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Abstract 

This dissertation investigates the mass transport of molecules confined within anodic 

aluminum oxide (AAO) membranes and on PET microplastic surfaces, using fluorescence 

correlation spectroscopy (FCS) as a single-molecule detection technique. Rhodamine B (RhB) 

was employed as a fluorescent probe to study molecular dynamics and surface interactions. The 

first study focuses on understanding how solvent mixtures and solutes behave under 

nanoconfinement. To this end, RhB diffusion within 10 nm and 20 nm diameter AAO nanopores 

filled with ethanol/water mixtures was examined, with solvent compositions ranging from pure 

ethanol to pure water. The results revealed two distinct diffusion mechanisms, with mean 

diffusion coefficients, Df (fast) and Ds (slow), differing by nearly two orders of magnitude. Both 

Df and Ds were found to increase with pore size and were significantly lower than the bulk 

diffusion coefficient (Db) of RhB in the free solution. The fast diffusion component, closely 

related to mixture viscosity, represents hindered bulk-like diffusion in the central pore regions 

and is influenced by hydrodynamic drag and electrostatic interactions with the nanopore surface. 

In contrast, slow diffusion likely involves the adsorption of RhB to the pore walls governed by 

an adsorption-mediated mechanism. Trends in the autocorrelation amplitude and Ds exhibited a 

strong dependence on solvent composition, mimicking RhB solubility behavior. Ds was smallest 

in pure ethanol and pure water and largest in intermediate mixtures, suggesting that RhB surface 

adsorption is strongest in the pure solvents and weakest where the dye is most soluble in 

intermediate mixtures. 

The second study applies confocal fluorescence correlation spectroscopy (FCS) to 

investigate organic molecules adsorbed from aqueous solutions onto the surfaces of both virgin 

and post-consumer synthetic microplastics. The investigation includes fresh and artificially aged 



  

polyethylene terephthalate (PET) plastics, with the aging process meticulously conducted in a 

UV-ozone chamber. Raman spectroscopy confirms the composition of the PET microplastics, 

while water contact angle measurements and surface roughness analyses reveal increased 

wettability and changes in surface texture with aging, consistent with surface oxidation. 

Rhodamine B (RhB) dye, used as a fluorescent probe in the FCS experiments, serves as an 

analog for organic pollutants commonly found on microplastics. FCS results demonstrate dye 

accumulation on the PET surfaces as the plastics age, with significantly slower dye motion on 

the surfaces compared to the bulk aqueous solution. The dye undergoes anomalous subdiffusion 

on the PET surfaces, with diffusion rates slowing dramatically and becoming more anomalous as 

the plastics age. The reduced mobility is likely due to ionic interactions or hydrogen bonding 

between the dye molecules and the oxidized plastic surfaces. These findings offer critical new 

insights into how microplastics accumulate and transport organic pollutants as they undergo 

environmental weathering, contributing to our understanding of the risks associated with 

microplastic pollution. 
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polyethylene terephthalate (PET) plastics, with the aging process meticulously conducted in a 

UV-ozone chamber. Raman spectroscopy confirms the composition of the PET microplastics, 

while water contact angle measurements and surface roughness analyses reveal increased 

wettability and changes in surface texture with aging, consistent with surface oxidation. 

Rhodamine B (RhB) dye, used as a fluorescent probe in the FCS experiments, serves as an 

analog for organic pollutants commonly found on microplastics. FCS results demonstrate dye 

accumulation on the PET surfaces as the plastics age, with significantly slower dye motion on 

the surfaces compared to the bulk aqueous solution. The dye undergoes anomalous subdiffusion 

on the PET surfaces, with diffusion rates slowing dramatically and becoming more anomalous as 

the plastics age. The reduced mobility is likely due to ionic interactions or hydrogen bonding 

between the dye molecules and the oxidized plastic surfaces. These findings offer critical new 

insights into how microplastics accumulate and transport organic pollutants as they undergo 
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Chapter 1 - General Introduction 

 1.1  Importance of Chemical Separations 

 1.1.1 Historical Perspective of Separations 

The history of chemical separation dates back to ancient times, evolving through 

empirical observations, alchemical experimentation, and scientific advancements. The 

development of separation techniques played a crucial role in the advancement of chemistry, 

allowing scientists to isolate, purify, and study-specific substances. 

In ancient civilizations such as Persia, Egypt, and China,1 rudimentary separation 

methods were employed, demonstrating their practical applications even before the formalization 

of chemistry. For instance, distillation was used to produce perfumes, essential oils, and alcohol. 

Ancient Egyptians are known to have used filtration techniques to purify water, while simple 

sedimentation was applied in metallurgy for extracting precious metals from ores. 

Alchemists during the medieval period contributed significantly to separation techniques, 

particularly in the Islamic world and Europe. Distillation and sublimation were common 

techniques employed by alchemists, who sought to purify substances and transmute base 

materials into gold or create the "elixir of life."2 

With the dawn of modern chemistry in the 17th century, scientists began understanding 

the principles behind chemical separations. In 1659, Johann Rudolf Glauber developed an early 

form of crystallization to isolate sodium sulfate, known as "Glauber's salt." The 17th and 18th 

centuries saw improvements in extraction, precipitation, and filtration methods, driven by the 

need to isolate pure substances for study.1,3 

Antoine Lavoisier, often hailed as the father of modern chemistry, was a staunch 

advocate for the use of pure substances in his experiments. His emphasis on purity was 



2 

instrumental in the discovery of gases like oxygen, hydrogen, and nitrogen, which relied heavily 

on advancements in separation techniques such as distillation and compression. These 

breakthroughs laid the foundation for our modern understanding of elements and compounds.1,3 

In the 19th century, fractional distillation and chromatography advances further 

revolutionized chemical separations. The work of Justus von Liebig in organic chemistry and 

Dmitri Mendeleev's periodic table development were based on an improved ability to isolate and 

characterize pure substances.1 

The 20th century marked a significant turning point in the evolution of chemical 

separation techniques. This era witnessed a rapid expansion in the complexity and sophistication 

of these methods, driven by the needs of both industrial and laboratory chemistry. The 

development of chromatography in 1906, for instance, allowed for the separation of complex 

mixtures of organic compounds, particularly plant pigments, and paved the way for future 

innovations in the field. 

The discovery of ion exchange techniques in the 1930s and 1940s further expanded the 

ability to separate ions from solutions. These methods became particularly important in the 

purification of drinking water and processing of radioactive materials during and after World 

War II.1,3 

Advancements in mass spectrometry and electrophoresis during the mid-20th century 

enabled the separation and analysis of molecules based on their mass and charge. These 

techniques became critical in biochemistry, where they are used to study proteins, DNA, and 

other macromolecules. 

In recent decades, separation techniques have become even more refined, enabling the 

isolation and characterization of highly complex substances at the molecular level. Innovations 
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such as high-performance liquid chromatography (HPLC), gas chromatography-mass 

spectrometry (GC-MS), and capillary electrophoresis have expanded the boundaries of what can 

be analyzed and purified.1,3 

Today’s separation techniques are not just confined to laboratory research; they have 

become integral to a wide range of industries. From pharmaceuticals to petrochemicals, 

environmental science to food processing, these techniques play a crucial role in ensuring the 

purity and quality of products. Moreover, the rise of green chemistry has spurred the 

development of more environmentally friendly separation methods, such as supercritical fluid 

extraction and membrane filtration. Expanding on this, the following sections provide a detailed 

exploration of membrane-based separation techniques, shedding light on the principles and 

applications that make these processes effective and sustainable.  

 1.1.2 Membrane Based Separations 

Membrane-based chemical separations, a versatile and widely used class of techniques, 

selectively separates components of a mixture based on differences in size, charge, or chemical 

affinity. Thin and semi-permeable membrane barriers allow specific molecules to pass through 

while restricting others. This technology is highly efficient and finds applications in various 

industries, such as water purification,4-6 pharmaceuticals,7,8 food processing,7,8 and energy 

production.9 

Membrane separation works by allowing selective permeation of specific molecules 

through a membrane. The efficiency of the process depends on factors like pore size, membrane 

material, and the driving force applied. The driving force, which can be pressure,10,11 a 

concentration gradient,12 or an electric field,13 is the energy that pushes the molecules through 
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the membrane. Based on the separation mechanism, membrane processes are classified into 

various categories, including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. 

The microfiltration (MF)14,15 process involves membranes with larger pore sizes (0.1 to 

10 micrometers) and is commonly used to separate particles, bacteria, and large colloids from 

liquids. It operates under low pressure and is frequently applied in water treatment and food 

processing. Ultrafiltration (UF)4,5 with smaller pore sizes (0.01 to 0.1 micrometers) separates 

macromolecules such as proteins and polysaccharides. It is effective in concentrating or 

purifying proteins, as well as in wastewater treatment to remove organic pollutants. 

Nanofiltration (NF)16 uses even smaller pores (1 to 10 nanometers) and is suited for removing 

dissolved salts, sugars, and small organic molecules. This method is widely used in water 

softening, desalination, and the pharmaceutical industry to separate small molecules. In reverse 

osmosis,17 membranes with very fine pore sizes (less than 1 nanometer) are used to reject almost 

all solutes, including ions, small molecules, and even microorganisms. This process is driven by 

high pressure and is extensively used for water desalination, allowing the production of drinking 

water from seawater. 

Membranes can be classified based on their material, structure, and permeability 

characteristics. The two main types of membranes are organic polymer (polycarbonate, 

polyamide, polyether sulfone, and polyethylene glycol)18,19 membranes and inorganic (metals 

and ceramics, such as alumina, titania, zirconia, and silica) membranes.15,20 Together, these all 

have numerous applications in water and wastewater treatment,4-6 the food and beverage 

industry,7,8 the pharmaceutical industry,7,8 gas separation,21 and energy production.9 

The advantages of membrane-based chemical separations are numerous. They are 

energy-efficient, scalable, and highly selective. Moreover, they are environmentally friendly, 
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often requiring less energy and producing less waste compared to traditional separation methods, 

making them a sustainable choice for various industries.22 

As demand for cleaner water, energy-efficient separations, and sustainable industrial 

processes grows, membrane-based chemical separation will remain a critical area of research and 

application. Expanding on the foundational principles of membrane separation, the next section 

explores nanoporous membranes, which push the boundaries of selectivity and efficiency by 

using highly controlled pore structures to regulate molecular transport at the nanoscale, opening 

up new possibilities for advanced separations. 

 1.1.3 Nanoporous Membranes 

Nanoporous membranes, as advanced materials, are pivotal in the separation and 

purification of chemical mixtures. These membranes, with pores on the nanometer scale, 

typically ranging from 1 to 100 nanometers in diameter, enable the precise and selective 

separation of molecules based on size, charge, and other physicochemical properties. As per the 

IUPAC classifications,23 nanoporous materials are categorized as microporous materials with 

less than 2 nm pore size, mesoporous materials with 2–50 nm pore size, and macroporous 

materials with greater than 50 nm pore size.  

Nanoporous membranes are distinguished by their highly controlled pore size, high 

surface area to volume ratio, and selective permeability. These characteristics make them 

particularly effective for separating small molecules or ions from complex mixtures. Nanoporous 

membranes separate chemical mixtures through different mechanisms, depending on the 

properties of the membrane and the substances being separated. The most common mechanisms 

include size exclusion,24,25 which is also known as sieving, in which molecules larger than the 

membrane's pore size are retained while smaller molecules pass through. This principle is 
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particularly useful in separating macromolecules, proteins, and colloidal particles from 

solutions.26,27 Other common mechanisms include charge-based separation,28,29 in which the 

membrane is designed to have surface charges, allowing for the selective separation of ions 

based on their charge. Positively or negatively charged ions interact with the membrane surface, 

leading to ion selectivity. In chemical processing, this mechanism is often used in nanofiltration 

processes to remove multivalent ions from water or separate ionic species. Affinity-based 

mechanisms,30,31  are also employed to achieve a separation.  In this case, the separation medium 

is functionalized with chemical groups or coatings that selectively bind to specific molecules. 

This type of adsorptive separation is used in processes like protein purification,32 where the 

membrane surface interacts specifically with target molecules based on their chemical affinity. 

Diffusion-controlled separations33 are another form of separation in which selective diffusion of 

molecules through the nanopores allows certain molecules to pass through while hindering 

others, depending on their diffusion rates. In this process, molecules move based on their size, 

shape, or interaction with the nanopore surface. For instance, smaller or more mobile molecules 

diffuse faster through the membrane, while larger or more restricted molecules are retained. This 

principle is often utilized in gas separation and molecular filtration.33 Most of these mechanisms 

in nanoporous systems occur when the solute is confined within the membrane, making it 

essential to understand the role of nanoconfinement in chemical separations. 

 1.1.4 Nanoconfinement and its Role in Separations 

Nanoconfinement refers to the spatial restriction of molecules, ions, or particles on 

nanometer length scales, typically less than 100 nanometers. This restriction significantly alters 

the physical and chemical behavior of these species compared to their behavior in bulk 

environments. For example, the freezing points and glass transition temperatures of solvents are 
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often remarkably lowered under confinement.34 The variation of the thermodynamic 

environment within the nanopores, where confined dimensions and a high surface-to-volume 

ratio influence the energetics of phase transitions, causes differences in their properties compared 

to the bulk.35 Moreover, solvent and solute dynamics tend to slow down under nanoconfinement, 

reflecting increased interactions with pore walls and limited molecular mobility.36  

The chemical compositions of nanoconfined mixtures may differ from those in the bulk 

solution.37,38 These variations can arise from differential partitioning of mixture components into 

the nanopores, where specific components may preferentially enter the pores due to size 

compatibility or favorable interactions with the pore surfaces. Additionally, phase separation and 

the formation of solvent layers near the pore walls can further influence mixture composition. 

Simulations38,39 and experimental40,41 studies have shown that nanoconfined environments can 

induce layering of solvent molecules, with those closest to the pore surface becoming more 

ordered and oriented than those in the bulk. These surface layers can promote or limit behaviors 

important to chemical separations, such as the partitioning of solutes into nanopores42 or their 

adsorption to pore surfaces.43 

After exploring separation mechanisms across the nanoporous membranes, it is essential 

to focus on the broader concept of mass transport in chemical separations. Understanding the 

mechanisms behind mass transport, whether driven by diffusion, convection, or other forces—

provides key insights into optimizing separation efficiency across various processes and 

materials. 

 1.2  Investigations of Mass Transport in Separations 

Understanding how molecules move through different media, such as membranes or 

liquids, and how this affects separation efficiency is essential to understanding how chemical 
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separations can be improved and optimized. Mass transport is often quantified using two primary 

approaches, which are based on the concepts of flux and diffusion. Flux refers to the overall rate 

at which mass moves through a given area over time, considering various driving forces such as 

pressure, concentration gradients, and temperature. Diffusion is a crucial mechanism of mass 

transport which refers to the random motion of molecules from regions of high concentration to 

regions of low concentration. Fick’s laws of diffusion govern this process: 

Fick’s First Law in one dimension: 

𝑱 = −𝑫
𝒅𝑪

𝒅𝒙
          1.1 

This law describes the flux J (the amount of substance passing through a unit area per 

unit of time), where D is the diffusion coefficient, C is the concentration, and x is the spatial 

coordinate. The negative sign indicates that diffusion occurs from high to low-concentration 

regions. 

Fick’s Second Law in one dimension: 

𝝏𝑪

𝝏𝒕
= 𝑫

𝝏𝟐𝑪

𝝏𝒙𝟐
          1.2 

This law predicts how concentration changes over time due to diffusion, providing 

dynamic information about how quickly species move in a system. Understanding the diffusion 

coefficient (D) is critical to designing efficient separation processes. Factors influencing D 

include temperature, viscosity, molecular size, and the nature of the medium. 

The following section delves into the methods used to study mass transport processes, 

focusing on both ensemble and single-molecule measurements to gain deeper insights into 

molecular dynamics and behavior during separations. 
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 1.2.1 Ensemble Methods  

In ensemble methods, flux and diffusion measurements provide critical insights into the 

mass transport dynamics of chemical separations, aiding in optimizing processes across various 

applications, as outlined below. This section explores the principles and mechanisms that 

underlie each method. 

1.2.1.1 Flux Methods  

Mass transport is often quantified in separation processes using flux methods, which 

describe the rate at which species are transferred per unit area of a membrane or interface. 

Various techniques, including optical44 and electrochemical methods,45,46 can be employed to 

study mass transport, allowing for efficient separation and analysis of complex mixtures. 

Mass transport in separation processes occurs through different mechanisms, depending 

on the species nature and the type of driving force applied. The primary modes of mass transport 

include diffusion, convection, and migration.47 Diffusion, is the movement of molecules or ions 

from a region of high concentration to a region of low concentration, driven by a concentration 

gradient. Fick's laws of diffusion describe the relationship between the concentration gradient 

and the flux.  Convection is the transport of particles due to bulk fluid movement, such as flow 

through a membrane or along a channel. Convective transport is often driven by external forces 

like pressure. Migration, which in electrochemical systems refers to the movement of charged 

species (ions), is motion driven by an electric field. Optical and electrochemical techniques, 

which are explained below, play a critical role in monitoring these mass transport processes. 
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1.2.1.1.1 Optical Methods  

Optical methods provide non-invasive ways to monitor mass transport in separation 

processes. These techniques rely on light-based interactions with the material being studied, such 

as absorption, emission, and light scattering.  

Absorption spectroscopy48,49 measures light absorption by a substance at specific 

wavelengths to determine how concentration changes over time. The mass transport rate can be 

calculated by measuring how the concentration of a solute varies in time on either side of a 

membrane or other separation medium. 

Beer's Law describes the relationship between absorbance (A) and concentration (C) of a 

solute: 

𝑨 = 𝝐. 𝒍. 𝑪          1.3 

Where ϵ is the molar absorptivity, l is the path length of light through the sample, and C is the 

concentration. By tracking absorbance changes, the flux of species during transport can be 

determined. 

Fluorescence spectroscopy44 is a technique that employs fluorescent dyes as markers or 

tracers, and their emission is monitored to track their movements. This method is beneficial for 

studying the diffusion of small molecules or ions in liquids or across membranes. Changes in 

fluorescence intensity over time in the solution on either side of the membrane provides insights 

into the diffusion coefficient and flux of the target molecules. 

Light scattering (LS),50,51 occurs when light passes through a medium containing particles 

or molecules, causing the light to be reflected in various directions due to interactions with these 

particles. The intensity of scattered light is directly proportional to the concentration of particles 

or molecules in the solution. As solutes pass through a membrane, the concentration of solutes 
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changes on both sides, leading to measurable variations in scattering intensity. This method 

monitors the absolute scattering intensity as a function of solute concentration over time. By 

tracking these changes in scattering intensity as the solution concentration fluctuates (e.g., due to 

diffusion), the flux of solutes across the membrane can be accurately determined. 

1.2.1.1.2 Electrochemical Methods  

Electrochemical methods play a vital role both in separating charged species, particularly 

in ion-exchange membranes, electrodialysis, and battery technologies and in detecting and 

quantifying their passage through a membrane. In the former, these methods rely on the 

application of an electric field to drive the movement of ions through the membrane.  Several 

different forms of electrochemical methods are employed to measure their concentrations after 

permeation through the membrane.  Some of these can be used to follow analyte flux during the 

separation as well as for determining their concentrations in a receiving solution. For this 

purpose, a porous or metal mesh working electrode was positioned inside the receiving chamber 

of a two-chamber cell, making contact with the membrane surface. This setup enables the 

diffusion flow of the substance under study through the membrane to be converted into an 

electric current. 

Chronoamperometry (CA)52 measures the current response over time when a constant 

potential or a step-change in potential is applied across an electrochemical cell. The current is 

directly related to the flux of electroactive species being transported. The diffusion coefficient 

and transport properties of the species involved can be determined by analyzing the current-time 

profile. Analyzing the current-time profile can give insights into both the transient behavior 

immediately following a step change in potential and the steady-state response once reactive 

currents have stabilized and mass transfer limitations become apparent. This method provides 
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critical information about long-term, steady-state reaction rates under specific conditions. For 

instance, in ion-selective membranes, the flux of specific ions can be monitored through the 

corresponding current measurements, making CA a powerful tool for studying transport 

properties in electrochemical systems. 

Electrochemical impedance spectroscopy (EIS)53 is used to study the resistance and 

capacitance of materials as a function of frequency, providing insights into the transport of ions 

and electrons in a separation process. In separation applications, EIS helps characterize the 

movement of ions through membranes and interfaces, as well as the role of diffusion, migration, 

and reaction kinetics in controlling mass transport. Experimentally, EIS involves perturbing an 

electrochemical system with an AC voltage or current over a wide frequency range and 

measuring the response. By assuming the system is linear and time-invariant, EIS models the 

relationship between the input and output signals across frequencies. The resistance of a liquid 

electrolyte, bulk and grain boundary conductivities in solid polycrystalline electrolytes, 

charging/discharging of the electric double layer at the electrolyte interface, the capacitive 

behavior of the double layer (influenced by electrode surface morphology and electrolyte 

composition), electrode charge-transfer kinetics, adsorption/desorption phenomena, and mass 

transfer (diffusion of species to the electrode surface) all exhibit distinct time constants In 

systems like fuel cells or electrodialysis membranes, EIS can distinguish between bulk ion 

transport and surface adsorption phenomena, allowing for the investigation of membrane 

properties and operating conditions. 

Cyclic voltammetry (CV)54 is a crucial tool used to measure the redox behavior of 

electroactive species by cycling the potential of an electrode. Changes in the current at different 

potentials provide vital information about the transport and reaction kinetics of the species being 
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studied. CV is indispensable for investigating ion transport in membranes, as well as for 

analyzing the behavior of charged species in separation processes such as electroplating or 

electrodeposition. Experimentally, the potential of a working electrode is cycled between two set 

potential limits, inducing the successive oxidation and reduction of an electroactive species, 

which may either be dissolved in solution or adsorbed onto the electrode surface. This cycling 

process drives electron transfer reactions at the electrode-solution interface, allowing the study of 

redox behavior, reaction kinetics, and the transport properties of the species involved. This 

method can be used to study the deposition or dissolution of materials during mass transport 

processes, particularly in separations involving metal ions or electrodeposition. The current 

result of the change in concentration as a function of time changes, which, by monitoring the 

mass changes, can quantify the flux of ions or molecules. 

1.2.1.2 In situ Studies of Diffusion  

1.2.1.2.1 Nuclear Magnetic Resonance spectroscopy  

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most potent methods for 

studying diffusion, allowing for ensemble diffusion studies to be performed directly within the 

separations medium. This technique provides molecular-level insights into how substances move 

through different phases, including liquids, gels, and membranes, by measuring the translational 

motion of molecules over time. NMR can directly measure diffusion within the interior 

environment of membrane pores (i.e., in situ), whereas the methods discussed in the previous 

section are primarily used to assess the analyte concentrations in either the feed or receiving 

solutions. 
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NMR diffusion experiments rely on the interaction between magnetic fields and the 

nuclear spins of atoms (typically hydrogen, 1H, 13C, and 19F). These interactions allow for 

tracking molecular displacements over time. 

The most common NMR technique for studying diffusion is Pulsed-Field Gradient NMR 

(PFG-NMR),55 also known as Diffusion-Ordered Spectroscopy (DOSY). This method applies 

magnetic field gradients to encode spatial information about molecular motion, allowing the 

diffusion coefficient to be measured directly. PFG-NMR allows for the precise measurement of 

molecular diffusion in a sample by applying two magnetic field gradients separated by a delay 

period. During this period, molecules diffuse, and their displacements cause phase shifts in their 

NMR signals. By measuring how the signal decays as a function of the gradient strength, the 

diffusion coefficient (D) can be extracted. 

The general form of the NMR signal attenuation due to diffusion is described by the 

Stejskal-Tanner equation: 

𝑰 = 𝑰𝟎𝐞𝐱𝐩⁡ (−𝜸
𝟐𝒈𝟐𝜹𝟐𝑫(∆ −

𝜹

𝟑
)       1.4 

Where I is the attenuated NMR signal intensity, I0 is the initial signal intensity, γ is the 

gyromagnetic ratio of the nucleus being observed, g is the strength of the magnetic field gradient, 

δ is the duration of the gradient pulse, D is the diffusion coefficient, and Δ is the diffusion time 

(the time between the two gradient pulses). 

The exponential decay of the NMR signal with increasing gradient strength provides a 

direct measure of the diffusion coefficient. This allows the observation of ensemble diffusion—

how a population of molecules moves collectively over time.  Even though diffusion studies by 

NMR are a non-invasive and non-destructive method and can give direct and accurate access to 



15 

diffusion coefficients and molecular-level insight, they still provide ensemble data that is 

averaged over a large number of molecules in the sample. 

