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ABSTRACT 

The growing demand for technological advancements in energy storage and 

pharmaceuticals, driven by population growth and climate change, has created an urgent need for 

the development of novel materials with finely tuned and targeted properties. Polymers, with their 

inherent versatility, have emerged as key players in modulating the functionality of such advanced 

materials.  However, achieving precise control over the performance of the materials requires a 

deep understanding of the molecular interactions, self-assembly processes, and transport 

phenomena that govern their behavior at the nanoscale. 

This dissertation focuses on the application of advanced nuclear magnetic resonance 

(NMR) techniques to probe the molecular dynamics and diffusion behavior in complex 

macromolecular and colloidal systems. Two key NMR techniques – NMR diffusometry and 

dynamic NMR spectroscopy – are employed to probe the motion and exchange process of 

molecules within these systems. By providing insights into the dynamics of the constituents, these 

methods are particularly powerful in unraveling the intermolecular interactions that govern 

material functionality.  

The materials under investigation include block copolymer micelles (BCMs), ligand-

capped quantum dots (QDs), and linear polyelectrolyte chains – each with unique structural 

characteristics and promising applications. Block copolymer micelles are of particular interest for 

drug delivery applications due to their ability to encapsulate and release therapeutic agents in 



 

controlled manner. Colloidal quantum dots, with their size-tunable electronic properties, have great 

potential in photovoltaics and biosensing. Linear polyelectrolytes, characterized by their charged 

backbones, are crucial for energy storage and biomedical applications.  

 Through a detailed analysis of the translational motion of molecules, this work reveals key 

molecular insights, including intermolecular interactions, the coexistence of molecules in distinct 

chemical environments, and their exchange mechanism between these environments. These 

findings establish critical structure-property relationships in each material system, providing a 

foundation for rational design and optimization of their functional performance. 

 The results obtained in this research not only contribute to our fundamental understanding 

of the molecular behavior of these complex systems but also have practical implications for design 

of next-generation materials. By leveraging the power of NMR-based techniques, this dissertation 

offers a pathway for enhancing material properties in the desired applications. The findings 

emphasize the critical role of molecular characterization techniques in advancing the field of 

material science and facilitating the development of more efficient, high-performance materials 

tailored to meet the demands for modern technology.   
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GENERAL AUDIENCE ABSTRACT 

Rising global challenges, such as energy storage and healthcare, demand innovations for 

new technologies. At the core of many of these innovations are advanced materials, which must 

be meticulously designed to meet specific performance requirements. Polymers, in particular, play 

a key role in these developments due to their versatile properties. To create materials with precise 

functionality, a deeper understanding of the chemistry and molecular interactions that govern their 

behavior is essential. 

This dissertation focuses on using nuclear magnetic resonance (NMR), a powerful 

analytical tool, to probe molecular motions and interactions in advanced materials. Specifically, 

this research has developed NMR methodologies to investigate polymer-based micelles 

(surfactants) for drug-delivery applications, semiconductor nanoparticles for solar cells and sensor 

applications, and molecular weight determination of charged polymer chains.   

The research aims to reveal new insights into the behavior of these materials and how such 

knowledge can be harnessed to design more effective systems for applications in medicine and 

energy. By studying molecular motions and interactions, this work aspires to contribute to the 

development of next-generation materials capable of addressing some of the world’s most pressing 

challenges. 
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Chapter 1: Probing molecular diffusion and dynamics to study self-

assembly and intermolecular interactions in macromolecular and 

colloidal systems 

1.1. Motivation and goals 

The increasing global population and the challenges posed by climate change are driving 

the demand for new technology advancements, particularly in energy storage and pharmaceuticals. 

At core of these innovations is the creation of new materials, with polymers playing a crucial role 

in modulating their functionality. However, to achieve precise control over the performance of 

these materials, it is essential to deepen our understanding of the fundamental principles of 

chemistry and materials science that influence their functionality. Characterization tools, such as 

nuclear magnetic resonance (NMR), are crucial in this endeavor, providing key insights into the 

molecular interactions that govern the self-assembly and the performance of the materials 

developed. NMR techniques, like NMR diffusometry and dynamic NMR spectroscopy, are poised 

to bridge critical knowledge gaps in material development, enabling breakthroughs in material 

formulations. These techniques hold great potential to unveil deeper insights into the properties 

and mechanisms underlying advanced materials. 

 This dissertation introduces NMR-based characterization techniques aimed at probing 

diffusion and molecular dynamics of macromolecular and colloidal systems. The overarching goal 

is to leverage these techniques to inform the design and development of materials for advanced 

applications. The focus is on block copolymer micelles (BCMs), colloidal quantum dots (QDs), 

and long linear polyelectrolyte chains, materials that have significant potential in drug delivery, 

photovoltaics, biosensors, and energy storage applications.  
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This chapter begins with a theoretical exploration of translational motion in small 

molecules, which extends to the characterization of macromolecular sizes, that govern the self-

assembly mechanisms and functionality of the macromolecular and colloidal systems. Section 2 

contrasts the unique behavior of polyelectrolyte chains with neutral polymers, introducing the 

theoretical models for determining the molecular weight of polyelectrolytes. Section 3 examines 

the core and shell-forming components of the block copolymer micelles (BCMs) for drug-delivery 

applications, also exploring the effects of drug partitioning and methods to quantify this parameter. 

Section 4 addresses the design challenges and knowledge gaps in semiconductor colloidal 

particles, particularly for applications in photovoltaics and biosensors. 

Chapter 2 introduces and provides and in-depth overview of NMR diffusometry and 

dynamic NMR spectroscopy techniques, focusing on their applications in studying molecular 

transport, thermodynamic partitioning (populations), and kinetic exchange rates.  Chapter 3, 4, 5, 

and 6 will present insights into specific polymer-based (polyelectrolytes and micelles) and 

nanoparticle (quantum dot) systems gained from these characterization techniques, highlighting 

key parameters important for the design of next-generation materials. Figure 1.1 below gives an 

overview of the materials investigated, the experimental methods utilized, and the key outcomes 

derived from those studies. 
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Figure 1.1: An overview of the materials investigated, experimental methods used, and the key 

outcomes derived from the studies presented in this thesis. 

1.2. Translational motion of molecules 

In 1827, Robert Brown observed the random motion of pollen particles suspended in water, 

concluding that it was not due to living organisms.1,2 This phenomenon, now known as Brownian 

motion, was further developed in 1905 when Albert Einstein formulated a theory3 that linked the 

diffusion coefficient 𝐷 to the mean square displacement 〈𝑥!〉 (root-mean-square RMS 

displacement 𝑟"#$ = '〈𝑟!〉 ) over diffusion time (𝑡) as expressed in the Equation 1.1.1. 

〈𝑟!〉 = 2𝐷𝑡 1.1.1 

Here, 𝐷 depends on the average kinetic energy of the molecule as shown in Equation 1.1.2 

𝐷 = 𝜇𝑘𝑇 1.1.2 

where, 𝑘 is the Boltzmann constant, 𝑇 represents the temperature of the solution, and 𝜇 denotes 

the mobility of the diffusing species, which is inversely related to the drag experienced by the 

particle. The drag is influenced by both attractive and repulsive interactions with the surrounding 
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molecules, as well as the forces needed to displace molecules out of the particle’s path. As the 

particle size increases, its mobility decreases due to increased interactions with the surrounding 

molecules. George Stokes compared these interactions to the bulk viscosity (𝜂) and the particle’s 

hydrodynamic (solvation) radius (𝑟%), as described in Equation 1.1.3 [references]:  

𝜇 =
1

𝑎𝜋𝜂𝑟%
 1.1.3 

Where 𝑎 is a friction-related factor. By combining Equations 1.1.2 and 1.1.3, the relationship 

between 𝐷, the bulk properties of the solution (viscosity, 𝜂), and the particle’s size can be expressed 

using the Stokes-Einstein equation (Equation 1.1.4).  

𝐷 =
𝑘𝑇

𝑎𝜋𝜂𝑟%
 1.1.4 

Figure 1.2 illustrates the relationship between the size of the particle (both ligand and ligand-

capped particle) and its RMS displacement (𝑟"#$). For a simple case of a spherical particle larger 

than its surrounding environment, Einstein deduced the friction factor 𝑎 ≈ 6.4 By measuring 𝐷, 

we can quantify the size and motions of particles such as BCMs or polymer chains, using Equation 

1.1.4. This also helps in understanding the dynamics and transient interactions within the system.  

Several techniques, such as dynamic light scattering (DLS), fluorescence correlation 

spectroscopy, neutron scattering, were developed to measure 𝐷.5–8 However, the most powerful 

method used is pulsed-field-gradient (PFG) NMR diffusometry, due to its non-destructive nature, 

minimal sample preparation requirements, and high reliability.9–16 This technique can identify 

different chemical species and can also quantify the population fractions of species in different 

states, which is essential for studying the thermodynamics of molecular mechanisms in complex 

systems. Further details on PFG NMR diffusometry are discussed in Chapter 2. 
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Figure 1.2: A schematic illustrating the Brownian motion of ligand and ligand-capped nanoparticle 

(NP) in a solvent medium and ligand partitioning (𝑓&'(,*+,, and 𝑓&'(,-.) in different phases. Particle 

diffusion is influenced by particle size, as described by the Stokes-Einstein equation (Equation 

1.1.4). Due to its large size, the NP diffuses slower compared to the smaller ligands. As a result, 

the displacement of NP (𝑟"#$, Equation 1.1.1) is smaller than that of the free ligand in the medium. 

 In my thesis, I applied the above translational motion theory to gain a comprehensive 

understanding on the macromolecular dynamics, specifically polyelectrolytes, block copolymer 

micelles (BCMs), and semiconductor colloidal particles. For polyelectrolytes, we developed a 

model combining Stokes-Einstein and the and a scaling theory for polyelectrolytes to determine 

its molecular weight (more details in section 1.2).12 This study provides new understanding of 

polyelectrolytes dynamics and their potential applications in solid-state batteries and separation 

membranes.  
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For BCMs, using NMR diffusometry, we quantified the population fractions of polymer 

chains in different phases (micelles and free unimers) and investigated the effects of polymeric-

core mobility (glass transition temperature, 𝑇()11 on the polymer chain dynamics. We also 

examined drug/cargo partitioning in different phases, giving us a critical parameter partition 

coefficient (𝐾/),14 which is crucial for designing and optimizing drug-delivery formulations. 

