte Carlo simulations for NR (data points) 

in the pore shown in (a). The results are displayed as the orientational order parameter (eq 

5.4), as a function of radial position from the pore center. Molecules near the center of the 

pore are almost randomly oriented, while those near the pore wall are preferentially aligned 

parallel to the pore axis. The error bars depict the 95% confidence intervals about the mean 

value at each point. These were obtained by splitting the full population of accepted 
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configurations into 10 subgroups to estimate the standard deviation of replicate simulations. 

Reprinted with permission from Ref (146). Copyright © 2016, American Chemical Society. 

The results of the simulations show that NR molecules fit within the empty silica pore in a 

broad range of orientations. The average of the second Legendre polynomial, ⟨P2⟩, was employed 

to quantify the level of orientational order: 

 

(Eq. 5.4) 

 

Here, θ is the tilt angle of the individual NR transition dipoles relative to the pore axis. Note 

that ⟨P2⟩ ranges from zero for randomly oriented dipoles to 1.0 for those oriented parallel to the 

pore axis. By averaging all accepted orientations in the simulations, a value of ⟨P2⟩ = 0.13 was 

obtained. Figure 5.10b plots the NR orientational order parameter as a function of its radial position 

within the pore. These data show that NR molecules in the empty pore are only strongly oriented 

along the pore axis when positioned nearest the pore wall. In this case, ⟨P2⟩ ≈ 0.5. It is therefore 

concluded that steric interactions between the silica pore walls and the NR molecules do not 

explain the observed level of orientational confinement. Rather, taken together with the polarity 

measurements reported above, it is most likely that the solvent and surfactant present within the 

pores play a role in governing NR orientation. This conclusion is supported by previous 

simulations of a coumarin dye in solvent-filled silica pores reported by Harvey and Thompson.26 

Based on these observations, it is concluded that the NR molecules (and the PDI molecules 

reported previously)27,28 must be confined to the central hydrophobic core of the micelles, and that 

their restriction to this region best explains their orientational confinement. 
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5. 4 Conclusion 

The present studies demonstrate that nanostructuring of the solvent and surfactant medium 

filling the cylindrical pores of spin-coated mesoporous silica films plays an important role in 

governing the diffusive translational and orientational motions of incorporated reagents or 

analytes. The hydrophobic dye NR was used as a model analyte, and through sSMT studies of its 

mobility and location, it was shown to be tightly confined to regions having polarities similar to 

that of n-hexane in the CTAB-filled mesopores. It was concluded that the dye molecules were 

largely restricted to the hydrophobic core regions of the micelles filling the pores, rather than 

locating near the silica/surfactant interface. The sSMT results suggest that some polar solvent 

molecules (i.e., ethanol) may have also been incorporated within the micelles. Importantly, the 

regions to which the molecules were confined were shown to be much smaller than the physical 

diameter of the pores. The diameter of these pathways was found to be ∼0.6 nm for the NR dye, a 

value that is similar to the ∼1 nm pathway diameter obtained in previous studies of PDI dyes.27,28 

These results suggest that the micelles filling the pores limit the interactions between the probe 

molecules and the silica pore walls. Similar phenomena are likely to occur for a broad range of 

hydrophobic reagents and analytes incorporated within solvent and surfactant-filled porous 

materials such as those being developed for applications in micelle-mediated catalysis4,5 and 

chemical separations.6−8 Knowledge of such phenomena is of critical importance to understanding 

the mechanisms governing mass transport and molecule−matrix interactions in solution-phase 

applications of mesoporous silica and other nanoporous materials. 
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Chapter 6 - Single-Molecule Tracking Studies of Charged and 

Neutral Perylene Diimide Probes within Surfactant-Filled Silica 

Mesopores Reveal Differences in Mass Transport Behavior and 

Orientational Confinement 

 

6.1 Introduction 

Surfactant-templated mesoporous silica has long been investigated as a possible stationary 

phase for chemical separations and as a useful platform upon which to base studies of the 

fundamental mechanisms of mass transport within nanoporous media. Mesoporous silica materials 

incorporating cylindrical pores are best suited for such applications and are typically obtained via 

the hydrolysis and condensation of alkoxysilane precursors in a liquid sol containing the 

templating surfactant.  The surfactant may be present in sufficient concentration, i.e., above the 

critical micelle concentration, such that cylindrical micelles are present when the sol is prepared 

and can directly template cylindrical silica pores.  Alternatiely, the surfactant molecules may self-

assemble into cylindrical micelles as the solvent evaporates from a more dilute sol.  In both cases, 

the cylindrical micelles formed may further assemble into organized mesophases.  Polymerization 

of the silica around the templating micelles leads to the formation of a rigid silica gel incorporating 

surfactant- and solvent-filled silica pores.  These gels can either be obtained as bulk monolithic 

materials, or they can be spin coated or dip coated onto a substrate to form porous films.  The pores 

within these materials typically range from 2-15 nm in diameter, depending on the surfactant 

employed, and are at least a few micrometers in length. The surfactant is often removed from the 

pores to yield the desired mesoporous silica, but it can also be left in place to form silica-

encapsulated surfactant micelles that are also of interest for use in chemical separations and 

surfactant-modified catalysts. They are often oriented in the film plane, which is a distinct 

advantage for the single molecule tracking experiments described in this dissertation.   
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In all condensed-phase applications of mesoporous silica materials, the nanopores contained 

within the gel are necessarily filled with liquids, whether these comprise water or organic liquids 

condensed from the atmosphere, those remaining from materials preparation, or those purposefully 

loaded into the materials afterwards.  As noted above, the templating surfactants may also remain 

in place.  In all such cases, the materials incorporated within the pores are tightly confined on 

nanometer length scales.  The impact of nanoconfinement on the properties of liquids is an active 

area of research at present.14  It is well-known that nanoconfinement of liquids can cause a 

reduction in their melting points136-138 and can alter the rate of molecular motions.139-142 

Nanoconfinement of mixtures can also lead to demixing and formation of ordered solvent layers 

on molecular length scales.10  The changes imparted on the pore filling medium by 

nanoconfinement can have a profound effect on the partitioning of solutes to different 

environments within the pores, the rates and mechanisms of mass transport, and the propensity of 

the solutes to interact with (i.e., adsorb to) the internal pore surfaces. 

Over the last several years, our group and others have employed single molecule tracking 

methods to explore the mass transport behaviors of fluorescent probe molecules confined within 

surfactant- and solvent-filled silica mesopores.  We have measured the apparent diffusion 

coefficients of these molecules, and have found them to be orders of magnitude smaller than their 

diffusion coefficients in bulk liquids.  We have shown that the probe molecules frequently exhibit 

clear 1D motions, consistent with their confinement to the cylindrical silica mesopores.  While the 

pores obtained by templating with cetyltrimethylammonium bromide (CTAB) are expected to be 

~ 3.7 nm in diameter, and the probe dyes were much shorter (i.e., < 2.8 nm) in length, we routinely 

observe that the dye molecules move within the surfactant-filled pores in a highly oriented state, 

with the long molecular axis aligned parallel to the cylindrical axis of the pore.  These observations 

are made by analyzing the polarization of the fluorescence emitted by each molecule in single 

molecule emission polarization (SMEP) experiments.  However, the SMEP data suggest the 
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molecular orientation is not perfect, as reflected by a subtle depolarization of the detected emission 

from the molecules.  We have interpreted the observed depolarization to reflect orientational 

wobbling motions of the dye molecules within the pores.  Careful measurements of the 

fluorescence depolarization have shown that uncharged dye molecules are confined to wobble 

within a cylinder ~ 1 nm in diameter.  Single molecule measurements of the dielectric constant of 

the medium through which the molecules move have shown the environments to be highly 

nonpolar, consistent with confinement of molecular motions not by the silica pores themselves, 

but rather by the surfactant micelles filling the pores.146  In all cases, the probe dyes employed to 

date have been uncharged, hydrophobic perylene diimide dyes, or the hydrophobic solvent-

sensitive dye Nile Red.146  It remains to be seen whether more hydrophilic molecules can explore 

more of the pore volume and are thus less tightly confined. 

In the present study, we seek to determine whether charged perylene diimide dyes are less 

confined within the pores, in comparison to uncharged perylene diimides.  To this end, wide-field 

fluorescence video microscopy is used to follow the motions of both cationic and anionic versions 

of the perylene diimides loaded into the pores.  The results are compared to those obtained from 

two different uncharged perylene diimide dyes.  The fractional populations of molecules found to 

be immobile, or diffusing in one or two dimensions is compared across the series of four dyes, as 

are their apparent diffusion coefficients.  Single molecule emission polarization (SMEP) 

measurements are also employed to measure the confined orientational motions of each of the dyes 

and the results are compared across the series.  Taken together, the results obtained reveal that 

confinement of the dyes does depend on their charge.  The mass transport mechanisms for all four 

dyes are also investigated for the first time in this study.  In this case, the distributions of single-

frame step sizes are compiled for individual dye molecules and these are used to identify the likely 

mechanism for diffusion.  These results are also used to draw important conclusions about the 

heterogeneity of the medium found within the silica pores.         
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6. 2 Experimental Section 

 
6. 2. 1 Sample Preparation 

 Surfactant-filled mesoporous silica films incorporating hexagonally-ordered cylindrical 

pores were prepared by spin casting surfactant-templated silica sols onto glass cover slips.  The 

silica sols were prepared by first dissolving tetramethoxysilane (TMOS, 99% Sigma Aldrich) in 

ethanol. HCl (0.1M) in deionized water (18 MΩcm, Barnstead B-pure) was subsequently added to 

initiate hydrolysis and condensation of the TMOS.  After addition of water and HCl, the sols were 

stirred for 1 h and then aged for 24 h in a desiccator.  At this point, cetyltrimethylammonium 

bromide (CTAB, ≥99% Sigma-Aldrich) was added to the sol.  Any one of the dyes used in the 

single molecule tracking studies (see below) was also added at this point.  Sufficient dye was added 

to yield a concentration of a ∼2.9 nM by adding 150 μL of an ∼200 nM ethanolic solution. The 

final molar ratio of TMOS:ethanol:water:HCl:CTAB in each sol was 1.00:48.2:17.6:0.0091:0.204.  