1.2.1.2.2 Quasi-Elastic Neutron Scattering 

Quasi-elastic neutron scattering (QENS)56,57 is a powerful technique used to study the 

dynamics of atoms and molecules in materials, particularly their diffusive motions on a 

microscopic scale. Unlike purely elastic scattering, where no energy exchange occurs between 

the neutrons and the sample (giving information on static structures), quasi-elastic scattering 

involves a small energy transfer that reflects slow, dynamic processes such as diffusive motion. 

Because the energy shifts are small but measurable, it is called "quasi-elastic." This energy 

exchange corresponds to motions such as diffusion, rotation, or vibration of the molecules in the 

sample. 

1.2.1.2.3 Fluorescence Recovery After Photobleaching  

Fluorescence recovery after photobleaching (FRAP)58-61 is an optical technique that can 

provide quantitative information on the diffusion of molecules in any optically transparent 

medium.  FRAP allows the measurement of the diffusion coefficient of fluorescence tracers 

within the separations medium. This technique is well suited to understanding molecular 

diffusion as it relates to separation processes, where mass transport governs the rate and 

efficiency of separations, offering direct insight into molecular mobility. 

A typical FRAP experiment involves several procedures.  The molecules of interest, such 

as proteins, small molecules, or nanoparticles, must either be fluorescent or they must be tagged 

with a fluorescent dye.  Fluorescence is usually excited by a laser.  The fluorescent species must 

also be easily photobleached.  Photobleaching of the sample involves illuminating a small, well 

defined region of the sample with intense laser light, causing the fluorescent dye in that region to 
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lose its ability to emit light (photobleaching). A dark spot where fluorescence is no longer 

observed is produced.  The photobleached region is usually circular in shape based on the profile 

of the incident laser beam.  Immediately after photobleaching the laser intensity is reduced to 

allow for the recovery of fluorescence in the photobleached region to be monitored.  Recovery 

occurs by diffusion of unbleached fluorescent molecules back into the bleached region. The rate 

of fluorescence recovery directly reveals the diffusion rate of the molecules. The fluorescence 

recovery curve (fluorescence intensity vs. time) obtained in these experiments is fitted to 

mathematical models to extract the diffusion coefficient D. Faster recovery corresponds to higher 

diffusion rates, while slower recovery indicates more restricted diffusion. 

The fluorescence recovery process in FRAP can be modeled using appropriate diffusion 

equations. The simplest model assumes a homogenous medium and free diffusion, where the 

recovery of fluorescence follows an exponential curve: 

𝑭(𝒕) = 𝑭𝟎(𝟏 − 𝒆
−𝒕

𝝉⁄ )         1.5 

Where F(t) is the fluorescence intensity at time t, F0 is the pre-bleaching fluorescence intensity, 

and τ is the characteristic recovery time related to the diffusion coefficient D.  By analyzing τ, 

the diffusion coefficient D can be estimated using the relationship: 

𝑫 =
𝑹𝟐

𝟒𝝉
           1.6 

Where R is the radius of the bleaching area, and this equation directly measures how fast 

molecules diffuse through the medium. 

While FRAP is a powerful technique for measuring molecular diffusion, it is also an 

ensemble method, meaning it provides averaged data over a large number of molecules in the 

sample. This makes it difficult to detect heterogeneity in molecular motion or surface-interacting 

molecules, such as slow-diffusing or immobilized species, which are critical for understanding 
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complex systems. Additionally, FRAP has limitations in detecting adsorbed molecules, as it is 

most well suited to studies of freely diffusing molecules that can rapidly move back into the 

bleached region. 

 1.2.2 Single Molecule Methods 

Ensemble-averaged methods, as mentioned above, tend to mask molecular-level details 

of the diffusion mechanism, which can be particularly important in nanostructured materials. 

These methods provide an average over many molecules, potentially overlooking key variations 

in behavior, such as heterogeneity in diffusion rates or the presence of surface-adsorbed or 

immobilized molecules. Such details are crucial for fully understanding how molecular motion is 

influenced by the unique environments within nanostructures. Single-molecule methods offer 

unparalleled insight into the behavior of individual molecules, which can reveal details about 

heterogeneities and rare events often hidden in bulk measurements. 

The most common single-molecule methods for studying molecular diffusion include 

single-molecule tracking (SMT),62-65  photoactivated localization microscopy (PALM),66,67 

stochastic optical reconstruction microscopy (STORM),68 and fluorescence correlation 

spectroscopy (FCS).69-71 Each offers unique insights into molecular behavior. 

Single-molecule tracking (SMT) 62-65 allows observing individual molecules' motion over 

time by following their trajectories. This method enables the direct observation of diffusion 

patterns, including random walks and constrained or directed movements, offering insight into 

how molecules move through different environments. By tracking the positions of single 

molecules with high spatial and temporal resolution, SMT can reveal heterogeneities in 

diffusion, which are often masked by ensemble-averaged methods. SMT is beneficial in studying 
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complex media, such as cells or nanostructured materials, where molecular motion may vary 

significantly in different regions. 

Photoactivated localization microscopy (PALM)67 and stochastic optical reconstruction 

microscopy (STORM)68 are super-resolution techniques that break the diffraction limit of light to 

allow imaging of molecular structures and diffusion at a much finer resolution than conventional 

microscopy techniques. PALM was developed using photoactivatable or photoconvertible 

fluorescent proteins as switchable probes, while STORM initially utilized synthetic organic dyes. 

Despite these differences in their historical development, both techniques share similar 

instrumentation. PALM and STORM use fluorescent molecules that can be turned on and off 

(photoactivated or photoswitched) to build a high-resolution image. In the context of diffusion 

studies, closely related methods that rely upon the same principle of super-resolved localization 

can visualize how molecules move within highly crowded environments or confined spaces, 

providing spatial information about diffusion at nanometer scales.  While PALM and STORM 

represent critical advances in materials imaging that led to the awarding of the 2014 Nobel Prize 

in Chemistry, these methods and many other super-resolution analogs have not yet been widely 

used in studies of diffusion within separations related materials.  Previous work from our 

group,72-77 and from the group of Christoph Brauchle78-82 represent primary studies of diffusion 

in separations methods that have employed SMT methods closely related to STORM. 

Fluorescence correlation spectroscopy (FCS)69-71 is a highly sensitive technique that 

measures fluctuations in fluorescence intensity as molecules diffuse through the small detection 

volume of a confocal optical microscope. By analyzing these fluctuations, FCS provides 

quantitative data on diffusion coefficients and molecular concentration. FCS is particularly 

useful for studying diffusion in small volumes or confined environments, such as nanopores or 
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membranes, and can detect fast and slow diffusing species, revealing details about how 

molecular confinement affects diffusion. 

 1.3 Objective and Motivation of Present Research 

Biofuels extracted from organic materials such as plants are considered as a sustainable 

alternative to fossil fuels, with significant potential to address current global issues such as 

climate change. Biofuels can help reduce greenhouse gas emissions that contribute to climate 

change, decrease our dependence on fossil crude oil, enhance energy security, and promote 

sustainable development worldwide.83 The most common biofuel used globally is ethanol, with 

the United States being the world's largest producer. Most of the ethanol used as vehicle fuel in 

the U.S. is produced domestically, with production concentrated in the Midwest region.84 

Ethanol is most commonly used in its dehydrated form, requiring water removal. 

However, conventional distillation methods pose challenges, as the ethanol-water mixture forms 

an azeotrope at approximately 95.6% ethanol and 4.4% water by volume under atmospheric 

pressure.85 At this azeotropic point, the liquid and vapor phases have identical compositions, 

with a boiling point of 78.2°C, slightly lower than that of pure ethanol (78.4°C). This highlights 

the unique thermodynamic properties of this composition. To achieve higher purity and surpass 

the azeotropic point, alternative methods must be used to break the ethanol-water azeotrope. 

Common industrial methods include chemical dehydration, pressure-swing distillation,86 

azeotropic distillation,87,88 extractive distillation,89 adsorption on molecular sieves,90 and 

pervaporation.91,92 

Current ethanol dehydration methods are costly and energy-intensive,93 prompting 

exploration of alternative approaches. The use of nanoporous materials has emerged as a 

promising strategy, leveraging surface interactions in which certain species are preferentially 
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adsorbed to the pore surface. However, nanoconfinement of solutions leads to changes in their 

properties, as described above.  Importantly, computational studies show that in 1 nm slits of 

anodic aluminum oxide (AAO), water molecules are selectively adsorbed from an ethanol-water 

mixture, leading to a shift in composition compared to the bulk mixture. 38 

This research uses FCS for probing molecular dynamics, diffusion, and mass transport of 

solute molecules within nanoporous anodic aluminum oxide (AAO) membranes. By monitoring 

the interactions and movements of fluorescent dyes, FCS can provide insights into how solvent 

molecules, such as ethanol and water, behave under nanoconfinement; this information cannot be 

easily accessed in ensemble or bulk studies.  They also review how solute molecules interact 

with complex solvent mixtures within the pores and with the pore surfaces.  The research 

reported in this dissertation highlights the critical importance of solvent nanostructure in 

influencing the molecular dynamics within the pores and the important role of surface 

interactions, partitioning effects, and solubility of probe molecules. FCS provides a more 

detailed understanding of the complex interplay of forces affecting molecular transport in 

confined spaces, paving the way for the design of more effective membranes with properties 

better suited to specific applications. 

The motivation for the second part of this study is related to environmental issues. Plastic 

pollution is a pervasive ecological issue, with large plastic objects breaking down into 

microplastics through exposure to sunlight, air, and mechanical forces. This process alters their 

chemical composition and creates secondary microplastics capable of adsorbing and later 

releasing toxic organic substances. Such behavior poses risks to both ecosystems and human 

health, as microplastics can serve as vectors for pollutants like pesticides, pharmaceuticals, and 

industrial chemicals. While many studies have investigated the sorption mechanisms of organic 
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compounds by microplastics, there needs to be more knowledge about the detailed interactions at 

the molecular level. This gap, especially regarding the mobility and adsorption of organic 

contaminants on fresh and aged microplastics, underscores the need for new experimental 

approaches. Fluorescence correlation spectroscopy (FCS) offers a promising method for probing 

these interactions at trace concentrations, revealing crucial details about surface adsorption and 

diffusion behaviors. By studying these mechanisms on fresh and UV-light-exposed polyethylene 

terephthalate (PET) microplastics, this research aims to advance our understanding of 

microplastic contamination's environmental and health consequences. 

 1.4  Overview of This Dissertation 

This dissertation consists of six chapters.  Chapter 1 introduces key concepts, including a 

brief history of chemical separations, as well as background material on fluorescence 

spectroscopy, and nanoconfinement, and their roles in chemical separations. It emphasizes the 

importance of studying solute behavior in confined environments, where physical barriers and 

surface interactions significantly influence molecular diffusion. 

Chapter 2 details the experimental setup and methodologies used throughout this 

research. It introduces the basics of fluorescence spectroscopy and describes the confocal 

microscope employed for FCS, Raman microscopy, and, briefly, nuclear magnetic resonance 

(NMR) spectroscopy. 

Chapter 3 investigates the diffusion of solute molecules in nanoporous AAO membranes 

with pure ethanol and ethanol-water mixtures at varying concentrations (0%, 2%, 5%, 10%, and 

33% by volume). The diffusion coefficients of molecules in different pore sizes and 

environments are quantified by analyzing fluorescence time transients and autocorrelation 

functions obtained through FCS. The results demonstrate how nanoconfinement affects diffusion 
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rates, providing critical insights into how confinement influences molecular dynamics at the 

nanoscale. 

Chapter 4 extends this investigation to a wider range of ethanol-water mixtures in AAO 

nanopores, focusing on the adsorption and solvation of RhB dye in these environments. FCS 

measurements are used to observe the real-time behavior of individual molecules interacting with 

the pores' surfaces. 

Chapter 5 examines FCS studies of RhB diffusion on fresh and aged virgin and post-

consumer polyethylene terephthalate (PET) plastics, further expanding the scope of the research 

to different material systems. 

Chapter 6 concludes the dissertation with a summary of the key findings and their 

implications for studying nanoconfined systems. It also discusses potential applications of this 

research in areas such as chemical separations and suggests directions for future research. 
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Chapter 2 - Materials and Characterization Methods 

 2.1 Fluorescence Spectroscopy 

 2.1.1 Principles of Light-Matter Interactions 

When light interacts with molecules, if the frequency of the light matches the natural 

frequencies of the molecules, the light energy can be absorbed. It causes molecules to be excited 

from a lower energy state (usually the ground state) to a higher energy state. Here is a detailed 

look at what happens after a molecule is excited and the various transitions that can occur. This 

transition is virtualized by the Jablonski diagram shown in Figure 2.1. 

 

Figure 2.1 A Jablonski diagram. Possible transitions between electronic and vibrational energy 

levels, including absorption/excitation, internal conversion, vibrational relaxation, intersystem 

crossing, phosphorescence and fluorescence processes. 

 

A molecule absorbs a photon, the straight green arrows, elevates an electron from a lower 

energy orbital (ground state, usually denoted as S0) to a higher energy orbital (excited state, such 

as S1 or S2)). The excited molecules can release their gained energy in the form of radiation 
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(emitting a photon) or in nonradiative ways and return to the ground state by conversion of their 

excess energy directly into heat. 

Nonradiative transitions: 

Internal Conversion (IC), shown by the wavy purple occurs when a molecule transitions 

between electronic states of the same spin multiplicity, such as S2 to S1.  Vibrational Relaxation 

(VR), shown by the wavy blue arrows, is when a molecule loses excess vibrational energy within 

the same electronic state through collisions with surrounding molecules, dissipating energy as 

heat.  Intersystem Crossing (ISC), wavy green arrows, is when a molecule transitions from an 

excited singlet state (Sn) to a triplet state (Tm), where the electron spins are no longer paired.  

These transitions involve an electron spin flip.  Quenching is the interaction with other molecules 

that increases the non-radiative deactivation rate of an excited molecule from its excited state. 

Radiative transitions: 

The fluorescence process, designated by the straight downward pointing orange arrows, 

occurs after the molecule is excited from the ground electronic state (S0) to an excited singlet 

state (S1 or higher). Typically, the molecule is promoted to a higher vibrational level within the 

excited state; once it has relaxed to the lowest vibrational level of the excited electronic state, it 

returns to the ground electronic state. During this transition, the molecule emits a photon of light. 

However, because the molecule has lost some energy through vibrational relaxation, the emitted 

photon has less energy and a longer wavelength than the absorbed photon. This shift to a longer 

wavelength is known as the Stokes shift. 

The phosphorescence process, designated by the straight downward pointing red arrows, 

occurs after intersystem crossing to a triplet state (T1). The molecule returns to the ground state 

(S0) in this case by emitting a photon. 
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 2.1.2 Ensemble Fluorescence Measurements 

Ensemble fluorescence measurements were conducted to observe the average 

fluorescence behavior of the entire population of molecules in the sample. These measurements 

were performed using a spectrofluorometer, which captures the collective fluorescence signal 

from all molecules within the illuminated volume. The goal was find the fluorescence intensity 

and, peak position, and environmental effects on fluorescence. 

 

Figure 2.2 Chemical structure of Rhodamine B. 

A benchtop spectrofluorometer (FluoroMax-2) was used for ensemble fluorescence 

measurements. A xenon arc lamp was used to provide a broad spectrum of excitation light, 

which was passed through a monochromator to select the appropriate wavelength for exciting the 

fluorescent molecules. In this study, the 532 nm wavelength was chosen for its ability to 

efficiently excite the Rhodamine B (RhB) dye. The emission spectra were recorded using a 

photomultiplier tube (PMT) detector, with a second monochromator tuned to measure emission 

for wavelengths of 540-700 nm. The widths of the excitation and emission monochromator slits 

were adjusted to 5 nm as a means to control the intensity of excitation light and the resolution of 

the emission spectra. All spectra were recorded at 1 nm increment and 1 second integration 

times. The excitation and emission spectra were recalibrated each time the instrument was used. 
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Figure 2.3 Rhodamine B fluorescence spectra as a function of volume fraction of water, φw, in 

ethanol-water mixtures.  Fluorescence was excited at 532 nm.  The fluorescence intensity 

decreased as the water content increased and exhibited a 10 nm red shift in peak position from 

pure ethanol to pure water. 

 

Rhodamine B (RhB) dye (from Sigma-Aldrich) was used for much of the work 

performed in this dissertation.  Its structure is shown in Figure 2.2. A stock solution of 200 µM 

RhB prepared in pure ethanol and pure water (HPLC grade) was further diluted to obtain the dye 

solutions employed in individual experiments. These solutions were all 4 mL in volume and 

contained RhB at 100 nM concentrations.  Solutions of pure ethanol, pure water, and mixtures of 

2%, 5%, 10%, 33%, 50%, and 75% (by volume) water and ethanol were prepared. All ensemble 

fluorescence spectra were recorded in a clean 1 cm pathlength quartz cuvette. Data analysis and 

plotting were performed using the Igor Pro v.6 software package. Figure 2.3 shows 

representative ensemble spectra for the entire range of ethanol/water mixtures explored. The 

maximum peak positions of the spectra shifted to the red by around 10 nm from pure ethanol to 

pure water.  Simultaneously, the fluorescence intensity with increasing water content. The RhB 

fluorescence intensity at 580 ± 20 nm in water was approximately 27% of that in ethanol. 
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2.1.3 Fluorescence Correlation Spectroscopy (FCS) 

FCS is based on the autocorrelation of fluorescence time series data (i.e., time transients) 

over time. It is performed under equilibrium conditions and can be used to extract quantitative 

results on molecular diffusion, solute molecular binding kinetics, photophysical properties, and 

reaction rates. This dissertation used the FCS method to study solute diffusion in solutions, on 

surfaces, and in nanoporous membrane materials.  

In FCS experiments, laser light is focused onto the sample through a high numerical (NA) 

objective lens.  A NA = 1.3 oil immersion objective was used in this dissertation.  The focal 

volume in this configuration was typically less than 1 μm3 (1 femtoliter).94-96 Since nanomolar 

concentrations of fluorescent dye were employed in these studies (see below), the excitation and 

detection of fluorescence from a femtoliter volume means that, on average, approximately one 

fluorescent molecule would reside in the focal volume at any instant in time.  In fact, the 

average number of molecules in the focal volume at 2 nM would be approximately 1 molecule.  

For this reason, the confocal time transients recorded and reported in this dissertation represent 

single-molecule level data.  As the FCS results average these data over many single molecules, 

FCS may be considered a “near-single-molecule” or a “sub-ensemble” method. 
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Figure 2.4 Schematic diagram showing the confocal microscope used in fluorescence correlation 

spectroscopy experiments in this dissertation.  

 

Figure 2.4 provides a schematic of the confocal microscope used in this dissertation.  

The microscope was constructed in-house and is built upon a commercial inverted light 

microscope (Nikon TE-200). The FCS setup was optimized to study the diffusion dynamics and 

interactions of fluorescent molecules within confined environments. The optical path begins with 

the excitation source, which in this case was a solid-state laser emitting 532 nm light. Lasers are 

commonly employed in single molecule studies due to their inherent stability, low noise levels, 

and good optical beam quality, which is crucial for efficiently exciting the fluorescent probe 

molecules and for achieving the smallest possible excitation and detection volume. The solid-

state laser operates in continuous wave mode, providing a stable output for extended periods of 
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time, as is essential for precise fluorescence correlation spectroscopy (FCS) measurements. 

Before reaching the microscope, the laser beam passes through a telescope to expand its 

diameter. This step is critical because the laser beam size needs to match the back aperture of the 

objective lens. The laser beam is actually expanded slightly beyond the size of the back aperture 

to ensure overfilling, which guarantees that the full numerical aperture (NA) of the objective lens 

is utilized. The importance of this step lies in the ability of the expanded beam to achieve a 

tightly focused spot in the sample, ensuring that the focal volume is as small as possible, 

typically on the order of less than a femtoliter (10-15 liters). This small focal volume is necessary 

for sensitive FCS measurements, as it increases the signal-to-noise ratio in molecular diffusion 

studies. Once the beam is expanded, it reflects from a dichroic mirror (Chroma 550 DCLP), 

which serves as a beam splitter. The dichroic mirror reflects the laser light toward the sample 

while allowing the emitted fluorescence to pass through. The laser beam is then directed to the 

objective lens, a high NA lens (Nikon Plan Fluor, 100X, 1.3 NA). The objective lens focuses the 

laser beam onto the sample, creating a tightly confined oval-shaped observation volume. The 

dimensions of this volume are around half a micron in diameter and 2 microns in depth, which is 

ideal for detecting stochastic fluorescence fluctuations as molecules diffuse in and out of the 

volume. 

When the fluorophores within the sample enter the focused laser spot, they become 

excited, and fluorescence is emitted. This emitted light is collected by the same objective lens 

used to focus the excitation laser. The fluorescence signal passes back through the dichroic 

mirror, while residual laser light is blocked. This ensures that only the emitted fluorescence is 

detected, allowing for dark-field detection of the individual molecules. After passing through the 

dichroic mirror, the fluorescence passes through a tube lens that focuses the light onto a pinhole 
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placed in the primary image plane of the microscope. The pinhole is a critical component in the 

confocal microscope setup, as it filters out light that from outside the focal plane (i.e., out-of-

focus light). This ensures that the detected fluorescence is only from the microscope focal 

volume, improving the spatial resolution of the measurement and helping to achieve optimum 

signal-to-noise levels. The pinhole size is carefully selected (50 μm diameter) to match the size 

of the magnified Airy pattern produced by the diffraction-limited focus of the microscope. 

Following the pinhole, the emitted light is sent through a convex lens, which collimates the 

light as it travels onward towards the detector.  Immediately prior to the detector, it passes 

through a second lens that focusses the light onto the detector.  The collimated region between 

the lenses ensures that no light is lost in the process.  Immediately prior to incidence on the 

detector, the emitted fluorescence passes through a bandpass filter (Chroma, 580/40m), which 

was carefully selected to match the Rhodamine B emission spectrum. This filter allows light at 

the desired emission wavelength (around the peak emission of the dye) to pass through while 

blocking any stray light or background fluorescence at other wavelengths. Using a bandpass 

filter improves the signal-to-noise ratio by allowing detection of only the relevant fluorescent 

signal. 

The filtered fluorescence is then detected using an avalanche photodiode detector (APD, 

Perkin Elmer SPCM-AQ-141R), which is a single photon counting device. APDs are highly 

sensitive detectors capable of registering individual photon arrival events. This is crucial for FCS 

measurements that detect very small numbers of photons emitted from a few fluorophores in the 

observation volume. The APD used in this setup is operated in photon time-stamping mode, 

which records the exact time each photon is detected with high temporal resolution. The 

electrical pulses output by the APD were counted using a National Instruments counter/timer 
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board (PCIe-6612) that records the detected photon arrival times. In this dissertation, a 25 MHz 

clock was. employed as the timer in time-stamping mode, allowing detection of photons with 40 

ns time resolution. This high temporal resolution is necessary for accurately capturing the rapid 

fluorescence fluctuations caused by the diffusion of molecules in and out of the observation 

volume. Time-stamping data were recorded using a National Instruments Labview program 

written in-house.  The data were autocorrelated and analyzed using C++ code and Igor Pro 

(Wavemetrics) macros written in-house. The analyzed data provides quantitative information 

about the diffusion coefficients, molecular concentrations, and interaction dynamics of the 

fluorophores under study. 

2.1.3.1 Fluorescence Time Transients 

In FCS, fluorescence time transients are recorded from the confocal volume over time. 

The fluorescence time transients are characterized by rapid, stochastic fluctuations in intensity 

that occur as fluorescent molecules randomly diffuse through the confocal volume, causing the 

number of fluorescent molecules contributing to the signal to change over time. The resulting 

fluorescence signal shows periods of higher intensity, or bursts of fluorescence, when one or 

more probe molecules are in the detection volume and periods of lower intensity when no or 

fewer probe molecules are in the detection volume. The time transients are typically “noisy” in 

this sense, because the measurements are based on random diffusion events. The intensity might 

seem erratic, with no apparent pattern when visualized on short time scales, but analyzing these 

fluctuations over longer timescales provides meaningful insights. 

The magnitude of the intensity fluctuations reflects the number of fluorescent molecules 

in the observation volume at a given instant in time. When taken relative to the overall average 

signal level, larger fluctuations indicate fewer molecules are present, while smaller fluctuations 
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suggest more molecules are present. This is because, with a small number of molecules, 

individual molecules entering or exiting the detection volume cause more significant changes in 

relative intensity. The timescale of the fluctuations is related to how fast the molecules move 

through the detection volume. Faster diffusion results in rapid fluctuations, while slower 

diffusion causes more prolonged intensity bursts. 