 For colloidal particles with a semiconductor quantum dot (QD) core and a ligand shell, we 

probed ligand dynamics to investigate the thermodynamics of multiple ligand binding modes on 

the QD surface and kinetics of the ligand exchange mechanism.  This study offers insights on the 

affects of ligand shell on the optoelectronic performance of the QD, allowing us to identify key 

synthetic parameters essential for tuning the semiconductor properties for various applications. 

 All these materials were characterized using a combination of different NMR methods, 

including diffusometry, variable temperature (VT) and dynamic NMR spectroscopy, whose details 

are discussed in Chapter 2. In the following sections, I introduce the basic concepts on the 

macromolecular and self-assembled systems that I have studied in my research. I also highlight 

the existing research gaps which can be effectively addressed by probing molecular dynamics and 

diffusion.  

1.3. Polyelectrolytes 

Polyelectrolytes are unique class of polymer chains characterized by ionizable groups 

along the chain’s backbone. Unlike neutral polymers, which lack charged components, 

polyelectrolytes dissociate in polar solvents like water, resulting in charged polymer chains and 

the release of counterions into the solution.17–22 Polyelectrolytes are classified as polycations 

(positively charged), polyanions (negatively charged), or polyampholytes (containing both 

positive and negative charges). Due to the electrostatic repulsion between charged groups, 
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polyelectrolytes typically adopt more extended, rod-like conformations when dissolved in 

solution, in contrast to the random coil structures typical of neutral polymers, as depicted Figure 

1.3.17–21,23  

 

Figure 1.3: A random coil conformation of a neutral polymer under dilute conditions. In contrast, 

polyelectrolytes adopt an extended conformation due to electrostatic repulsion between ionic 

groups on the chain.  

These long-range electrostatic interactions give polyelectrolytes higher viscosities 

compared to neutral polymers at similar concentrations, owing to greater transient interactions 

between polyelectrolyte chains. These interactions also contribute to greater shear thinning, as the 

disruption of inter-chain electrostatic forces and the alignment of extended chains occur during the 

flow.24 Additionally, the counterion cloud surrounding polyelectrolytes makes them more sensitive 

to environmental factors such as pH, ionic strength, and counterion condensation. The unique 

dynamics of polyelectrolytes, driven by the electrostatic interactions and counterion effects, result 

in distinct macroscopic properties compared to neutral polymers. Leveraging their charge-based 

properties, polyelectrolytes find use in various applications, such as thickeners or emulsifiers in 
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cosmetics, membranes in waste-water treatment and fuel-cells, and drug-carriers in biomedical 

applications.23,25–28 

Despite their potential in numerous applications, polyelectrolytes have been described as 

the “least understood form of condensed matter,” a characterization famously quoted by Nobel 

laureate P. G. de Gennes.29 The delicate balance between the electrostatic repulsions along the 

polymer chain and the entropic penalty for chain stretching leads to unreliable molecular weight 

measurement when using techniques such as gel permeation chromatography (GPC) developed 

for neutral polymers.18,19,21,22,30–32 Chemists synthesizing new ionic polymers face challenges to 

accurately measure their molecular weight and dispersity, a fundamental requirement that can 

significantly impact the advancement of materials for various applications. More details on the 

limitations of different standard techniques are presented in Chapter 4. Thus, we developed a 

model combining chain conformational dynamics (Rouse model)17–19,33 and translational dynamics 

(Stokes-Einstein model) of polyelectrolytes to accurately determine polyelectrolyte’s molecular 

weight and its details are explained in the following section. 

1.3.1 Background theory for determining polyelectrolytes’ molecular weight 

Polyelectrolytes, in dilute conditions without added salt, adopt an extended rod-like 

conformation due to electrostatic repulsions along the backbone of the chain (Figure 1.3). The 

chain contour length for any polymer is given by 𝐿 = 0-
1

, where b is the repeat unit length, N is 

the number of monomer units per chain.17–20,29,33 Here, 𝐵 is a dimensionless chain contraction 

factor and it depends on polyelectrolyte’s conformation. Strongly charged polyelectrolytes 

typically have 𝐵 ≈ 3 due to the stretching of the polymer caused by electrostatic repulsions.34 Let 

𝑐 denote the number density of repeat units in solution (repeat units/Liter) without added salt. 𝑐∗ 

denotes the overlap concentration, where the polymers’s pervaded volume begin to overlap but do 
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not entangle. This overlap concentration also marks the boundary for dilute and semidilute 

unentangled regimes for a polymer as illustrated in Figure 1.4.  At 𝑐∗, monomer number density 

matches the number density of a single chain within the pervaded volume 𝐿3 given by: 

𝑐∗ ≅
𝑁
𝐿3 ≅

𝐵3

𝑏3𝑁! 
1.2.1 

For neutral polymers in dilute conditions  𝑐∗ ∝ 𝑁45/!.17–19,29,33 Since 𝑐∗ ∝ 𝑁4! for 

polyelectrolytes, it is evident that the overlap concentration 𝑐∗ for polyelectrolytes is much lower 

than neutral polymers of the same molecular weight and it further decreases inversely with square 

of the degree of polymerization 𝑁. Therefore, the semidilute regime is an ideal concentration range 

for probing polyelectrolyte’s dynamics, as it contains a sufficient number of chains to study with 

adequate measurement signal strength. However, if the concentration exceeds the entanglement 

concentration 𝑐,, chain entanglements further affect the scaling behavior and the dynamics of the 

polyelectrolyte chains, complicating the model.  

 

Figure 1.4: Concentration regimes of a polymer. For 𝑐 < 𝑐∗(dilute unentangled), polymer chains 

are unentangled, and their pervaded volumes do not overlap (dotted circles). For 𝑐∗ < 𝑐 < 𝑐, 

(semidilute unentangled), the polymer chains are still unentangled, but their pervaded volumes 

overlap. For 𝑐 > 𝑐, (semidilute entangled), the polymer chains begin to entangle affecting the 

!"#
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dynamics of the polymer chains. Due to their extended conformation, polyelectrolytes have very 

low 𝑐∗, resulting in a broad semidilute unentangled concentration range. 

 Another important parameter to consider in this model is the correlation length scale 𝜉, 

which represents the average distance from any monomer on one chain to the nearest monomer on 

different chain.35,36 Below 𝜉 length scales, nearly all monomers belong to same polymer chain. 

Since 𝜉 also represents the effective electrostatic screening length of a polyelectrolyte in semidilute 

unentangled regime, the expression for 𝜉 is given by: 

𝜉 ≅ @
𝐵
𝑐𝑏A

5/!

B1 +
2𝑐7
𝑓𝑐 D

5/8

 
1.2.2 

Here, 𝑐 and 𝑐7 are number density of monomers and salt anions/cations in solution respectively, 

while 𝑓 denotes the fraction of monomers bearing an effective charge. The term !9!
*9

 represents the 

ratio of number densities of salt ions and free counterions. Under low-salt conditions where !9!
*9
≪

1, then Equation 1.2.2 simplifies to 𝜉 ≅ F 1
90
G
5/!

. 

𝜉 can be easily determined from small-angle X-ray scattering (SAXS) measurements on 

dilute polyelectrolyte solutions.35,36 Its scattered spectrum provides a peak at the wavevector 𝑞 =

2𝜋/𝜉 as illustrated by polystyrene sulfonate polymer (Figure 1.5). 
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Figure 1.5: SAXS data for poly(styrene sulfonate) (PSS) in water at different concentrations. The 

peak from the SAXS scattered spectrum enables us to determine the correlation length (𝜉) 

(equation in the figure) 

 In the semidilute regime, on scales larger than 𝜉 or electrostatic persistence length, the 

polyelectrolyte chain conformation can be described as a random walk of correlation blobs. Then 

the end-to-end distance 𝑅 of the chain is then given by  

𝑅 ≅ @
𝑏
𝑐𝐵A

5/8

B1 +
2𝑐7
𝑓𝑐 D

45/:

𝑁5/! 
1.2.3 

Since, the effects of electrostatic and hydrodynamic interactions are screened at scales beyond 𝜉, 

the Rouse model is ideal for describing chain relaxation dynamics. The characteristic relaxation 

time τ is given by: 

𝜏 ≅
𝜂7𝑏3

𝑘𝑇 𝐵43/!𝑁!(𝑐𝑏3)45/! B1 +
2𝑐7
𝑓𝑐 D

43/8
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Here, 𝜂7 is the viscosity of the solvent. Relaxation time 𝜏 can be measured using a rheometer, 

which provides the time taken by the polymer chain to diffuse or move a distance of order of its 

own size. The diffusion coefficient 𝐷,  which measures molecular diffusion, is related to 𝜏 as shown 

in Equation 1.2.5. 20,33 This equation also gives the dependence of the 𝐷 with degree of 

polymerization 𝑁.  

𝐷 ≈
𝑅!

6𝜏 ≈
𝐵𝑘𝑇
6𝜂7𝑏𝑁

B1 +
2𝑐7
𝑓𝑐 D

5
!;

 
1.2.5 

The ratio of 𝐷 and 𝜉! (from Equation 1.2.5 and 1.2.2) eliminates dependency on the chain 

contraction factor 𝐵, repeat unit length b, and salt concentration 𝑐7 yielding: 

𝐷
𝜉! ≅

𝑐𝑘𝑇
6𝜂7𝑁

 1.2.6 

The term 𝑐 𝑁⁄  gives the number density of chains, which allows us to determine the molecular 

weight (𝑀𝑊) of the polymer chain using the Equation 1.2.7  

𝑀𝑊 =
𝑐<𝑁=>
𝑐 𝑁⁄ = 𝑐<𝑁=> Q

𝜉!𝑘𝑇
6𝜂7𝐷

R 
1.2.7 

where, 𝑐< is the mass concentration of the polyelectrolyte (g/L) and 𝑁=> is the Avogadro’s number. 