The sols were subsequently stirred for an additional 1 h and then spin coated onto plasma-cleaned 

glass cover slips at 3000 RPM for 30 s.  The thin films thus obtained were aged for more than 24 

h in a desiccator prior to characterization.   

Four different perylene diimide (PDI) dyes were employed as probes of the silica films.  

These included symmetrically-substituted uncharged PDI dyes N,N′- bis(octyloxypropyl)-

perylene-3,4,9,10-tetracarboxylic diimide (C11OPDI) and N,N′-bis(methoxypropyl)-perylene-

3,4,9,10-tetracarboxylic diimide (C4OPDI), along with a cationic derivative N,N’-bis(2-

(trimethylammonio)ethyl)-perylene-3,4,9,10-tetracarboxylic diimide (TAPDI2+) and an anionic 

derivative N,N’-bis(3-sulfonatopropyl)-perylene-3,4,9,10-tetracarboxylic diimide (PDISO3
2-).  

The former was obtained as an iodide salt while the latter was prepared as a sodium salt.  All four 

dyes were synthesized in-house, as described previously. 102 Ethanolic solutions (~ 200 nM) of 

each dye were prepared for use in doping of the silica sols (see above).   
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6. 2. 2 Single Molecule Tracking 

All samples were imaged on a wide-field epifluorescence microscope that has been described 

previously, in detail.38 In each case, the sample was mounted on the microscope and then 

immediately covered with a Plexiglas chamber.  The chamber was purged with a mixture of water 

and ethanol (8:3) vapor in N2 gas. The gas flow rates were set to maintain an ambient relative 

humidity of 70% at ∼22 °C. All samples were exposed to this vapor mixture for ~ 30 min prior to 

imaging and were maintained under the same atmosphere throughout the imaging process.  These 

conditions were employed to facilitate the formation of organized mesopore domains21,30,39 and to 

mobilize the dye molecules within the pores.27,28 

The dye molecules were excited by exposure to circularly polarized 488 nm laser light.  Just 

prior to entry into the microscope, the laser light was passed through a spinning optical diffuser. It 

was then reflected from a dichroic beam splitter (Chroma, 505 DCLP) and subsequently focused 

into the back aperture of an oil immersion objective (1.49 numerical aperture, Nikon APO TIRF, 

100X). The objective produced a broad illumination pattern in the sample, allowing for ∼15 × 15 

μm2 regions to be imaged. The fluorescence emitted by the dye molecules was collected by the 

same objective and directed through the dichroic beam splitter, and through a bandpass filter 

(Chroma, HQ535/50m).  The fluorescence was then guided into an image splitter (OptoSplit II, 

Cairn Research) incorporating a polarizing beam splitter that divided the collected fluorescence 

into two orthogonal polarizations.  The two spatially separated images were subsequently directed 

onto an electron-multiplying CCD camera (Andor iXon Du-897) for detection.  An electron-

multiplying gain of 30 was employed.  Fluorescence videos depicting the single molecule motions 

were recorded as movies 200 frames in length at a frame rate of ~ 3 frames per second.    
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6. 2. 3 Trajectory Analysis 

Single molecule trajectories and emission polarization data were obtained from the videos 

by locating, fitting and tracking the fluorescent spots produced by each molecule using LabView-

based software written in-house.  Briefly, fitting the pair of fluorescent spots produced by each 

molecule (i.e., in the vertical and horizontal polarization channels) to a Gaussian function provides 

the location of each molecule in the sample plane and the amplitude of its emission profile in each 

image.  These spot locations obtained were subsequently linking into trajectories depicting the 

pathways followed by each molecule using a variant of well-known cost-functional based linking 

approaches.40 

6.3 Results and Discussion 

In previous studies of spin-coated surfactant-templated mesoporous silica films from our 

group, fluorescence correlation spectroscopy (FCS) methods were employed to measure diffusion 

coefficients for a series of uncharged and charged dyes. 173 The results showed that in CTAB-

containing mesoporous silica materials, sulfonated perylene diimide (SPDI) is found to be 

immobile under all conditions explored, while Nile Red is always mobile and mobility of DiI is 

dramatically dependent on the level of film hydration. 173 Unfortunately, these previous studies 

relied upon dyes having different chromophoric structures, and therefore, the charge character of 

each dye was not the only factor of importance in governing molecular mobility and dye-surface 

interactions.  For example, hydrophobic effects and hydrogen bonding could have also played a 

role.  In the present studies, uncharged, cationic, and anionic PDI dyes having identical 

chromophores were employed, largely mitigating the limitations of the earlier work.  Furthermore, 

our previous studies included no conclusive evidence that the dyes were present inside the silica 

matrix rather than on its surface or at the glass-air interface.  Here, direct observation of one-
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dimensional (1D) molecular motions by wide-field video microscopy affords the evidence 

necessary to conclude the dye molecules are in fact confined inside the silica mesopores. 

Figure 6.1 shows representative wide-field fluorescence videos obtained from the surfactant-

templated mesoporous silica films doped with C4OPDI, TAPDI2+, and PDISO3
2-.  The pairs of 

images presented depict the video data obtained for the two orthogonal polarization states.  Each 

image depicts a compilation of the signals obtained across the entire 200 frame length of each 

video and was obtained by plotting the maximum signal at each pixel in a single image.  These 

videos show extensive evidence of 1D dye motion for all three dyes.  The results unequivocally 

demonstrate that the dye molecules are entrapped within and diffusing along the long axes of the 

surfactant-filled silica mesopores.  Similar results have been reported in a number of recent 

publications on related materials. 27,28 

 
 
 
 
 
 
 
 
 
Figure 6.1 Z-projection images of fluorescence acquired simultaneously in two orthogonal 

polarizations for (A, B) C4OPDI  (D, E) TAPDI2+ (G, H) PDISO3
2-.  These images show the 

predominance of 1D diffusive motion observed for all Dye molecules and the strong 

polarization of their emission parallel to the direction of motion. Double-ended arrows 

designate the detected polarizations. (C, F, I) Plot the trajectories obtained from each video. 
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The results in Figure 6.1 demonstrate that some dye molecules remain at fixed locations 

throughout each video while others appear to move in two dimensions (2D).  More quantitative 

assessment of molecular motion was accomplished by tracking the fluorescent spots associated 

with the single molecules across multiple video frames.  Tracking software written in-house was 

used for this purpose.  This software was designed to locate the individual fluorescent spots in 

individual frames and to fit each a two-dimensional Gaussian function.  The individual spot 

locations were then linked into trajectories spanning multiple video frames. 40 These trajectories 

depict the translational motions (or lack thereof) for each molecule.  Trajectories obtained from 

the video data shown in Figure 6.1 are also plotted in the figure (panels C, F, and I).   

These trajectory data were subsequently used to assess molecular mobility and the 

dimensionality of molecular motion. At the most fundamental level, molecules were first assigned 

to immobile or mobile populations.  Assignment of molecular mobility was accomplished by 

comparing the average localization variance data, σ2 , (i.e. the error in  locating each spot in each 

video frame) 60,135 determined as described below, to the mean square displacement (MSD) for 

each molecule. Trajectories yielding MSD values equal to or smaller than their average 

localization precision were assigned to the immobile population while the rest were classified as 

mobile molecules, 60,135 as illustrated by Eqs. 6.1 and 6.2: 

 

Immobile                MSD ≤ 4.6σ2                           (Eq. 6.1) 

Mobile                             MSD 〉 4.6σ2                        (Eq. 6.2) 

 

 Here, the factor of 4.6 ensures that the MSD value is greater than 99% of the squared 

deviations from the mean position.  The localization variance was obtained from the fluorescence 

signal levels and detector background, as defined by Eq. 6.3. 61 



81 
 

 

                                         (Eq.6.3) 

Where, s, a, and N represent the standard deviation of the point-spread function (i.e., the Gaussian 

width of each fluorescent spot), the pixel size, and the total photon counts under the Gaussian spot. 

The term b2 represents the background counts.  The latter was estimated from the square of the 

signal standard deviation in image regions free of fluorescent spots. 61   

The single-frame mean square displacement values for each trajectory were obtained by 

fitting the first four points in each MSD plot to a straight line.  The slope of this line yields the 

single-frame MSD directly.  It is this MSD value that was compared to the localization variance 

determined as described above. In these measurements, the mean MSD exhibited by each molecule 

was calculated and plotted as a function of time.45 These data were fit to a straight line out to a 

five-frame delay, with the slope of the line giving the MSD value. Figure 6.2 shows representative 

plots. The diffusion coefficient was then obtained for each molecule from its MSD value. 

 

Figure 6.2 Representative single-molecule trajectories and MSD plots for (a) 2D molecule in 

blue circle (b) 1D molecule in red circles (c ) Immobile molecule in triangles. 