The fluorescence time transients also incorporate characteristics that point to the 

occurring of molecular interactions such as binding and unbinding events.  When molecules 

undergo binding, they become immobilized in the detection volume and their diffusion necessary 

slows as a result.  This is reflected in the time transients as longer-duration bursts in 

fluorescence.  In the case of binding, these bursts take on a distinct appearance in that the signal 

rises and remains constant (within shot noise limits) during the binding event.   In the case of 

anomalously slow diffusion, the signal instead gradually rises and falls in time as the molecule 

slowly moves through the detection volume. Changes in environmental conditions, such as 

viscosity, temperature, or the presence of binding partners, can influence molecular diffusion 

and, thus, the appearance of the time transients. In general, the appearance of dramatically 

different burst lengths can indicate the presence of multiple species with different diffusion rates, 

and different diffusion mechanisms, suggesting complex interactions or heterogeneous 

environments. 

The time transients can also provide insight into photophysical behaviors such as 

blinking, which arises from triplet state formation. If a molecule enters a non-fluorescent state 

(such as when it crosses to a triplet state), the fluorescence intensity will sharply drop, creating 

distinctive dips in the time transient. These dips show up as fast-decaying components in the 

autocorrelation analysis.  If the molecule photobleaches, the drop in intensity is permanent and 
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the signal only increases later when a new molecule diffuses into the detection volume.  Further 

analysis of the time transient data in FCS studies can effectively provide quantitative results 

revealing the time scales over which these phenomena occur as well as their overall contributions 

to the observe fluctuations. 

2.1.3.2 Autocorrelation 

Further analysis of the time transient data described above is frequently accomplished by 

calculating its autocorrelation function. This constitutes the basis for FCS method.  

Autocorrelation, also known as serial correlation, can be understood with a simple analogy. It's 

like comparing today's weather to yesterday's or the day before. It measures how a variable's 

value at a one-time delay is related to its previous values in a time series.97 For example, in the 

case of temperatures measured daily over a month, the value on the 1st day might be more 

similar to the value on the 2nd day than to the value on the 30th day. The more similar values are 

across time, the stronger the correlation. If values further apart in time show little similarity, the 

correlation weakens as the time delay increases. 

 Autocorrelation is most commonly used in the context of time series (i.e. time transient) 

data, where observations occur sequentially over time. It helps identify patterns or trends that 

repeat over intervals, such as daily temperatures or stock prices. In a time series, the value of a 

variable at a certain point in time is often related to its value at earlier points.  The time between 

each pair of data points being compared in this way is known as the lag time, or the time delay. 

Autocorrelation quantifies the degree of correlation between pairs of data points as a function of 

the lag time.  The final correlation value represents the average correlation exhibited by a large 

number of pairs of data points at a particular lag time. 
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By autocorrelation of the time transient data obtained in a single molecule experiment, 

FCS can provide information about the diffusion coefficient of fluorescent molecules in the 

sample. Analysis of the time transient data involves calculating its autocorrelation function as 

described in the next section. Diffusion timescales are extracted from the autocorrelation 

function by fitting it to an appropriate model for the correlation decay. In the absence of the 

background noise, the amplitude of the autocorrelation function is inversely related to the 

number of fluorescent molecules in the detection volume. This allows FCS to provide precise 

estimates of molecular concentration in solutions along with the diffusion time.69,98,99 More 

importantly, the shape and decay of the fluorescence autocorrelation function can reveal 

molecular interactions such as binding and unbinding events. 

 2.1.4 Autocorrelation Data and Fitting Models 

Autocorrelation functions are obtained from the confocal fluorescence time transient data 

by applying Eq. 2.1. In this process, each point in the autocorrelation function is obtained by 

simply multiplying two copies of the time transient together, with one copy delayed by time 𝜏.   

The normalized average of this product is then obtained and plotted as a function of 𝜏.  The 

autocorrelation function is normalized by the square of the mean fluorescence count rate across 

the full transient length. A representative autocorrelation decay is shown in Figure 2.5a.  

Analysis of the autocorrelation decay provides quantitative data on the mean rate of dye 

diffusion and the mean concentration of molecules detected within the focal volume, while also 

providing evidence of the mechanism behind the observed fluorescence fluctuations.  In this 

dissertation, the fluctuations of interest all arise from movement (i.e., diffusion) of individual 

molecules within the sample.  Hence, these data provide information on the mechanisms of 

molecular mass transport. 
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Figure 2.5 a) Fluorescent time transient showing intensity fluctuations over time for 2 nM 

rhodamine B in ethanol and b) autocorrelation function (red dots) calculated from the time 

transient in a).  The blue line shows a fit to the 3D diffusion model shown in Eq. 2.2. 
 

 All time transients (see Figure 2.5a) were autocorrelated as given in Eq. 2.1.     

𝑮(𝝉) =
〈𝜹𝑰(𝒕)𝜹𝑰(𝒕+𝝉)〉

〈𝑰(𝒕)〉𝟐
         2.1 

In Eq. 2.1, I(t) represents the time transient, and 𝛿𝐼(t) and 𝛿𝐼(t + ) are the intensity difference 

between the I(t) data and the mean fluorescence intensity 〈𝐼〉, and between 𝐼(t + ) and the mean 

intensity 〈𝐼〉, respectively. The angular brackets indicate that the average value is calculated over 

t.  The data plotted as red dots in Figure 2.5b represent the autocorrelation decay from bulk 

solution calculated from the time transient shown in Figure 2.5a.   

In order to obtain information on the mechanism of molecular diffusion, the concentration 

of diffusing molecules, and the rate at which the molecules diffuse, the autocorrelation data must 

be fit to an appropriate model.  The chosen model depends upon the expected dimensionality of 

diffusion, and its mode, whether Fickian free diffusion or anomalous diffusion.  The data shown 

in Figure 2.5 was obtained from 2 nM rhodamine B (RhB) in bulk ethanol solution.  Thus, the 

results were fit to a model for free 3D Fickian diffusion. The model employed is given in Eq. 

2.2.100 The quality of the fit provides evidence as to whether or not the correct model (i.e., 

diffusion mechanism) has been chosen. 

𝑮(𝝉) = 𝑨𝒐 +
𝟏

𝑵
[𝑨𝒃 (𝟏 + (

𝝉

𝝉𝑫𝒃
))

−𝟏

(𝟏 + (
𝝉

𝝉𝑫𝒃
) (

𝟏

𝜸𝟐
))

−𝟏/𝟐

(𝟏 + 𝑨𝒓𝒆
−𝒌𝝉)] 2.2 
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Where Ao is a constant (≈ 0), N is the average number of molecules in the detection region, and 

Ab is the fractional contribution of free 3D diffusion to the autocorrelation decay.  Ar and k are 

the fractional amplitude and rate constant, respectively, for contributions from faster fluctuations 

that were too fast (near ~ 10-6 s and not related to transitional motion) to result from dye 

diffusion.  The average residence time of individual RhB molecules in the detection region is 

given by 𝜏𝐷𝑏, while 𝛾⁡ = ⁡𝑤𝑧 𝑤𝑥𝑦⁄ ⁡≈ ⁡4,101 where wz and wxy are, respectively, the 

experimentally determined axial and radial dimensions of the detection region.  𝜏𝐷𝑏 is related to 

the diffusion coefficient of the dye in bulk solution, Db, by 𝜏𝐷𝑏 ⁡= ⁡𝑤𝑥𝑦
2 4𝐷𝑏⁄ .  The known value 

of Db for RhB in aqueous solution (430 µm2/s102,103) was employed to determine wxy (and wz) 

from the measured value of 𝜏𝐷𝑏, also in aqueous solution. 

Derivation of Fitting Model for One Dimensional Diffusion 

In this dissertation, much of the data collected reflects diffusion of dye molecules in 1D 

due to their confinement within anodic alumina nanopores.  Therefore, a model for 1D diffusion 

was employed due to the narrow pore size (10 nm and 20 nm), which causes restriction of dye 

movement in the x or y dimension, with freedom of movement only in the z direction (along the 

long pore axis) in the lab frame. Specifically, a two-component 1D fitting model was used 

because of the observation of two distinct mechanisms having diffusion times that differed from 

each other by 10-100-fold. One of these mechanisms is related to those molecules moving close 

to the pore surface and interacting with the surface, resulting in slower diffusion.  The other is 

related to those molecules that mostly move in the center of the pores and exhibit relatively faster 

diffusion. The final model is given in Eq. 2.3. 

𝑮(𝝉) ≈ 𝑨𝒐 +
𝟏

𝑵
[(𝑨𝒇 (𝟏 + (

𝝉

𝝉𝑫𝒇
) (

𝟏

𝜸𝟐
))

−𝟏/𝟐

+ 𝑨𝒔 (𝟏 + (
𝝉

𝝉𝑫𝒔
) (

𝟏

𝜸𝟐
))

−𝟏/𝟐

)]        2.3 
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Where, Ao is a constant (≈ 0), N is again the average number of molecules in the detection 

region, Af and As represent the fractional contributions of fast and slow diffusion to each 

autocorrelation decay, 𝜏𝐷𝑓 and 𝜏𝐷𝑠 are the average residence times of the molecules in the 

detection region for molecules exhibiting fast and slow diffusion, and 𝛾⁡ = ⁡𝑤𝑧 𝑤𝑥𝑦⁄ ⁡≈ ⁡4, as 

described above. Our measurements are performed in the z-direction, where the beam propagates 

along the pore direction, resulting in a longer path compared to the x or y directions, which are 

perpendicular to the laser beam and have shorter radii. In the case of diffusion in the x or y 

directions alone, the term (
𝟏

𝜸𝟐
) is removed from the equation above. 

The derivation of this model (Eq. 2.3) begins with a definition of the dye concentration 

fluctuations along the z axis within the nanopores: 

𝜹𝑪(𝒛, 𝒕) = 𝑪(𝒛, 𝒕) − 〈𝑪〉        2.4 

Where 𝛿𝐶 is the concentration fluctuation and 〈𝐶〉 is the average dye concentration.  The 

concentration correlation function is then, 

𝝓(𝒛, 𝒛′, 𝝉) = ⁡ 〈𝜹𝑪(𝒛, 𝒕)𝜹𝑪(𝒛′, 𝒕 + 𝝉)〉       2.5 

Where t is time, 𝜏 is a time delay and the brackets <>  indicate that the average is calculated in 

time. Since the correlation function (𝜙) does not depend on absolute time, it is possible to write: 

𝝓(𝒛, 𝒛′, 𝝉) = ⁡ 〈𝜹𝑪(𝒛, 𝟎)𝜹𝑪(𝒛′, 𝝉)〉       2.6 

Since only the fluctuations caused by diffusion are of interest, 𝛿𝐶(𝑧, 𝑡)⁡is determined by Fick’s 

second law (in 1 D): 

𝝏(𝜹𝑪(𝒛,𝝉))

𝝏𝒕
= 𝑫𝛁𝟐(𝜹𝑪(𝒛, 𝝉)) = 𝑫

𝝏𝟐(𝜹𝑪(𝒛,𝝉)

𝝏𝟐𝒛
      2.7 

The standard method of solving a partial differential equation of the form of Eq. 2.7 is to apply 

the Fourier transform of Eq. 2.7 under the proper boundary conditions. 
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The boundary conditions were defined by considering that the microscope focus was 

positioned 5 μm inside the pores.  Again, the pores are oriented in the z direction and are 50 μm 

long, so it is assumed that the system is infinite along the z direction. Thus, the boundary 

condition is  

𝜹𝑪(𝒛, 𝝉) = 𝟎  at  𝒛 = ±∞       2.8 

The Fourier transform, which converts spatial coordinates to frequency coordinates, is defined 

and applied to the concentration fluctuations as follows: 

𝑭𝝑𝒛[𝜹𝑪(𝒛, 𝝉)] = 𝑪̃(𝝑𝒛, 𝝉) =
𝟏

√𝟐𝝅
∫ 𝒆𝒊𝒛𝝑𝒛𝜹𝑪(𝒛, 𝝉) 𝒅𝒛
+∞

−∞
    2.9 

The inverse Fourier transform, which converts frequency coordinates back to spatial coordinates, 

is again applied to concentration fluctuations as follows: 

𝑭𝒛
−𝟏[𝑪̃(𝝑𝒛, 𝝉)] = 𝜹𝑪(𝒛, 𝝉) = 𝑭𝒛

−𝟏[𝑪̃(𝝑𝒛, 𝝉)] =
𝟏

√𝟐𝝅
∫ 𝒆−𝒊𝒛𝝑𝒛𝑪̃(𝝑𝒛, 𝝉) 𝒅𝝑𝒛
+∞

−∞
 2.10 

Taking the Fourier transform of Eq. 2.7 gives 

𝒅𝑪̃(𝝑𝒛,𝝉)

𝒅𝝉
= −𝑫𝝑𝒛

𝟐𝑪̃(𝝑𝒛, 𝝉)        2.11 

Which has the solution  

𝑪̃(𝝑𝒛, 𝝉) = 𝑪̃(𝝑𝒛, 𝟎)𝒆
−𝑫𝝑𝒛

𝟐𝝉        2.12 

This solution is used to calculate the concentration correlation fluctuation equation.  

Eq. 2.6 consists of 𝛿𝐶(𝑧, 0) and 𝛿𝐶(𝑧′, 𝜏) which are copies of the same concentration 

fluctuation function with one starting at arbitrary time 0 and the other at the time delay 𝜏. They 

both are a function of position along the pore axis, with coordinates define as z and z'.  Since the 

experiments being performed deal with dilute, ideal solutions at time 0, when the system is 

supposed to be in equilibrium, there is no correlation between the concentration of one point and 
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the concentration of another point along the z axis. The concentration fluctuation in the detection 

volume should be Poisson distributed, so the mean-square fluctuation is equal to the average 

concentration. 

〈𝜹𝑪(𝒛, 𝟎)𝜹𝑪(𝒛′, 𝝉)〉 = 〈𝑪〉𝜹(𝒛 − 𝒛′)       2.13 

Applying the Fourier transform, and inverse Fourier transform to the second fluctuation function 

in Equation 2.6: 

𝝓(𝒛, 𝒛′, 𝝉) = ⁡ 〈𝜹𝑪(𝒛, 𝟎)𝜹𝑪(𝒛′, 𝝉)〉 = ⁡ 〈𝜹𝑪(𝒛, 𝟎)𝑭𝒛′
−𝟏[𝑪̃(𝝑𝒛, 𝝉)]〉   2.14 

Due to the linear nature of the Fourier transform and averaging, the inverse transform can be 

factored out, resulting in 

𝝓(𝒛, 𝒛′, 𝝉) = ⁡𝑭𝒛′
−𝟏〈𝜹𝑪(𝒛, 𝟎)𝑪̃(𝝑𝒛′, 𝝉)〉      2.15 

Inserting Eq. 2.12 into Eq. 2.15 it is found that 

𝝓(𝒛, 𝒛′, 𝝉) = ⁡𝑭𝒛′
−𝟏(〈𝜹𝑪(𝒛, 𝟎)𝑪̃(𝝑𝒛, 𝟎)𝒆

−𝑫𝝑𝒛
𝟐𝝉〉)     2.16 

Applying the definition of the Fourier transform leads to: 

𝝓(𝒛, 𝒛", 𝝉) = ⁡𝑭𝒛′
−𝟏 [〈𝜹𝑪(𝒛, 𝟎).

𝟏

√𝟐𝝅
∫ 𝒆−𝒊𝒛”𝝑𝒛𝜹𝑪(𝒛", 𝟎)
+∞

−∞
𝒆−𝑫𝝑𝒛

𝟐𝝉𝒅𝒛"〉]  2.17 

Since the second exponential is not a function of z'', it can be written as   

𝝓(𝒛, 𝒛", 𝝉) = ⁡𝑭𝒛′
−𝟏[〈𝜹𝑪(𝒛, 𝟎)𝑭𝝑𝒛"[𝜹𝑪(𝒛", 𝟎)]𝒆

−𝑫𝝑𝒛
𝟐𝝉 𝒅𝒛"〉]    2.18 

Since 𝑒−𝐷𝜗𝑧
2𝜏 remains constant for a given τ, it can be pulled out from the averaging brackets <>. 

Additionally, due to the linearity of both the Fourier transform and averaging, it can also be 

pulled out and expressed as 

𝝓(𝒛, 𝒛", 𝝉) = ⁡𝑭𝒛′
−𝟏[𝒆−𝑫𝝑𝒛

𝟐𝝉𝑭𝝑𝒛"〈𝜹𝑪(𝒛, 𝟎)𝑪(𝒛", 𝟎)〉]     2.19 
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Using Eq. 2.19 and the inverse Fourier transform, the final expression for the concentration 

correlation can be obtained as 

𝝓(𝒛, 𝒛", 𝝉) = ⁡𝑭𝒛′
−𝟏[〈𝑪〉𝜹(𝒛 − 𝒛′)𝒆−𝑫𝝑𝒛

𝟐𝝉] =
〈𝑪〉

√𝟐𝝅
∫ 𝒆

−𝒊𝝑
𝒛(𝒛′−𝒛)

+∞

−∞
𝒆−𝑫𝝑𝒛

𝟐𝝉 𝒅𝝑𝒛  2.20 

Next, we examine the laser intensity and beam profile, where near the beam waist, the 

profile can be approximated by a Gaussian distribution. The beam intensity in the z-direction can 

be expressed as  

𝝆(𝒛) = 𝝆𝟎𝒆
−𝟐𝒛𝟐

𝒘𝒛
𝟐⁄
          2.21 

Where 𝜌0 represents the intensity at the center of the beam, and 𝑤𝑧 is the radius of the confocal 

volume in the z direction. At this radius, the intensity drops to 𝜌(𝑧) =
𝜌0

𝑒2
.  The intensity of 

detected photons at any given time at the detector can be expressed as 

𝑰(𝒕) = ∫𝒅𝒛⁡𝝆(𝒛)𝒒𝑪(𝒛, 𝒕)         2.22 

Where q is the combined efficiency coefficient for excitation and emission. The time averaged 

signal is then given by the following equation. 

〈𝑰〉 =
𝟏

𝑻
∫ 𝒅𝒕 ∫𝒅𝒛⁡𝝆(𝒛)𝒒𝑪(𝒛, 𝒕) = 𝒒〈𝑪〉𝝆𝟎 ∫𝒅𝒛𝒆

−𝟐𝒛𝟐

𝒘𝒛
𝟐⁄𝑻

𝟎
= ⁡𝒒〈𝑪〉𝝆𝟎(

𝝅

𝟐
)𝟏/𝟐𝒘𝒛⁡  2.23  

The intensity fluctuation just results from the change in the dye concentration. So, it given by 

𝜹𝑰(𝒕) = 𝑰(𝒕) − 〈𝑰〉=∫𝒅𝒛⁡𝝆(𝒛)𝒒𝜹𝑪(𝒛, 𝒕)      2.24 

Since the autocorrelation function of fluorescence intensity fluctuation, 𝑔(𝑡), is independent of 

absolute time, it can be expressed as 

𝒈(𝒕) =
〈𝜹𝑰(𝒕)𝜹𝑰(𝒕+𝝉)〉

〈𝑰〉𝟐
⁡=⁡

〈𝜹𝑰(𝟎)𝜹𝑰(𝝉)〉

〈𝑰〉𝟐
       2.25 

Applying the Eq. 2.24, 

𝒈(𝒕) =
𝟏

〈𝑰〉𝟐
∬𝒅𝒛𝒅𝒛′𝝆(𝒛)𝝆(𝒛′)𝒒𝟐 〈𝜹𝑪(𝒛, 𝟎)𝜹𝑪(𝒛′, 𝝉)〉    2.26 
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substituting Eq. 2.20 in 2.26, 

𝒈(𝒕) =
𝒒𝟐〈𝑪〉

√𝟐𝝅〈𝑰〉𝟐
∬𝒅𝒛𝒅𝒛′𝝆(𝒛)𝝆(𝒛′) ∫ 𝒆−𝒊𝝑𝒛(𝒛

′−𝒛)+∞

−∞
𝒆−𝑫𝝑𝒛

𝟐𝝉 𝒅𝝑𝒛   2.27 

The main integral part is the Fourier transform of the beam profile described by Eq. 2.21. By 

substituting Eq. 2.21 into Eq. 2.27, it obtains: 

𝒈(𝒕) =
𝒒𝟐〈𝑪〉𝝆𝟎

𝟐

√𝟐𝝅〈𝑰〉𝟐
∬ 𝒅𝒛𝒅𝒛′𝒆

−𝟐𝒛′
𝟐

𝒘𝒛
𝟐⁄
𝒆
−𝟐𝒛𝟐

𝒘𝒛
𝟐⁄
∫ 𝒆−𝒊𝝑𝒛(𝒛

′−𝒛)+∞

−∞
𝒆−𝑫𝝑𝒛

𝟐𝝉 𝒅𝝑𝒛
+∞

−∞
  2.28 

From the Integral Handbook, it is known that  ∫ 𝑒−𝑎𝑥
2±𝑖𝑏𝑥𝑑𝑥 = √

𝜋

𝑎
𝑒
−𝑏2

4𝑎⁄+∞

−∞
. 

Therefore, by applying the known integral formula to Eq. 2.28, we can rewrite it as 

𝒈(𝒕) =
√𝝅𝒒𝟐𝝆𝟎

𝟐𝒘𝒛
𝟐〈𝑪〉

𝟐√𝟐〈𝑰〉𝟐
∫ 𝒆−

𝝑𝒛
𝟐𝒘𝒛

𝟐

𝟖
+∞

−∞
𝒆−

𝝑
𝒛′
𝟐 𝒘𝒛

𝟐

𝟖 𝒆−𝑫𝝑𝒛
𝟐𝝉 𝒅𝝑𝒛     2.29 

Then, since z=z’ and 𝜗𝑧 = 𝜗𝑧′ (the same explanation for Eq. 2.13), substituting Eq. 2.23 gives 

𝒈(𝒕) =
𝟏

√𝟐𝝅〈𝑪〉
∫ 𝒆−𝝑𝒛

𝟐(
𝒘𝒛
𝟐

𝟒
+𝑫𝝉)+∞

−∞
𝒅𝝑𝒛       2.30 

Carrying out the integral in Eq. 2.30 results in the following expression 

𝒈(𝒕) =
𝟏

√𝟐𝝅〈𝑪〉√
𝝅

𝒘𝒛
𝟐

𝟒
+𝑫𝝉

         2.31 

By defining the 
𝑤𝑧

𝑤𝑥𝑦
= 𝛾  and 𝜏𝐷 =

𝑤𝑥𝑦
2

4𝐷
, 

𝒈(𝒕) =
√𝟐

𝒘𝒛〈𝑪〉

𝟏

(𝟏+
𝟏

𝜸𝟐
𝝉

𝒕𝑫
)𝟏/𝟐

        2.32 

Eq. 2.32 represents the final expression, which is inversely proportional to concentration and is 

used for fitting the autocorrelation plots in one-dimensional space, particularly along the beam 

propagation direction. 
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 2.2 Raman Scattering Spectroscopy 

Raman scattering spectroscopy provides valuable evidence for the molecular structure of 

a substance. It can also provide information about the chemical composition of mixtures, and the 

occurrence of interactions between molecules. Raman scattering is the inelastic scattering of 

photons by a sample. When light is scattered from a polarizable atom or molecule, most photons 

are elastically scattered at the same energy.  This process is called Rayleigh scattering. However, 

a small fraction of light (~1 in 107 photons) is scattered at optical frequencies different from, and 

usually lower than, the frequency of the incident photons. The photon energy changes in the 

process.  In vibrational Raman scattering, the change in energy is equal to the difference between 

two vibrational energy-levels of the molecule.  If the molecule gains energy in the process this is 

known as Stokes scattering and the scattered photons of lower energy generate a Stokes line on 

the red side of the incident light. When the molecules instead lose energy to the photon, the 

process is known as anti-Stokes scattering, which results in scattered photons that are shifted to 

the blue side of the incident light, thus generating an anti-Stokes line. 

When an incident photon interacts with a molecule, it polarizes the electron cloud of the 

molecule, creating what is known as a virtual state.  The oscillations of the electron cloud then 

relauches the photon after either capturing some energy from the molecule or transferring some 

energy to the molecule. As a result, the molecule is left either a lower or higher vibrational state 

than prior to interacting with the photon.  The molecule will typically be left in a higher energy 

vibrational state, and this generates Stokes Raman scattering. If the molecule is instead left in a 

lower energy vibrational state, anti-Stokes Raman scattering is produced.   
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Figure 2.6 Raman scattering diagram showing Stokes, anti-Stokes and Rayleigh Scattering. 

 

The Raman shift represents the difference between the energies of the incident and the scattered 

photons, as shown in Eq. 2.33.  

∆𝝂(𝒄𝒎−𝟏) = [
𝟏

𝝀𝒊𝒏
−

𝟏

𝝀𝒔𝒄𝒂𝒕
] × 𝟏𝟎𝟕      2.33 

Here, ∆𝜈 is the Raman shift, while λin and λscat represent the wavelengths of the incidence and 

scattered photons in nanometers.  