Thus, by measuring 𝜉 and 𝐷 from SAXS and NMR diffusometry respectively, we can determine 

the molecular weight of the polyelectrolytes. Figure 1.6 gives an overview of the model, and the 

measurements required to determine the molecular weight of polyelectrolytes. In chapter 3 of the 

thesis, we purchased poly(styrene sulfonate) (PSS) polymers of known molecular weights to probe 

chain dynamics and verify the developed model (Equation 1.2.6 and 1.2.7). More details on the 

experimental conditions and conclusions regarding this model are discussed in that chapter.  
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Figure 1.6: Overview of the model developed to determine the molecular weight of 

polyelectrolytes from NMR diffusometry and SAXS measurements. 

1.4. Micelles 

Micelles are self-assembled structures formed by amphiphilic molecules, such as 

surfactants or block copolymers, which contain both hydrophilic and hydrophobic segments. When 

these amphiphilic molecules are introduced into a selective solvent, they spontaneously aggregate 

into micellar nanostructures.37 Micelle formation occurs when the concentration of these 

amphiphiles exceeds the ‘critical micelle concentration’(CMC). Typically, block copolymers 

exhibit a lower CMC (10-6 and 10-7 M) compared to surfactants (10-4 to 10-5 M), due to their 

relatively higher molecular weights.38–40 The morphology and physical properties of micelles, 

including osmotic pressure, conductivity, and interfacial tension, are influenced by environmental 

factors such as solvent properties, temperature and pH.11,13,15 

Various techniques, including fluorescence spectroscopy, light scattering, gel permeation 

chromatography, and NMR have been used to study micelle formation and behavior.41,42  My 

5

Number density 
of repeat units !

" ≅ $!%
&'("Number of repeat 

units per chain

Solvent viscosity

Boltzmann 
constant

Temperature

Diffusion 
Coefficient

Correlation 
Length

)# =
+$,%&
+/,

Mass concentration (g/L)

!

NMR 
diffusometry

!

SAXS

Avogadro’s numberNumber Average 
Molecular Weight



 14 

research builds on this knowledge by using 1H NMR and NMR diffusometry to investigate drug 

partitioning in micellar systems and micelle-unimer coexistence which is detailed more in Chapter 

4 and 5 of this thesis. 

1.4.1. Block copolymer micelles (BCMs) for drug-delivery applications 

 The therapeutic efficacy of many drugs is hindered by factors such as, poor solubility, rapid 

degradation in vivo, and non-specific biodistribution, which can lead to increased toxicity.43–46 For 

example, many anticancer drugs are water insoluble, restricting their dosage due to severe side 

effects. Targeted drug-delivery systems, particularly those utilizing amphiphilic block copolymers, 

can address these challenges by enhancing drug stability, improving pharmacokinetics and 

enabling selective release at target sites.   

Amphiphilic block copolymers self-assemble into micelles, with their hydrophobic core 

encapsulating drugs while the hydrophilic shell stabilizes the structure in aqueous environment. 

The morphology of these micelles can be controlled by tuning parameters such as block length, 

solvent composition, and chemical modifications. Israelachvili developed a thermodynamic model 

for self-assembly systems, defined by packing parameter 𝑝.47 The packing parameter 𝑝 correlates 

the morphology of self-assembled structures with the relative volumes of the hydrophobic and 

hydrophilic segments of the block copolymer chain as shown in the equation:  

𝑝 =
𝑣
𝑎?𝑙9

 1.3.1 

Where 𝑣 is hydrophobic volume, 𝑎@ is interfacial area of the hydrophilic block at the core-shell 

interface, and 𝑙9 is hydrophobic chain length normal to the interface (see Figure 1.7). By precisely 

tuning the block copolymer parameters we can exert control over the size and morphology of the 
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micelles (see Figure 1.7).46 This control is crucial in designing drug-delivery systems, as micelle 

size directly impacts drug release rate, targeted delivery, and therapeutic efficacy. 

 Poly(ethylene Glycol) (PEG, also known as PEO) is commonly used as the hydrophilic 

block due to its biocompatibility, chain flexibility, and ability to shield micelles from non-specific 

interactions.48–50 However, alternatives such as, poly(vinyl alcohol) (PVA), poly(vinyl propylene) 

(PVP) and polysaccharides are also explored to address PEG’s limited biodegradability and 

potential immunogenicity. 38,51 

 

Figure 1.7: The morphology of self-assembled block copolymers depends on the packing 

parameter 𝑝 (Equation 1.3.1). These polymers can self-assemble into spherical micelles (𝑝 ≤
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1/3), cylindrical micelles (1/3 ≤ 𝑝 ≤ 1/2), and vesicles (1/2 ≤ 𝑝 ≤ 1). Figure taken from 

Reference 46. 

1.4.2. Block copolymer (BCP) chain properties and drug/cargo partitioning studies 

 The hydrophobic core of BCMs drives both micelle formation and drug encapsulation, with 

drug-polymer interactions typically governed by non-covalent forces such as 𝜋 − 𝜋 stacking, 

hydrogen bonding, or electrostatic interactions.44,52–56 Common core-forming polymers include 

polyethers, polyesters, and polyamino acids. For example, Pluronic® triblock copolymers (PEG-

PPO-PEG) have been widely studied for their drug partitioning and micelle stability, although their 

drug loading capacity is sometimes limited due to poor compatibility with certain drugs.57,58 As a 

result, Pluronics are often used in drug-partitioning studies, where variations in polymer 

concentration and temperature can significantly affect drug distribution and this will aid in 

understanding and tailoring the properties that affect the functionality of drug delivery systems.57  

The selection of polymer blocks plays a crucial role in drug solubility and fractionation 

into micellar carriers (𝑝A+B(,<'9,&&,) and into the surrounding aqueous environment (𝑝A+B(,7?&>) 

(see Figure 1.8).  Several factors have been determined to affect the solubilization capacity of 

micelles, including compatibility between the core-forming polymers and the cargo, micellar size, 

aggregation number, interfacial tension between aqueous medium and the cargo, and the molecular 

volume of cargo.52 However, fewer quantitative studies are available to analyze the impact of the 

above factors on drug solubilization.    

Quantifying drug-distribution in different phases can provide quantitative correlations to 

the drug-delivery system features such as drug release rates, residence time in the organism, 

cytotoxicity, and other aspects of biological activity. This distribution can be described using a 

parameter called partition coefficient (𝐾/) which can also provide molecular level insights such as 



 17 

interactions between drug molecules and micelles, including van der Waals forces, hydrophobic 

interactions and hydrogen bonding.  

 

Figure 1.8: Quantification of population fraction (𝑓) of block copolymer chains in micellar phase 

and free solvent state. Similarly, we can quantify the populations (𝑝) of the drug molecules in the 

micellar phase and solvent phases. These quantifications are necessary to rationally modulate the 

pharmacological properties of the drug delivery systems. 

𝐾/ can be determined experimentally using techniques such as UV-Vis, high performance 

liquid chromatography, differential scanning calorimetry, and fluorescence.59–68 Choucair et al. 

investigated the solubilization of hydrophobic polar dye 2-nitrodiphenylamine, in polystyrene-b-

poly(acrylic acid) micelle solutions.60 They evaluated the solubilization capacity of micelles and 

micelle-water partition coefficient 𝐾/ using UV-vis spectroscopy, fitting the data to a Langmuir 

adsorption isotherm, which can be expressed as Equation 1.3.2: 

𝐾/ =
𝜒

𝜒<CD
=

𝐾CA𝐶
1 + 𝐾CA𝐶

 1.3.2 

!!"#$,&'()

!!"#$,&'()**)

"+,*-,&'()**)

"+,*-,#.'&)"



 18 

In this equation, 𝜒 represent the mole fraction of the drug solubilized in the micellar phase, 𝜒<CD 

is the maximum mole fraction, 𝐾CA is the adsorption constant, and 𝐶 is the molar concentration of 

free unbound dye molecules.  

 Their findings showed that dye’s solubilization in micelles is a binding process, which 

depends on the micellar surface area and the dye’s affinity to the micellar interface. This was the 

first study to conceptualize solubilization as an adsorption-like phenomenon, offering insights into 

the interfacial solubilization mechanism in block copolymer aggregates. Sabate et al. also 

determined the micelle association constant (𝐾=) by studying the interaction of pinacyanol (PIN) 

with n-dodecyltrimethylammonium bromide (DTAB) surfactant micelles using UV-visilbe 

spectrophotometry.63 Their results indicated that the interaction of the dye (PIN) with DTAB 

micelles caused a bathochromic shift (a shift to longer wavelength) of the dye’s signal on UV-

Visible spectrum. This shift enabled them to quantify the partitioning of the dye in different phases. 

 Lasonder et al. investigated the interactions of dipalmitoyl phosphatidylcholine vesicles 

with a series of anti-inflammatory agents (like sulindac, sulfide, naproxen, phyenylbutazone, and 

indomethacin), and structurally similar but physiologically inactive compounds using differential 

scanning calorimetry.66 The change in transition temperatures of the vesicles due to cargo loading 

were measured, and partition coefficients (𝐾/) were determined using the Hill and Shen method: 

𝐶E
ΔT<

=
𝐶<5

𝐾/
+ 𝐶<5

𝑉<
𝑉F

 
1.3.3 

Here, 𝑉<and 𝑉F are the volume of lipid bilayer and water respectively, 𝐶<5  is the concentration of 

drug needed to produce a depression of 1°C, ΔT< is the depression of phase transition temperature 

compared to the pure surfactant, and 𝐶E is the aqueous concentration of drug. 𝐾/ was determined 

from the plots of  G"
HI#

 and J#
J$

. The partition coefficients, measured using this method, revealed the 
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cargo partitioning in vesicle and water phases, with indomethacin exhibiting the highest 𝐾/, 

followed by naproxen and sulindac. 

This approach enabled the determination of 𝐾/ and provided valuable insight into 

intermolecular interactions based on thermal transitions. It also offered a pathway to investigate 

the interactions between physiologically active/inactive compounds and nanocarriers like 

biological membranes. However, this thermoanalytical method is destructive, and the change in 

temperature during measurements can disrupt cargo partitioning equilibrium, leading to increased 

measurement errors. 

Teng et al. investigated the uptake and release kinetics of two hydrophobic fluorescent 

probes, pyrene and phenanthrene, in block copolymer micelles (BCMs) using fluorescence 

spectroscopy.67 They quantified the initial fraction of probe released and its concentration in the 

bulk stock solution samples prior to dilution. Comparative analysis indicated a portion of the probe 

was solubilized within the micelle corona. 