Once the mobile population was determined, the trajectories were further analyzed to assign 

the dimensionality of their motions.  Specifically, the trajectories were separated into populations 

exhibiting 1D and 2D motions.  Classification of the individual trajectories in this regard was 
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accomplished by first analyzing the trajectory data by orthogonal regression methods. Orthogonal 

regression provides the “best fit” (x,y) positions of the fluorescence spots in each trajectory, the 

orientation of the 1D trajectory segments in the film plane, and estimates of the errors in these 

parameters.38 Figure 6.3B depicts a representative 1D trajectory and its best-fitted line, showing 

the in-plane orientation of the trajectory.  Also shown are designations for additional parameters 

obtained, including the motional variance, σ
R

2 (related to the mean-square displacement along the 

trajectory) and the positional variations, and σ
ᵟ
2 (the error in measured the position of the 

molecule).38 The positional variance, σ
ᵟ
2 was then compared to the motional variance, σ

R
2. 

Trajectories having a motional variance significantly larger than their positional variance were 

assigned as 1D, while the remainder were assigned to the 2D population, as defined by Eqs. 6. 4 

and 6.5. 

1D                 σ
R

2  > 4.6σ
ᵟ
2       (Eq. 6.4) 

2D                 σ
R

2  < 4.6σ
ᵟ
2           (Eq. 6.5) 

This analysis was applied to all trajectories longer than 7 frames in each video.  The trajectories 

were then color-coded for easy visualization of their dimensionality assignment. Figure 6.3(A) 

provides a representative color-coded trajectory plot.   

 

 

 

 

 

 

Figure 6.3 (A) Representative Trajectory plot showing immobile, 1D diffusion, 2D diffusion  

molecules (Immobile-Black,1D-Red,2D-Blue) (B) Representative single-molecule trajectory  

showing one molecule moving at ϕ ∼ 30°. 
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6.3.1 Populations of Mobile and Immobile Molecules 

The mobility and dimensionality analysis were carried out for ~ 9-10 videos for each of the 

four dyes. Once the dimensionality of each trajectory had been determined, the results were 

compiled to obtain mean relative populations of immobile, 1D diffusing, and 2D diffusing 

molecules. 

Figure 6.4 Mean relative population of immobile (Red), 1D diffusing (Green) and 2D 

diffusing (Blue) molecules. The error bars depict the 95% confidence intervals for each 

value. 

 

The mean relative populations are represented in Figure 6.4. According to these data, anionic 

PDISO3
2- has the largest immobile fraction (57%) and the smallest mobile fraction (2D: 29%, 

1D:14%). In contrast, cationic TAPDI2+ produced the smallest immobile population (29%) and the 

largest mobile population (2D: 45 %, 1D: 26% ). The structures of these two molecules are shown 

in Figure 4.4.  Their different behaviors are consistent with differences in their electrostatic 

interactions with the nanostructured pore-filling medium. According to the studies reported in 

chapter 5, PDI molecules may be expected to locate near the center of the surfactant-silica 

nanochannels. Assuming the molecules employed in this chapter also locate near the center of the 

nanochannel, we can obtain more details about the surface charge of the nanochannels. The present 

results imply that the relevant electrostatic interactions favor attraction between the negatively 

charged molecules and the cationic surfactant headgroups near the pore surface,  causing a larger 
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population of these molecules to be immobile. In contrast, the cations are likely repelled from the 

positively charged micellar surface, causing them to move towards the center of each pore, making 

them more mobile. These interpretations also suggest that the positive charges of the surfactant 

headgroups are more important than the anionic sites on the silica pore walls in governing 

translational diffusion of the dyes. The molecule diffusion data indicate that molecules are much 

closer to the surfactant micellar surface than to the silica surface. Therefore, probe molecules 

dynamic mechanisms are strongly affected by the surfactant micelles surface than the silica 

surface.  

The data in Figure 6.4 also shows that the behavior of the uncharged dyes fall between that 

of the cation and anion.  The population data indicate that the C4OPDI molecules are commonly 

more mobile than C11OPDI.  Likewise, more 1D diffusion is also observed for C4OPDI than for 

C11OPDI.   Much shorter C4OPDI molecules (~ 2.2 nm in length) can yield greater mobility (2D: 

33%, 1D: 20%) compared to the longer C11OPDI molecules (~ 2.8 nm in length), which yield 

lower mobility (2D: 30 %, 1D:16%).  The early studies show that the molecules are confined into 

the hydrophobic micellar core region in the pore.146 Having a long hydrocarbon chain in the 

C11OPDI molecule favors the longer molecules to move to the hydrophobic micellar region than 

it is for the shorter C4OPDI molecule. But longer C11OPDI molecules exhibit a higher immobile 

population. This restricted mobility of molecules can cause by the presence of small hydrophilic 

environments within the micellar core region such as solvent islands (e.g., Water) or spherical 

micelles. Since a higher amount of C11OPDI molecules are expected to be in the micelle core 

region than C4OPDI molecules, C11OPDI molecules can be more affected by such small 

hydrophilic environments than C4OPDI molecules. Therefore, C11OPDI molecules may exhibit 

higher immobile population than C4OPDI molecules.  

Looking into the detailed population data, the 1D population is higher for positively charged 

molecules compared to the other molecules. This may be the result of restricted mobility due to 
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electrostatic repulsion caused by the cylindrical surface formed by the charged surfactant 

headgroups surrounding the micelles. In previous studies of PDISO3
2-  dye diffusion in the CTAB-

silica system, performed using fluorescence correlation spectroscopy (FCS), the PDISO3
2- 

molecules were found to be immobile under all conditions explored.173 The immobility of 

PDISO3
2- in the CTAB-containing materials was concluded to arise from strong ionic interactions 

with the surfactant. Here, we have obtained more detailed single molecule level information 

indicating that while many (57%) of the PDISO3
2- molecules were immobile, some of the 

molecules still diffused in 1D and 2D. 

 

6.3.2 Rate of Molecular Motion 

The diffusion coefficients were obtained for each molecule from its MSD value, using D = 

MSD/(2nt), where n is the dimensionality of diffusion and t is the video frame time (0.093 s). 

Figure 6.5 depicts histograms of the D values obtained from 1D trajectories of all four PDI 

molecules. The most common values, reflected by the peak of each in homogeneous distribution, 

were measured to be 0.042 um2s-1 , 0.020 um2s-1, 0.006 um2s-1, and 0.038 um2s-1 for C4OPDI , 

C11OPDI, TAPDI2+  and PDISO3
2- respectively. The mean D value obtained by averaging all results 

from the 1D and 2D diffusing populations are shown in Table 6.1 with errors at 95% confidence 

level. 
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Figure 6.5 Histograms showing the distribution of measured D values for 1D diffusing 

molecules. The solid lines depict the Gaussian fits to each histogram used to determine the 

peak of the distribution. 

 

 

 

 

 

Table 6.1. Calculated mean 1D and 2D diffusion coefficients for all four dyes. 

 

The calculated mean D values for 1D trajectories to be 0.060 um2s-1, 0.049 um2s-1, 0.034 um2s-1,  

and 0.056 um2s-1  for C4OPDI , C11OPDI, TAPDI2+,  and PDISO3
2- respectively. Similarly, small 

D values have also been measured for 1D diffusing neutral PDI dyes in related mesoporous silica 

films in early studies.27,38 The differences between the average and most common D values 

reported above result from “tailing” of the distributions to higher D values (see Figure 6.5), which 

biases the average results. The observation of these higher D values reflects nanoscale 

heterogeneity. The variations in pore filling medium which is CTAB surfactant micelles can be 
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one of the main reasons creating the heterogeneity within the nanopores, such as the presence of 

spherical micelles. Also, the different compositions of the solvent system (Water: EtOH ratio) can 

create possible heterogeneity along the pore structure. Water “pockets” can be generated between 

micelle structures causing nanoscale heterogeneity and different diffusion rates. Higher diffusion 

coefficient could also result from molecules “jumping” from one open pore to another. The 

molecules “jumping” may occur due to the presence of defects (i.e., openings) in the pore walls 

and molecules capability to readily access and pass through them.  

The mean D values for 2D trajectories were found to be 0.008 um2s-1, 0.006 um2s-1, 0.010 

um2s-1  and 0.010 um2s-1  for C4OPDI , C11OPDI, TAPDI2+,  and PDISO3
2- respectively. In all four 

dye molecules, 2D diffusing molecules gave significantly smaller mean D values than their 1D 

trajectories. Moreover, the observed D values for 2D trajectories are similar to the D values 

obtained for the immobile population. Indeed, it is likely that some immobile molecules are also 

included in the 2D mobile population.  This could arise from situations in which the localization 

precision is degraded by low signal or excess noise, making the molecules appear as though they 

are moving in 2D.  The similarity in D values also suggests that adsorption and desorption may be 

taking place throughout the trajectories. As discussed earlier, negatively charged molecules can 

adsorb to the positively charge micellar surface as well as the presence of spherical micelles or 

solution islands can result in possible molecules adsorptions.  The studies of Fangmao Ye 173 

discuss the possibility of heterogeneity and surface absorption of dye molecules employing neutral 

and negatively charges dyes in similar surfactant-silica systems.  