Raman spectra reported in this dissertation were obtained on a home built inverted 

confocal microscope that was virtually identical to the microscope used in FCS experiments.  

The primary difference was that the Raman scattered light collected from the sample was 

directed into a spectrograph and onto a CCD camera for the recording of Raman spectra in the 

present case.  The configuration for Raman experiments is illustrated in Figure 2.7a. The Raman 

setup uses the same excitation source and optical path to the oil immersion objective (Nikon Plan 

Fluor, 100X, 1.3 or 1.49 NA) as in FCS experiments. The objective lens is essential in focusing 

laser light onto the sample and collecting scattered light with a high numerical aperture (NA). 
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The high NA (1.3 or 1.49) means that the objective gathers a large fraction of the light scattered 

by the sample, making it highly effective for Raman scattering experiments, where the signal is 

inherently weak. 

The scattered light is directed through a pinhole located at the microscope's primary 

image plane. This helps eliminate background in the form of stray light and selectively transmits 

signal from the focal plane. After passing the pinhole, the light was then directed through a 

holographic notch filter (Kaiser Optical). A notch filter selectively removes any residual incident 

laser light while allowing Raman-scattered light to pass through unattenuated. This is critical 

because the laser used to excite Raman scattering typically overwhelms the weak scattered light.  

Removing it efficiently ensures that only the Raman signal reaches the detector. Then the 

Raman-scattered light is directed into an imaging spectrograph (Acton Research, SpectraPro-

300i), which is equipped with a 1200 line/mm diffraction grating. The spectrograph disperses the 

light based on its wavelength, allowing the Raman shifts to be recorded across a spectrum. The 

1200 line/mm grating provides a balance between spectral resolution and signal intensity. Higher 

line density gratings increase the resolution but may also decrease the light throughput.  This 

configuration was found to be optimal for the present experiments. The dispersed Raman signal 

is detected by a thermoelectrically cooled, electron-multiplying CCD camera (Andor, Newton 

DU-970P-BV, 1600x200 pixels, 16μm X 16μm pixels). Thermoelectric cooling minimizes 

thermally-generated dark charges in the detector, which is crucial for detecting low-intensity 

Raman signals. Two or four-pixel binning was employed along the wavelength axis, while all the 

vertically illuminated pixels were binned along the axis normal to the spectral dimension to 

increase the detected signal. Binning along the wavelength axis sacrifices some spectral 

resolution (which is ~ 2 and 4 cm-1 depending on the binning) but enhances the signal strength, 
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which is useful when working with weak Raman signals. The entrance slit of the spectrograph is 

typically maintained at a width of 200 μm, which controls the amount of light entering the 

spectrograph and defines the ultimate spectral resolution. A wider slit allows more light through, 

improving signal strength, while a narrower slit enhances the spectral resolution but reduces the 

amount of light.  

The wavelength axis of the spectrometer was calibrated using a neon lamp, as shown in 

Figure 2.7 b,c. Neon lamps are a common reference for wavelength calibration due to their well-

known and stable emission lines. Calibration ensures that the recorded Raman shifts correspond 

accurately to the values expected for each vibrational mode of the molecules being probed, 

which is critical for identifying components of mixtures or verifying the identity of molecules 

being detected. 

 

Figure 2.7 a) Optical microscope used to acquire Raman spectra. b) Atomic emission spectra 

from a Neon lamp acquired on the same microscope. c) Calibration of the spectrometer 

wavelength from the known peak wavelengths of Neon emission. Red points show the data while 

the line shows a linear fit. 
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 2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

  Nuclear magnetic resonance (NMR) spectroscopy studies molecules through the 

interactions of radiofrequency (RF) electromagnetic radiation with the nuclei of molecules in a 

strong magnetic field. NMR applies only to nuclei with a non-zero nuclear spin quantum number 

(I), meaning nuclei with I = 0 are 'invisible' to NMR spectroscopy. NMR-active nuclei, 

particularly those with a spin quantum number 1/2, are significant in NMR spectroscopy such as 

1H, 13C, 15N, and 31P. 

In the presence of an external magnetic field (B), nuclei with a spin quantum number of 

1/2 exhibit two spin states: +1/2 and -1/2. The difference in energy between these two states is 

directly proportional to the strength of the external magnetic field. 

Proton (1H) NMR, a method of paramount importance in organic chemistry, is one of the 

most widely used NMR methods. The behavior of protons within a molecule varies depending 

on their chemical environment, allowing for the elucidation of molecular structure. Once the 

basic structure is known, NMR can be used to determine molecular conformation in solutions 

and to study a wide range of physical properties at the molecular level, such as conformational 

exchange, phase changes, solubility, and diffusion. In this dissertation, NMR is used to find the 

solubility104 of RhB in the water-ethanol mixture solution. Figure 2.8 provides an example of a 

proton NMR spectrum acquired for use in this dissertation.  This figure specifically displays an 

NMR spectrum of 12.6 mM rhodamine B in a water-ethanol (20-80 vol%) mixture. The peaks 

correspond to the different protons within the rhodamine B molecule. The integrated area under 

each peak is directly proportional the number of protons participating in each resonance.  The 

integrated area under each peak is also proportional to rhodamine B concentration. 
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Figure 2.8 NMR spectrum of 12.6 mM rhodamine B in a water-ethanol (20-80 vol%) mixture. 

The red oval shows the region in which the aromatic protons of rhodamine B appear.  The inset 

shows an enlarged version of this same region to more clearly reveal its spectral features. 

 

Once the basic structure is known, NMR data can be used to determine molecular 

conformation in solution and to study a wide range of physical properties at the molecular level, 

such as the rate of conformational exchange, phase changes, solubility, and the rate of diffusion.  

NMR was employed in this dissertation primarily for determining the solubility of rhodamine B 

in ethanol-water mixtures.  In this case, supersaturated solutions of rhodamine B were prepared 

in each mixture.  Only dissolved rhodamine B contributes to the area under each peak, while 

solid rhodamine B makes no contribution.   
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Figure 2.9 Calibration of rhodamine B concentration a) based on the area of the peak at highest 

chemical shift (8.6 ppm) and b) based on integration of the total peak area for the aromatic 

protons. 

 

Calibration of the NMR signal was required to quantitatively determine the rhodamine B 

concentration in each mixture.  For this purpose, three known concentrations of rhodamine B in 

deuterated ethanol and water were prepared for use in the calibration process. The peak area of 

the aromatic peak at highest chemical shift (8.6 ppm) and the total area for all of the aromatic 

proton peaks were used in concentration determinations performed in this dissertation.  Plots of 

the calibration data obtained for rhodamine B are shown in Figure 2.9. These curves clearly 

demonstrate that the expected linear relationship between concentration and integrated peak area 

is observed, and thus that NMR provides a reliable method for quantifying rhodamine B 

concentration. Based on these calibration results, the areas under these same aromatic peaks were 

used to determine the concentration of rhodamine B in samples of unknown concentrations.  The 

results were used to quantify the solubility of rhodamine B in supersaturated solutions of a 

variety of ethanol-water mixtures (see Chapter 4). 

All experiments used a balance with a precision of 0.0001 grams to measure the dye 

weight and the pure solution before mixing. In this study, changes in volume upon mixing of the 

pure solvents were not considered.  The well-known negative excess molar volume of water and 
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ethanol mixtures would lead to an increase in rhodamine B solubility of at most approximately 

3.5% in intermediate mixtures. Progressively smaller errors occur as the pure solvents are 

approached. 

 2.4 Preparation of Anodic Aluminum Oxide (AAO) Membrane 

The Nanoporous Anodic Alumina (AAO) membrane is extensively used in various 

scientific and industrial applications due to its remarkable properties, including a large surface 

area, high thermal stability, unique optical and electrochemical properties, and customizable 

characteristics.105,106 

The structural properties of AAO membranes, such as pore size and thickness, can be 

finely controlled by adjusting the conditions during its fabrication. The choice of electrolyte, 

concentrations, applied voltages, and anodization duration are critical parameters in determining 

these characteristics. Different electrolytes are used to achieve the specific pore sizes; Sulfuric 

acid is typically employed for small pore sizes (less than 30 nm), oxalic acid for medium pore 

sizes (30-100 nm), and phosphoric acid for large pore sizes (greater than 100 nm). This 

flexibility allows the AAO membrane to be customized for particular applications.107-110 

The fabrication process of nanoporous AAO membrane generally follow a well-

stablished two-step anodization method. The process begins with high-purity aluminum foils, 

which undergo electropolishing using a mixture of ethanol and perchloric acid. This step creates 

a smooth, defect-free surface on the aluminum, which is crucial for the uniform formation of 

nanopores. 

Next, the first anodization step is carried out under controlled conditions (specific voltage 

and electrolyte type), during which a porous alumina layer forms on the aluminum surface. This 

initial layer, however, often contains imperfections and is not ideal for many applications. 
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Therefore, it is removed through wet chemical etching using a mixture of chromic acid and 

phosphoric acid. This step eliminates the irregularities and prepares the aluminum surface for a 

more uniform pore structure during the second anodization. 

The second anodization step is performed in the same condition as the first, but it 

generates a highly ordered and uniform nanoporous structure this time. The resulting membrane 

is characterized by its ordered pore arrangement and thickness, which are critical for applications 

requiring precision.  

In this dissertation, AAO membranes with pore sizes 10 nm and 20 nm were 

predominantly used, primarily due to their transparency, which is a critical factor in optical 

studies. Membranes with smaller pore sizes, like 10 nm, are particularly advantageous in 

applications requiring high optical clarity, as they exhibit minimal light scattering. The AAO 

membranes produced using oxalic and phosphoric acid electrolytes often exhibit coloration—

yellow for oxalic acid and gray for phosphoric acid. This coloration is due to the incorporation of 

anions from the electrolyte into the alumina matrix during anodization. Unfortunately, such 

membranes are unsuitable for optical spectroscopy applications, as the coloration interferes with 

the transmission and absorption of light, potentially distorting the spectral measurements. 

  Figure 2.10 (Left and Right) shows the electrolyte side (also referred to as the front side) 

and barrier side (the back side) the 10 nm, 20 nm and 30 nm AAO membranes. The 30 nm 

membrane was fabricated through extended etching times compared to the 20 nm membranes, 

providing an increase in pore size. 

All the membranes used in this dissertation were commercially purchased from InRedox 

Company. 
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Figure 2.10 Scanning electron microscopy (SEM) images. a), b) and c) representative AAO 

membranes having 10 nm, 20 nm, and 30 nm nanopores, respectively.  The face shown is the 

face probed in optical experiments. d), e) and f) SEM images of the opposite faces of the same 

membranes shown on the left side. All the images were taken by Dr. Takashi Ito at the Argonne 

National Lab. 
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Chapter 3 - Random Walks and Sticky Surfaces: Single 

Molecule Measurements of Solute Diffusion in Ethanol/Water-

Filled Anodic Alumina Nanopores 

 

Adapted with permission from: Rashidi, H.; Howard, K. J.; Ito, T.; Higgins, D. A. J. 

Phys. Chem. C 2023, 127, 411-420, Copyright 2023 American Chemical Society. 

(https://doi.org/10.1021/acs.jpcc.2c07083), 

 

 3.1 Introduction 

Nanoporous anodic aluminum oxide (AAO) membranes are now being explored for use in 

a variety of applications including in catalysis, drug delivery, chemical and biological sensing, 

and chemical separations.105,106  While their commercial availability makes them useful in many 

routine separations, AAO membranes also find emerging applications in the dehydration of 

renewable biofuels such as ethanol,40 where they may afford new routes to the breaking of 

azeotropes.  The optimization of membrane performance for a given separation can be 

particularly challenging when chemically complex mixtures are involved.  These challenges are 

compounded by the fact that many chemicals behave differently under nanoconfinement than in 

the bulk.  For example, the freezing and melting points of many solvents change upon 

confinement.34 In addition, the orientational56,111 and translational56,57 motions of confined 

molecules may be substantially slower.  They may also exhibit different chemical equilibrium 

behaviors,112 and mixtures may phase separate.38,113,114  Nanoconfinement is also certain to cause 

https://doi.org/10.1021/acs.jpcc.2c07083
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changes in the chemical and physical properties of solutes.35  Frequent interactions of solute 

molecules with the pore walls and/or with surface-associated solvent layers may influence their 

adsorption and desorption energetics and dynamics, altering the rate at which they diffuse within 

the pores.36 Once completely understood, the development of new means to control these 

phenomena will afford routes to chemical separations of enhanced efficiency and/or selectivity.   

Exploring the complexities of mass transport phenomena in solvent mixtures confined 

within AAO nanopores requires the use of experimental tools that directly probe solvent and/or 

solute motions. Methods that afford such information include pulsed-field-gradient NMR 

spectroscopy,55 electron spin resonance spectroscopy,112 and quasi-elastic neutron scattering.56,57 

A variety of optical spectroscopic and imaging methods can also be used to explore molecular 

diffusion within nanoporous materials.  These include direct fluorescence imaging,115 

fluorescence anisotropy measurements,58 fluorescence recovery after photobleaching,58-61 and 

optical Kerr effect spectroscopy.111 While all these tools provide important data at the ensemble 

level and have resulted in improved understanding of mass transport under nanoconfinement, 

none allow for individual molecular-level events to be directly observed and characterized.  As a 

result, they likely mask many of the relevant details needed to fully understand the mechanisms 

of diffusion in confined environments.   

Optical microscopic methods that directly record single molecule transit events have 

provided access to new knowledge on mass transport mechanisms in nanoporous materials.116 

Our research groups,62,117 and others118-121 have employed wide-field fluorescence video 

microscopy and single molecule detection and tracking to examine the diffusion of dyes within 

solvent- and surfactant-filled mesoporous silica.  Similar methods have also been applied in 

recent studies of diffusion within AAO membranes, 69,70,122 and in other nanoporous materials. 
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116,123-,125  The results of previous studies have revealed the importance of solvent 

nanostructuring in governing molecular dynamics within the pores,75 and have highlighted the 

roles played by surface interactions,76 partitioning,77 and orientational confinement75 of the probe 

molecules.  

 

Figure 3.1 a) Chemical structure of Rhodamine B.  b) and c) scanning electron microscopy 

(SEM) images of representative AAO membranes having 10 nm and 20 nm nanopores, 

respectively.  The face shown is the face probed in optical experiments. d) and e) SEM images of 

the opposite faces of same membranes shown in b and c. The SEM images were taken by Dr. 

Takashi Ito at the Argonne National Lab. 
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In this chapter, we employ single molecule detection and fluorescence correlation 

spectroscopy (FCS)71 to investigate the mass transport dynamics of rhodamine B (RhB) dye (see 

Figure 3.1a) confined within the vertically-oriented nanopores of solvent-filled AAO 

membranes.  The commercial AAO membranes employed incorporate uniformly sized 10 nm 

and 20 nm diameter nanopores that pass completely through the 50 µm thick membranes (see 

Figure 3.1b, c).  

The solutions explored range in composition from pure ethanol to 33% (by volume) 

water and ethanol mixtures.  Fluorescence time transients acquired on a confocal microscope 

were used to detect the translational motions of individual RhB molecules at a depth of 5 µm 

within the membranes (see Figure 3.2).  The time transient data reveal fluorescence fluctuations 

attributable to the one-dimensional (1D) diffusion of RhB along the pore axis.  These same data 

are used to investigate interactions occurring between the dye and the pore surfaces.  

Autocorrelations of the time transient data allow for assignment of RhB diffusion mechanisms 

and the quantitative determination of their diffusion coefficients as a function of ethanol/water 

mixture composition.  The results of these studies provide an improved understanding of the 

mass transport mechanisms and dynamics of solutes dissolved within nanoconfined solvent 

mixtures and will facilitate development of new nanoporous materials for more efficient and 

more selective chemical separations. 
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Figure 3.2 Experimental setup employed in FCS experiments and for recording time transient 

data. An expanded view of the AAO membrane and the confocal volume (not to scale) are 

shown at the lower right.  The red circles represent single RhB molecules. 

 3.2 Methods 

 3.2.1 Materials 

  Rhodamine B (RhB) was obtained from Sigma-Aldrich and was used as received.  Figure 

3.1a shows its chemical structure.  The concentration of RhB was maintained at 2 nM in all FCS 

experiments.  Its emission spectra in bulk solutions of different compositions are shown in 

Figure 3.3.  These reveal a gradual shift of only a few nanometers (~ 10 nm) in its peak emission 

wavelength over the full range of mixtures examined, demonstrating negligible 

solvatochromism.   

High purity water was obtained from Fisher Scientific (HPLC grade), while pure ethanol 

was obtained from Sigma-Aldrich (HPLC grade).  Both were used as received.  These 

experiments were performed using RhB-doped ethanol and mixtures of 2%, 5%, 10% and 33% 

(by volume) water and ethanol. 
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Figure 3.3 RhB fluorescence spectra as a function of volume fraction of water, φw, in ethanol-

water mixtures.  Fluorescence was excited at 532 nm.  The results reveal only minor 

solvatochromism. 

Nanoporous anodic aluminum oxide (AAO) membranes were purchased from InRedox, 

LLC.  They were obtained as 10 mm diameter disks and incorporate cylindrical 10 nm and 20 

nm diameter pores that extend across the full 50 µm membrane thickness.  The porosities of the 

10 nm and 20 nm membranes are quoted by the manufacturer to be 12±2% in both cases, with 

1.6x1011 pores/cm2 and 5.8x1010 pores/cm2, respectively.  The membranes were frequently cut 

into smaller pieces prior to use.  Scanning electron microscopy (SEM) images of the AAO 

membranes are shown in Figure 3.1b-e. The former (b and c) shows images of the membrane 

face at which all optical measurements were made, while the latter (d and e) shows images of the 

back face.  To ensure the pores were filled with solvent, each membrane was first immersed in 

pure ethanol and placed under reduced pressure using an oil-free vacuum pump (KNF Lab 

Filtration Pump) for 60-90 min.  The membranes were subsequently maintained under ethanol 

for at least one day prior to use.  At the start of each experiment, the membranes were transferred 

to an optical cell (described below) for mounting on the microscope and were immediately 

immersed in one of the RhB-doped solutions.  They were maintained under this solution for a 
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period of 30 min prior to the start of each experiment.  Whenever the solution composition was 

changed, a period of 30 min was allowed for equilibration of the membrane with the new 

solution before the next experiment was performed.  Raman spectra provided conclusive 

evidence that the solution within the pores was fully exchanged on this time scale.  

 3.2.2 Measurements 

SEM images were acquired on a Hitachi S-4700-II SEM at the Center for Nanoscale 

Materials, Argonne National Laboratory.  High-resolution images were acquired at 10 kV under 

100,000X magnification.  The membranes were coated with a thin layer of carbon for SEM 

imaging experiments. 

Raman spectra of pure solvents and solvent mixtures (in the absence of dye) were 

acquired from both bulk solutions and from environments within the AAO membranes.  These 

were obtained on a confocal microscope that was constructed in-house using a commercial 

inverted light microscope (Nikon TE-200). The microscope focus was positioned 5 µm below 

the AAO membrane to obtain bulk solution spectra and 5 μm above the membrane/solution 

interface (i.e., within the membrane) to collect spectra from solvents confined within the 

membrane nanopores. The scattered light collected by the oil immersion objective (Nikon Plan 

Fluor, 100X, 1.3 NA) was directed through a 100 µm diameter pinhole located in the primary 

image plane of the microscope and was then sent into an imaging spectrograph (Acton Research, 

SpectraPro-300i).  The spectrograph incorporated a 1200 line/mm diffraction grating and Raman 

scattering was detected using a thermoelectrically cooled, electron-multiplying CCD camera 

(Andor, Newton DU-970P-BV, 1600x200 pixels, 16µm X 16µm pixels).  Two-pixel binning was 

employed in the spectral dimension, giving a resolution of ~ 2 cm-1.  The entrance slit of the 

spectrograph was typically maintained at a width of 150 µm.  The wavelength axis of the 
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spectrometer was calibrated using a neon lamp.  An incident laser power (532 nm) of 5 mW was 

employed in all Raman experiments.  The signal was integrated for a period of 10 s in each case 

and 50 replicate spectra were averaged together to obtain the final spectrum. 

Single molecule detection and fluorescence correlation spectroscopy (FCS) experiments 

were performed on another confocal microscope that was constructed in-house using a 

commercial inverted light microscope (Nikon TE-200) and virtually identical to those used for 

confocal Raman spectroscopy.  An oil immersion objective (Nikon Plan Fluor, 100X, 1.3 NA) 

was employed for illumination of the sample and for collection of RhB fluorescence.  

Fluorescence was excited by 532 nm light from a diode-pumped solid state Nd:YVO4 laser 

(Coherent Verdi-5W).  The incident laser beam was reflected from a dichroic beam splitter 

(Chroma 550 DCLP) into the back aperture of the objective lens.  The beam was sized to slightly 

overfill the objective aperture to ensure the smallest possible diffraction-limited focus in the 

sample.  Its 1/e2 diameter at the focus was determined to be ~ 520 nm.  An incident power of 10 

µW, measured prior to incidence on the dichroic beam splitter, was used in all experiments.  This 

power was chosen to provide high signal-to-noise data while also avoiding rapid photobleaching 

of the dye.     

Fluorescence collected from the sample was directed back through the dichroic beam 

splitter and into the detection path of the microscope. The tube lens within the microscope 

focused the fluorescence through a 50 µm diameter pinhole positioned in its primary image 

plane.  The use of confocal methods allowed for selective detection of fluorescence from either 

bulk solution or within the AAO membrane.  The light emerging from the pinhole was collected 

by a telescope constructed from two achromatic lenses.  It was subsequently sent through a 

bandpass filter (Chroma, 580/40m) and then focused onto the photosensitive element of a single-
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photon-counting avalanche photodiode (APD, Perkin Elmer SPCM-AQ-141R).  The electrical 

pulses output by the APD were counted using a National Instruments counter/timer board (PCIe-

6612)126 operated in the time-stamping mode. A 25 MHz clock was employed as the timer.  

Time-stamping data were recorded using a National Instruments Labview program written in 

house.  The data were autocorrelated and analyzed using C++ code and Igor Pro (Wavemetrics) 

macros that were also written in house. 

The detection area in the microscope was regularly and carefully recalibrated by 

measurement of RhB diffusion in water or ethanol.  The RhB diffusion coefficient in water has 

been reported to be 430 µm2/s, 102,103 while its value in ethanol was determined to be 336 µm2/s 

in these studies.  Calibration was performed using solution-phase data that were acquired 5 µm 

below the AAO membrane surface.   

The AAO membranes were mounted in a custom-made solution cell for all optical 

measurements, as shown in Figure 3.2.  The solution cell comprised a 14 mm diameter glass tube 

that was attached to a microscope coverslip (FisherFinest, Premium) using either glass super glue 

or parafilm.  The coverslip formed a transparent window into the cell. The optical cell was 

positioned on a 1.25 cm thick aluminum mounting plate that was attached to the microscope 

base.  The mounting plate ensured the microscope focus was stable over long periods of time (> 

30 min).  The AAO membrane nanopores were oriented vertically (see Figure 3.2, expanded 

view) with the cylindrical pore axis running parallel to the optical path of the laser. 

At the start of each experiment, the AAO membrane was placed in the solution cell and 

immediately immersed under the selected RhB-doped (2 nM) solution.  A glass capillary 

mounted vertically to a three-dimensional micrometer stage was used to press the AAO 

membrane down into close proximity to the coverslip surface.  This allowed for the membrane-
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coverslip distance to be reproducibly maintained to within ~ 20 µm, minimizing variations in the 

confocal detection area caused by spherical aberrations when focusing at different depths in 

media of different refractive indexes.95,101,127  For bulk solution measurements, the microscope 

focus was positioned in solution, 5 µm below the AAO membrane.  For measurements of RhB 

diffusion within the AAO membrane nanopores, the focus was positioned 5 µm inside the 

membrane (i.e., above its lower surface). 

 3.3 Results 

 3.3.1 Fluorescence Time Transients: Initial Observations  

Diffusion of RhB molecules in bulk solution and confined within solvent-filled AAO 

nanopores was initially explored by acquiring fluorescence time transients from each of these 

environments.  Figure 3.2 shows the experimental setup employed.  The diffusion of individual 

dye molecules through the microscope focus (Figure 3.2, lower right) produces a short burst of 

fluorescence for each transit event.   Representative time transients obtained from RhB-doped 

bulk ethanol and from RhB-doped ethanol confined within 10 nm and 20 nm AAO nanopores are 

shown in Figure 3.4.  Fluorescence bursts are readily observed in all three sets of data.  However, 

the fluorescence fluctuations due to RhB diffusion in bulk solution (Figure 3.4a) are largely too 

fast to observe using 1 ms bin times.  In contrast, the fluorescence bursts detected from within 

the AAO membranes are more obvious, occur less frequently, and are longer in duration, 

consistent with slower RhB diffusion in the 1D nanopores.  
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Figure 3.4 Representative time transients for 2 nM RhB in a) bulk ethanol solution, b) ethanol-

filled 10 nm AAO nanopores, and c) ethanol-filled 20 nm AAO nanopores. Expanded segments 

from each transient are shown in the right column of plots.  All time transients are displayed with 

1 ms bin times.  d) Autocorrelation data (solid lines) obtained from the same series of samples. 