Maity et al. examined the binding interactions of a nonsteroidal anti-inflammatory drug 

indomethacin (IMC) with various micelle types, including anionic SOS and cationic DTAB. Using 

steady-state fluorescence, time-resolved fluorescence spectroscopy, and isothermal titration 

calorimetry (ITC), they measured the spectral differences in IMC-loaded micelles and IMC in 

aqueous solution.68 IMC encapsulated in micelles exhibited increased fluorescence intensity and 

this signal showed a biexponential decay kinetics when KCl salts were added in the solution, 

indicating the release of IMC in aqueous solutions. The thermodynamic parameters and binding 

constants determined from IMC-micelle interactions have significant implications for targeted 

drug design and release kinetics in physiological environments. However, these methods are 
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limited by the fluorescent properties of the probed molecule probed and the potential alterations 

in the fluorescent signal caused by molecular associations.  

While the traditional techniques successfully quantify drug/carrier partitioning, they often 

require additional steps such as filtration, dialysis, or fluorescent tagging, which may disrupt 

system equilibrium and result in inaccurate measurements. In contrast, NMR diffusometry offers 

a non-destructive approach that preserves equilibrium without additional chemical modifications 

or extensive sample preparation. This method is particularly effective for quantifying populations 

of various chemical species (e.g., drug/cargo, unimers, and micelles) in micellar solutions. 

Furthermore, NMR diffusometry can distinguish the mobile species in both solutions and solid 

materials with molecular and elemental specificity, making it ideal for probing complex polymeric 

systems.  

In our studies, we employed this non-destructive approach, to investigate the dynamics and 

partitioning of drug in Pluronic ® micelles, where PEG forms the micelle shell. We analyzed three 

hydrophobic drugs of varying hydrophobicity and quantified their concentrations in both micellar 

([𝑀]A+B(,<'9) and aqueous ([𝑀]A+B(,CK) phases. Assuming the activity coefficient of the drug is 1 

in both phases, drug partition coefficient (𝐾/) was determined from the ratio of drug concentrations 

in each phase using the Equation 1.3.4.  

𝐾/ =
[𝑀]A+B(,<'9
[𝑀]A+B(,CK

 
1.3.4 

𝐾/ values reflect the efficacy of drug encapsulation by BCMs, providing insights into drug-

polymer interactions that influence drug release rates, and the cytotoxicity of the drug-delivery 

systems formulated. Details of drug partitioning in Pluronic® BCMs studies are discussed in 

Chapter 4. 
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Additionally, we also explored the effect of BCM polymer core mobility, controlled by 

varying 𝑇(, on the unimer-micelle coexistence. Poly(butyl acrylate) (PBA) was used as the core-

forming block, with chain flexibility modulated by adjusting the 𝑛-butyl acrylate (𝑛-BA) to 𝑡𝑒𝑟𝑡-

butyl acrylate (𝑡-BA) monomer ratio. Details on the insights obtained from this study are presented 

in Chapter 5.  

1.5. Colloidal semiconductor quantum dots 

Colloidal semiconductor quantum dots (QDs) are nanoparticles that consist of an inorganic 

core surrounded by organic surface ligands, as illustrated in Figure 1.9. These nanostructures 

exhibit quantum confinement, where electrons are confined in all three dimensions. This quantum 

confinement gives rise to unique optical and electronic properties from the nanoparticle’s core, 

including high fluorescence quantum yield, broad absorption spectra, narrow emission peaks, and 

excellent optical stability.69  These features make QDs highly desirable for a range of applications, 

including optoelectronics (e.g., LEDs, lasers), photovoltaics (e.g., solar cells), biomedical imaging 

and drug-delivery, quantum information processing (e.g., qubits), and display technology (e.g., 

high-color gamut displays).70–75 

 Colloidal QDs are primarily synthesized using solution-based chemical methods, with 

colloidal synthesis being the most common. This synthesis involves decomposing precursors at 

high temperatures to produce metal ions and other atomic building blocks that nucleate and grow 

into crystalline nanoparticles.76 This approach offers several advantages, including precise control 

over the size, shape, and composition of the QDs, as well as scalability for large-batch production, 

making it suitable for commercial applications. The unique optical properties of colloidal QDs 

stem from their inorganic core, where energy levels are highly dependent on the core’s size. As the 

core size decreases, the emission wavelength shortens, enabling tunable light emission.77 This size-
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dependent tunability allows the generation of wide range of colors from a single material system, 

enhancing the versatility of QDs in various applications.   

 Despite their promising optical properties, direct synthesis of QDs often presents several 

limitations, such as poor electrical conductivity, limited solubility, and reduced biocompatibility 

due to the presence of long carbon-chain ligands on QD surface. These limitations can be addressed 

by exchanging the native ligands used during synthesis with alternative ligands tailored for specific 

applications.77,78 For example, QDs treated with alkylamines have demonstrated enhanced 

fluorescence when optimized ligand-to-QD molar ratio is used.79 Furthermore, Z-type ligands 

(more details explained below) have been found to dramatically increase the photoluminescence 

quantum yield (PLQY) of QDs such as CdTe, CdSe, CdS, and InP, which is critical for solar cell 

applications.79 These examples underscore the importance of ligand exchange as a strategy to 

modify QD surface chemistry and optimize their performance. However, to tailor QD properties 

and control their interactions with the surrounding environment requires a deeper understanding 

of the underlying ligand exchange mechanism.  

Since organic ligands play a crucial role in determining the properties of the inorganic core, 

it is essential to classify these ligands based on their state and interaction with the QD surface. In 

a colloidal solution, ligands can either be bound to the QD surface (via chemical and/or physical 

interactions) or as remain free in the surrounding solvent. The surface-bound ligands can be 

categorized into three types – X-type, L-type, and Z-type- depending on how many electrons they 

donate to interact with the QD surface (see Figure 1.9).77,80–83 

• X-type ligands: These ligands, such as carboxylates (RCOO-) and thiolates (RS-), bind to 

the cations on the QD surface by donating a single electron.  
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• L-type ligands: These ligands, including amines (RNH2), phosphines (R3P), thiols, and 

phosphine oxides (R3PO), bind to the QD surface by donating a pair of electrons. 

• Z-type ligands: These ligands bind by accepting an electron pair from negatively charged 

surface atoms on the QD. Examples include ZnCl3, CdCl2, and Pb(RCOO)2. 

This classification is vital for establishing appropriate ligand exchange models and enhancing 

control over QD surface chemistry for improved performance in various applications. 

 

Figure 1.9: A classification of different ligand types interacting with the semiconductor core 

surface.  

Several methods have been developed to study ligand-exchange mechanisms, as these 

exchanges significantly impact the photophysical properties of colloidal quantum dots (QDs). 

Techniques such as UV-Vis absorption and photoluminescence (PL) spectroscopy are commonly 

used to examine changes in optical properties due to ligand exchange.84,85 Transmission electron 

microscopy (TEM), ultraviolet photoelectron spectroscopy (UPS), and X-ray photoelectron 

spectroscopy (XPS) are utilized to monitor changes in core size, energy levels, and surface 
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composition during ligand exchange.86,87 Thermogravimetric analysis (TGA), PL spectroscopy, 

dynamic light scattering (DLS), and mass spectrometry (MS) can characterize the organic ligands 

on the QD surface.88–90 Infrared (IR) and Raman spectroscopy are often employed to study the 

molecular structure of organic compounds, but in surface ligand analysis, these techniques reveal 

binding modes and surface coordination environments. Figure 1.10 illustrates the categorization 

of various characterization tools used to understand ligand exchange mechanisms by probing 

different components of the colloidal nanoparticle.  

 

Figure 1.10: Characterization tools used to study ligand exchange. The methods are grouped based 

on the colloidal particle component studied. Figure adapted from reference number 69. 

NMR is a versatile tool for characterizing the QD surface, providing both qualitative and 

quantitative insights on surface ligands. It confirms successful ligand modification, identifies 

ligand structures, distinguishes between bound and free ligands, and reveals the dynamics of 

ligands on the QD surface.86,91–93 For example, Dempsey et al. used 1H NMR to quantify 𝐾,K of 

an X-type ligand exchange between the CdSe QD surface and in the free solvent.91,94 They found 

that carboxylic acids exchanged reversibly with native oleates (OA), while phosphoric acid and 
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thiol ligands irreversibly replaced the native OA ligands. These thermodynamic insights are crucial 

for designing QDs with tunable optoelectronic properties. 

While those studies provided valuable insights into the equilibrium state of the ligands, a 

few studies, combining X-ray, neutron scattering, and other spectroscopic techniques have found 

evidence for more than one binding state on the QD surface (see Figure 1.11) proving that system 

is beyond the classical two-state model.93,95–99 The primary surface binding of ligands is typically 

considered as chemisorption, while the secondary binding was speculated to arise from either 

physisorption or Van der Waals interactions with the QD surface.  

To further improve our limited understanding of ligand binding on the surface and the 

exchange between surface-bound and free ligands in solution, it is necessary to accurately quantify 

ligand population fractions in each state (denoted as 𝑝CA7,5, 𝑝CA7,!, 𝑝*+,,) and determine the ligand 

exchange rates (𝑘,D,5, 𝑘,D,5, see Figure 1.11) as a function of temperature and concentration.  

These measurements enable us to determine thermodynamic properties like the equilibrium 

constant (𝐾,K), enthalpy change (Δ𝐻), and entropy change (Δ𝑆), providing valuable insights into 

the driving forces behind ligand exchange and binding on the QD surface.  

1H NMR spectroscopy alone has limitations in quantifying multiple molecular states in a 

system (more details on the limitations explained in Chapter 6). However, also by probing ligand’s 

diffusion, we can accurately quantify the population fractions of ligands in all states. Madsen et al. 

previously combined 1H NMR and NMR diffusometry to probe the molecular dynamics in 

different systems like micellar solutions and battery electrolytes and accurately quantified different 

molecular states.10,11,13,14,100,101 

In Chapter 6 of the thesis, I applied similar methodologies by combining techniques such 

as variable temperature (VT), NMR diffusometry, and dynamic NMR spectroscopy, to quantify 
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thermodynamics and kinetics of X-type ligand exchange mechanisms (specifically for 

carboxylates) on PbS QDs. Detailed explanations of these NMR techniques are found in Chapter 

2. These implemented methodologies enabled us to probe and quantify multiple QD-ligand 

interactions, determine thermodynamic energies and kinetic rates, and thus open up new ways to 

tailor QD properties for a variety of applications. 