6.3.3 Molecule Confinment 

As reported in earlier studies of PDI dyes,27,28 all four PDI dyes in the present work also exhibit 

subtle fluorescence depolarization that may be attributed to a confined “wobbling” 31,52 of the 

molecule about its average orientation as it diffuses along the pore. The level of orientational 

confinement exhibited by PDI dyes was quantified by determining the mean “wobbling angle” for 
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each molecule, using methods defined in detail in the original reports describing SMEP 

measurements,27,28 and as discussed in Chapter 5.  Briefly, this analysis requires fitting each 1D 

trajectory to a line by orthogonal regression methods,38 to obtain the average in-plane orientation, 

, of each pore, and hence the average in-plane orientation of each molecule. The SMEP data also 

provide quantitative frame-by-frame values for the fluorescence polarization, FP. These data are 

averaged along the trajectory length, and the mean wobbling angle, ⟨θ⟩, is then determined via Eq 

6.6.53 

 (Eq. 6.6) 

 

Here, a2 is a constant (0.44) defined by the numerical aperture of the microscope objective.27 Figure 

6.6 plots a histogram showing the mean wobbling angles obtained from the 1D trajectories 

produced by the four dye molecules, using cos2 ⟨θ⟩ ≈ ⟨cos2 θ⟩. 

 

 

 

 

 

 

 

 

 

Figure 6.6 Distribution of wobbling angles for C4OPDI , C11OPDI, TAPDI2+ ,  and PDISO3
2-   

dyes exhibiting 1D motion. The solid lines depict Gaussian fits to the distributions. 
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These data reveal that the wobbling motions exhibited by all PDI molecules are tightly confined. 

The average value for the mean (and maximum, θmax) wobbling angles in the case of TAPDI2+ 

cation was ∼24° (and 29°), while the PDISO3
2- anion exhibited wobbling angles of 27° (and 34°). 

The smaller wobbling angle observed for the cation can be explained by electrostatic repulsion 

from the positively charged micellar surface, which may confine its orientational motions. In 

contrast, the electrostatic attraction that occurs between the anionic PDI molecules and the cationic 

headgroups of the surfactant micelles may cause the higher wobbling angle observed in that case. 

The wobbling angles and confinement of neutral PDI molecules are defined by steric interactions 

that scale with their molecule sizes. The shorter C4OPDI molecule, therefore, exhibited a larger 

wobbling angle of ∼27° (and 30°) while the longer C11OPDI molecule exhibit a smaller wobbling 

angle of ∼25° (and 26°) due to its greater level of confinement. It is concluded that the SMT and 

SMEP data provide quantitative measurements of the confined PDI wobbling motions within the 

surfactant filled silica mesopores. The charge dependent wobbling observed here provides further 

evidence for the claim that the molecules located inside the nanochannels, and for the hypothesis 

that the positive charges on the outer micelle surfaces play an important role in governing 

molecular confinement and motions within the surfactant-filled pores.   

 

6.3.4 Mechanistic Insights into Single-Molecule Diffusion 

The SMT data from the 1D molecular population was further analyzed to better understand the 

mechanisms of diffusion in the silica nanopores.  For example, the molecules could move by a 

Fickian-like mechanism, which is most often used to describe diffusion in bulk solution.  However, 

with the tight confinement of the molecules to nanometer-sized pores, it is likely that interactions 

with the pore surfaces also plays an important role.  For example, diffusion along the surface may 

be interrupted by adsorption events in which the molecules are briefly immobilized on the surface 
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but are later released and begin to move again.  Such a process is inherently non-Fickian and is 

known in the literature as desorption-mediated diffusion.174 

Indeed, in most SMT studies of molecule diffusion in surfactant filled mesoporous silica, it has 

been tacitly assumed that diffusion occurs by a Fickian mechanism, with the MSD increasing 

linearly in time.41 Evidence for the involvement of both Fickian and non-Fickian (i.e., anomalous 

diffusion) mechanisms was obtained in the present studies by further analysis of the SMT data. 

Specifically, the mechanism of diffusion was further explored by calculating and plotting the 

single-frame step-size distribution for each single molecule trajectory as shown in Figure 6.7. 

Fickian diffusion is expected to produce a step size distribution of  Rayleigh-like character.157 Eq. 

6.7 shows the population distribution expected for Fickian diffusion. 

 

 

       Eq. 6.7 

Here, A is a fitting constant, t is the measurement time (the frame time), and r is the step size. 

In contrast, anomalous diffusion occurring by a desorption-mediated mechanism produces a 

population distribution characterized by a Lorentz function (in two dimensions).175-177 

 

 

Eq. 6.8 

 

Here, c = (D/τ)1/2, in which τ is the “retention time” of molecules on the surface, and A is 

again a fitting constant.    
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Figure 6.7 Representative single-molecule trajectories (A) and (B) and stepsize distributions 

obtained from these trajectories (C) and (D) respectively. Blue lines depict fits to Eq 6.7, and 

black line depicts to Eq. 6.8.  Results are attributed to Fickian diffusion in (C) and anomalous 

diffusion in (D). 

 

As shown in Figure 6.7 (C, D) each step size distribution was fitted to a Rayleigh-like distribution 

and a Lorentz distribution. The non-Fickian diffusion mechanism is expected to exhibit a 

characteristic tail to large step sizes that are absent for Fickian diffusion. 175-177 Next, the best-fitted 

distribution was determined for each step size distribution. As shown in Figure 6.7, the results 

shown are attributed to Fickian diffusion in (C) and anomalous diffusion in (D). 

 

Importantly, evidence for the participation of both Fickian and anomalous diffusion mechanisms 

was observed for all four PDI dyes. Unfortunately, it is not possible to unambiguously assign the 

mode of diffusion for most trajectories.  Nevertheless, these data provide evidence that adsorption 

and desorption of the dye molecules very likely plays a role in governing their mobility. 
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6. 4 Conclusion 

The present studies demonstrate that nanostructuring of the solvent and surfactant medium 

filling the cylindrical pores of spin-coated mesoporous silica films plays an important role in 

governing the diffusive translational and orientational motions of incorporated reagents or 

analytes. The charged and neutral PDI dyes and their electrostatic interactions with the micellar 

surface were used to understand and to collect more evidence on molecules location within the 

nanopore structure as well as evidence of nanoscale heterogeneity. The mobility population data 

and the diffusion coefficient values collected by the SMT method provide more evidence of the 

molecules dynamics such as electrostatic interaction and adsorption/desorptions. Also,  SMEP 

measurements shown that all four dyes regardless of their size or charge exhibit tight confined 

within CTAB-filled mesopores. It was concluded that the surfactant micellar interface exhibits a 

positive charge due to the CTAB head group. Further, the micellar surface highly screens the 

negatively charged silica surface. The mobility data and mechanisms of mobility suggest that 

possible irregularity in the micellar structures such as the presence of spherical micelles, and 

possible solvent(water) islands may lead to substantial heterogeneity in the materials. This could 

be one of the primary reasons behind nanoscale heterogeneity.  Also, the SMT results lead to the 

conclusion that the molecules move by a combination of Fickian and anomalous diffusion 

mechanisms within the solvent-filled surfactant-templated silica mesopores.  
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7.1 Introduction 

The dielectric constant, , in different microenvironments within double stranded DNA 

(dsDNA) is an important parameter that affects its interactions with other polyelectrolytes (e.g., 

proteins), with small organic and inorganic molecules (e.g., drugs), and with surfaces. Its value 

has been widely explored in both the computational195-197 and experimental literature.198,199 The 

values reported reflect a high degree of microheterogeneity. For example, the major groove of 

dsDNA is known to be very polar, giving  ~ 55.199 The major groove is where proteins usually 

bind. Its high dielectric constant derives in part from the presence of water in the groove. The 

minor groove is substantially less polar, yielding  ~ 20.198 Polar small molecules and some 
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proteins bind along the minor groove. Its smaller dielectric constant reflects closer proximity to 

the sugars and nucleobases and reduced contributions from water. Regions comprising the stacked 

nucleobases within dsDNA are expected to be the least polar of all. Nonpolar small molecules 

intercalate into these regions, usually inserting between the nucleobases. Computational studies 

give values of  < 5 for these microenvironments.195-197 Unfortunately, it appears that no direct 

measurements of the dielectric constant for the least polar environments in DNA have been 

reported to date. In depth knowledge of the dielectric properties of these environments is of 

importance to a full understanding of DNA polarity. Along with its dependence on location and 

composition,  is also expected to vary with DNA conformation. It is well known that the flexibility 

of DNA increases (i.e., its persistence length decreases) with an increase in solution ionic 

strength.200,201 Increased flexibility of DNA is attributable to reduced repulsion between the 

negatively charged phosphate groups along its backbone. Condensation of DNA at high ionic 

strengths 186,195 is likely to produce a decrease in the local dielectric constant as the organic regions 

of the DNA become more compact and the associated dipoles become less mobile. Similar effects 

may also arise when DNA is dissolved in a poor solvent,222-204 or upon binding to synthetic 

polycations186,195 or proteins, such as occurs in the cell nucleus. Few, if any, previous studies have 

looked at the impacts of these phenomena on the dielectric constant of the least polar 

microenvironments within DNA. 

Probing the polarity of these microenvironments requires the use of a dye that intercalates 

into DNA. The dye must also be sufficiently solvatochromic to afford a good measure of the local 

dielectric constant. Nile Red (NR) is an ideal candidate for such studies because it is highly 

fluorescent, very sensitive to local polarity, 32,206 and sufficiently hydrophobic to function as a 

DNA intercalator.190 NR has been employed previously to examine the dielectric properties of 

liquids, 32 organic polymers,34,42 proteins,206 zeolites,49 nanotubes,189 mesoporous silica,146 and 

organically modified silica.43 It is nonfluorescent in aqueous environments and highly fluorescent 
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in nonpolar environments, 49 making it uniquely suited to studies of DNA polarity in aqueous 

solution. 