These data depict averages from multiple (9-10) replicate measurements.  The dashed lines in d) 

depict fit the data to Eqs. 3.2 and 3.3 for bulk solution and nanopore environments, respectively.  

The dotted lines on either side of the fits depict the 95% confidence intervals, as determined 

from the 9-10 replicates.  The AAO autocorrelations were fit from 10-4 s to 3 s while the bulk 

solution data were fit from 10-6 s to 10-2 s. 

 

Expanded segments of each transient are given in the right column of Figure 3.4a-c.  These 

data show that the fluorescence bursts from within the AAO nanopores are separated by periods 

of background counts, consistent with passage of individual RhB molecules through the 

detection region.  The fluorescence bursts shown in Figure 3.4 vary in intensity owing to several 

factors, including the different lengths of time each molecule spends in the detection volume due 

to its random motions, the non-uniform excitation intensity across the confocal volume, and 

random variations in the number of molecules present in the detection volume.  

The direct visualization of fluorescence bursts from single-molecule transit events is 

critically important to a full understanding of the dye diffusion mechanisms in this study.128  

Such information cannot be obtained by ensemble-based FCS methods alone.  The fluorescence 
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bursts shown in the expanded segments in Figure 3.4b, c (right column) span a broad range of 

time scales and suggest that the mechanism for dye diffusion within the solvent-filled nanopores 

is relatively complex. The origins and impacts of this complexity are addressed further, below. 

 3.3.2 Autocorrelation Data and Fitting Models 

Autocorrelation decays derived from the fluorescence time transients provide quantitative 

data on the mean rate of dye diffusion, while also providing evidence of the diffusion 

mechanism.  All time transients were autocorrelated as given in Eq. 3.1.  

𝑮(𝝉) =
〈𝑰(𝒕)𝑰(𝒕+𝝉)〉

〈𝑰(𝒕)〉𝟐
− 𝟏         3.1 

Here, I(t) represents the time transient and I(t + ) is a copy that has been shifted by time .  The 

angular brackets indicate that the average value is calculated over t.  In these studies, the 

autocorrelation data were further averaged across several (i.e. ~ 10) replicate data sets from the 

same sample region to achieve additional improvements in the signal-to-noise ratio.  

Representative autocorrelation decays from bulk solution and within the AAO nanopores are 

plotted in Figure 3.4d.   

The autocorrelation functions were fitted to equations that model the expected diffusion 

mode in each case.  For example, the bulk solution data are expected to reflect free 3D diffusion 

of the dye.  The fitting equation employed is given as Eq. 3.2.100 The quality of the fit provides 

evidence of whether or not the correct model (i.e., diffusion mechanism) has been chosen.  

𝑮(𝝉) = 𝑨𝒐 +
𝟏

𝑵
[𝑨𝒃 (𝟏 + (

𝝉

𝝉𝑫𝒃
))

−𝟏

(𝟏 + (
𝝉

𝝉𝑫𝒃
) (

𝟏

𝜸𝟐
))

−𝟏/𝟐

(𝟏 + 𝑨𝒓𝒆
−𝒌𝝉)]  3.2 

In Eq. 3.2, Ao is a constant (≈ 0), N is the average number of molecules in the detection region, 

and Ab is the fractional contribution of free 3D diffusion to the autocorrelation decay.  Ar and k 

are the fractional amplitude and rate constant, respectively, for contributions from faster 
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fluctuations that were too fast (see Figure 3.4d, black curve, near ~ 10-6 s) to result from dye 

diffusion.  These fluctuations may arise instead from quantum mechanical blinking of the dye.129 

The latter are of no interest in the present studies, but the extra term has been included to ensure 

accurate parameters are obtained for dye diffusion.  The average residence time of individual 

RhB molecules in the detection region is given by 𝜏𝐷𝑏, while 𝛾⁡ = ⁡𝑤𝑧 𝑤𝑟⁄ ⁡≈ ⁡4,101 where wz and 

wr are, respectively, the experimentally determined axial and radial dimensions of the detection 

region.  𝜏𝐷𝑏 is related to the diffusion coefficient of the dye in bulk solution, Db, by 𝜏𝐷𝑏 ⁡=

⁡𝑤𝑟
2 4𝐷𝑏⁄ .  The known value of Db for RhB in aqueous solution (430 µm2/s102,103) was employed 

to determine wr (and wz) from the measured value of 𝜏𝐷𝑏.  These values were regularly 

recalibrated and were found to vary by < 6.5% relative standard deviation.  

Figure 3.4d (black dashed curve) shows a fit of the bulk ethanol data to Eq. 3.2, revealing 

that the model fits the data very well.  Figure 3.4d includes error bars showing that the fit falls 

well within the 95% confidence interval.  All bulk solution data were fit between 10-6 s and 10-2 

s, encompassing both fast and slow signal fluctuations.  Again, the fastest fluctuations (~ 10-6 s) 

are neglected in these studies.  The autocorrelation results from the slower fluctuations occurring 

on a ~ 10-4 s time scale yielded Db = 336 ± 2 µm2/s for RhB in ethanol.  Figure 3.5a represents 

the Db values for RhB across a whole range of water/ethanol mixtures measured by FCS, as 

mentioned. Applying the Stokes-Einstein equation on the diffusion coefficients on the bulk 

water/ethanol mixtures, the viscosity of each mixture was calculated, and it’s a good agreement 

with the reported value in the literature,130 which is shown in Figure 3.5b. 
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Figure 3.5 a) The bulk diffusion coefficient, Db, for RhB measured by FCS as a function of water 

fraction in a series of ethanol/water mixtures. b)  Solution viscosity estimated from the data in a) 

using the Stokes-Einstein equation (red squares) and solution viscosity obtained from the 

literature.130  The solid lines were added to better highlight the trends in each data set.  The 

molecular radius for RhB (0.52 nm) was determined by adjusting its value in the Stokes-Einstein 

equation to minimize the sum of the squared errors between the literature data and the values 

determined in the present experiments. 

 

RhB is expected to exhibit 1D diffusion within the AAO membranes, yielding slower 

autocorrelation decays.  The decays obtained from the 10 nm and 20 nm nanopores (see Figure 

3.4d, blue and red curves) were slower as expected, but were also too broad to arise from 1D 

diffusion by a single mechanism alone.  Instead, autocorrelation data acquired from within the 

nanopores were found to fit best to a model incorporating two different 1D diffusion modes. The 

two components are characterized here as fast and slow 1D diffusion. Eq. 3.3 provides the exact 

expression used to fit these autocorrelation decays.  The two terms in the square brackets model 

diffusion in 1D for the two separate components.  Derivation of Eq. 3.3 follows the original work 

of Elson and Magde,71 but for the case of 1D diffusion.  An appropriate change in the z-boundary 

condition is also required; in this case, the concentration fluctuations go to zero at infinite 

distance.  The single-component analog of Eq. 3.3 has already been widely employed in the 

literature to model 1D diffusion.62,69,70 The justification for inclusion of a second component is 

similar to that of a previous FCS study of 2D diffusion by dye-labeled proteins in 50 nm deep 

microfluidic channels, as described below.36  
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In Eq. 3.3, Ao is a constant (≈ 0), N is again the average number of molecules in the detection 

region, Af and As represent the fractional contributions of fast and slow diffusion to each 

autocorrelation decay, 𝜏𝐷𝑓 and 𝜏𝐷𝑠 are the average residence times of the molecules in the 

detection region for molecules exhibiting fast and slow diffusion, and 𝛾⁡ = ⁡𝑤𝑧 𝑤𝑟⁄ ⁡≈ ⁡4, as 

described above.  Note that  is obtained from the radial (wr) and axial (wz) dimensions of the 

microscope focal volume alone and, besides its dependence on refractive index of the material 

(see Methods), does not depend upon the physical structure (i.e. pore size) of the anodic alumina 

membrane.  The use of a 1D diffusion model in Eq. 3.4 is justified by the size of the pores (10 

nm and 20 nm diameters, 50 µm length) relative to wr ≈ 250 nm, and wz, ≈ 1 µm.  Dye motions 

in the radial dimension (x,y) make negligible contributions to the observed fluorescence 

fluctuations, which are instead dominated by 1D dye motion along z.   

Figure 3.4d shows fits of the autocorrelation data from ethanol-filled 10 nm and 20 nm 

AAO nanopores to Eq. 3.3 (dashed curves) and their 95% confidence intervals (dotted curves).  

In this case, the data were fit between 10-4 s and 3 s.  While the fastest fluctuations (~ 10-6 s) 

observed in bulk solution were also present in these data, their contributions have been left out of 

the model.  The approximation in Eq. 3.3 is valid because the fastest fluctuations are orders of 

magnitude faster than those produced by 1D dye diffusion.  

The data plotted in Figure 3.4d yield Df and Ds values of 172 ± 25 µm2/s and 3.3 ± 0.2 

µm2/s, respectively, for RhB in the 10 nm nanopores, while values of 237 ± 22 µm2/s and 5.1 ± 

0.3 µm2/s were obtained from the 20 nm nanopores.  The Df values are approximately two-fold 

smaller than Db in bulk ethanol.  In contrast, the Ds values are about two orders of magnitude 
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smaller than Db.  These results provide clear evidence that fast and slow RhB diffusion within 

the solvent-filled AAO nanopores are moderately and strongly hindered, respectively, with 

respect to bulk diffusion.   

 3.3.3 Solvent Composition and Pore Size Dependence  

The origins of the two RhB diffusion mechanisms and their impacts on dye diffusion 

dynamics were further explored by acquiring data from several different membranes filled with 

RhB-doped ethanol or 2%, 5%, 10%, or 33% (by volume) mixtures of water and ethanol.  In 

each case, FCS data were collected from the nanopores and from bulk solution just below the 

membranes.  A total of 10-12 independent experiments were performed on each sample for each 

of the five solvent compositions.  All data were analyzed as described above.  

 

Figure 3.6 Mean values of Db and Df for RhB diffusion in bulk solution and in 10 nm and 20 nm 

AAO nanopores (symbols) as a function of the volume fraction water, φw, in the mixture.  b) 

Ratio of the fast and bulk diffusion coefficients for RhB, Df/Db, in the nanopores as a function of 

φw (symbols) and predicted ratios (dashed lines) from a model for hydrodynamic drag (Eq. 3.4).  

The error bars show the 95% confidence intervals of each value from 10-12 replicate 

measurements. 

 

Figure 3.6a plots mean Db values (black data points) from bulk solution along with mean 

Df values from within the 10 nm (blue data points) and 20 nm (red data points) nanopores as a 

function of the volume fraction of water, φw, in the solvent mixture.  As noted above, the Df 
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values were moderately smaller than Db in all cases. Figure 3.6b provides plots of Df/Db to better 

depict the trends.  The 10 nm AAO nanopores yielded the smallest Df values, with somewhat 

larger values obtained from the 20 nm pores, revealing a clear pore-size dependence to the rate 

of fast diffusion, even though the pore diameter is at least an order of magnitude larger than the 

dye itself.  These results provide strong support for the conclusion that fast RhB diffusion is 

moderately hindered within the solvent-filled nanopores.   

The Df data for both 10 nm and 20 nm pores also show clear trends with solvent 

composition.  These closely mimic the composition dependence of Db (see Figure 3.6a) 

suggesting that fast RhB diffusion within the nanopores occurs by a bulk-like Brownian 

mechanism.  However, the residual dependence on solvent composition shown in the Df/Db plots 

of Figure 3.6b indicates that the diffusion mechanism is actually somewhat more complicated.   

Figure 3.7a plots mean Ds values as a function of φw for RhB in the AAO membranes.  As 

with Df, the Ds values are also pore size dependent, with smaller values obtained from the 10 nm 

nanopores and larger values from the 20 nm pores.  The plots of Ds/Db shown in Figure 3.7b 

demonstrate that the Ds values are a small fraction of Db across the full range of conditions 

investigated, providing additional evidence that slow RhB diffusion is strongly hindered within 

the nanopores.  Interestingly, the plots of Ds and Ds/Db exhibit distinctly different dependences 

on solvent composition than the corresponding plots for Df (see Figure 3.6).  Namely, the Ds 

values increased monotonically with φw, while the Df values mostly decreased.    
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Figure 3.7 a) Slow diffusion component, Ds, for RhB in 10 nm and 20 nm AAO nanopores as a 

function of φw in the mixture.  b) Ratio of the slow and bulk diffusion coefficients for RhB, 

Ds/Db, in the nanopores as a function of φw.  c) Relative amplitude of the slow component of the 

autocorrelation decays as a function of φw. The error bars show the 95% confidence intervals of 

each value from 10-12 replicate measurements. 

 

Figure 3.7c plots the mean relative amplitude, 𝐴𝑠/(𝐴𝑠 ⁡+ ⁡𝐴𝑓), of the slow RhB diffusion 

component.  These results reveal that slow dye diffusion is somewhat more common in the 10 

nm nanopores than in the 20 nm pores and that it also becomes less common with increasing φw 

in the nanoconfined solvent mixtures.  These observations are distinctly different from what is 

expected for simple Brownian motion in 1D.  
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Figure 3.8 Representative time transients showing some of the longest burst events observed, 

which are attributed to RhB adsorption on the AAO nanopore surface.  Data are shown for a) 10 

nm AAO membrane in pure ethanol, b) 10 nm AAO membrane in φw = 0.1, c) 20 nm AAO 

membrane in pure ethanol, and d) 20 nm AAM membrane in φw = 0.1.  The plots in the left 

column show the full transient while those on the right show expanded regions of the same 

transients depicting long burst events.  All transients have 1 ms time resolution.   
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The mechanism of slow diffusion within the nanopores was further investigated by 

carefully inspecting the time transient data over shorter time scales.  Figure 3.8 plots 

representative transients from both the 10 nm and 20 nm nanopores for solutions having φw = 0.0 

and 0.1.  Expanded segments highlighting regions 5 s in length are shown in the right column of 

Figure 3.8.  These reveal the presence of relatively long fluorescence bursts of ~ 1 s duration.  

Such bursts were relatively common in all time transients, regardless of φw.  In most cases they 

are characterized by a short rise in fluorescence that is followed by a long period of nearly-

constant fluorescence (within shot noise limits).  They usually end with a short drop in signal, 

with a return to background levels.  Both the rise and fall in the fluorescence usually occur over a 

few bin times.  Note that shorter events (i.e., << 1 s) that are less easily identified are also 

believed to appear throughout these data.  These observations are most consistent with diffusion 

of individual molecules into the detection volume where they adsorb to the pore surface.  They 

later desorb and diffuse out of the detection region. A similar slowing of biomolecule and 

nanoparticle diffusion due to surface adsorption within anodic alumina nanopores has been 

reported previously.65,131  The current results are also similar to those reported by Wirth and 

coworkers for dye molecules diffusing near modified planar silica surfaces.128,132  In these latter 

studies, fluorescence bursts exhibiting long periods of constant signal levels were also detected.  

In contrast to the present data, these bursts commonly ended in a more abrupt drop to 

background in a single bin time, and were attributed to rare strong adsorption of the dye to the 

surface, with the events ending in the return of fast solution-phase diffusion.  The FCS data 

acquired in these previous studies were fit to a different model than Eq. 3.3.  Due to the greater 

frequency of apparent adsorption events in the present studies, and because these usually end 

with a resumption of relatively slow diffusion, Eq. 3.3 is believed to be the better model.  It 
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should also be noted that all experiments in the present studies were performed at very low dye 

concentrations (2 nM RhB) where neither aggregation of the dye nor saturation of surface 

adsorption sites are expected.   

 3.3.4 Raman Scattering Spectroscopy 

Raman spectroscopy was employed as a means to confirm the exchange of solvent 

mixtures within the pores and to uncover any possible differences in the structures of the bulk 

and nanoconfined solvents.  Figure 3.9a-c plot Raman spectra obtained from bulk ethanol 

solution, ethanol confined within a 20 nm AAO membrane and solvent-free 20 nm AAO 

membrane in the 370 cm-1 to 2100 cm-1 spectral range, respectively.  Spectra were also acquired 

at higher Raman shifts (i.e., 2900 cm-1 to 4000 cm-1, data not shown).  The lower frequency 

Raman spectra reveal peaks from C-C-O and C-O vibrational modes (880 cm-1 - 1105 cm-1) and 

for CH2 and CH3 deformation modes (1280 cm-1 - 1460 cm-1).133  Spectra obtained from within 

the AAO membranes include additional peaks in 400-750 cm-1 and 1000-1100 cm-1 spectral 

regions.  The exact origins of these peaks are uncertain but could comprise peaks from the 

anodic alumina itself or from anionic impurities incorporated into the membranes during 

anodization.134  

The peak assigned to the C-C-O vibration at ~ 888 cm-1 was fit as a means to verify that 

the solvent composition within the AAO membrane nanopores is similar to that in bulk solution.  

This analysis was also expected to reveal any detectable changes in solvent structure upon its 

incorporation within the nanopores.  The Raman peaks were all fit to Voigt profiles.  Figure 

3.9d,e plots both Raman shifts and peak areas for the C-C-O vibration in bulk solution (black 

squares) and in the 10 nm and 20 nm nanopores (blue and red squares, respectively) as a function 

of φw.   
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Figure 3.9 Raman scattering spectra for a) bulk ethanol solution and b) ethanol-filled 20 nm 

AAO nanopores and c) solvent free 20 nm AAO nanopores.  Analysis of Raman data showing d) 

Raman shift for the CCO vibrational mode at 888 cm-1 and e) peak area for the CCO mode as a 

function of volume fraction water in ethanol/water mixtures.  The left axis gives peak area in 

bulk solution while the right axis gives peak area in the AAO membranes.  Error bars show 95% 

confidence intervals.  The spectra have been subtracted background using a polynomial fit to the 

baseline. 

 The peak positions (Figure 3.9d) reveal a gradual change in vibrational frequency that has 

been assigned previously to changes in the hydrogen bonding network of the solvent mixture as 

water is added.135,136  No apparent differences in the Raman shift for this mode are observed 

between the bulk and nanoconfined solvents.  Besides shifts in the scale of the peak areas shown 

in Figure 3.9e, which are most likely due to differences in the pore densities of the specific AAO 

membranes employed, no clear differences are observed between bulk solution and solvents 

confined to the 10 nm and 20 nm nanopores.  These data are most consistent with similar solvent 

mixture compositions in both bulk solutions and within the nanopores.   
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 3.4 Discussion 

 3.4.1 Trends in Df with Solution Composition and Pore Size 

The data plotted in Figure 3.6a demonstrate that the solvent-composition-dependent 

trends in Db and Df are strongly correlated for both pore sizes.  It is clear that bulk-like 

composition-dependent changes in the viscosity of the confined solvent mixtures play an 

important role in determining the rate of fast RhB diffusion.  However, the residual dependence 

on solvent composition depicted in Figure 3.6b points to additional contributing factors.  

It is possible that the mixture composition within the nanopores differs from that in bulk 

solution, resulting in further changes in the local viscosity.  Indeed, molecular dynamics 

simulations of 1 nm slit-like AAO pores have shown that the water content of ethanol/water 

mixtures is significantly enhanced compared to bulk liquid.38  However, any enhancement of the 

water content within the relatively large 10 nm and 20 nm nanopores employed here may be too 

small to produce the observed effects.  Raman scattering experiments comparing ethanol Raman 

spectra obtained from bulk solution and nanopore-confined mixtures revealed no detectable 

differences in composition.   

It has also been shown that hydrogen bonding in ethanol/water mixtures is composition 

dependent.40,137  These effects may differ in nanoconfined liquids and may also lead to changes 

in local solvent viscosity.  Again, the Raman scattering experiments provided no evidence of 

such effects, with both bulk and nanoconfined mixtures yielding similar spectra.   

Changes in solution viscosity within the nanopores may also arise from the formation of a 

stagnant solvent layer near the pore surface. This stagnant layer would impart additional drag on 

both solvent and solute molecules, slowing their motions.  A pictorial model for this mechanism 

is given in Figure 3.10a where the dashed lines represent the transition from freely mobile 
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solvent to the stagnant layer.  The impact of a stagnant layer on the measured diffusion 

coefficient is most commonly modeled by the Renkin equation.138  The form of the Renkin 

equation employed here describes molecular motions within the pores alone, as defined in Eq. 

3.4.  

𝑫𝒓

𝑫𝒃
⁡= ⁡𝟏 − 𝟐. 𝟏𝟎𝟒 (

𝒓𝑹𝒉𝑩

𝒓𝒑
) + 𝟐. 𝟎𝟗 (

𝒓𝑹𝒉𝑩

𝒓𝒑
)
𝟑

− 𝟎. 𝟗𝟓 (
𝒓𝑹𝒉𝑩

𝒓𝒑
)
𝟓

    3.4 

Here, rRhB represents the effective radius of the RhB molecule, and rp the radius of the AAO 

nanopores.  The hydrodynamic radius of RhB was estimated to be 0.52 nm from Db in a series of 

solvent mixtures (see Figure 3.5), while rp = 5 nm and 10 nm for the two AAO membranes.   

  

Figure 3.10 Models for the dominant effects believed to yield the observed reductions in Df and 

Ds within the AAO nanopores relative to Db, and their composition dependences.  a) 

Hydrodynamic drag imparted by a thin, stagnant layer of solvent (dashed lines, not to scale) near 

the pore walls.  b)  Electrostatic drag due to interactions between the cationic form of RhB and 

anionic impurities in the AAO or its counter ion and cationic sites on the pore walls.  c) 

Reversible adsorption of the dye at the pore surfaces, possibly due to ion pairing or hydrogen 

bonding. 

 

Estimates of Dr/Db, where Dr is the diffusion coefficient from the Renkin model, are 

plotted in Figure 3.6b (dashed lines).  The Renkin model reveals that confinement of RhB within 

the AAO pores is expected to cause a detectable slowing of its diffusion.  However, the observed 

reduction in Df/Db is significantly larger than predicted.  Furthermore, the Renkin equation 

provides no explanation for the composition dependence of Df.  While hydrodynamic drag likely 
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plays a role in the observed reduction in Df relative to Db, it clearly does not explain the full 

effect.  

Electrostatic interactions between the charged dye (or its counter ion) and oppositely 

charged sites on the pore surfaces provide another possible explanation for the observed 

reduction in Df relative to Db (see Figure 3.10b).  While AAO membranes are usually reported to 

carry a small positive charge at pH < 7,139,140 it is also well known that anodic membranes 

incorporate anions during the anodization process.134,141  Electrostatic interactions would impart 

an additional drag on dye motions and are expected to occur over relatively large distances in the 

absence of added electrolytes.  Similar effects have been reported previously by Daniels, et al. 

for diffusion of charged dyes near planar silica surfaces.142  Notably, the charged dyes do not 

adsorb to oppositely charged sites on the pore surfaces in this model, but rather are simply 

slowed by their electrostatic interactions.  While the exact origins of the reduction in Df relative 

to Db and its composition dependence remain uncertain, it is believed that both hydrodynamic 

drag and electrostatic interactions likely play a role.  

 3.4.2 Trends in Ds with Solution Composition and Pore Size 

The slow diffusive motions of RhB portrayed in Figure 3.7 are also likely impacted by 

the hydrodynamic and electrostatic effects mentioned above for Df.  However, the much greater 

reduction in Ds relative to Db, and its completely different dependence on mixture composition, 

indicate that other factors are more important.  As suggested by the time transient data in Figure 

3.8, slow RhB diffusion is instead most likely limited by frequent, reversible adsorption of RhB 

to the pore walls.  While the exact nature of the interactions between RhB and the pore surfaces 

remain unknown, it is possible that the surfaces incorporate anionic sites as noted above 134,141  

The pore surfaces are also likely rich in hydroxide moieties.106  The former would serve as sites 
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where cationic RhB could electrostatically bind to the surface, while the latter could act as donor 

sites for hydrogen bonding with the dye.  Both models provide possible explanations for the 

observed increase in Ds and the decrease in 𝐴𝑠/(𝐴𝑠 ⁡+⁡𝐴𝑓) with increasing φw (Figure 3.7c).  