 

Figure 1.11: Schematic diagram showing the structure of a colloidal quantum dot solution. The 

core consists of an inorganic semiconductor nanoparticle, while its surface is surrounded with 

organic ligands. These ligands have multiple binding modes (chemisorbed and/or physisorbed) 

with the QD surface and can exchange with free ligands in the solvent. Quantifying the population 

fractions of the ligands in different states (𝑝CA7,5, 𝑝CA7,!, 𝑝*+,,) and the exchange rates (𝑘,D,5, 𝑘,D,!) 

with respect to concentration and temperature provides us insights into the mechanism of binding 

and the energetics of ligand exchange. 

1.6. Summary 

In this chapter, I discussed the significance of molecular diffusion and dynamics in 

development of innovative materials for applications such as drug delivery systems and green 
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energy. I examined the functionalities of polyelectrolytes, block copolymer micelles (BCMs), and 

colloidal semiconductor quantum dots (QDs), and provided the existing knowledge gaps in their 

respective applications. Chapter 2 introduces the fundamental concepts of NMR theory and details 

the NMR methods employed to study these materials. Chapter 3 through 6 present new findings 

on these macromolecular systems, which were investigated using the aforementioned NMR 

techniques.  
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Chapter 2:  NMR techniques to probe dynamics, diffusion, and kinetics 

in macromolecular systems 

 

Abstract 

This chapter overviews the fundamental theories and principles behind various NMR 

(nuclear magnetic resonance) techniques used to study the diffusion, molecular structure 

determination, particle size, and kinetics in macromolecular systems like linear polyelectrolyte 

chains and micelles. Characterizing these properties play a vital role in understanding the 

functionality of molecular systems in applications like batteries, drug-delivery agents, 

photovoltaics, and sensors. Among the many characterization tools available for examining 

macromolecular properties, NMR stands out due to its chemical specificity, isotope selectivity, and 

non-destructive nature. These features enable researchers to not only determine the molecular 

structure but also aid in probing molecular interactions, dynamics, kinetics, and transport. By 

carefully programming the timing of radiofrequency (𝑟𝑓) and magnetic field gradient pulses in 

NMR instruments, valuable insights on the materials properties can be probed. This chapter 

explains basic principles of NMR spectroscopy and other powerful pulse sequences like, 𝑇5 

Inversion Recovery (T1IR), Carr-Purcell-Meiboom-Gill (CPMG), pulse-field-gradient (PFG) 

NMR, Dynamic NMR spectroscopy. These methods are used in my thesis to investigate the 

physical and chemical behavior of macromolecular and semiconductor colloidal systems.  
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2.1. Basic principles of NMR 

Every atomic nucleus has four important physical properties: mass, electric charge, 

magnetism, and spin.1,2 Spin is a form of angular momentum, and is an intrinsic property of the 

nucleus itself. The total nuclear spin angular momentum takes the form [𝑆(𝑆 + 1)]5/!ℏ where 𝑆 is 

the nuclear spin quantum number. Typically, 𝑆 can be either an integer (i.e. 0, 1, 2…) or a half 

integer (i.e. 1/2, 3/2, 5/2…).1,2 Commonly studied nuclei like 1H, 13C, 31P, and 15N are all NMR-

active spin-1/2 nuclei. These active nuclei have (2S+1) sublevels, which are degenerate in the 

absence of the external magnetic field 𝐵@. Thus, for spin-1/2 nuclei, the spin states are two-fold 

degenerate (𝑚 =	±1/2) in the absence of 𝐵@. When 𝐵@ is applied, these degenerate states split 

into different energy levels (nuclear Zeeman splitting) with different magnetic moments as shown 

in Figure 2.1A also known as nuclear Zeeman effect.1,2  

 

Figure 2.1: a) Zeeman splitting of spin ½ (for example 1H) nucleus into two states with 𝑚 = ± ½ 

and the energy difference (𝛥𝐸) between the degenerate states depends on the gyromagnetic ratio 

of the nucleus (𝛾) and the applied magnetic field 𝐵@. b) Classical view of Larmor precession with 

frequency 𝜔@ of a 1H nucleus (spin ½) around the direction of the static magnetic field, 𝐵@ (z-axis). 

The nuclear magnetic moment 𝜇, which relates to the nuclear spin 𝑆 by the gyromagnetic 

ratio 𝛾 (𝜇 = 𝛾𝑆), begins to precess around the axis of external magnetic field 𝐵@	(z-direction or 
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longitudinal direction) at the Larmor frequency 𝜔? as shown in Figure 2.1B. This frequency 

depends on the strength of the external magnetic field 𝐵? as shown in the Equation 2.1.1.1,2 Here 

𝛾 is a constant specific to each nucleus. 

𝜔? = −𝛾𝐵? (2.1.1) 

2.2. Relaxation measurements 

In absence of an applied magnetic field, an ensemble of nuclear spins in a sample orients 

randomly in all directions (original thermal equilibrium), resulting in the net magnetization 𝑀kk⃗  

(vector sum of all individual nuclear magnetic moments) of the sample equal to zero. When the 

spins are exposed to an external magnetic field 𝐵@, all nuclear spins begin to precess at the Larmor 

frequency around 𝐵@ (see Figure 2.1B). This ensemble of magnetic moments in random 

orientations eventually reaches a stable Boltzmann equilibrium (also a thermal equilibrium) 

resulting in a net magnetizaiton 𝑀kk⃗  of the sample along 𝐵@. Once 𝐵@ is turned off, the sample’s net 

magnetization begins to relax to its original thermal equilibrium and this relaxation process is 

termed as the spin-lattice relaxation.1,2 

 The time constant that describes this relaxation rate is known as longitudinal relaxation 

time (𝑇5) and depends on molecular motions occurring on the 1/𝜔? timescale (nanoseconds).3 𝑇5 

is influenced by both magnetic field strength and the tumbling rate of the probed molecules.4–6 

Additionally, paramagnetic species in the solution can significantly influence the relaxation rate 

by shortening 𝑇5 times of the molecules probed, as these species provide efficient relaxation 

pathways.7 Thus measuring 𝑇5 provides useful molecular dynamics, which becomes critical while 

choosing parameters for diffusion measurements. 𝑇5 is often measured using the inversion-

recovery pulse sequence (T1IR), as shown in Figure 2.2 below.1,2,8 
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The sequence (Figure 2.2a) starts with a 180° excitation pulse, which is an 𝑟𝑓 pulse 

(oscillating magnetic field) at a frequency near 𝜔?, inverting the net magnetization 𝑀kk⃗  along the 

−𝑧 axis. This is followed by variable delay time (𝑡A) during which 𝑀kk⃗   relaxes along 𝐵@. A 90° 𝑟𝑓 

pulse is then applied to shift the net magnetization along the transverse (−𝑦) direction, producing 

an NMR signal. This acquired signal (𝐼) varies with 𝑡A, as shown in Figure 2.2b and this variation 

in signal can be fitted using Equation 2.2.1, to determine the longitudinal relaxation time 𝑇5.8  

 

Figure 2.2: a) The inversion-recovery pulse sequence is used to determine 𝑇5. b) The pulse 

sequence produces an exponential increase in signal (𝐼) as the variable delay time 𝑡A increases. By 

fitting the data using Equation 2.2.1, we obtain the 𝑇5 time value. In the example plot (b), delay 

time 𝑡A ranges from 3 µs to 3 s. 
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In a typical 1D NMR experiment, a brief 90° 𝑟𝑓 pulse is applied to rotate the net 

magnetization vector (𝑀kk⃗ ) of the nuclear spins into the transverse plane. After the pulse is switched 

off, molecular tumbling induces random fluctuations in the local magnetic fields experienced by 

individual nuclei. These fluctuation cause variations in the precession frequencies of the nuclear 

spins, leading to a gradual loss of phase coherence. This loss in phase coherence manifests as a 

decay in the net transverse magnetization, which is detected as free induction decay (FID) signal. 

This phenomenon is generally termed spin-spin relaxation or transverse relaxation and is 

characterized by the time constant 𝑇!, known as spin-spin (transverse) relaxation time.1,2,9,10  

The 𝑇! relaxation time significantly impacts the NMR spectrum, with the signal’s full width 

at half maximum (FWHM or linewidth) inversely proportional to the 𝑇! relaxation time (FWHM 

=	1 (𝜋𝑇!)⁄ ).11 Smaller, rapidly tumbling molecules in solutions exhibit longer 𝑇! values, resulting 

in narrower linewidths. Conversely, larger molecules with restricted motion have shorter 𝑇! values, 

leading to broader linewidths.  

𝑇! is a crucial property that reflects the molecular dynamics of the system.  In complex 

systems like micelles, polyelectrolytes, and colloidal QDs, accurate 𝑇! determination is essential 

for optimizing NMR diffusometry measurements or to accurately determine kinetics of exchange 

between chemical environments (details in the further section). However, measuring 𝑇! directly 

from FWHM can be inaccurate due to inhomogeneous broadening of the NMR signal, a common 

effect in NMR.12 This broadening arises from static variations in the local magnetic environment, 

affecting linewidths and yielding 𝑇!∗ times that are shorter than the true 𝑇! times. To address this 

issue, more sophisticated methods have been developed, chief among them being the spin-echo 

technique.  
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The spin-echo technique, discovered by Erwin Hahn in 1950, minimizes the effects of 

magnetic field inhomogeneities on NMR measurements.1,7–10 This technique employs a sequence 

containing one 90°, to bring the net magnetization along transverse plane, and one 180° 𝑟𝑓	pulse 

to refocus the transverse nuclear spins that have lost coherence due to these inhomogeneities. 

Building on Hahn’s work, Carr and Purcell and then Meiboom and Gill developed more advanced 

pulse sequences, leading to the widely used Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence 

(Figure 2.4a)12,13 for measuring 𝑇! relaxation times.  