For this report, the local dielectric constant within the least polar microenvironments in 

plasmid DNA were measured by fluorescence microspectroscopic methods. The dielectric 

constant of the plasmid was measured in both its supercoiled and relaxed forms in aqueous buffer 

solution, as a function of buffer concentration, and for DNA molecules adsorbed along 

aminosilane-derived chemical gradients. The latter serve as models for DNA bound to different 

proteins.49 Chemically graded surfaces 183,184,191,193 were employed because they allow for 

timeefficient investigations of how the density of amine groups impacts the dielectric properties 

of the DNA. 

 

7.2 Experimental Section 

7.2.1 Chemicals and Materials 

Relaxed and supercoiled plasmid DNA (5386 base pairs) were purchased from New England 

Biolabs. These were obtained as 10 mM Tris-HCl solutions (pH 8.0 at 25 C) with 1 mM EDTA. 

NR, phosphate buffered saline (PBS), tetramethylorthosilicate (TMOS, 98%) and (3- 

aminopropyl)trimethoxysilane (APTMOS, 97%) were all purchased from Sigma-Aldrich and all 

were used as received. NR was dissolved in HPLC-grade ethanol to form a 200 nM stock solution. 

All buffers and DNA solutions were prepared using pure water of 18 MΩ·cm resistivity. Glass 

coverslips were obtained from Fisher Scientific (FisherFinest Premium, 25 × 25 mm). Silicon 

wafers were obtained from University Wafer and were cut into 25 mm x 25 mm pieces prior to 

use. Both types of substrate were thoroughly cleaned prior to use, as defined below. 
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7.2.2 Sample Preparation 

DNA solutions. DNA solutions were prepared in 0.01 mM, 0.1 mM, 1 mM, 2.5 mM, 5 mM, 

and 10 mM PBS. These solutions were obtained by diluting 1PBS with deionized water. 1PBS 

(Sigma-Aldrich) contains 10 mM phosphate, 138 mM NaCl, and 2.7 mM KCl. Stock DNA 

solution was prepared by diluting 3.5 𝜇L of 1000 𝜇g/mL relaxed or supercoiled plasmid DNA to 

1 mL with 1PBS. The concentration of the stock solution was 1 nM. The 40 pM relaxed and 

supercoiled plasmid DNA solutions used for optical measurements were prepared by mixing 40 

𝜇L of 1 nM stock of the selected plasmid and 72 𝜇L of 200 nM stock NR solution with 890 𝜇L of 

one of the PBS solutions. The NR-stained DNA solutions were stored in a refrigerator overnight 

prior to use. The final staining ratio was ~ 1 NR per 15 DNA base pairs. 

 

TMOS sol. The coverslips employed as substrates were coated with a silica base layer prior 

to gradient deposition. The base layer served to enhance aminosilane adhesion. The silica base 

layers were derived from TMOS sols. Preparation of the TMOS sols involved mixing TMOS, 

ethanol (200 proof), and 0.1 M hydrochloric acid in a volume ratio of 1:99.6:5.4. The mixture was 

subsequently stirred for 1 h and then stored in a desiccator for 23 h prior to use. 

 

Substrate pretreatment. Both glass coverslips and silicon wafers were employed as 

substrates and were cleaned by first rinsing with DI water and then drying under a stream of 

nitrogen gas. They were subsequently cleaned for 5 min in an air plasma. The TMOS base layer 

was deposited by spin coating (5000 rpm, 30 s) a 150 𝜇L aliquot of the TMOS sol onto the substrate 

surface. The base-layer-coated substrates were stored in a desiccator overnight. They were 

subsequently treated in an air plasma for 2 min immediately prior to use. The latter step ensured 

that a sufficient density of silanol groups on the base-layer surface was obtained for gradient 

deposition. 
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Amine gradient deposition. Vapor phase deposition (VPD) was used for preparation of the 

aminosilane gradients.185 While VPD methods are often employed directly to obtain gradients 

based on the natural vapor diffusion profile over a surface, a simple cell formed over the substrate 

was employed here instead.182 This cell was used to ensure the gradient was formed at a 

reproducible, predefined position in replicate depositions. For this purpose, two 1 mm-thick PDMS 

spacers were attached parallel to each other and parallel to the edges of the substrate. A clean glass 

coverslip was placed on top of the spacers to form a 1 mm gap between the substrate and coverslip. 

The coverslip only covered one half of the substrate surface, ending at a distance of 8 mm from its 

edge.  

The VPD process was performed in a Plexiglas chamber to eliminate any air currents and to 

allow for control over the ambient humidity during gradient deposition. The deposition chamber 

was constructed in house and was shown in an earlier publication.182 Just prior to initiating VPD, 

the precursor reservoir and TMOS-coated substrate were placed on a horizontal platform inside 

the deposition chamber. The separation between the reservoir and substrate edges was 4 mm. The 

precursor reservoir was filled with a mixture of 25 𝜇L of APTMOS and 0.2 g paraffin oil. This 

mixture was added through an inlet in the top of Plexiglas chamber. Each substrate was exposed 

to aminosilane vapor for 8 min to form the APTMOS gradient. 

 

7.2.3 Gradient Characterization 

Water contact angle. Sessile drop water contact angle measurements were used to verify 

that APTMOS gradients had been obtained. These measurements were made using a home-built 

apparatus. It includes a CCD camera with an attached zoom lens (Navitar), sample stage, and a 

light source. Droplet images were acquired on the CCD camera and were analyzed using a plugin 

available for the freely available ImageJ software package.192 For these measurements, 1 𝜇L 

droplets of high purity (18 MΩ·cm) water were placed at ~ 3-6 mm intervals along the gradients 
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using a microliter syringe. Three replicate measurements were made at ~ 3 mm spacings across 

each gradient. All measurements were made under ambient laboratory conditions. 

 

Film thickness. Spectroscopic ellipsometry was used to measure the thicknesses of both the 

TMOS-derived base layers and the aminosilane gradients. A commercial instrument (-SE, J. A. 

Woollam) was used for this purpose and all measurements were made under a dry (15 ± 1% RH) 

nitrogen atmosphere. To achieve enhanced sensitivity, all measurements were performed on base 

layers and gradients deposited on silicon substrates. Prior to gradient deposition, the base-layer 

thickness was first measured at a series of points 1 mm apart along the substrate and at three 

positions across the substrate, at 3 mm spacings. After gradient deposition, the full film thickness 

(gradient plus base layer) was measured in the same manner. The gradient thickness was 

determined by subtracting the base-layer thickness from the total film thickness. 

 

 

7.2.4 AFM Imaging of DNA 

Atomic force microscopy (AFM) images of supercoiled and relaxed plasmid DNA were 

collected using a Digital Instruments Multimode AFM with Nanoscope IIIa electronics. Tapping 

mode was employed to avoid damaging the features of the surface-adsorbed DNA molecules. 

Conical AFM tips (nanoscience Instruments, Phoenix, AZ) were used for imaging in air. The scan 

rate was 0.5 Hz. To obtain better images, freshly cleaved mica was used and aminosilane was 

deposited on it in the same manner as on TMOS coated glass coverslips. DNA solutions were 

prepared in 1 mM Tris-HCl buffer (pH ~ 7.1). MgCl2 was added to the DNA solution to give a 

final concentration of 1 mM. The concentration of DNA was 1 µg/mL for both supercoiled and 

relaxed plasmid. DNA solutions were shaken for 1 h using a vortex mixer (Fisher Scientific) prior 

to deposition. During DNA deposition, a 50 µL aliquot of DNA solution was placed onto the 
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APTMOS gradient modified mica and incubated for 10 min. Afterwards, the samples were rinsed 

with DI water and blown dry with nitrogen. 

 

7.2.5 Single Molecule Tracking 

 All optical imaging experiments were performed on aminosilane gradients prepared on glass 

coverslips. Each was immersed in one of the DNA/PBS solutions described above during imaging. 

For this purpose, a cell was constructed to hold the DNA solution. This cell comprised a 2 cm x 1 

cm x 0.5 cm polydimethylsiloxane (PDMS) monolith. The PDMS cell was attached to the glass 

coverslip using uncured PDMS. Once cured, the latter helped avoid leakage of the solution from 

the cell. All samples were imaged on a wide-field epi-fluorescence microscope. The microscope 

employed has been described previously, in detail.41 In each experiment, the PDMS cell and 

substrate were first mounted atop the microscope. A ∼ 350 µL volume of NR-doped DNA solution 

was then added to the cell. Imaging of the NR-doped DNA was accomplished by exciting NR 

fluorescence with 514 nm laser light. Prior to illumination of the sample, the excitation light was 

first passed through a spinning optical diffuser, reflected from a dichroic beam splitter (Chroma 

555 DCLP), and then focused into the back aperture of an oil immersion objective (1.49 numerical 

aperture, Nikon APO TIRF, 100×). Fluorescence emitted by the dye was collected in reflection, 

using the same objective. It was subsequently directed back through the dichroic beam splitter and 

through a 570 nm colored glass long-pass filter (Schott Glass). The fluorescence was then directed 

into an image splitter (Cairn Research OptoSplit II) incorporating a second dichroic mirror 

(Chroma 605 DCLP) and two bandpass filters. The image splitter divided the fluorescence into 

two image channels centered at ∼ 580 and ∼ 625 nm, respectively, each having a ∼ 40 nm 

passband. Fluorescence in these image channels was detected simultaneously using an 

electronmultiplying CCD camera (Andor iXon DU-897). Fluorescence videos depicting DNA 

motion in solution and molecules adsorbed to the gradient surface were acquired as movies 

100−500 frames in length. 
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7.2.6 Calibration of Nile Red Response 

Measurement of  for microenvironments within DNA requires the careful calibration of the 

NR response. Calibration of the response was accomplished by dissolving NR in a series of bulk 

ethanol/hexane mixtures. These solutions were used to fill a specially designed cell that was 

mounted atop the microscope. The background-subtracted average signals in the 580 and 625 nm 

image channels were determined from the collected fluorescence videos of each solution. The 

emission ratio, E, for each solution was then calculated, as defined in eq.7.1. Figure 7.1 plots the 

E values obtained from the solution mixtures as a function of their CM factors. 