The increased solvent dielectric constant at larger φw would lead to better screening of the 

charged dye from charged surface sites, and decreased contributions from electrostatic 

adsorption.  Likewise, the increased water content would also provide greater competition for 

hydrogen bonding sites on the pore surfaces.  Furthermore, as has been shown in both 

experimental and computational studies of water-ethanol mixtures confined within AAO 

nanopores, water is expected to form a layer near the pore surface even at relatively low φw,34,40 

providing nanoconfinement-induced reductions in the occurrence of any such RhB-surface 

interactions.  The slowest diffusive motions of the RhB dye within the AAO nanopores is thus 

attributed to a desorption-mediated mechanism similar to that reported in several previous 

publications that explored dye diffusion near planar oxide surfaces.143-146  A very similar 

mechanism has been proposed for slow protein diffusion in slit-like nanochannels,36 and has 

been employed previously in the interpretation of biomolecule and nanoparticle diffusion in 

nanoporous anodic alumina.65,131 Future wide-field video microscopy studies of these materials 

are expected to provide additional evidence in support of this model.  

 3.5 Conclusions 

Single molecule detection and FCS methods have been used to explore the rates and 

mechanisms of RhB diffusion within AAO membrane nanopores filled with a series of 

ethanol/water mixtures.  Experiments were performed as a function of pore size, employing 

AAO membranes having 10 nm and 20 nm diameter cylindrical pores, and as a function of 

solvent composition in mixtures ranging from pure ethanol to 33% (by volume) water and 
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ethanol.  The FCS results revealed the occurrence of two distinct diffusion mechanisms for RhB 

confined within the nanopores that were interpreted as fast and slow 1D diffusion.  These 

processes were characterized by their mean diffusion coefficients, Df
  and Ds, both of which were 

significantly smaller than the mean RhB diffusion coefficient, Db, measured in bulk solutions of 

the same composition.  The slow diffusion process yielded mean Ds values that were 10-100-fold 

smaller than the associated mean Df values.  Both Df and Ds exhibited clear dependences on pore 

size but distinctly different dependences on solvent mixture composition.  The Df values 

exhibited a composition dependence that closely mimicked that of Db, largely decreasing with 

increasing water fraction.  Hindered diffusion in this case was attributed to the slowing of dye 

motions by increased hydrodynamic drag caused by a stagnant layer of solvent near the pore 

walls and by relatively long-range electrostatic interactions between the charged dye and 

oppositely charged sites on the pore surfaces.  In contrast, the Ds values increased with water 

fraction while the contributions of slow diffusion to the autocorrelation functions decreased 

across the same series of mixtures.  Relatively frequent, reversible adsorption of the RhB dye to 

the pore surfaces was concluded to be the dominant factor in determining the observed Ds values, 

with reversible adsorption occurring by electrostatic interactions between the charged dye and 

oppositely charged sites on the pore surfaces or by hydrogen bonding between the dye and 

surface hydroxides.  These interactions may be moderated in mixtures of greater water fraction, 

due to formation of a water layer on the pore surfaces.  The results and observations of these 

studies provide valuable new insights into how solutes and solvents behave under 

nanoconfinement within AAO membrane nanopores.   
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Chapter 4 - Adsorption and Solvation Modulate Rhodamine B 

Diffusion in Ethanol/Water-Filled Anodic Alumina Nanopores 

 

Adapted with permission from: Rashidi, H.; Nathani, A.; Wang, X.; Servis, M. J.; Ito, T.; 

Higgins, D. A. J. Phys. Chem. C 2024, 128, 14326-14336, Copyright 2024 American Chemical 

Society. (https://doi.org/10.1021/acs.jpcc.4c03189). 

 

 4.1 introduction 

Nanoporous membranes are now being widely investigated for use in advanced chemical 

separations.147-149 Once fully developed, these materials may help overcome performance limits 

imposed by the well-known permeability versus selectivity trade-off.150 In order to realize the 

full potential of these materials, the unique behaviors frequently exhibited by solvents and 

solutes under nanoconfinement must be better understood.151-154 Indeed, a plethora of interesting 

phenomena arise when molecules are confined within nanopores.153 For example, the freezing 

points and glass transition temperatures of solvents are often depressed under confinement.155,156 

Solvent and solute dynamics have been shown to slow under these same conditions.105,157 The 

chemical compositions of nanoconfined mixture have also been reported to differ from those of 

bulk solution.37,38  These compositional variations may reflect differential partitioning of mixture 

components into the pores but may also arise from phase separation and layering of solvents near 

the pore walls. Such effects have been broadly predicted in simulations38,39 and experimentally 

confirmed.40,41 These surface layers may either promote or limit behaviors important to chemical 

separations, including the partitioning of solutes into nanopores42 and/or their adsorption to pore 
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surfaces.43 Interestingly, oriented solvent layers also exhibit dielectric (i.e., polarity) properties 

that differ from those of bulk liquids.43,158 

A complete understanding of the molecular-level mechanisms by which solutes diffuse 

within nanoporous materials and interact with or adsorb to pore surfaces is critically important to 

optimization and implementation of emerging membrane separations. Unfortunately, the rates 

and mechanisms of solute diffusion and surface adsorption under nanoconfinement remain 

difficult to predict. Thermally excited random (e.g., Brownian) motion within nanopores may 

occur at the Stokes−Einstein-predicted rate, or it may be slowed by the appearance of stagnant 

solvent layers at the pore surface.138 Molecular motion may also be modified by relatively long-

range electrostatic interactions,142,159,160 or by short-range hydrogen bonding and van der Waals 

interactions. The latter require that solutes closely approach and collide with pore surfaces, yet 

the rate of solute collisions with nanopore walls also depends on the degree and dimensionality 

of confinement.153 The relative contributions of these factors are certain to depend upon solvent 

composition, solute chemistry, and the exact nature of solute and pore surface solvation. A 

complete understanding of these phenomena requires extensive experimentation, theoretical 

modeling, and computer simulations. 62,69,71 

In this chapter, fluorescence correlation spectroscopy (FCS) is used to investigate the mass 

transport dynamics of rhodamine B (RhB) dye molecules confined within uniform 10 and 20 nm 

diameter nanopores of anodic aluminum oxide (AAO) membranes. The membranes are filled 

with ethanol/water mixtures ranging from pure ethanol to pure water in order to explore the 

dependence of dye diffusion on mixture composition. The experimental geometries used in FCS 

experiment are shown in Figure 4.1. FCS experiments allow for diffusive dye motions to be 

characterized on time scales ranging from microseconds to seconds, allowing for rapid motions 
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of the dye to be detected within vertically oriented nanopores65,70,131 while also revealing the 

interruption of these motions by adsorption of the dye to the pore surfaces on longer time scales. 

The results of these studies support the conclusions of our recent report160 in which RhB mass 

transport within AAO nanopores was found to follow a two-component one dimensional (1D) 

diffusion mechanism over a limited range of ethanol/water mixtures (0−33 vol % water). This 

mechanism includes fast bulk-like diffusion and slow near-surface diffusion attributable to solute 

adsorption to the pore surfaces. RhB solubility data are acquired and are used to better 

understand the FCS data and the role played by interactions between the solvated dye and 

solvated pore surfaces in governing RhB surface adsorption and slow diffusion. 

 4.2 Methods 

 4.2.1 Materials  

Rhodamine B (RhB) dye was obtained from Sigma-Aldrich and was used as received. Its 

concentration was maintained at 2 nM in all confocal FCS experiments. High purity water was 

obtained from Fisher Scientific (HPLC grade), while pure (200 proof) ethanol was obtained from 

Sigma-Aldrich (HPLC grade). Both were used as received. Experiments were performed under a 

series of specific ethanol/water mixtures as defined below, with mixture compositions ranging 

from pure ethanol to pure water.  
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Figure 4.1 Experimental setup employed in confocal FCS experiments on vertically oriented 

AAO pores. An expanded view of the AAO membrane (not to scale) is shown at the lower right 

of panel.  The red dots represent individual RhB molecules. 

Nanoporous anodic aluminum oxide (AAO) membranes were obtained from InRedox, LLC 

as circular disks (10 mm in diameter) and were cut into four pieces for use in individual FCS 

experiments. As reported by the manufacturer, the membranes incorporate uniform, cylindrical 

10 ± 2, 20 ± 3 and 30 ± 6 nm diameter nanopores that are oriented perpendicular to the face of 

each membrane and extend across the full 50 μm membrane thickness. Membrane porosity is 

quoted to be 12 ± 2% for 10 and 20 nm pore sizes, and 35 ± 5% for 30 nm AAO with pore 

densities of 1.6 × 1011 pores/cm2 for 10 nm AAO and 5.8 × 1010 pores/cm2 for both 20 and 30 

nm nanopores. Previously reported scanning electron microscopy images are consistent with 

these claims.160 All data in the present work were acquired from the same membrane face 

employed in the earlier report.160 Solution-filled AAO nanopores were obtained by first 

immersing the membranes in pure ethanol. They were then placed under reduced pressure (<100 

Torr) for 60−90 min, using an oil-free vacuum pump (KNF Lab Filtration Pump). The 

membranes were maintained under ethanol for at least 1 day prior to use. For FCS experiment, as 

shows at Figure 4.1, each membrane was transferred to an optical cell that was subsequently 
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positioned on a confocal microscope (see below). The solution cell comprised a 14 mm diameter 

glass tube that was attached to a microscope coverslip (FisherFinest, Premium) using either glass 

super glue or Parafilm. Once transferred to the cell, the membrane was immediately immersed 

under one of the RhB doped ethanol/water mixtures. It was maintained under the same solution 

for a period of at least 30 min prior to the start of each experiment. Whenever the solution 

composition was changed, at least 30 min was allowed for equilibration with the new mixture 

before the next experiment was initiated. The membrane was oriented horizontally above the 

microscope objective so that the long axes of the pores were parallel to the optical axis of the 

microscope. The capillary shown in Figure 4.1 was used to hold the membrane in place and was 

rigidly attached to a 3D micrometer stage (not shown). 

 4.2.2 Measurements 

Fluorescence time transient data for use in FCS experiments71 were acquired on a confocal 

microscope that has been described previously.160  Briefly, the sample was mounted above an oil 

immersion objective (Nikon Plan Fluor, 100×, 1.3 NA, see Figure 4.1) on an inverted light 

microscope (Nikon TE-200). The sample was illuminated by directing 532 nm laser light through 

the objective lens to achieve a focused, diffraction-limited spot within the sample. The same 

objective was used to collect RhB fluorescence in reflection. A dichroic beam splitter (Chroma 

550 DCLP) was used to direct the laser light into the back aperture of the objective and to block 

residual laser light reflected by the sample, while transmitting the collected fluorescence. An 

incident optical power of 10 μW, measured prior to reflection from the beam splitter, was used in 

all experiments, giving a power density of ∼4 × 103 W/cm2 in the sample. This power was 

chosen to provide high signal-to-noise ratio data while avoiding photobleaching of the dye. The 

collected fluorescence was imaged through a 50 μm diameter pinhole (Thorlabs), then passed 
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through a bandpass filter (Chroma, 580/40m), and focused onto a single-photon counting 

avalanche photodiode detector (APD, PerkinElmer SPCM-AQ-141R). Electrical pulses output 

by the APD were counted using a National Instruments counter/timer board (PCIe-6612)126 

operated in the time-stamping mode. A 25 MHz clock was employed as the timer. The detection 

area of the confocal microscope was carefully calibrated using RhB diffusion in bulk solution,160 

yielding a 1/e2 radius of 260 nm. Data collection and analysis were performed using National 

Instruments Labview software, C++ code, and Igor Pro macros, all of which were written in 

house.146 

The optical cell in FCS experiments was positioned on a 1.25 cm thick aluminum mounting 

plate that was attached to the microscope base, limiting focus drift to ca. ± 1 μm over >1 h. Once 

mounted in the cell and immersed under solution, the lower membrane surface has typically 

found 10−20 μm above the coverslip surface. A maximum coverslip-membrane distance of ∼40 

μm was allowed in these experiments to avoid distortion of the confocal region caused by 

spherical aberrations when focusing at greater depths.95,101,127 Fluorescence data were acquired 

from bulk solution by positioning the microscope focus 5 μm below the lower membrane 

surface. Data were acquired from within the AAO nanopores by moving the microscope focus 5 

μm above the lower membrane surface.  

 4.3 Results and Discussion 

 4.3.1 Fluorescence Time Transients 

An initial view of RhB diffusion and adsorption within the AAO nanopores was obtained 

from fluorescence time transients acquired on the confocal microscope. Data were collected from 

within each membrane by focusing the microscope 5 μm above the lower AAO surface (see 

Figure 4.1), while data from bulk solution were acquired by focusing 5 μm below the membrane. 
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Solutions spanning the full range of ethanol/water mixtures from pure ethanol to pure water were 

employed. All incorporated 2 nM RhB dye. Figure 4.2 plots representative time transients 

obtained from both 10 and 20 nm AAO membranes. Time transients from ethanol- and water-

filled nanopores in the absence of dye are also included. Prominent bursts of fluorescence are 

observed in the time transients from within the AAO pores. These bursts are primarily due to 1D 

diffusion of individual RhB molecules through the detection volume. The time transients also 

incorporate evidence of RhB adsorption to the pore surfaces. Surface adsorption events appear as 

bursts of nominally constant fluorescence that last for tens of milliseconds or longer, as has been 

shown in our initial report,160 and in earlier work characterizing molecular adsorption on planar 

surfaces. Shorter adsorption events are also certain to be present but are difficult to distinguish 

from bursts due to RhB diffusion. 

Surface adsorption of RhB also contributes to an approximately constant “background” in 

each transient.69  While membrane autofluorescence, light scattering, and detector dark counts 

may be a factor, the observed background is usually higher in the presence of dye (see Figure 

4.2). This contribution may arise from relatively few molecules adsorbed within the confocal 

detection volume. However, as those in the detection volume are prone to photobleaching, the 

approximately constant background instead likely reflects an average background produced by 

many weakly emitting adsorbed molecules in distant regions. Distant molecules are weakly 

excited by the incident laser beam and may also emit at a lower quantum yield relative to 

molecules in solution.69  
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Figure 4.2 Representative time transients showing fluorescence bursts due to diffusion of RhB 

dye (at 2 nM) through the confocal detection volume, across the range of mixtures studied.  The 

pairs at the bottom show time transients acquired from blank solutions in the absence of RhB.  

All transients are plotted with bin times of 1 ms.  



87 

Time transients like those given in Figure 4.2 often reveal evidence of RhB adsorption to 

the pore surface.160 Adsorption of the dye to the pore surfaces is expected to dramatically slow 

its diffusive motions, leading to a reduction in the concentration of diffusing molecules and 

enhanced background from surface adsorbed molecules.  The complex behavior of the average 

background levels shown in Figure 4.3 reflect the mixture composition dependence of RhB 

adsorption within the AAO nanopores.   

The integrated signal and integrated background count rates in each transient were 

determined iteratively by statistically sorting the count rate data.  Initial guesses of the signal and 

background count rates were manually selected.  The signal level at each bin time was then 

assigned as signal or background using statistical methods, assuming the count rates are normally 

distributed about their mean values.  As two different distributions are expected in the data, 

corresponding to background counts and signal counts, two different metrics were employed in 

assigning each data point as background or signal.  The time transients employed in this analysis 

were all binned to a time resolution of 10 ms.  Count rates determined to be at ≥ 97th percentile 

of the background distribution were assigned as signal.  Count rates determined to be at ≥ 35th 

percentile of the signal distribution were also assigned as signal.  All others were assigned as 

background.  New mean background and signal count rates were calculated with each iteration 

through the data.  Steady-state conditions in which < 1% of the pixel assignments changed with 

each subsequent pass through the data were typically achieved after 10 iterations, although 15 

iterations were usually employed.  



88 

 

Figure 4.3 Signal and background analysis of confocal fluorescence time transient data acquired 

from RhB diffusing within AAO membranes.  a) Integrated (total) fluorescence count rate in 

each transient.  b) Background count rate determined by the iterative statistical sorting procedure 

described in the text.  c) Signal count rate determined by the iterative statistical sorting 

procedure. d) Signal to total fluorescence count rate ratio in each transient. 

The total count rate plotted in Figure 4.3a represents the total fluorescence observed in 

each transient (i.e., background + signal).  The background count rate plotted in Figure 4.3b 

shows the total counts assigned as background derived from the sorting procedure described 

above.  The total signal count rate was obtained by the same method and is plotted in Figure 

4.3c. The ratio of signal to the total fluorescence count rate is plotted in Figure 4.3d. As shown in 

Figure 4.3, it is noteworthy that the signal count rates were approximately independent of pore 

size, while the background count rates were almost uniformly larger for the 10 nm nanopores.  

Furthermore, the background count rates were also strongly dependent upon ethanol/water 

mixture composition, with the highest background levels observed in pure ethanol.  High 

background counts were also observed as the water content increased.  The lowest count rates 

were observed for ethanol/water mixtures of intermediate composition.  These observations are 
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consistent with the assignment of the background counts to fluorescence from RhB molecules 

adsorbed to the pore surfaces.  

The results presented in Figure 4.3 reveal that the background varies significantly with 

mixture composition. It is largest in pure ethanol (φw = 0.0), relatively strong in pure water (φw = 

1.0) and smallest in mixtures of intermediate composition. It is also relatively larger in the 10 nm 

nanopores. These results are consistent with relatively strong RhB adsorption to the pore surfaces 

in pure ethanol and pure water and much weaker adsorption in ethanol/water mixtures of 

intermediate composition. In the 30 nm nanopores, the higher background compared to the 20 

nm nanopores could result from increased dye adsorption on the pore surfaces. This may be due 

to the longer etching time for the 20 nm nanopores, which could lead to the incorporation of 

more impurities, such as negative ions, on the pore surfaces.  In contrast to the background data, 

the integrated signal from the fluorescence bursts (i.e., primarily diffusing molecules) is much 

less dependent on mixture composition and pore size (see Figure 4.3c). The latter suggests that 

while the concentration of adsorbed molecules varies with mixture composition, the 

concentration of diffusing RhB molecules within the pores is relatively constant. 
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Figure 4.4 Representative autocorrelation functions for RhB in a) bulk solution, b) 10 nm 

diameter AAO nanopores, and c) 20 nm diameter AAO nanopores d) 30 nm diameter AAO 

nanopores.  The results reveal a gradual rise in the autocorrelation amplitude from φw = 0.0, with 

a peak near φw = 0.5, and a subsequent decrease towards φw = 1.0.  The autocorrelation decays 

are fastest in bulk solution (a) and slower in the AAO nanopores, with the 10 nm nanopores 

exhibiting the slowest decays, consistent with slowest RhB diffusion.  

 

 4.3.2 Fluorescence Correlation Spectroscopy (FCS)   

Autocorrelation of the confocal time transient data (Figure 4.2) was used to quantitatively 

assess the rate of RhB diffusion as a function of mixture composition and pore size. Figure 4.4 

plots representative autocorrelation functions, G(), obtained from bulk solution and from inside 

10, 20 and 30 nm AAO membranes.  Autocorrelation of the time transient data was 

accomplished via Eq. 4.1.  

  𝑮(𝝉) =
〈𝑰(𝒕)𝑰(𝒕+𝝉)〉

〈𝑰(𝒕)〉𝟐
− 𝟏         4.1 
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Here, I(t) and I(t+) represent the time transient data and a delayed version of the same.  The 

triangular brackets indicate that the time-averaged value is employed.   

As shown in Figure 4.4, a fast decay occurs in each autocorrelation function near ~ 10-6 s.  

The associated signal fluctuations are too fast to arise from molecular diffusion.  They may 

instead reflect triplet blinking by the dye129 or after-pulsing of the APD.161 As neither is relevant 

to measurements of dye diffusion, this component is ignored in the remainder of the discussion.  

The decay near 10-4 s in Figure 4.4a is attributable to 3D diffusion of RhB in bulk solution.  Its 

variation with solution composition arises solely from changes in mixture viscosity,130 as 

described in our previous report.160   

Autocorrelation data acquired from within the AAO membranes are shown in Figure 4.4b-

d. These reveal significant variations in the autocorrelation amplitude with mixture composition. 

In all nanopores, the amplitude is largest in mixtures of intermediate ethanol/water content (i.e., 

φw∼0.5) and smallest in pure ethanol and pure water (solid lines in Figure 4.4b-d). This is in 

good agreement with the ratio of signal to the total fluorescence count rate shown in Figure 

4.3.d. The autocorrelation decays obtained from RhB molecules within the membranes also 

occur on much longer time scales (i.e., 10-3−0.1s) and are much broader than those in bulk 

solution, demonstrating that diffusion within the pores does not occur by a simple Fickian 

mechanism. Lastly, decays obtained from the 10 nm nanopores generally occur on longer time 

scales and are broader than those from the 20 and 30 nm nanopores, demonstrating that 

confinement of the dye contributes to both the slowing and complexity of its diffusion. 

Interestingly, the decay profiles from the 20 nm and 30 nm nanopores did not show any 

significant differences, confirming the loss of pore size dependence for nanopores larger than 20 

nm. 
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The trends revealed in the autocorrelation decays from the inside of the membranes were 

quantitatively characterized by fitting them into a two-component model for 1D diffusion.  This 

model is given in Eq. 4.2 and includes both fast (f) and slow (s) diffusive components.160  

𝑮(𝝉) ⁡≈ ⁡𝑨𝒐 + 𝑩[𝑨𝒇 (𝟏 + (
𝝉

𝝉𝑫𝒇
) (

𝟏

𝜸𝟐
))

−𝟏/𝟐

+ 𝑨𝒔 (𝟏 + (
𝝉

𝝉𝑫𝒔
) (

𝟏

𝜸𝟐
))

−𝟏/𝟐

]    4.2 

Here, Ao is a constant (≈ 0) and B defines the amplitude of the autocorrelation decay.  In the 

literature, B is commonly used to obtain the average number of dye molecules, N, diffusing 

within the confocal volume, i.e., N = 1/B.71,98,99  However, this is only valid in the absence of 

other contributions to the signal.69,98,162 Af and As represent the fractional contributions of fast and 

slow diffusion to the autocorrelation decay, while Df  and Ds are their mean diffusion times, 

respectively. The τD values are related to the apparent diffusion coefficients for fast and slow 

diffusion, Df and Ds, by D=w2/4τD. Here, w is the calibrated1/e2 radius of the confocal detection 

volume (260 nm in these studies). Lastly, γ (≈ 4)101 is the ratio of the longitudinal and lateral 

dimensions of the confocal volume. 

 4.3.3 Autocorrelation Amplitude 

As noted above, B in Eq. 4.2 is commonly used as a measure of the concentration of 

diffusing species in FCS measurements.71,98,99 However, in the present studies, the nominally 

constant background fluorescence produced by adsorbed dye molecules complicates this 

analysis.69,98,162 As discussed in the previous section, in the FCS studies assumed that B=1/N is a 

condition valid in ideal situations where no background signal is present. However, this study 

has a non-negligible background, which affects the autocorrelation amplitude. Therefore, it is 

crucial to assess how this background influences the autocorrelation amplitude and adjust the 

analysis accordingly.  
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To find the relationship between the autocorrelation amplitude, B, and the average numbers 

of diffusing and adsorbed molecules, Nd and Na, respectively, found in the detection volume, in 

the presence of background from detector dark counts, RD, and light scattering, Rs, by the 

sample.  This derivation is similar to prior work from our laboratory.162 The autocorrelation 

amplitude is defined as follows: 

𝑩 = 𝑮(𝟎) =
〈(𝜹𝑰(𝒕))

𝟐
〉

〈𝑰(𝒕)〉𝟐
          4.3 

where Eq. 4.3 is equivalent to Eq. 4.1 at  = 0, and I(t) represent the fluctuations in the time 

transient data occurring as a result of dye diffusion through the detection volume.  The 

fluorescence fluctuations due to dye diffusion are defined as follows: 

〈(𝜹𝑰(𝒕))
𝟐
〉 = (𝒒𝒅√𝑵𝒅)

𝟐
         4.4 

when the number of diffusing molecules in the detection volume is Poisson distributed in time.  

In Eq 4.4, qd describes the detection efficiency of the diffusing molecules, which includes its 

excitation efficiency, its quantum yield for emission, the incident laser power, etc.  Note that 

neither permanently adsorbed molecules, nor detector dark counts or scattering from the 

membrane contribute to the fluctuations.  In contrast, to Eq. 4.4, which is based solely upon the 

contributions of diffusing molecules, the mean fluorescence intensity is given by: 

〈𝑰(𝒕)〉 = 𝒒𝒅𝑵𝒅 + 𝒒𝒂𝑵𝒂 + 𝑹𝑫 + 𝑹𝑺        4.5 

where Na is a constant representing the average number of adsorbed molecules in the detection 

volume, RD is the mean number of detector dark counts contributing to the time transient in the 

shortest bin time employed (i.e., 10-6 s in Figure 4.4), and Rs is the mean number of scattered 

photons detected at a given laser power in the shortest bin time employed.  Inserting Eqs. 4.4 and 

4.5 into 4.3, Eq 4.6 are obtained: 
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𝑩 =
𝒒𝒅

𝟐𝑵𝒅

(𝒒𝒅𝑵𝒅+𝒒𝒂𝑵𝒂+𝑹+𝑺)𝟐
         4.6 

Here, Nd and Na are the average number of diffusing and adsorbed molecules detected, 

respectively.  The parameters qd and qa represent the detection efficiencies of these molecules, 

and R and S the background contributions from detector dark counts and light scattering from the 

membrane.  Unfortunately, none of these terms can be neglected in the present experiments. 