In the CPMG sequence, a series of 180° pulses (the echo train) are applied after 90° pulse, 

with these 180° pulses separated by a constant delay 𝜏. The spin echo delay time 𝑡7, is varied by 

changing the number of echoes 𝑛, where 𝑡7 = 	2𝑛𝜏. By observing the decay of the acquired signal 

as a function of 𝑡7, researchers can determine the true 𝑇! relaxation time using the Equation 2.2.2. 

 
𝐼 = 	 𝐼@𝑒

4M!NOE'
P 

(2.2.2) 
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Figure 2.3: a) The CPMG pulse sequence generates an exponential decay in the acquired signal 

as a function of spin echo delay time 𝑡7 = 	2𝑛𝜏. b) This exponential signal decay is fit with 

Equation 2.2.2 to extract the 𝑇! relaxation time. Here 𝜏	is set to 50 µs and 𝑛 was varied to achieve 

at least 90% of signal attenuation. 

While the CPMG sequence effectively mitigates magnetic field inhomogeneity, it does not 

fully suppress J-modulations effects on 𝑇! measurements, which can lead to significant errors. J-

modulations arises from J-coupling, a phenomenon observed in NMR spectra caused by 

interactions between nuclear spins mediated through chemical bonds. Studies have shown that 

rapid refocusing (with τ ≪ 1𝑚𝑠) can quench homonuclear J-modulations.14 However, to fully 

compensate for J-modulation effects, a modified CPMG pulse sequence is required as shown in 

Figure 2.4.  This sequence, developed by Takegoshi et al. for protein metabolite studies, includes 

a 90° pulse inserted at the midpoint of a double spin echo. This modification enables coherence 
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exchange between spins and reverses the sense of J-modulation, which is then refocused by the 

second half of the double spin echo.14,15 

The modified sequence has proven valuable in studying protein metabolites and is 

particularly useful in ligand exchange studies. For instance, in semiconductor colloid research, this 

sequence allows for accurate determination of 𝑇! for exchanging ligands, which is crucial for 

determining ligand exchange rates using dynamic NMR (details explained further below). 

Moreover, accurate measurements of both 𝑇5 and 𝑇! relaxation times aid in optimizing NMR 

diffusometry measurements and obtaining precise diffusion coefficients in complex 

macromolecular systems. Measuring precise diffusion coefficients is important in studies 

involving micelles, polyelectrolytes, and colloidal quantum dots, where understanding dynamics 

is critical for designing new materials.  

 

Figure 2.4: Modified CPMG pulse sequence containing 90°y refocusing pulse to suppress J-

modulation effects and to accurately determine spin-spin relaxation time (𝑇!). 

2.3. Pulsed-field-gradient (PFG) NMR diffusometry 

 Chapter 1.1 introduced the concept of Brownian motion of molecular species, which gives 

rise to self-diffusion, characterized by the diffusion coefficient 𝐷. This coefficient directly 

correlates to the molecular translational motion, providing insights into the molecular behavior 

ranging from basic molecular size characterization to complex dynamic analysis in mixtures and 

aggregates. Various techniques were developed to study molecular diffusion including dynamic 
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light scattering, neutron scattering, fluorescence, capacity intermittent titration techniques, and 

centrifuge methods.16–20 However, these techniques are often limited by their sample preparation 

requirements, experimental complexity, and the range of concentration they can effectively probe. 

In contrast, NMR spectroscopy offers an efficient and versatile tool for investigating 

molecular dynamics in both chemical and biological systems. NMR is non-invasive, non-

perturbative, and does not require labeling of probe molecules.4,5,21–29 More importantly, NMR 

allows for direct measurement of 𝐷 under diverse physical conditions and across a wide 

concentration range, limited primarily by the signal-to-noise ratio necessary for detection, a 

constraint that can restrict the applicability of essentially all techniques. 

The foundation for NMR diffusometry was laid by Hahn, who first observed that signal 

attenuation during a spin echo can result from molecular diffusion in the presence of magnetic 

field inhomogeneity.8 Building on this observation, Carr and Purcell developed a quantitative 

model in 1954 to determine the self-diffusion coefficient of the probed species.30 Later, Stejskal 

and Tanner expanded this model by incorporating pulsed-field gradients (PFG) during 

measurements, establishing a correlation between time-dependent diffusion and observed NMR 

signal attenuation (model explained below).31  

 Figure 2.5 illustrates the evolution of net magnetization 𝑀kk⃗  in a pulsed-gradient-spin-echo 

PGSE pulse sequence. As discussed earlier in Equation 2.1.1, the intrinsic Larmor frequency 𝜔? 

depends on the strength of the applied magnetic field 𝐵@. In a uniform 𝐵@, all nuclei exhibit 

identical precession frequencies 𝜔? and remain inphase in the transverse plane following 

excitation by a 90° pulse. However, the addition of a magnetic field gradient 𝑔 to the uniform 𝐵@ 

introduces a spatial dependence to 𝜔?. For instance, applying a linear gradient pulse with strength 
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𝑔Q along the 𝑧-axis results in a corresponding linear variation in 𝜔? for nuclear spins along the 𝑧-

direction, as described by Equation 2.3.1: 

𝜔? = −𝛾(𝐵? + 𝑔Q𝑧) = −𝜔@ − 𝛾𝑔Q𝑧 (2.3.1) 

This gradient pulse encodes spatial information into the nuclear spin ensemble by introducing a 

phase angle 𝜙(𝑧)= 𝛾𝐵@𝛿 + 𝛾𝑧𝑔𝛿. The variation in phase angle 𝜙(𝑧) along the z-axis creates a 

“magnetization helix”, represented by a blue dotted line in Figure 2.5 with a wavelength 𝜆 given 

by Equation 2.3.2.32 

𝜆 =
2𝜋
𝛾𝑔Q𝛿

 (2.3.2) 

The characteristics of the induced magnetization helix, including its wavelength 𝜆, can be 

modulated by varying the strength (𝑔Q) and duration (𝛿) of the pulse.33 A subsequent 180° 𝑟𝑓 pulse 

inverts the phase of the helix, and a second gradient pulse (with identical 𝑔Q and 𝛿 as the first) 

restores all spins to in-phase condition, producing a refocused signal 𝐼@ (see Figure 2.5A). 

However, if molecular translational motion, such as Brownian motion, occurs during the interval 

𝛥 (the time between the leading edges of the gradient pulses), the refocusing will be incomplete, 

resulting in a reduced NMR signal 𝐼. This signal attenuation forms the basis for quantifying 

molecular diffusion using PFG NMR.  
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Figure 2.5: The pulse sequence diagram (top) depicts the pulsed-gradient-spin-echo (PGSE) NMR 

experiment, designed to measure the diffusion coefficient of chemical species in a sample. The 

diagram illustrates the evolution of net magnetization vector as 𝑟𝑓 and 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 pulses are 

applied. The first gradient pulse encodes spatial position information by inducing phase change in 

Larmor frequency of nuclear spins creating a magnetization helix. a) If there is no diffusion occurs 

during the interval 𝛥, the second gradient pulse perfectly refocuses the spins, and the total signal 

is restored. b) If diffusion occurs, the translational motion prevents the second gradient pulse from 

fully refocusing the spins, leading to a reduction in the total signal intensity.  

Stejskal and Tanner developed a physical model that accounts for all experimental 

parameters (𝑔, 𝛿, 𝛥) influencing the phase angle 𝜙(𝑧), which is represented as the signal 
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attenuation 𝐼 𝐼@⁄ . This model is now referred to as the Stejskal-Tanner equation (Equation 

2.3.4).31,32,34 

𝐼
𝐼@
= 𝑒4R(

'S'T'UV4S3W 
(2.3.4) 

In this equation, 𝛥 (shown in Figure 2.5) represents the diffusion time. By varying the gradient 

strength 𝑔 while keeping other experimental parameters (𝛥, 𝛿) constant, the diffusion coefficient 

𝐷 of the molecular species can be determined by fitting signal attenuation to the Stejskal-Tanner 

equation (2.3.4). 

Figure 2.6A presents an example of a PFG NMR diffusometry measurement, illustrating 

the NMR signal attenuation for a 35 kg/mol polystyrene sulfonate (PSS) polymer in H2O as a 

function of the NMR diffusion parameter 𝑏 = g!δ!γ! F𝛥 − X
3
G. For improved visualization, the 

signal attenuation is log-transformed to produce a linear plot (see Figure 2.6B), where the slope 

yields the diffusion coefficient of the molecular species. At room temperature, the measured 

diffusion coefficient for PSS is 𝐷 = 3.3 × 10455m! ∙ s45, which is significantly lower than that 

of water (𝐷 = 2 × 104Ym! ∙ s45). This difference in diffusion coefficients between the two 

molecular species reflects their relative sizes, as described by the Stokes-Einstein equation (1.1.4). 

This relationship allows for direct size characterization of particles in a mixture. It’s important to 

note that several other factors must be considered while measuring 𝐷 in complex systems like soft 

matter. These considerations will be explained in the following section. 
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Figure 2.6: a) The change in signal as a function of NMR diffusion parameter 𝑏 =

𝑔!𝛿!𝛾! F𝛥 − S
3
G, which contains all relevant experimental parameters, for a 35 kg/mol polystyrene 

sulfonate (PSS) dissolved in H2O at room temperature. b) The slope of the log-transformed signal 

attenuation with respect to 𝑏 yields the diffusion coefficient 𝐷. For PSS 𝐷 = 3.3 × 10455𝑚! ∙ 𝑠45 

as shown.  

2.3.1. Practical Considerations of NMR Diffusometry in Soft Matter and other Complex 

Systems  

As shown earlier, NMR diffusometry allows us to measure the diffusion coefficient 𝐷 of 

various diffusing species, enabling us to determine the size, molecular interactions and transport 

properties in complex systems. However, it is important to consider several challenges when 

measuring diffusion coefficients in soft matter or other complex systems to ensure accuracy. Some 

of these considerations are explained in the following sections. 

Spin-spin relaxation time (𝑻𝟐) considerations: 

The choice of pulse sequence is crucial when planning a diffusion experiment. In a PGSE 

experiment, significant signal loss occurs due to spin-spin relaxation in the transverse plane (see 

Figure 2.7a), especially when the diffusion time 𝛥 is equal to or longer than the 𝑇! of the species 
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being studied. For instance, small molecules in liquids typically have 𝑇! ≈ 1	𝑠. If a PGSE 

experiment is run with 𝛥 = 30	𝑚𝑠 and at a gradient strength 𝑔 = 0 (to avoid signal loss due to 

diffusion), the observed signal loss is entirely due to spin-spin relaxation, following the 

relationship 1 − 𝑒4
(
"' as shown in Figure 2.7a. In this case, the signal loss is approximately 3% 

(1 − 𝑒4
).)+
& ). This suggests that when 𝛥 ≪ 𝑇!, no significant signal loss occurs. 