 

 

Figure 7.1 Calibration of the NR spectroscopic response to environments having 

different dielectric constants. The plot shows the NR emission ratio E in bulk solution for a 

series of hexane-ethanol mixtures. The polarity of each solution is defined by its Clausius-

Mossotti (CM) factor (-1)/(2+1). From the left, the solution compositions are 0, 2, 3, 5, 10, 

15, 20, 40, 60, 80 and 100% ethanol. The NR concentration was 2 µM in each case. The solid 

line shows a linear fit to the data; the slope and intercept were used to interpret the imaging 

results obtained from NR doped single plasmid DNA molecules. Reprinted with permission 

from Ref (211). Copyright © 2018, American Chemical Society. 

 

 

   Eq.7.1 
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7.3 Results and Discussion 

7.3.1 Gradient Preparation and Characterization 

Amine gradients were prepared on silica base-layer-coated coverslips by a vapor diffusion 

method that has been described previously.182,185 Gradient formation was verified by sessile drop 

water contact angle (WCA) measurements. Figure 7.2.A shows representative results. An abrupt 

transition from high WCAs at the high amine end to low values at the low amine (high silica) end 

is observed at ~ 10 mm. While WCAs could be measured at both ends of the gradient, it was not 

possible to obtain values in the steepest part of the gradient. In this region, water droplets placed 

on the surface moved spontaneously towards the low amine end.185 The WCAs measured at the 

high and low amine ends are consistent with fully amine-modified and unmodified silica surfaces, 

respectively.187,207 

 

Figure 7.2 A) Sessile drop water contact angle along the amine gradient surface. No 

contact angle data could be obtained from the steepest region because the water droplets 

spontaneously moved towards the low amine end of the gradient. B) Spectroscopic 

ellipsometry data showing the thickness of the TMOS-derived base layer (blue symbols) and 

the aminosilane gradient (red symbols). Gradient thickness was obtained by subtracting the 

base layer thickness from the full film thickness. The positions along the X-axis in the two 

panels are not identical but indicate similar positions to ~ ± 1 mm. The solid lines are fits to 
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sigmoidal functions and have been added only to better show the trends in the data. 

Reprinted with permission from Ref (211). Copyright © 2018, American Chemical Society. 

The thicknesses of the silica base-layer coating and the amine gradient were determined by 

spectroscopic ellipsometry. The results are shown in Figure 7.2B. The base layer was nominally 

10 nm thick. The gradient thickness was ~ 8 nm at the high amine end, indicating a multilayer 

aminosilane film had been formed.190 The amine layer thickness quickly dropped to values near 

zero by the 11 mm position. The experiments described below focus on positions between 6 and 

12 mm along the gradients. 

 

7.3.2 AFM Imaging of Surface-Adsorbed Plasmid DNA 

AFM was employed to verify the conformational differences between the relaxed and 

supercoiled forms of plasmid DNA adsorbed to the amine surface. For this purpose, DNA was 

adsorbed on aminosilane coated mica substrates by incubating them for a period of 10 min in 1 

mM pH ~ 7.1 Tris-HCl buffer containing 1 mM MgCl2 and 1 µg/mL (286 pM) plasmid DNA. The 

substrates were subsequently rinsed with DI water and blown dry with nitrogen.  

 

The topographic heights of the DNA molecules were measured to be ~ 1 nm or less, 

consistent with previous observations of dsDNA.94 The primary differences between the two forms 

of the plasmid are in their conformations, with the supercoiled DNA exhibiting significant 

superhelical twisting. The use of supercoiled and relaxed plasmid allowed for conclusions to be 

drawn on the relationship between DNA conformation, as observed by AFM, and the local 

dielectric constant in the least polar DNA microenvironments (see below). 
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Figure 7.3 AFM images of A) supercoiled and B) relaxed plasmid DNA on APTMOS-

coated mica. Plasmid DNA was deposited from 1 mM Tris-HCl solutions also containing 1 

mM MgCl2. Reprinted with permission from Ref (211). Copyright © 2018, American 

Chemical Society. 

 

7.3.3 Dielectric Constant Measurements for Plasmid DNA in Solution 

The dielectric constant within the least polar microenvironments of both solution-phase and 

surface-bound plasmid DNA was determined by using NR as a spectroscopic probe. It is well 

known that the fluorescence emission of NR shifts to the red with increasing . 32,206 When its 

emission is recorded simultaneously in two spectral bands (i.e., 580 ± 20 nm and 625 ± 20 nm), 

the environment-dependent spectral shift of NR emission can be used to quantitatively determine 

. 41,42,146 Here, the emission ratio, E, defined as E = (I625 - I580)/(I625 + I580) was employed, where 

I580 and I625 represent the measured fluorescence signal in each of the two spectral bands. As 

has been shown previously,41,146, E scales approximately linearly with the Clausius-Mossotti (CM) 

factor (Figure 7.1) of the local environment, where CM = ( - 1)/(2 + 1). The CM factor comprises 

the dominant contribution42 to the orientation polarizability by the dipoles surrounding NR within 

the DNA.The results of the solution-phase fluorescence experiments will be described first. 

Phosphate buffered saline (PBS) solutions (0.01, 0.1, 1.0, 2.5, 5, and 10 mM phosphate 
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concentrations, pH ~ 7.2 at all but 0.01 mM) containing 40 pM plasmid DNA and 14.4 nM NR 

were employed. Under these conditions, the level of dye loading in the DNA was ~ 1 NR for every 

15 base pairs. The relatively dilute loading of the DNA by the uncharged NR dye is not expected 

to cause changes in its conformation.190 Changes to the DNA structure induced by a higher staining 

ratio could alter the local dielectric properties. A higher staining ratio could also lead to increased 

intercalation of NR into more polar (less favorable) microenvironments. The small NR 

concentration precludes such effects and also helps avoid the formation of dye aggregates. 

Furthermore, NR aggregates have been reported to be non-fluorescent, 37 and should make no 

contribution to the measured signal. 

All fluorescence imaging experiments were performed on an inverted wide-field microscope 

operated in the total internal reflection fluorescence (TIRF) mode. A solution filled cell fabricated 

from PDMS was employed and was positioned atop the microscope. A plasma-cleaned cover glass 

having no base layer or gradient coating was used to form the optical window of the cell in 

solution-phase experiments. The microscope was set to focus on DNA molecules diffusing in 

solution.188 Representative two-color fluorescence videos show bright fluorescent spots that move 

rapidly from frame to frame within the area imaged. NR is known to be non-fluorescent in aqueous 

solution,49 and control experiments performed in the absence of DNA were consistent with this 

expectation. Therefore, the bright spots observed in the videos are attributable to detection of 

individual NR-doped plasmid DNA molecules. Each molecule appears twice in the individual 

frames, once in each of the two channels (580 nm and 625 nm). 

Solution-phase E values and the corresponding CM factors were obtained by measuring the 

background-subtracted signal level for each fluorescent spot. The results from a series of samples 

prepared at different buffer concentrations are plotted in Figure 7.4 for both supercoiled and 

relaxed forms of the plasmid DNA. The CM factors all fall between 0.397 and 0.286, consistent 

with  values ranging from 6.75 to 3.00, respectively. Taken together with theoretical predications 
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of  in the least polar regions of DNA,195-197 these results provide conclusive evidence that NR 

behaves as an intercalator. The values obtained also provide experimental confirmation of the low 

 values predicted for regions internal to the dsDNA double helix.195-197 

The data shown in Figure 7.4 depict a clear relationship between the CM factor and buffer 

concentration (proportional to ionic strength at constant pH in PBS buffer, see Experimental 

Considerations). The CM factor gradually increases as the buffer concentration decreases from 10 

mM. It becomes relatively invariant at concentrations < 1 mM, although measurement error 

becomes significant at such low concentrations. The large error bars at 0.01 mM are attributable 

to the increased variability in ionic strength caused by reduced buffer capacity and increased 

variability in pH. The level of error also reflects the relatively weaker fluorescence observed from 

NR intercalated into DNA at lower buffer concentrations. Weaker NR fluorescence under these 

conditions is consistent with the observed increase in  NR is known to be less fluorescent in more 

polar environments.49 

 

 

 
 

Figure 7.4 Solution phase E values (right axis) and CM factors (left axis) obtained from 

Nile Red in supercoiled (red symbols) and relaxed (blue symbols) plasmid DNA. The error 

bars depict the 95% confidence intervals for each value. Reprinted with permission from Ref 

(211). Copyright © 2018, American Chemical Society. 