However, as discussed in above sections (see Figures 4.2 and 4.3), it is clear that the background 

from adsorbed molecules (i.e., qaNa) makes a dominant contribution to B.  Therefore, variations 

in B are largely attributable to the dependence of Na on mixture composition and pore size.  In 

contrast, the smaller contributions of diffusing molecules (i.e., qdNd) to B remain relatively 

constant. 

 

Figure 4.5 Autocorrelation amplitude B.  The error bars show the 95% confidence intervals. 

 

Figure 4.5 plots B for both 10, 20 and 30 nm AAO nanopores as a function of mixture 

composition.  These data show that B is nearly two-fold smaller in the 10 nm nanopores over 

much of the ethanol/water mixture range, consistent with a greater concentration of adsorbed 

RhB molecules in the 10 nm nanopores.  Furthermore, these data indicate that the concentration 
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of adsorbed molecules is greatest in pure ethanol and pure water, and smaller in the intermediate 

mixtures.  Since the RhB concentration in bulk solution was held constant at 2 nM throughout 

these studies, changes in its adsorption strength are the likely cause of these variations.  Thus, the 

data in Figure 4.5 suggests that RhB adsorption strength is influenced by both mixture 

composition and pore size for nanopores ranging from 10 nm to 20 nm, with the pore size 

dependence diminishing beyond 20 nm.  

 4.3.4 Solubility measurements 

The solubility of RhB in ethanol/water mixtures was investigated because of its apparent 

importance in governing both the concentration of adsorbed RhB molecules and the rate at which 

molecules diffuse by the slow mechanism (see Figure 4.10).    

RhB solubility was determined by both NMR104 and classical gravimetric methods.163  In 

the gravimetric studies, a series of 800 µL solutions of pure ethanol, pure water, and 

ethanol/water mixtures of 𝜑𝑤 = 0.20, 0.40, 0.60, and 0.80 volume fraction water were prepared 

in clean, disposable vials.  Into each vial was added 700 mg of RhB.  These were vigorously 

shaken and sonicated for 30 min to dissolve the RhB.  The solutions were then allowed to sit for 

~ 5 h to reach equilibrium solubility.  They were next centrifuged for 2 h to separate any 

undissolved solids and then allowed to sit overnight.  The following day, each supernatant 

solution was carefully removed and transferred to another vial without disturbing the solids. The 

supernatant solutions were subsequently weighed on an analytical balance and were next placed 

in an oven and gradually heated to 100 oC for several hours for initial drying at atmospheric 

pressure.  Afterwards, they were transferred to a vacuum oven (Isotemp Vacuum Oven, Fisher 

Scientific, < 1 torr) and left under dynamic vacuum overnight at 120 °C.  The vials were then 

allowed to come to room temperature under vacuum.  Lastly, they were removed from the oven 
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Figure 4.6 RhB solubility, S, in ethanol/water mixtures as a function of volume fraction of water, 

𝝋𝒘.  RhB solubility was determined both by a gravimetric procedure and by NMR.  The greater 

solubility depicted by the gravimetric data in some measurements may result from difficulties in 

evaporating all of the solvents from the supernatant.  

 

and weighed to determine the mass of RhB dissolved in each solution.  RhB solubility, S, was 

determined from Eq. 4.7. 

 𝑺 =
𝒎𝑹𝒉𝑩×𝝆𝒎𝒊𝒙

𝒎𝒔𝒖𝒑−𝒎𝑹𝒉𝑩
         4.7  

In Eq. 4.7, mRhB is the mass of the dry RhB collected, msup is the mass of the supernatant, and mix 

is the density of each ethanol/water mixture.  The density of each solution was obtained from the 

literature.130 NMR studies104 were used to confirm RhB solubility determined by the gravimetric 

method.  NMR solubility data are plotted along with S from the gravimetric studies in Figure 4.6. 

The gravimetric and NMR solubility data clearly demonstrate that RhB is most soluble in 

ethanol/water mixtures of intermediate composition and least soluble in pure ethanol and pure 

water.  Indeed, mixtures of ethanol and water have been shown previously to result in enhanced 

solubility for many different solutes.164  Figure 4.7 shows correlations between B (Eq. 4.2) and S 

in the 10, 20 and 30 nm nanopores.  The values of S used in Figure 4.7 were obtained by 

interpolation of the data in Figure 4.6.   
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All experiments used a balance with a precision of 0.0001 grams to measure the dye weight 

and the pure solution before mixing, based on the pure solvent mixture. In this study, variations 

in the mixture volume were not considered, which could lead to an increase of approximately 

3.5% in solubility for the intermediate mixtures. 

A simple expression for the RhB surface adsorption coefficient, K, modeling both the 

observed pore-size and mixture composition dependences, is given in Eq. 4.8. 

 𝑲 =
𝒌𝒄𝑷

𝒌𝒅
           4.8  

Here, kc is the rate constant for RhB collisions with the pore walls, P is the probability that each 

collision results in an adsorption event, and kd is the rate constant for RhB desorption.  The 

collision rate constant depends on pore radius, r, with kc  D/r2.  A greater collision rate at 

constant D within smaller pores would thus result in a larger K, as is consistent with the pore size 

dependences of B and Na described above. Both P and kd are expected to depend on RhB 

solubility in a given mixture, with greater RhB solubility leading to a smaller P and larger kd.  

Unfortunately, the exact dependences of P and kd on dye solubility are difficult to predict at 

present.  

 

Figure 4.7 Correlation between B and S for 10, 20 and 30 nm AAO nanopores. The solubility 

values were obtained by interpolation from the curve in Figure 4.6. The error bars show the 95% 

confidence intervals on each measurement.  
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Experimental evidence for the role of solubility in governing RhB diffusion was obtained 

by comparing RhB solubility in a series of bulk ethanol/water mixtures to the FCS parameters.  

RhB solubility was measured by both gravimetric and NMR-based methods, Figure 4.6 plots 

gravimetric RhB solubility across the range of mixtures studied.  These data demonstrate that 

RhB is most soluble in mixtures of intermediate composition, with peak solubility observed near 

φw = 0.4.  The dye is least soluble in pure water and also relatively less soluble in pure ethanol.  

Figure 4.7 shows a clear correlation between B and RhB solubility, which implies that RhB 

adsorption to the pore surfaces becomes weaker as the dye becomes more soluble in the 

ethanol/water mixtures.     

 

Figure 4.8 a) Af for RhB in 10, 20 and 30 nm AAO nanopores as a function of water volume 

fraction in each mixture.  b) Df and Db for RhB in the 10, 20 and 30 nm nanopores and in bulk 

solution, respectively. The error bars show the 95% confidence intervals on each measurement.    

 4.3.5 Fast Diffusion Mechanism   

Figure 4.8a plots the autocorrelation decay amplitude, Af, for the fast diffusion mechanism 

within the 10, 20 and 30 nm AAO nanopores as a function of mixture composition.  The 

composition dependence of Af closely follows those of B and RhB solubility described above, 

indicating that diffusion by the fast mechanism becomes relatively more common as RhB 

solubility increases.  Figure 4.8b plots Df for fast RhB diffusion in the 10 and 20 nm nanopores, 

along with its diffusion coefficient in bulk solution, Db.  These data reveal that Df is generally 
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smaller than Db, but otherwise follows a similar composition-dependent trend, revealing that Df 

is determined primarily by solution viscosity, , where D  1/ by the Stokes-Einstein equation.  

These results and observations are consistent with those of our initial report for a much narrower 

range of mixtures.160 They strongly support the assignment of fast RhB diffusion to bulk-like 

diffusion in the central cavity of the AAO nanopores.  

 4.3.6 Slow Diffusion Mechanism 

Figure 4.9 plot As, for RhB in 10, 20 and 30 nm AAO nanopores as a function of mixture 

composition, which, As (As = 1-Af) is included to best show how contributions of the slow 

diffusion mechanism vary with pore size and mixture composition.  The value of As is clearly 

anticorrelated with RhB solubility, consistent with greater RhB adsorption to the pore surfaces in 

pure ethanol and pure water, and reduced adsorption in intermediate mixtures.  It also shows that 

slow diffusion becomes less common in larger nanopores.  

 

 

Figure 4.9 As, for RhB in 10, 20 and 30 nm AAO nanopores as a function of water volume 

fraction in each mixture. The error bars show the 95% confidence intervals on each 

measurement. 
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Figure 4.10 a) Ds for RhB in the 10, 20 and 30 nm nanopores.  b) Ds/Db for RhB in the 

nanopores.  The error bars show the 95% confidence intervals on each measurement. 

 Figure 4.10 plots, Ds, and Ds/Db for RhB in 10, 20 and 30 nm AAO nanopores as a 

function of mixture composition. The values obtained for Ds compare well with diffusion 

coefficients measured previously by single molecule methods in slightly larger AAO 

nanopores,69 but are 10-100-fold larger than reported for an anionic dye in pores of similar size, 

as measured by flux methods.39  

Interestingly, the plots of Ds and Ds/Db show trends that closely mimic RhB solubility 

(compare Figures 4.6 and Figure 4.10a,b) and differ dramatically from those expected based on 

mixture viscosity (see Figure 4.8b).  The similarities in the former are consistent with a dominant 

role for surface adsorption in determining the rate of diffusion by the slow mechanism.  This 

assignment is further supported by the much smaller Ds values measured for RhB diffusion in the 

10 nm nanopores compared to those in the 20 and 30 nm nanopores, where Ds remains nearly 

constant.  As noted above, an increase in K (Eq. 4.8) is expected in smaller nanopores.   

As a result of these observations, slow diffusion is assigned to a near-surface desorption-

mediated mechanism165-167 in which the pore surface collision rate and dye solubility both play 

important roles in determining the strength of RhB adsorption to the pore walls.  Again, 

solubility likely affects the probability of surface adsorption and the rate of desorption.  In 

desorption-mediated diffusion, the dye may remain immobile while adsorbed to the pore surface, 
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becoming mobile only when it desorbs into solution.  Diffusion by the dye would then occur 

only by the fast mechanism, as defined by Df.  The value of Ds in this case represents an apparent 

diffusion coefficient limited not by dye motion but rather by the (small) fraction of total 

available time the molecule spends diffusing in solution.  This model closely follows the 

behaviors described in a number of publications reporting the observation of desorption-

mediated diffusion at macroscopic planar surfaces.143-146,165-167 The present results suggest that 

solute diffusion by a desorption-mediated mechanism may also be common within nanoporous 

materials.    

It should also be noted that both the pore surface charge and the charge on the dye are 

likely to vary with mixture composition.  Therefore, charge effects may also contribute to the 

observed composition dependence of Ds.  However, as the dielectric constant for ethanol-water 

mixtures decreases monotonically from pure water to pure ethanol,168 the strength of any 

electrostatic interactions is expected to also vary monotonically across the range of mixtures 

studied.  As the trends observed (see Figure 4.10) are markedly different, any such charge effects 

may be negligible. 

 4.3.7 Molecular dynamics simulations 

To further investigate the role of RhB solubility in surface adsorption and slow diffusion, 

our collaborator at Argonne National Lab (ANL)169 performed molecular dynamics (MD) 

simulations for ethanol/water mixtures confined within an alumina nanoslit and for RhB 

solvation in bulk solutions. The simulations revealed excess water at the alumina surface due to 

favorable interactions with polar Al-OH sites. However, in bulk ethanol/water mixtures, RhB is 

preferentially solvated by ethanol in all mixtures investigated, with water selectively interacting 

with the dye's oxygen and nitrogen heteroatoms, and its carboxylic acid and ammonium groups. 
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These findings suggest that RhB adsorption to the alumina surface in intermediate ethanol/water 

mixtures requires significant reorganization of its solvation shell. As experimental observations 

corroborate, this energy barrier competes with attractive surface interactions, resulting in RhB's 

mobility within these mixtures. In contrast, pure ethanol or water allows for better alignment of 

solvation at the surface, enhancing adsorption and reducing diffusion. 

 4.4 Conclusions 

In summary, confocal fluorescence correlation spectroscopy have been employed to better 

understand the mechanisms of RhB mass transport within 10, 20 and 30 nm diameter AAO 

nanopores filled with ethanol/water mixtures ranging in composition from pure ethanol to pure 

water.  The results provide support for the previous assignment of RhB diffusion to a two-

component mechanism comprising fast and slow 1D diffusion in a more limited study.160 Fast 

diffusion is attributed to viscosity-dependent bulk-like Brownian motion within the nanopores, 

while slow diffusion may involve a desorption-mediated mechanism in which the dye remains 

immobile while adsorbed to the pore walls and only moves upon desorption into solution.165-167  

Adsorption of RhB to the pore surface was revealed through the analysis of confocal 

fluorescence time transient data, which was in good agreement with the wide-field fluorescence 

videos also performed in our group.169 Interestingly, the density of adsorbed dye, as reflected by 

the autocorrelation amplitude, B, and the apparent diffusion coefficient for slow diffusion, Ds, 

exhibited clear mixture-dependent correlations with RhB solubility. RhB surface adsorption was 

most significant in pure ethanol and pure water, where the dye was less soluble, while RhB 

diffusion was more prevalent in ethanol/water mixtures of intermediate composition, in which it 

was more soluble.  Ds was also found to be smallest in the pure liquids and largest in mixtures of 

intermediate composition. The MD simulations of our collaborator related to this research also 
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revealed that the dye was solvated primarily by ethanol across much of the range of mixtures 

investigated, while the pore surface was covered by a layer of water.169 Dye-pore collisions were 

also likely to be important.  Contributions by the slow diffusion mechanism became more 

significant and Ds was smaller in the 10 nm nanopores than in the 20 and 30 nm nanopores 

where Ds remains nearly constant.  Taken together, the experimental and simulation results 

provide strong evidence that dye-pore collisions and solvation-dependent dye surface adsorption 

are important factors governing RhB diffusion in solvent mixtures under nanoconfinement.  

These results will aid in the development of nanoporous membrane based separations in solvent 

mixtures where membrane permeability and separation selectivity are particularly difficult to 

optimize. 62,170    
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Chapter 5 -  Fluorescence Correlation Spectroscopy Studies of 

Dye Diffusion on Fresh and Aged Post-Consumer and Virgin 

Polyethylene Terephthalate 

 

Adapted with permission from: Rashidi, H.; Shafiee, O.; Higgins, D. A. Anal. Chem. 

2023, 95, 11849-11853, Copyright 2023 American Chemical Society. 

(https://doi.org/10.1021/acs.analchem.3c02283). 

All contact angle and AFM measurements for virgin plastic were conducted by Omid 

Shafiee. 

 

 5.1 Introduction 

Plastic materials that have escaped from waste streams or have been carelessly discarded 

are now ubiquitous in the environment.171 When exposed to sunlight, air, and mechanical 

abrasion by the actions of wind and waves, large plastic objects slowly break down into ever-

smaller pieces, eventually forming what are known as secondary.172-174 In addition to mechanical 

breakdown, their chemical composition also slowly evolves as they are oxidize in earth's 

atmosphere. While there is little consensus on the exact definition of microplastics, the one 

published by Frias and Nash is adopted here,175 in which they comprise “any synthetic solid 

particle or polymeric matrix, with regular or irregular shape and with size ranging from 1 μm to 

5 mm of either primary or secondary manufacturing origin···”. 

The chemical and physical properties of microplastics are of significant environmental 

and ecological concern. The smallest microplastics are readily ingested by both aquatic and 

terrestrial life. On their own, ingested microplastics are often thought to be of little importance 

https://doi.org/10.1021/acs.analchem.3c02283
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because they may pass harmlessly through the body.176 However, numerous recent studies report 

that microplastics readily sorb and may later release toxic organic substances, thus serving as an 

efficient vector for their transport.177-181 Toxic organic pollutants known to be sorbed by 

microplastics include insecticides and herbicides, polychlorinated biphenyls, perfluorinated 

compounds, dioxins, furans, polyaromatic hydrocarbons, pharmaceuticals, dyes, and the 

metabolites and natural degradation products of all of these.172,180,182,183 The risks of exposure to 

microplastics and the toxic chemicals they may carry will only grow as plastic waste becomes 

ever more prevalent in the environment.176  

Studies of sorption by microplastics are common in the literature.184-188 Many show that 

uptake of organic compounds changes as the plastics age.189,190 Published work includes 

investigations of the sorption mechanism (i.e., isotherm), strength, and kinetics.183,185, 191-193 And 

most have been performed by methods that only provide bulk or heavily averaged results.  Few 

have used microscopic methods that explore the molecular level details of the interactions 

between organic molecules and microplastic surfaces.  As a result, much remains to be learned 

about how different organics interact with plastic surfaces. For example, it remains unclear 

whether trace organic pollutants permanently adsorb to specific reactive sites directly from 

solution or whether they are first weakly associated, diffusing across the surface until they 

encounter a strong adsorption site. In fact, a broad range of behaviors is expected, depending on 

the exact chemical structure of the pollutant and the chemistry of the plastic surface. An 

improved fundamental understanding of the interactions between organic pollutants and both 

fresh and aged microplastics is ultimately required to fully grasp their environmental, ecological, 

and health consequences. The implementation of new experimental tools in their study is 

required to fully address the varied risks they may pose. 
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Fluorescence imaging microscopy affords a valuable means to detect the sorption of 

organic molecules by microplastics.194 -196 However, these methods have not yet been used to 

probe the full details of the sorption mechanism and its consequences.  Namely, data revealing 

whether the molecules are permanently adsorbed on the plastics or whether they remain mobile 

are lacking.  Again, significantly mechanistic variability is expected depending on the chemical 

composition of the microplastic surface and the chemical structure of the pollutants in question.  

For example, some may strongly chemisorb to microplastic surfaces directly from solution at 

specific reactive sites.  Others may form a weakly physiosorbed layer in which the molecules 

remain associated with the plastic surface but mobile as the surface slowly oxidizes, only later 

finding a site with the proper chemistry to result in strong physisorption.  There remains a 

complete dearth of information on the mechanisms of molecular interactions with plastic 

surfaces at this level. 

The method of fluorescence correlation spectroscopy (FCS) is particularly well suited to 

such studies.71,197,198 FCS involves recording the fluorescence in time as dye molecules diffuse in 

and out of the diffraction-limited focal volume of a confocal microscope. The time transients 

thus obtained provide valuable evidence of molecular surface adsorption and molecular diffusion 

and the means to quantify the diffusion rate. Autocorrelation functions derived from the time 

transients provide insights into the likely mechanisms of diffusion. Importantly, FCS allows for 

surface adsorption and diffusion to be explored at trace concentrations similar to those at which 

pollutants are found in the natural environment.199  

In this chapter, FCS is used for the first time to study the accumulation and diffusion of 

rhodamine B (RhB) on the surface of post-consumer and virgin synthetic secondary polyethylene 

terephthalate (PET) microplastics immersed in water. PET is widely used in drinking water 
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bottles and disposable food packaging due to its good intrinsic barrier properties.200 Although 

PET is considered highly recyclable, it comprises a significant fraction of plastic waste found in 

the environment.178 RhB serves as an analogue for toxic organic substances that may accumulate 

on microplastics in freshwater environments. It was selected for use because it is both water 

soluble and highly fluorescent, while also incorporating functional groups and heteroatoms (O 

and N) similar to many organic pollutants, their metabolites, and their degradation 

products.201 Dyes like RhB are also known to be released into the environment and to accumulate 

on microplastics.183  The present study investigated the interactions of Rhodamine B (RhB) with 

fresh and artificially aged PET microplastics, including virgin and post-consumer samples. 

Artificial aging was achieved by exposing the plastics to the reactive atmosphere within a UV-

ozone chamber.190 Chemical characterizations for fresh and aged PET microplastics were 

obtained from sessile drop water contact angle measurements, atomic force microscopy, and 

vibrational spectroscopy. 

 5.2 Materials 

Synthetic secondary microplastics were prepared by cutting pieces from two sources: the 

primary source being virgin biaxially oriented PET plastic sheets (Goodfellow Cambridge), and 

the other source consisting of post-consumer PET plastic derived from common food packaging 

materials. The thickness of virgin and post-consumer PET plastics was 100 μm and 250 μm 

respectively, which both plastics were optically clear and colorless. Pieces ∼2 mm × 3 mm in 

lateral dimension were prepared for ease of handling. In this context, these samples are classified 

as “synthetic” secondary microplastics because they have been artificially prepared in the lab 

from larger plastic materials. 
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The microplastic pieces thus obtained were first cleaned by sonicating for ∼10 min in 

warm soap water. They were next rinsed with copious quantities of deionized (18 MΩ cm) water 

and subsequently sonicated for an additional ∼10 min in warm deionized water. Afterward, they 

were dried under a stream of nitrogen gas. Fresh microplastics were used as obtained after 

cleaning. Artificially aged microplastics were prepared by exposing the clean pieces to the 

reactive atmosphere within a UV-ozone chamber (Novascan Technologies PSD-UVT), providing 

UV–C (254 nm) illumination at atmospheric pressure and an ambient temperature of 23°C. 

Plastics were commonly aged for times ranging from 0.5 to 4 min but were sometimes aged as 

long as 12 min. 

 5.3 Results and Discussion 

 5.3.1 Confocal Raman spectroscopy  

Confocal Raman spectra were acquired to verify the composition of the PET plastic and to 

explore any changes in the chemical composition with aging. These data were obtained on a 

home-built confocal Raman microscope that was constructed upon an inverted light microscope 

(Nikon TE-300). Raman scattering was induced by directing 1 mW of collimated laser light at 

532 nm into the microscope. Within the microscope, the light was reflected from a dichroic 

mirror (Chroma DCLP 550) and into the back aperture of a high numerical aperture (NA) oil 

immersion objective (Nikon Apo-TIRF, 100X, 1.49 NA). The objective focused the laser light 

through the immersion oil, a cover glass, and water to a spot of diffraction-limited size on the 

sample surface. Each piece of PET sample was held within the cell using a vertically mounted 

glass capillary. The capillary was used to maintain the microscope's focus on the plastic surface 

throughout each experiment. The sample was immersed in deionized water and reproducibly 

positioned ~ 10 ± 2 µm above the microscope coverglass, which separated the microplastic 
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sample from the immersion oil. The scattered light was collected by the same objective, directed 

back through the dichroic mirror, and subsequently focused by the internal tube lens of the 

microscope into a 50 µm diameter pinhole placed in the primary image plane of the instrument. 

It was then directed through a 532 nm holographic notch filter (Kaiser Optical) and into an 

imaging spectrograph (Acton Research, 300i). Within the spectrograph, the scattered light was 

dispersed by a 1200 line/mm diffraction grating and subsequently imaged onto the photosensitive 

surface of a thermoelectrically cooled, electron-multiplying CCD camera (Andor, Newton DU-

970P-BV). The wavelength axis was calibrated using both a neon lamp and literature results for 

PET plastic Raman scattering. 

Raman spectra were acquired by integrating the signal for a total of 25 min. The aforementioned 

50 µm pinhole allowed for selective detection of the scattered light with a depth resolution of ~ 

825 nm along the laser propagation direction. As the microscope was focused on the surface of 

the sample, the Raman scattering thus represents the integrated signal from the first ~ 400 nm of 

depth within the sample. Figure 5.1 shows representative Raman spectra obtained from fresh and 

artificially aged PET microplastics. Figure 5.1a shows the spectrum of virgin biaxially oriented 

PET, while Figure 5.1b displays the spectrum of post-consumer PET. Both samples exhibit 

similar peaks and patterns. The slight noise observed in the post-consumer PET spectrum can be 

attributed to impurities introduced during packaging preparation. Table 5.1 provides a list of the 

observed peaks and compares them to results reported in the literature.202 Vibrational mode 

assignments for the individual peaks are also provided. 

These data confirm that the samples employed are PET plastics. However, this method is 

not revealed clear changes in the spectra with aging. The challenges in detecting chemical 

changes are attributed to modification of only a thin surface layer. 
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Figure 5.1 Confocal Raman spectra from a) virgin and b) post-consumer synthetic secondary 

PET microplastics as a function of aging time. The spectra were acquired after 0, 1, 2, 4, 8, and 

12-min aging times. The spectrum has been background corrected and offset vertically to better 

show each spectrum. 
  

Table 5.1 Comparison of Raman spectra obtained from the synthetic secondary PET 

microplastics being investigated and literature data202.  