 However, highly viscous solutions or very large polyelectrolyte chains in a solvent 

typically have 𝑇! ≈ 30	𝑚𝑠. When measured using PGSE with 𝛥 = 30	𝑚𝑠 at 𝑔 = 0, the signal loss 

due to spin-spin relaxation is around 63% (1 − 𝑒45), significantly reducing the signal-to-noise 

ratio (SNR). This poses a challenge to measure the diffusion coefficients with greater accuracy. 

To address the challenges associated with 𝑇! relaxation, the pulsed-gradient-stimulated-

echo (PGSTE) pulse sequence was developed, employing three 90° 𝑟𝑓 pulses (see Figure 

2.7b).33,34 The sequence begins with an initial 90° 𝑟𝑓 pulse to excite the nuclear spins. After a brief 

echo delay time 𝜏, (where 𝜏, ≪ 𝛥), a second 90° 𝑟𝑓 pulse is applied transferring the spin 

magnetization to the longitudinal plane and minimizing signal decay due to spin-spin relaxation 

(∝ 1 − 𝑒4
,-
"'	). Following a longitudinal storage time 𝑇 (≈ Δ), the third 90° 𝑟𝑓 pulse is applied. 

During 𝑇, the longitudinal magnetization experiences decay due to spin-lattice relaxation (∝ 	1 −

𝑒4
"
"&	). For systems such as polyelectrolytes and viscous solutions, in which 𝑇5 ≫ 𝑇!, the PGSTE 

experiment results in considerably less signal loss compared to PGSE, ensuring more precise 

measurements of diffusion coefficients. 
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Figure 2.7: Comparison of (a) pulsed-gradient-spin-echo (PGSE) and (b) pulsed-gradient-

stimulated-echo (PGSTE) sequence for measuring diffusion coefficients. In a PGSE experiment, 

substantial signal decay occurs due to 𝑇! relaxation. In contrast, the PGSTE sequence is less 

sensitive to the 𝑇! of the nuclei being probed and is more sensitive to 𝑇5 relaxation because the 

signal is stored in the longitudinal axis during the storage time 𝑇. For typical soft material systems 

𝑇! ≪ 𝑇5 and thus using the PGSTE can significantly reduce signal loss compared to PGSE.  

Thermal convection effects:  

Thermal convection across the sample is another factor affecting the accuracy of diffusion 

measurements using PFG NMR. Convection-driven circulating currents (but in some way quasi 

random and/or turbulent currents) introduce additional molecular motions that attenuate the signal 

similarly to true random diffusion, leading to phasing errors and overestimation of diffusion 

coefficients. This distortion causes the signal decay to deviate significantly from the expected 

Gaussian relation of signal intensity and gradient strength, resulting in errors when determining 𝐷 
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from Equation 2.3.4.  These convection effects are more pronounced when samples are measured 

at temperatures significantly different from ambient temperature or when dealing with slow 

diffusing molecules, such as very large polymer chains. 

The onset of convection is determined by a critical balance between hydrostatic and viscous 

forces, characterized by the Rayleigh-Benard number 𝑅𝑎.33,35 The critical value of this number, 

denoted as 𝑅𝑎9, defines the onset of convection in a fluid. In a typical NMR experiment, the sample 

is contained within a vertical cylindrical tube, where the radius-to depth ratio (𝑟 𝑙⁄ ) plays a key 

role in convection behavior. For such a setup, 𝑅𝑎9 ∝
&/

+/
, indicating that reducing the	𝑟 𝑙⁄  ratio is an 

effective way to suppress convection. This can be achieved by using narrow outer diameter 

capillaries, typically ranging from 0.5 mm to 1 mm, placed inside the NMR tube. For low-viscosity 

solutions, even smaller capillaries (≤ 0.1	𝑚𝑚 outer diameter) may be necessary. 

Beyond geometric considerations, higher order pulse sequences can further minimize 

thermal artifacts.36 The convection-compensated double stimulated echo (DSTE) sequence is one 

such example.37 The DSTE pulse sequence employs bipolar gradient pulses within a scan, 

effectively cancelling out the phase modulations caused by convection displacments. 

In the research projects presented in this dissertation, the aforementioned limitations were 

carefully addressed through a combination of strategies: appropriate sample preparation, 

optimization of experimental parameters, and the selection of suitable pulse sequences. This 

comprehensive approach ensured the accuracy of diffusion coefficient measurements for various 

species in each sample studied. Detailed descriptions of the specific NMR diffusometry pulse 

sequence employed, parameter choices made, and experimental conditions utilized are provided 

in Chapters 3, 4, 5, and 6.  
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2.4. Principles of chemical exchange in NMR: The two-site exchange model 

Section 2.1 and 2.2 described the evolution of the net magnetization for an ensemble of 

nuclei within a homogeneous magnetic environment. The small local fluctuations in the magnetic 

field surrounding each nucleus, caused by interactions with the neighboring nuclei, gradually lead 

to decoherence of the magnetization over time. However, many studies have also reported 

significant changes in the local molecular magnetic environment of nuclei due to ongoing chemical 

exchange processes. 38–41We can quantify the chemical exchange processes by observing the 

variation of the NMR lineshape as a function of temperature. This technique, which I describe here 

is often known as ‘dynamic NMR’.  

These chemical exchanges can arise from bond rotations, isomerization, intermolecular 

interactions, or polymer chains transitioning between different states of association. When nuclei 

exchange between sites with different chemical shifts (i.e. magnetic environments), the result is a 

broadened signal in the NMR spectrum and its chemical shift lies between the chemical shifts of 

the corresponding environments. Such behavior is observed in semiconductor colloidal systems, 

where ligands rapidly exchange between free and surface-adsorbed states, producing a broad NMR 

signal that shifts between the two states. This exchange phenomenon often studied using dynamic 

NMR spectroscopy is discussed in detail in Chapter 6.  

Chemical exchanges, such as bond rotations or isomerization, are classified as mutual 

exchange processes where the nuclei/molecules swap their chemical environments directly, 

keeping the total number of molecules in each environment constant. In mutual exchanges, the 

forward and backward exchange rates are equal, and the equilibrium constant is exactly 1, as the 

populations of the exchanging species remains equal. However, in non-mutual exchanges, 
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nuclei/molecules transition between chemical environments without a direct swap, leading to a 

possible change in population fractions of nuclei/molecules in each environment. In such cases, 

the forward and backward exchange rates may differ, and the equilibrium constant can deviate 

from 1. An example of a non-mutual exchange is the ligand exchange between free and surface-

adsorbed states, where the exchange rates and their populations are unequal.  

To describe the net magnetization and the corresponding NMR spectra, Rogers and 

Woodbrey developed a generalized model that applies to any non-mutual and mutual exchanges.42  

Gutowsky and Holm applied this model to study the kinetics of amide bond rotation, which is a 

mutual exchange process.43  

For a system undergoing a first-order nuclear or molecular exchange between state 𝐴 and 

𝐵, the rate of change in the concentration of nuclei/molecule at site/state A is given by equation 

2.4.1 

𝑑[𝐴]
𝑑𝑡 = −𝑘=[𝐴] 

(2.4.1) 

As nuclei/molecules are lost from site 𝐴, they are assumed to instantaneously appear in site B. 

Under equilibrium conditions, nuclei/molecules also jump from site 𝐵 to site 𝐴. This exchange 

alters the net magnetization (Equation 2.4.2) at site 𝐴. The loss of magnetization at site 𝐴, due to 

nuclei/molecules jumping to site 𝐵, is offset by the simultaneous gain in magnetization as they 

return from site	𝐵 to site 𝐴.   

𝑑𝑀=

𝑑𝑡 = −𝑘=𝑀= + 𝑘1𝑀1 (2.4.2) 

For a first-order process, the rate constant 𝑘= represents the fraction of the molecules/nuclei 

jumping from site 𝐴 to site 𝐵 (and vice versa for 𝑘1), with the time constant 𝜏= =
5
[0

 representing 

the average lifetime of the forward reaction. Incorporating these rate constants into the Bloch 
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equations, which describe the evolution of the magnetization vector in the presence of 𝑟𝑓 pulses 

and free precession, leads to the final expression for the NMR signal intensity, 𝑆,D(𝑣), for a non-

mutual two-site exchange, as shown in Equation 2.4.3.44–46 

 𝑆,D(𝜈) = 𝐶@	 × �
𝑃 B1 + 𝜏,D @

𝑝1
𝑇!,=

+ 𝑝=
𝑇!,	1

AD + 𝑄𝑅

(𝑃)! + (𝑅)! � (2.4.3) 

 

In this equation, 𝐶@ is a scaling factor, and 𝑝' represents the population fraction of nuclei/molecules 

in a chemical environment 𝑖. 𝑇!,' represents the spin-spin relaxation times of the nuclei in chemical 

environment 𝑖 when nuclei are not exchanging. The terms 𝑃, 𝑄, and 𝑅 are defined by the following 

Equations 2.4.4 to 2.4.6 below: 

𝑃 = 𝜏,D	 × Q
1

𝑇!,= × 𝑇!,1
− 4𝜋!∆𝜈! + 𝜋!𝛿𝜈!R +

𝑝=
𝑇!,=

+
𝑝1
𝑇!,1

 (2.4.4) 

𝑄 = 𝜏,D	 × (2𝜋∆𝜈	 − 𝜋𝛿𝜈(𝑝= − 𝑝1) (2.4.5) 

𝑅 = 2𝜋∆𝜈 &1 + 𝜏!" *
1
𝑇#,%

+
1
𝑇#,&

,- + 𝜋𝛿𝜈𝜏!" *
1
𝑇#,%

−
1
𝑇#,&

, + 𝜋𝛿𝜈(𝑝% − 𝑝&) (2.4.6) 

Here, 𝛿𝜈 represents the difference in chemical shift frequencies of non-exchanging nuclei between 

the two sites (Equation 2.4.7), while ∆𝜈 denotes the midpoint of the chemical shift difference of 

the resonance frequencies between the two sites (Equation 2.4.8). 𝜏,D = 𝑘,D45 = (𝑘= + 𝑘1)45 

represents the total exchange lifetime for the nuclei to transition between sites/states and can be 

determined by fitting the experimental data to the model. The rate constants 𝑘= and 𝑘1 can be 

determined from 𝜏,D based on the population fraction of the nuclei in each state.  