 



106 
 

The decrease in  with increasing buffer concentration correlates well with the known 

dependence of DNA persistence length on solution ionic strength.200,201 Extensive data reported in 

the literature show that the DNA persistence length is ~ 100 nm for ionic strengths of ~ 1 mM.201 

As the ionic strength increases, the persistence length decreases to ~ 50 nm.201 This correlation 

suggests there might be a direct link between DNA conformation and local polarity. While it is 

tempting to conclude that increased bending of the DNA at higher ionic strengths leads to a 

decrease in , the computational literature demonstrates that the dielectric constant depends most 

strongly on the composition and molecular structure within ~ 0.5 nm of the microenvironment 

being probed.196 Changes in DNA conformation associated with changes in persistence length are 

manifested on longer (i.e., tens of nanometers) length scales. Furthermore, comparison of the data 

from relaxed and supercoiled plasmid reveals no measurable difference in  despite their 

significant differences in conformation. It is concluded that the observed conformational 

differences are not the cause of changes in the local polarity. Rather, it is believed that the same 

factors that lead to increased flexibility of the DNA at higher ionic strengths also lead to changes 

in the DNA structure on much shorter length scales. These, in turn, cause a decrease in . Based 

on these observations, the lower dielectric constant sensed by NR at higher buffer concentrations 

is attributed to condensation of the DNA due to decreased repulsion between the negatively 

charged phosphate groups.197 A contraction of the DNA structure occurs upon condensation, 

driving water molecules from the structure and also leading to reduced mobility of the dipoles 

comprising the DNA microenvironment. 

 

7.3.4 Dielectric Constant Measurements for Surface-Adsorbed Plasmid DNA 

The binding of DNA to surfaces can also cause a contraction of its structure208 and may lead 

to a similar decrease in the local dielectric constant. To explore such effects, measurements of  

were undertaken for DNA bound to aminosilane gradients exhibiting a spatially varying density 

of amine groups. As with the solution-phase experiments, these studies were performed under 0.01 
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mM to 10 mM pH ~ 7.2 PBS buffers incorporating 40 pM plasmid DNA and 14.4 nM NR. These 

solutions were left in contact with the amine gradients for a minimum of 5 min prior to imaging 

and remained in contact with the gradients for the duration of each experiment. The pKa of surface-

bound ammonium groups has been reported to be ~ 7,194 and our earlier studies show that the high 

amine end of similar gradients carries a positive charge under the present conditions.63 Binding of 

DNA to the high amine end is therefore expected to involve a combination of coulombic and 

hydrophobic interactions. Similarly, the negative charge carried by the low amine (high silica) end 

of the gradient under the same conditions63 likely prevents binding of DNA at low ionic strengths. 

Figure 7.5 shows representative two-color fluorescence images of surface-adsorbed, 

NRdoped DNA molecules. Surface-adsorbed DNA molecules appeared as bright, immobile 

fluorescent spots that remained at the same location over several video frames. The individual 

fluorescent spots are attributed to adsorption of single DNA molecules. While DNA can form 

aggregates in the presence of polyamines,209,210 their formation is usually observed at much higher 

DNA concentrations. Neither the video data obtained here nor in our previous studies182 provide 

clear evidence of aggregate formation on the amine gradient surface. The vast majority of DNA 

molecules were observed to adsorb onto the surface in a single event. The fluorescence from each 

molecule remained approximately constant or slowly decreased after adsorption. Little if any 

evidence for stepwise increases in fluorescence from these same spots was observed, as might be 

expected if aggregation of the DNA occurred on the gradient surface. Control experiments 

performed in the absence of DNA yielded fluorescent spots that were ~ 20-50-fold weaker, 

consistent with the assignment of the bright spots to NR-doped DNA. The E value for each spot 

was again obtained from the background-subtracted fluorescence signals in each of the two 

imaging channels. 
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Figure 7.5 Two-color fluorescence images of NR-doped A) supercoiled and B) relaxed 

plasmid DNA adsorbed at the high amine end (6 mm position) of an APTMOS-derived 

gradient. These images were acquired under 2.5 mM pH ~ 7.2 PBS buffer. The color scale 

for both images is the same and depicts photon counts up to 1000 counts/pixel. Reprinted 

with permission from Ref (211). Copyright © 2018, American Chemical Society. 

 

Figure 7.5 plots the average CM factors and dielectric constants () for surface-adsorbed 

DNA molecules as a function of gradient position and buffer concentration. The reproducibility of 

the data was verified by repeating the experiments on several different gradients prepared on 

different days. Data from the lowest buffer concentrations (0.01 mM and 0.1 mM) were discarded 

because they produced very few detectable DNA adsorption events. The CM factors and  for the 

supercoiled and relaxed forms of the DNA were again found to be statistically indistinguishable 

from each other, confirming that conformational changes associated with superhelical twisting 

have little impact on  for the least polar environments. 

The polarity of the microenvironments was once again observed to vary as a function of 

buffer concentration, and also as a function of position along each gradient. At low PBS 

concentration,  was measured to be ~ 1.90 and ~ 2.84 in DNA adsorbed at the high and low amine 

ends of the gradient, respectively. Similar to the solution-phase experiments, the  value at the low 

amine (high silica) end also decreased as the PBS concentration increased. At the high amine end, 

 remained approximately constant across the buffer concentrations employed. It is concluded that 
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binding of the DNA to the amine groups at the high amine end of the gradient causes a 

condensation of the DNA structure and a corresponding decrease in  as the microenvironments 

take on greater organic character and the associated dipoles become less mobile. Condensation of 

the DNA is again attributed to screening of the negatively charged phosphate groups by the ions 

on the surface and in solution. Increased ionic strength may also lead to closer approach of the 

DNA to the silica surface. However, the latter would likely cause an increase in  at the low amine 

end with increasing ionic strength, and is discounted as a possible explanation. 

 

 

  
 

Figure 7.6 A) CM factor and B)dielectric constant for Nile Red doped supercoiled (red 

points) and relaxed (blue triangles) plasmid DNA as a function of position along APTMOS-

derived gradients, and as a function of buffer concentration. All DNA molecules analyzed 

were adsorbed on the gradient surface. The 6 mm position represents the high amine end, 

with decreasing amine coverage towards the 12 mm position. The error bars show the 95% 
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confidence intervals for each value. Reprinted with permission from Ref (211). Copyright © 

2018, American Chemical Society. 

 

7.4 Conclusion 

In summary, the present studies provide experimental confirmation that NR behaves as an 

intercalator when binding to DNA, and that the dielectric constant of the microenvironments in 

which it binds is small and similar to that predicted in computational studies. More importantly, 

the results obtained provide new knowledge on how the local dielectric constant within dsDNA is 

impacted by changes in the solution ionic strength and binding to amine-modified surfaces. The 

results showed that there is no measureable difference in  for the least polar microenvironments 

in relaxed and supercoiled forms of plasmid DNA. In contrast, a clear decrease in  was observed 

with increasing ionic strength and for higher amine density along chemically graded surfaces. 

These results provide an enhanced understanding of the least polar microenvironments in DNA 

and the factors that determine their dielectric constants. 
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Chapter 8 - General Conclusions and Future Directions 

8.1 General Conclusions 

This dissertation presents the qualitative and quantitative characterization of mass-transport 

phenomena in the nanoscale structures formed by surfactant templated mesoporous silica materials 

using SMT. SMT methods provide several significant advantages over more conventional 

microscopic methods (e.g., SEM/TEM, and AFM) and those that probe materials at the ensemble 

level (e.g.,  SAXS and XRD). Since SMT offers the capability to observe dynamics at the single 

molecule and single event levels, SMT provides quantitative information on the temporal and 

nanoscale spatial heterogeneity of many samples under various environments (e.g., in ambient air, 

under controlled environments, and in solution).53 The conventional ensemble methods do not 

provide single molecule and single event level information due to data averaging. The advantages 

of SMT methods include capabilities to detect, observe and visualize nanoscale domains and 

nanopore morphologies with high spatial resolution.9,53   

By locating individual molecules confined within the pores of a nanoporous material, and 

tracking the motions of these molecules, information on materials structure and organization can 

be obtained, along with its ability to support mass transport of the molecules. The properties of 

nanostructured materials were quantitatively assessed by monitoring the diffusive motions of 

individual fluorescence probe molecules incorporated in the mesoporous silica materials which 

yield the trajectories of their confined molecular pathways. These observed fluorescence spots can 

be further analyzed to quantitatively characterize the mass-transport characteristics and nanoscale 

structures in surfactant templated mesoporous silica materials. The parameters associated with 

mass-transport and structural characteristics of mesoporous silica materials were obtained by 

employing the orthogonal regression analysis. By fitting the single-molecule trajectories to linear 

functions, the analysis yields important parameters such as trajectory angle, the angle error, and 

the variances of single-molecule positions along and across the trajectory direction. The trajectory 
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angle is a quantitative measure of the in-plane orientation of the 1D nanostructures. The 

orientational order can be quantified via a 2D order parameter and relates the deviation of 

individual trajectories from the mean trajectory orientation. The angular and positional error 

afforded useful means to distinguish mobile and immobile population as well as to determine the 

dimensionalities of the motions exhibited by mobile molecules.  

The work described in the three experimental chapters presented in this dissertation used 

single-molecule methods to 1) identify the specific location (i.e., the environment) of probe 

molecules diffusing through surfactant- and solvent-filled silica mesopores (Chapter 5), 2) 

determine how the charge of the probe molecules affect mass transport and orientational 

confinement within surfactant- and solvent-filled silica mesopores (Chapter 5), and 3) characterize 

the nanoscale polarity properties of DNA (Chapter 7).  

In Chapter 5, SMT imaging afforded a direct visualization of the structural and mass 

transport characteristics of solvent-filled surfactant-templated mesoporous silica materials. The 

modified SMT method sSMT was used to quantitatively assess the local dielectric constant of the 

nanoscale domains within surfactant- and solvent-filled silica mesopores. The solvatochromic and 

hydrophobic NR dye was used as a model probe. The sSMT studies and solvatochromatic character 

of NR were employed to determine its mobility and location in the mesoporous silica materials. 