 
Lit. Band (cm-1) 

202 and  Intensity* 

Band (cm-1)  

and Intensity 

Lit. Assignment202 

1726 – vs 1727 – vs C=O stretch 

1614 – vs 1613 – vs Ring C=C stretch 

1460 – w 1455 – w Glycol C-H deformation  

1416 – w 1413 – w Ring C-C stretch 

1373 – vw 1375 – vw Gycol CH2 wagging 

------ 1312 - w, sh  

1288 – s 1289 – s Mixed ring-C=O stretch, O-C stretch, ring CH in-plane bend 

------ 1283 - m, sh  

1184 – w 1181 – m Ring CH in-plane bend 

1115 – m 1112 – m Mixed ring CH in-plane bend, glycol C-O stretch 

1094 – m 1092 – m Mixed ring CH in-plane bend, glycol C-O stretch, COC and CCO bend, 

C-C stretch 

998 – w 995 – w Mixed mode glycol C-C stretch, O-CH2 stretch and ring torsion 

893 – w ------ Glycol CH2 rocking 

858 – s 856 – s Ring C-C breathing 

795 – w 795 – w Ring CH out-of-plane 

703 – w 703 – w Ring C-C-C out-of-plane bend 

632 – m 633 – s Ring C-C-C in-plane bend 

*Peak intensity designations: very strong (vs), strong (s), medium (m), weak (w), very weak (vw), shoulder (sh). 

 5.3.2. Attenuated Total Internal Reflection Infrared Spectroscopy  

Diamond-prism based attenuated total internal reflection Fourier transform infrared 

(ATR-FTIR) spectroscopy was performed on a Cary 630 benchtop FTIR spectrometer (Agilent) 
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with a single-bounce ATR accessory. Background spectra (64 scans) were acquired with the 

clean diamond prism exposed to dry nitrogen gas. Sample spectra were acquired under dry 

nitrogen gas with each PET sample pressed face down over the diamond prism using the built-in 

pressure clamp. A total of 512 scans were averaged during the collection of the sample spectra. 

All spectra were acquired at 2 cm-1 resolution. 

 

Figure 5.2 ATR-FTIR spectra from virgin PET microplastics. The spectra were acquired under 

dry nitrogen. The spectra have been vertically offset to better show each one. 
 

Table 5.2 Comparison of ATR-FTIR spectra obtained from fresh synthetic secondary PET 

microplastics being investigated with literature data.203  

Lit. Band (cm-1)203 

and Intensity* 

Band (cm-1)  

and Intensity 

Lit. Assignment202 

3560 – w 3540 – vw OH stretch 

3440 – w 3427 – w C=O overtone 

3082 – w 3081 – vw Ring C-H stretch 

3055 – w 3057 – vw Ring C-H stretch 

2970 – m 2970 – m Asymmetric glycol C-H stretch  

2908 – m 2907 – w Symmetric glycol stretch 

1724 – vs 1711 – vs C=O stretch 

1504 – mw 1505 – m Ring stretch 

1410 – s 1409 – s Combination band550 

1343 – s 1340 – s Ring-C=O stretch 

1263 – vs 1243 – vs Carbonyl C-O stretch 

1120 – s 1120 – s Glycol C-O stretch, crystalline 

1100 – s 1096 – s Combination band with glycol C-O stretch, amorphous 

1020 – s 1017 – s Ring C-H in-plane bend 

875 – m 871 – s Ring C-H out-of-plane bend 

727&733 – s 723 – vs Ring C-H out-of-plane bend 

*Peak intensity designations: very strong (vs), strong (s), medium (m), weak (w), very weak (vw), shoulder (sh). 
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Figure 5.2 shows representative ATR-FTIR spectra obtained from fresh and aged virgin 

PET plastics. Table 5.2 provides a list of selected peaks observed for the PET samples and 

compares them to results reported in the literature.203 Vibrational mode assignments for the 

individual peaks are also provided. Some peaks are excluded from the list due to challenges 

identifying them in the presence of peaks attributed to residual water vapor. As with the Raman 

data (Figure 5.1), no clear changes beyond possible variations in peak intensity were observed in 

the spectra after aging in the UV-ozone chamber for up to 8 min. 

 5.3.3 Contact Angle Measurements  

Sessile drop water contact angle measurements were employed to detect changes in PET 

surface chemistry with aging which did not reveal Raman and ATR-FTIR experiments. These 

measurements were made using a home-built droplet imaging apparatus that employed a CCD 

camera and zoom lens.146 Freely available software within the ImageJ platform was used to 

determine the water contact angles from the images obtained.204 In these measurements, 2.0 μL 

droplets of deionized water were deposited on each sample and immediately imaged. The results 

are shown in Figure 5.3 for a series of fresh and aged samples. Both virgin and post-consumer 

PET plastic exhibit similar trends in hydrophobicity and hydrophilicity. These reveal that the 

clean, fresh samples are modestly hydrophobic, exhibiting water contact angles of >60°. As the 

plastics were aged from 0.5 to 4 min, the contact angle gradually dropped to around 30°, 

reflecting an increase in their hydrophilicity. The contact angle remained approximately 

unchanged from 4 to 12 minutes of aging, with only a slight decrease observed in post-consumer 

PET, likely due to impurities introduced during the packaging process. These results are 

consistent with those from the literature.205 The enhanced wettability of the aged PET plastic is 

attributed to the oxidation of its surface. 

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig1
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Figure 5.3 Sessile drop water contact angle (filled squares) on a) virgin and b) post-consumer 

synthetic secondary PET microplastics as a function of the aging time. The solid line has been 

appended to show the trend in the data. The error bars depict standard deviations from three 

independent measurements. Representative images of each water droplet are shown on the right. 

These measurements were conducted by Omid Shafiee. 

 5.3.4 Intermittent-Contact Mode Atomic Force Microscopy  

Changes to the surface of the microplastics with age were further explored by tapping 

mode atomic force microscopy (AFM). AFM images of the fresh and aged microplastic samples 

were acquired to further explore the changes to their surfaces upon aging in the UV-ozone 

chamber. A Digital Instruments Multimode AFM with Nanoscope IIIa electronics was employed 

in these studies. Intermittent-contact mode imaging was employed using conical probes 

(NanoScience Instruments, Aspire) mounted to cantilevers having a resonance frequency of 170 

kHz and a spring constant of 50 N/m. For each sample, a minimum of three images of different 

sample regions ~ 4-5 µm square in size and separated by several hundred microns were acquired. 

Images were obtained for both fresh samples and those aged. Figures 5.4 and 5.5 show images of 

post-consumer and virgin PET microplastic samples, respectively, illustrating their appearance 

over different aging times. Figure 5.6 plots the mean RMS roughness of post-consumer and 

virgin PET microplastics as a function of aging time derived from these images and their 

replicates. 
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Figure 5.4 Intermittent-contact mode AFM images of the post-consumer PET microplastic 

surfaces for fresh, 1,2,4,8 and 12 min artificially aged samples. 
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Figure 5.5 Representative intermittent-contact mode AFM images of the virgin PET microplastic 

surfaces for both fresh and 4 min artificially aged samples. These images were collected by 

Omid Shafiee. 

The average RMS roughness determined over ∼20 μm2 regions of samples and the results 

for post-consumer PET microplastics are not show the clear trends (see Figure 5.6b), while the 

virgin PET microplastics reveal the average RMS roughness of 1 nm for fresh samples, with 

roughness growing to ∼7 nm for samples aged for 2 min or longer. Images of the fresh samples 

revealed small irregular features, while the aged samples were dominated by larger round 

protrusions. Linear features a few nanometers deep are also occasionally observed in all samples; 

these are attributed to the manufacturing process. The observed changes in the surface are similar 

to those reported previously for PET plastic aging.206,207 The chemical composition of the 

protrusions that appear with aging have been attributed to oxidized polymer in the past.206 
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Figure 5.6 The mean RMS roughness for both fresh and artificially aged samples of a) Virgin 

and b) Post-consumer PET microplastics was derived from the AFM images shown in Figures 

5.4 and 5.5, as well as their replicates (not shown). RMS roughness values were calculated 

across the entire image area (~20 µm²) in each case. Error bars represent the standard deviations 

for each measurement, and the solid line is included to indicate the overall trend. 

 5.3.5 Fluorescence Correlation Spectroscopy (FCS) 

FCS experiments were conducted on a confocal fluorescence microscope that has been 

described previously, in detail.160 This instrument is built upon an inverted light microscope 

(Nikon TE-200). Fresh and aged microplastic samples were placed in a glass cell that was 

mounted above the oil immersion objective (Nikon Plan Fluor, 100X, 1.3 NA). The samples 

were immediately immersed under deionized water containing 5 nM RhB. The bottom surface of 

the cell comprised a microscope coverslip (FisherFinest Premium) through which all optical 

measurements were made. Although PET plastic has a density of 1.30–1.40 g/cm3,208 it was 

necessary to hold each piece in place within the cell using a vertically mounted glass capillary. 

The capillary was used to ensure that the microscope focus was maintained on the plastic surface 

throughout each experiment. It also helped to avoid variations in the detection volume caused by 

optical aberrations when focusing at different depths above the coverslip. 95,101,127  

RhB fluorescence was excited by 2.5 μW and 10 μW (measured prior to entry into the 

microscope) samples of 532 nm laser light for virgin and post-consumer respectively. Upon 

entering the microscope, the laser light was first reflected from a dichroic beam splitter (Chroma 

550 DCLP) and then directed into the back aperture of the aforementioned objective. 
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Fluorescence emitted by the dye was collected by the same objective and was subsequently 

passed back through the dichroic beamsplitter and into the detection path of the microscope. The 

collected fluorescence was next directed through a 50 μm diameter pinhole placed in the primary 

image plane of the microscope. Upon emerging from the pinhole, the fluorescence was collected 

and refocused via a pair of achromatic lenses through a bandpass filter (Chroma, 580/40m) and 

onto the photosensitive element of a single-photon-counting avalanche photodiode (APD). 

Pulses from the APD were counted using a counter/timer board operated in the time-stamping 

mode.126 Time transients of arbitrary time resolution ranging from 1 μs to ∼10 s were obtained 

from the time-stamping data using C++ code written in house. 

 

Figure 5.7 a) Time transient segment showing the fluorescence signal fluctuations observed at 1 

ms time resolution for 5 nM RhB in aqueous solution.  The incident laser power at 532 nm was 

10 µW. b) Average autocorrelation function (red dots) obtained from ten replicate 

measurements, and it fits the appropriate analog of Eq. 5.2 for free Fickian diffusion in three 

dimensions. c) Time transient segment showing background counts observed at 10 ms time 

resolution from a fresh microplastic surface in the absence of RhB.  The incident laser power at 

532 nm was 2.5 µW.  d) Average autocorrelation function (red dots) obtained from ten replicate 

measurements, and it’s fit to Eq. 5.2.   
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Figure 5.8 Fluorescence time transient segments (counts per 10 ms) acquired from virgin (left 

column) and post-consumer (right column) PET microplastics as a function of aging time on a 

confocal fluorescence microscope.  The fluctuations are due to passage of surface-associated 

RhB dye through the confocal detection region.   
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Figure 5.8 shows representative fluorescence time transients obtained when the 

microscope was focused on the microplastic surface in a 5 nM RhB solution. These show 

significant fluctuations in the fluorescence from the plastic surface occurring on tens of 

milliseconds and longer time scales. In contrast, similar fluorescence time transients acquired 

from bulk solution 5 μm below the microplastic surface show much weaker fluctuations that 

occur on submillisecond time scales, as expected for free solution-phase RhB diffusion as shown 

in Figure 5.7a. Background fluorescence obtained from the microplastic surfaces in the absence 

of dye was negligible when compared to that of all but fresh plastic samples as shown in Figure 

5.7c. These observations are consistent with adsorption and relatively slow diffusion of the dye 

across the microplastic surface. PET plastics are known to be glassy and nonporous.209 As such, 

significant sorption of the dye within PET plastics is not expected to occur. 

Figure 5.9 plots representative mean autocorrelation decays obtained from the surfaces of 

fresh and aged PET microplastics in the presence of 5 nM aqueous RhB. The autocorrelation 

functions were obtained by averaging results from several (i.e., ∼30) individual data sets. These 

were subsequently normalized to their mean values between τ = 5–15 μs to best reveal the 

monotonic increase in decay times observed as the plastics were aged. The trend is consistent 

with the slowing of the dye diffusion. The fast decay around 10–6 s may be due to triplet blinking 

of the dye129 and is irrelevant to these studies. 

The autocorrelation decays were fit in order to deduce the nature of the diffusion mechanism and 

to quantitatively determine the diffusion time. The decays were found to fit well to Eq 5.2, which 

approximately models anomalous two-dimensional diffusion.210   

𝑮(𝝉) = 𝑨 +
𝑩

(𝟏+(𝝉 𝝉𝑫⁄ )
𝜶
)
        5.1 

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig2
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig3
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#eq2
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In Eq 5.2, A represents a constant offset in the autocorrelation function and is usually 

very close to zero, B the amplitude of the diffusive decay, τD the diffusion time, and α the 

coefficient of anomalous diffusion, with α = 1 for Fickian diffusion, α < 1 for anomalous 

subdiffusion, and α > 1 for anomalous superdiffusion. Figure 5.9b,d depicts a representative fit 

(solid blue line) of autocorrelation decay data (red dots) to Eq 5.2. All autocorrelation decays 

were fit from 10–5 to 1s, with the fits plotted from 10–6 to 2.5 s. The fitting residuals are plotted 

in the lower part of Figure 5.9b,d and reveal the fitted curves deviates from the experimental data 

by <5% over the majority of the fitted range. 

 

Figure 5.9 a) Autocorrelation decays obtained from RhB diffusion on the surface of virgin PET 

microplastics as a function of aging time. b) Representative fit (top, blue line) of autocorrelation 

data (red dots) for a 1 min aged sample to Eq 5.2 from 10–5 to 1 s and the fitting residuals 

(bottom, red dots). c) Autocorrelation decays obtained from RhB diffusion on the surface of 

post-consumer PET microplastics as a function of aging time. d) Representative fit for 4 min 

aged post-consumer plastics same as described in part b. The autocorrelation data in (a) and (d) 

have been normalized based on G(τ) from τ ∼ 5–15 μs to better show the trend in the data. 

 

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#eq2
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig3
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#eq2
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig3
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#eq2
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The usual assumption in FCS experiments is that G(0) = 1/N, where N is the mean 

number of molecules in the detection volume. 98,99 Unfortunately, this assumption is not strictly 

valid in the presence of immobile, surface adsorbed molecules.162 Furthermore, the sharp rise and 

poor signal-to-noise ratio in G(τ) near τ ∼ 10–6 s (see Figure 5.9) make estimation of G(0) 

challenging. Nevertheless, a semiquantitative assessment based on the (unnormalized) 

autocorrelation decays for virgin microplastics from several replicate experiments reveals that 

1/G(0) ∼ 5 for RhB on fresh plastic and 1/G(0) ∼ 20 on 4 min aged plastic, consistent with 

increased RhB adsorption as the samples are aged. The latter value corresponds to an 

approximate surface density of 3.6 × 1010 molecules/cm2. This value represents an upper bound 

estimate of the actual surface coverage of mobile molecules and is ∼0.03% of a monolayer, 

assuming 1 molecule/nm2 represents a complete monolayer. 

 

Figure 5.10 a) Mean rate of diffusion (𝜏𝐷
−1) and mean diffusion coefficient, D, as a function of 

aging time for virgin microplastics. b) Mean coefficient of anomalous diffusion as a function of 

aging time for virgin microplastics. c) and d) present similar data as in (a) and (b), respectively, 

but for post-consumer microplastics. The data plotted were obtained by fitting the 

autocorrelation decays to Eq 5.2. The error bars depict 95% confidence intervals determined 

from ∼90 replicates. Data at 0, 1, 2, 4, 8 and 12 min aging represent averages from three 

independent experiments, while the others were repeated twice. 

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig3
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#eq2
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Figure 5.10a and b plot mean τD
–1 and α values, as well as the mean diffusion 

coefficient, D, as a function of aging time for virgin microplastics. Similarly, Figure 5.10c and d 

show the same parameters plotted for post-consumer microplastics. These figures provide insight 

into the diffusion behavior as a function of aging for both types of microplastics. 

Here, D = w2/4τD, where w2 is the calibrated detection area.160 The mean D value for surface-

associated RhB on fresh PET microplastics is approximately 20 times smaller for virgin PET and 

about 300 times smaller for post-consumer PET compared to its diffusion in bulk 

solution.160 This significant reduction indicates that the interactions between RhB and the PET 

surface greatly slow down the dye's mobility, especially in post-consumer PET. In both cases, 

the rate of diffusion decreases significantly as the plastics undergo aging. After 4 minutes of 

aging, the D becomes approximately 8000 times smaller than in bulk solution, and this value 

remains unchanged mainly beyond this point, indicating a stabilization in the reduction of RhB's 

mobility on the aged plastic surfaces. In addition, the mean α values reveal that RhB motion 

occurs via anomalous subdiffusion. Furthermore, α becomes smaller as the plastics are aged.   

 5.4 Conclusions 

Taken together, the evidence for surface oxidation provided by the water contact angle 

data and AFM images, the increase in concentration of surface-associated dye, and the dramatic 

slowing of RhB diffusion reflect greatly enhanced interactions between the dye and the plastic 

surface with increased age. The observed changes could arise from either enhanced ionic 

interactions between the charged RhB dye and anionic surface sites or enhanced hydrogen 

bonding between the dye and surface-associated hydrogen bonding sites. The exact chemical 

nature of these interactions will be addressed in future work. 

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02283#fig4
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The results presented here demonstrate that RhB molecules adsorbed on the surface of 

fresh PET microplastics remain mobile, consistent with weak surface association. The 

concentration of surface-associated molecules increases dramatically as the plastics age, while 

their mobility decreases precipitously, consistent with much stronger interactions between the 

dye and the oxidized surface. A more detailed understanding of these phenomena is required to 

properly assess the risks of exposure to microplastics and the toxic organic substances that they 

accumulate and transport. 
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Chapter 6 -  General Conclusions and Future Directions 

 6.1 General Conclusions 

This dissertation employed fluorescence correlation spectroscopy (FCS) methods to 

investigate the rates and mechanisms of Rhodamine B (RhB) diffusion within nanopores of 

anodic alumina (AAO) membranes filled with various ethanol/water mixtures and at the PET 

microplastic surface at fresh and different aging times under doped RhB water solutions.  

The experiments were conducted as a function of pore size, using AAO membranes with 

10, 20 and 30 nm cylindrical pores and solvent composition ranging from pure ethanol and 

water/ethanol mixtures through pure water. The autocorrelation plots obtained from FCS 

experiments inside the AAO membranes fit well to a one-dimensional (1D), two-component 

model. This revealed the existence of two distinct diffusion mechanisms for RhB confined within 

the nanopores, which were interpreted as fast and slow one-dimensional diffusion processes. 

Both diffusion coefficients (fast and slow) were significantly smaller than the bulk diffusion 

coefficient in solutions of the same composition. The slow diffusion process produced 10-100 

times smaller values than faster ones. Both diffusion mechanisms showed strong dependencies 

on pore size and solvent composition but in distinctly different ways. 

The fast diffusion coefficient closely mimicked the behavior of bulk solutions, and were 

consistent with viscosity-dependent Brownian motion within the nanopores. This motion has the 

highest value in the pure solvents and the smallest in the mixtures with intermediate ethanol 

content. The reduction of this mechanism compared to the bulk solution was attributed to 

increased hydrodynamic drag, likely caused by a stagnant solvent layer near the pore walls, as 

well as long-range electrostatic interactions between the charged RhB molecules and oppositely 

charged sites on the pore surfaces. 



125 

In contrast, the slow diffusion mechanism showed different behaviors and trends 

compared to the fast diffusion mechanism.  The diffusion coefficient in this case was smallest in 

the pure solvents and largest in mixtures with intermediate ethanol content. It was concluded that 

reversible adsorption of RhB to the pore surfaces, driven by electrostatic interactions or 

hydrogen bonding between the dye and surface hydroxides, dominated the observed slow 

diffusion. These interactions may be moderate in mixtures with higher water content due to the 

formation of a water layer on the pore surfaces. 

The density of adsorbed RhB, indicated by the autocorrelation amplitude and the 

apparent slow diffusion coefficient, showed clear correlations with RhB solubility across the full 

range of solvent compositions. Adsorption was most pronounced in pure ethanol and pure water, 

where RhB solubility was lowest, while diffusion was more significant in intermediate 

ethanol/water mixtures where the dye was more soluble. The contribution of slow diffusion to 

the autocorrelation amplitude showed the highest values in pure solvent and the smallest in the 

intermediate mixtures. 

Slow diffusion became more pronounced in the 10 nm nanopores compared to the 20 and 

30 nm pores, suggesting that smaller pore size significantly influences diffusion dynamics under 

nanoconfinement while this dependency diminishes for larger pore sizes. This likely increased 

the frequency of dye-pore collisions, indicating that surface interactions may be a crucial factor 

in RhB transport.  

Overall, these experimental results for AAO membranes demonstrate that both dye-pore 

collisions and solvation-dependent surface adsorption play critical roles in governing RhB 

diffusion in solvent mixtures under nanoconfinement. These insights have significant practical 

implications, aiding in the development of nanoporous membrane-based separations, especially 
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in solvent mixtures where optimizing membrane permeability and separation selectivity is 

particularly challenging. 

In the PET microplastic research, evidence of surface oxidation was obtained from water 

contact angle measurements and AFM images, along with an increased concentration of surface-

associated dye and a marked slowing of RhB diffusion. These findings indicate that the 

interactions between the dye and the plastic surface strengthen as the microplastics age. The 

observed changes likely arise from enhanced ionic interactions between the charged RhB dye 

and anionic surface sites or stronger hydrogen bonding between the dye and surface-associated 

functional groups. 

The results show that RhB molecules adsorbed on the surface of fresh PET microplastics 

remain relatively mobile, suggesting a weak surface association. However, as microplastics age, 

the concentration of surface-bound molecules rises sharply while their mobility decreases 

significantly. This indicates stronger interactions between the dye and the increasingly oxidized 

surface over time. 

 6.2 Future Directions  

The remarkable properties of AAO membranes make them highly versatile, with 

potential applications in fields such as filtration, catalysis, sensing, and drug delivery. To fully 

harness these advantages, conducting in-depth studies that investigate how molecular behavior 

changes when confined within nanopores, particularly in different environments and with various 

solutes, is essential.  

One interesting avenue for future research is nanoconfinement in water/propanol 

mixtures near azeotrope points. Given our observations of increased fast diffusion in 

water/ethanol mixtures containing approximately 2% water content within the membrane which 
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is near the azeotrope point and the absence of a solid explanation for this behavior, exploring 

whether a similar phenomenon occurs in the water/propanol mixture—which also forms an 

azeotrope—may provide valuable insights into solvent behavior under confinement. This 

research could provide insights into how solutes, particularly dyes or other molecules, behave 

when nanoconfined in environments where phase behavior plays a key role. Understanding this 

could be vital for optimizing separation processes, particularly in chemical engineering and 

environmental applications. 

Next, the effect of ionic strength and probe charges is another crucial variable to 

investigate, which is the effect of ionic strength in solution and how different charged probe 

molecules (neutral, positive, and negative) behave within the nanopores. Ionic strength 

influences electrostatic interactions between the solute and the pore walls, altering diffusion 

rates, adsorption phenomena, and molecular mobility. Studying the behavior of neutral, 

positively charged, and negatively charged probes can gain valuable insights into how charge 

interactions impact molecular confinement and transport.  

Another possible study is the diffusion mechanisms of different dyes in surface-modified 

AAO membranes. AAO membranes can be chemically modified to alter their surface properties, 

such as charge, hydrophilicity, or functional group attachment. Exploring how these surface 

modifications affect the diffusion of different dye molecules can reveal critical details about 

solute-pore interactions. For instance, surface modifications can either enhance or hinder the 

movement of certain dyes, depending on factors like electrostatic attraction, hydrophobicity, or 

steric hindrance. A detailed study of these interactions could contribute to optimizing membranes 

for dye separation, pollutant removal, or molecular sensing applications, where precise control 

over solute behavior is crucial. 
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Understanding how nanoconfinement influences molecular behavior, particularly in 

complex solvent mixtures or with varying surface charges, can open new possibilities for 

engineering AAO membranes for specialized applications. This could include the development 

of highly selective filtration membranes for use in industrial separations, the design of advanced 

sensors capable of detecting specific molecules in environmental monitoring, or the creation of 

tailored drug delivery systems that control the release of therapeutics at a nanoscale level. 

By studying AAO membranes in such diverse conditions and with varying molecular 

probes, it can gain a comprehensive understanding of the diffusion mechanisms and interactions 

that govern molecular transport under nanoconfinement. This will help unlock the full potential 

of AAO membranes for real-world applications.  
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