The obtained relationship between emission ratio (I625 − I580)/(I625 + I580) of the probe molecules 

and CM factor was used for the quantitative determination of the polarity environment of the NR 

molecules. The SMEP technique was used to demonstrate that the NR molecules diffuse with their 

long axes aligned parallel to the long axis of the pores and that they were orientationally confined 

within the pores. The sSMT and SMEP techniques demonstrated that NR molecules were tightly 

confined to regions having polarities similar to that of n-hexane in the CTAB-filled mesopores. It 

was concluded that the dye molecules were largely restricted to the hydrophobic core regions of 

the micelles filled pores, rather than locating near the silica/surfactant interface.  
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The sSMT results suggested that some polar solvent molecules (i.e., ethanol) may have also 

been incorporated within the micelles. Importantly, the regions to which the molecules were 

confined were shown to be much smaller than the physical diameter of the pores. The diameter of 

these pathways was found to be ∼0.6 nm for the NR dye, a value that is similar to the ∼1 nm 

pathway diameter obtained in previous studies of PDI dyes.27,28 These results suggest that the 

micelles filling the pores limit the interactions between the probe molecules and the silica pore 

walls. This study provided better evidence to assess the nanoscale structure inside the solvent and 

surfactant filled pores of mesoporous silica materials. It was concluded that the silica pores consist 

of nanoscale regions with different polarities and analytes selectively locate in specific polarity 

regions. Knowledge of such phenomena is of critical importance to understanding the mechanisms 

governing mass transport and molecule−matrix interactions within such nanostructural materials. 

This will further facilitate the development and optimization of solution-phase applications (e.g., 

solution-phase catalysis3-5 and chemical separations 6-8 of mesoporous silica and other nanoporous 

materials.  

 Both Chapters 5 and 6 present studies demonstrating that nanostructuring of the solvent and 

surfactant medium filling the cylindrical pores of spin-coated mesoporous silica films plays an 

important role in governing the diffusive translational and orientational motions of incorporated 

reagents and analytes. The work presented in Chapter 6 of this dissertation used SMT methods to 

determine how the charge of the probe molecules affect mass transport and orientational 

confinement within surfactant- and solvent-filled silica mesopores. The charged and neutral PDI 

dyes employed were used to understand the location of the probe molecules within the pores, and 

their electrostatic interactions with the micelle and pore surfaces. By employing neutral and charge 

PDI molecules, more evidence of nanoscale heterogeneity within the pore structure was also 

obtained. The mobility population data reveal a charge dependence to dye molecule mobility that 

provides evidence the probe molecules are more affected by the positive charge of the surfactant 
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head groups of the micelle structures than the negative charges of the silica surface. The SMEP 

measurements again showed that all four dyes exhibited tight orientational confinement within the 

CTAB-filled mesopores, regardless of their size or charge. It was concluded that the probe 

molecules were located within the micelle cores and were more affected by the positive charge of 

the micelle surface than the negatively charged silica surface outside the micelles. The absence of 

evidence for any effects of the negative charge on the silica surface suggests the molecules are 

screened from interacting with the silica surface by the cationic CTAB head groups. The SMT 

results also provided evidence that mass transport of the dyes occurred by both Fickian diffusion 

and anomalous diffusion mechanisms within the solvent-filled surfactant-templated mesoporous 

silica nanostructures.  The observed molecular mobility data and mechanisms of mobility provide 

evidence of nanoscale heterogeneity within the pore structure. The heterogeneity could be a result 

of the solvent island (e.g., water) or irregularity in the formed micellar structures such as the 

presence of spherical micelles.  

In Chapter 7, sSMT data were employed to determine the local dielectric constant of the least 

polar environments in plasmid DNA both in solution and for DNA molecules absorbed to 

aminosilane gradient surfaces. This work provided important knowledge of the factors governing 

the polarity of DNA microenvironments to which intercalators bind. The solvatochromic NR dye 

was used to probe the plasmid DNA in these studies.  The results obtained showed that NR was 

present in very low polarity environments, providing conclusive evidence that NR behaves as an 

intercalator, rather than binding to the more polar minor groove. It can be concluded from our 

results that the NR dye intercalates into the DNA by inserting between the stacked base pairs. The 

NR data also reveal that the local dielectric constant inside the DNA decreased with increasing 

solution ionic strength and with increasing amine coverage on amine-modified silica gradient 

surfaces. An increase in the buffer concentration again led to a decrease in ε, but only at the low 

amine end of the gradient. It was concluded that high buffer concentrations and binding to an 
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amine surface cause condensation of the DNA, forming less polar microenvironments within its 

structure. This study provided, to our knowledge, the first quantitative experimental evidence that 

NR behaves as an intercalator in DNA. This study also further demonstrated the successful 

application of sSMT and the NR dye for exploration of the local polarity properties in 

nanostructured materials.  

This dissertation has described the application of SMT methods for characterization of the 

nanoscale structures and mass-transport characteristics of surfactant templated mesoporous silica 

materials. Importantly, the SMT studies revealed that the probe molecules employed were 

confined within the cylindrical pores of mesoporous silica materials. Furthermore, the sSMT 

technique provided evidence of the location of the probe molecules inside the pore structure.  The 

sSMT and SMEP measurements performed using NR revealed that the molecules were confined 

to the hydrophobic cores of the micelles filling the silica mesopores. The studies employing 

charged PDI probe molecules in solvent- and surfactant-filled mesoporous silica provided more 

evidence of analyte location.  The results again indicated the molecules were confined within the 

micelles and interacted more strongly with the positively charge micellar surface, rather than the 

negatively charged silica pore walls. Also, SMT measurements revealed more evidence of 

nanoscale surface heterogeneity within the pores. These studies afford an enhanced understanding 

of how nanostructuring of the pore-filling medium in solvent- and surfactant-filled mesoporous 

materials governs the mass transport and surface interactions of incorporated reagents and 

analytes.  

Overall, this dissertation helps to demonstrate the significant advantages of SMT methods 

over more conventional tools in studying mass transport phenomena in solution-filled nanoporous 

materials. But there are several possible challenges associated with single-molecule methods. The 

limited brightness of probe molecules can decrease the signal-to-noise (S/N) ratio. Because the 

localization precision scales with the number of photons collected, brighter probes and higher S/N 
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ratio are important. Therefore, the brightness of the selected probe dyes needs to be in the 

detectable range under the experimental conditions. Increasing the laser power can increase the  

S/N ratio, but this can also result in heavy photobleaching.  Therefore, probe molecules of higher 

photostability are important in increasing S/N. Also, highly photostable probe molecules facilitate 

the recording of sufficiently long videos with longer trajectories, which will help the mapping of 

longer nanostructures. The existence of fluorescent impurities is a long-standing obstacle in single-

molecule imaging, where misidentification of fluorescent impurities as probe dye molecules can 

alter the final results. Therefore it is important to eliminate the possibility of impurities by taking 

specific care and steps in sample preparation.  

 

8.2 Future Directions 

Overall, this dissertation has investigated the nanoscale structural properties and mass 

transport of mesoporous silica materials. All measurements were conducted on a similar system 

by changing the probe dye molecules. In the solution-phase applications (e.g., solution-phase 

catalysis3-5and chemical separations6-8) of mesoporous silica the knowledge of mobility of the 

entrapped dye, its location and strength of its interactions with the pore surfaces are important. The 

above-stated facts play a profound role in governing ultimate application performance 

characteristics. 

To collect more evidence, similar SMT measurements can be conducted on different 

mesoporous systems. The different mesoporous systems can exhibit different properties that can 

result in different mass transport properties.  For example, mesoporous silica materials 

incorporating different surfactants (eg.FI27 and P123) as structural templates can offer different 

sized nanopore structures. This would facilitate studies of the effects of pore size on mass transport 

and orientational confinement of analytes within surfactant- and solvent-filled silica mesopores. 

Such studies could also demonstrate the tunable pore size of mesoporous silica materials. The 
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different pore size may cause a major effect on interactions between the pore surface and analyte 

molecule, which could ultimately effect the application performance. Also, a change in the 

surfactant template could lead to changes in the charge distribution inside the pore structure. So 

far we were able to study the effect of positively charge surfactant head groups on analyte 

molecules and on the silica surface. In this dissertation, Chapter 6 provided evidence of silica 

surface screening by the micelle surface. By changing the surfactant, we would be able to observe 

the effect of different surfactant micelles to assist or limit interactions between the probe molecules 

and the silica pore walls. This may also change the location of the molecules and their confinement 

due to different polarity environments and interactions.  

Furthermore, removing the surfactant templates from the mesoporous silica structures can 

offer valuable information on the interactions between pore surfaces and analyte molecules. Even 

though we have been unsuccessful in removing the surfactant template from mesoporous silica 

structures to date, SMT measurements of mesoporous silica structures with the surfactant removed 

could offer valuable information to understand the nanoscale structural properties and mass 

transport within mesoporous silica materials. The absence of the surfactant template could provide 

the analyte and solvent molecules the capability to reach much closer to the silica surface and to 

experience stronger interactions with the surface charge. Once the analyte molecule gains direct 

contact with the negatively charged silica surface, properties such as mobility of the entrapped 

dye, its location, its confinement and strength of its interactions with the pore surfaces are certain 

to change. The additional knowledge gained would allow users of these materials to change and 

optimize application performance. 
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