𝛿𝜈 = 	 |𝜈= − 𝜈1| (2.4.7) 
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∆𝜈 = @
𝜈= + 𝜈1
2 A − 𝜈 (2.4.8) 

𝜏,D =
𝑝=
𝑘1

=	
𝑝1
𝑘=

 (2.4.9) 

Figure 2.8 comprehensively illustrates the lineshapes and the chemical shift behavior of 

the exchange nuclei/molecules NMR signal of the exchanging nuclei/molecules under different 

exchange rate regimes and population fractions. In the slow exchanging regime (𝑘,D ≪ 𝛿𝜈), the 

spectra show two distinct Lorentzian peaks. As the exchange rate increases into the “intermediate 

exchange” regime (𝑘,D ≈ 𝛿𝜈), these peaks broaden and coalesce, with its chemical shift centered 

at the population-weighted average of the non-exchanging nuclei’s chemical shifts. In the “fast 

exchange” regime (𝑘,D ≫ 𝛿𝜈), the single coalesced peak narrows further shown in the Figure 2.8.  
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Figure 2.8: The NMR lineshape exhibit distinct variations for nuclear exchange between two sites 

as the exchange rates (𝑘,D)	increases. The dashed line indicates the midpoint between the chemical 

shifts (𝛿𝜈) of the two environments. In the slow exchange regime (𝑘,D ≪ 𝛿𝜈), two narrow, and 

distinct peaks represent nuclei in separate chemical environments. As the exchange rate approaches 

the intermediate regime (𝑘,D ≈ 𝛿𝜈), the peaks broaden, shift, and eventually merge into a single 

coalesced peak. In the fast exchange regime (𝑘,D ≫ 𝛿𝜈), this coalesced peak becomes narrower as 

the nuclei rapidly exchange between the two sites/states. For unequal population fractions, the 

signal of the less populated site is becomes noticeably shifted due to differing exchange dynamics. 

Thus, the chemical shift of the exchanging nuclei in fast exchange regime is the population 

weighted-average of the chemical shifts in the very-slow exchange regime.  

 Determining 𝛿𝜈, as required in equations 2.4.3 to 2.4.8, is not always straightforward. A 

system exhibiting distinct exchanging states on the spectrum is necessary, which can be achieved 
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through chemical modifications or temperature variation. In semiconductor colloid studies, 

chemical shifts of oleic acid ligands in free solvent and adsorbed state were measured using control 

samples, providing the 𝛿𝜈 value. This approach provided sufficient parametric information to 

determine the rate constants (forward and backward) from dynamic NMR spectroscopic study. By 

employing this study, we can determine the activation energies of chemical reactions, offering 

crucial insights into designing next-generation materials for applications such as drug delivery or 

photovoltaics.  

In summary, NMR is a highly versatile technique that leverages the sensitivity of nuclear 

spins to their local magnetic environment, providing detailed chemical and physical information 

across various time and length scales. Its non-destructive nature simplifies sample preparation and 

allows precise measurements of system properties, leading to a deeper understanding of molecular 

processes that are difficult to assess with other techniques.  
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Chapter 3: Determining the molecular weight of polyelectrolytes using 

the scaling theory for salt-free semidilute unentangled solutions and 

using NMR diffusometry 

Reprinted with permission from Aijie Han, Veera Venkata Shravan Uppala, Daniele Parisi, 

Christy George, Benjamin J. Dixon, Camila Denise Ayala, Xiuli Li, *Louis A. Madsen, *Ralph 

H. Colby Macromolecules 2022 55,16, 7148-7160 © 2022, American Chemical Society. 

Abstract 

Quantifying the molecular weight and polydispersity of polyelectrolytes using 

conventional methods like size exclusion chromatography (SEC) is often unreliable due to the low 

overlap concentration of polyelectrolytes. Investigating the chain dynamics of polyelectrolytes in 

the semidilute unentangled regime can help in accurately determining their molecular weight. In 

this chapter, we introduce a model developed that combines the conformational and translational 

dynamics of polyelectrolytes to determine molecular weight. The model requires parameters – 

correlation length (𝜉)  and diffusion coefficients (𝐷) – which were obtained from small angle X-

ray scattering (SAXS) and NMR diffusometry respectively. We also developed three additional 

models for molecular weight determination using polymer rheology, but this chapter focuses on 

the NMR diffusometry-based model. We studied, five narrow dispersity cesium polystyrene 

sulfonate (CsPSS) solutions without added salt in the solution, dissolved in both water and 

anhydrous ethylene glycol (EG). The combination of diffusion coefficient and correlation length 

in water reliably predicts the number-average molecular weight (𝑀O) for chains with fewer than 

2000 repeat units.  We further studied binary blends of these narrowly dispersed CsPSS solutions 

to predict the dispersity (Đ) of the solution from NMR diffusometry measurements.  
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3.1. Introduction 

Polyelectrolyte solutions have long been recognized as highly complex systems, with 

Nobel Laureate Pierre-Gilles de Gennes once referring to them as the “least understood form of 

condensed matter”. It has been well established that, in the absence of salt, polyelectrolyte chains 

in solution adopt very large confirmations due to electrostatic repulsion between ionizable groups 

along the polymer chain. 1, 2 Consequently, the properties of polyelectrolyte solutions differ 

significantly from those of neutral polymer solutions. 3 Conventional methods developed for 

neutral polymers for characterizing the molecular weights, such as osmometry, light scattering and 

size exclusion chromatography (SEC) are challenging to apply directly to polyelectrolytes. 

One key issue is that these techniques typically measure molecular weight in dilute 

solutions. However, for polyelectrolytes without added salt, the overlap concentration (𝑐∗ 	 ∝ 𝑁4!	, 

𝑁 = repeat unit) is extremely, making measurements for dilute cconcentrations impractical, 

especially for long chains. In SEC, the addition of salt is necessary to reduce the chain size and 

screen electrostatic interactions between the polyelectrolyte and the stationary phase, which also 

contains ionizable groups. However, aqueous SEC often yields significant errors, as the universal 

calibration curves are typically based on neutral, water-soluble polymers like  poly(ethylene oxide) 

or dextrans. 4 While sodium polystyrene sulfonate (NaPSS) standards can also be used for 

calibration at various ionic strength, assuming these curves can be universally applied to different 

polyanions and polycations can still lead to misleading results. Mori pointed out that early elution 

of NaPSS is affected by ion exclusion, and the hydrophobic interaction dominates between 

polyelectrolytes and column substrate materials. 5  

Static light scattering is also problematic due to the multicomponent nature of 

polyelectrolyte solutions. The refractive index increment (𝑑𝑛/𝑑𝑐) value for polyelectrolyte 



 62 

solutions at a constant salt concentration is different from that at constant chemical potential. 6-8 

Vrij and Overbeek6 found that using refractive index increment at a constant salt concentration 

(dn/dc)]1 is different from that at a constant chemical potential (𝑑𝑛/𝑑𝑐)^1 for poly(methacrylic 

acid) and using (𝑑𝑛/𝑑𝑐)]1 causes huge error in 𝑀F extrapolation using a Zimm plot. To obtain 

(𝑑𝑛/𝑑𝑐)^1, the polyelectrolyte solutions must be dialyzed against salt solutions so allow 

redistribution of salt ions across the membrane. 8  We do precisely that for our NaPSS samples in 

0.1 M and 0.5 M NaCl solutions. 

Osmometry, commonly used to determine number-average molecular weight (𝑀O) of 

neutral polymers in dilute solutions, is also problematic for polyelectrolytes. 9 The osmotic 

pressure (Π) in polyelectrolyte solutions includes contributions from both polyions and dissociated 

counterions, 10-12 and the osmotic pressure is proportional to the concentration of all solute species, 

largely due to the entropy of mixing. As a result, dissociated counterions dominate the osmotic 

pressure in salt-free polyelectrolyte solutions, leading to a much higher osmotic pressure (Π) than 

those observed in neutral polymer solutions at the same polymer concentration. 3  

Other methods, such as NMR end-group analysis and matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry, are limited to low molecular weight polymers 

(< 25 kg/mol) and are therefore not ideal for characterizing very large polyelectrolytes. 13-16 This 

underscores the need for new techniques to determine the molecular weights of polyelectrolytes 

for fundamental understanding and accelerated development of new polyelectrolyte chemistries  

and their related technologies. 17-21 

In this study, we aim to develop generalized methods based on the scaling (Rouse) model 

to determine the molecular weight of polyelectrolytes in the semidilute unentangled regime, given 

that polyelectrolytes without salt are expected to exhibit a wide concentration range. 3 Figure 3.1 
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illustrates the overarching goal of developing fundamental techniques for molecular weight 

determination in polyelectrolytes. 

 

Figure 3.12: Summary of strategies and methods for determining the molecular weight of 

polyelectrolytes. Method 1 described in this chapter uses NMR diffusometry to measure the self-

diffusion coefficient (𝐷) of the polymer chains and SAXS to determine the chain correlation length 

(𝜉). Other methods use specific viscosity (𝜂7/), terminal modulus (𝐺), and relaxation time (𝜏) 

measurements to determine the molecular weight of polyelectrolytes.  
 To test our methods, we purchased five different molecular weights of sodium polystyrene 

sulfonate (NaPSS) with narrow molecular weight distribution and ion-exchanged sodium 

counterions for cesium (Cs) counterions. The Cs ions provide a better electron contrast for 

measuring correlation lengths using small-angle X-ray scattering. We employed water as solvent22 

to study diffusive properties of cesium polystyrene sulfonate (CsPSS). Water offers low viscosity 

and minimal spectral interference, making it ideal for diffusion measurement by NMR across a 

wide range of concentrations and molecular weights of polyelectrolytes.  
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3.1.1. Background theory for semidilute unentangled polyelectrolyte solutions 

Below we outline step by step how we use currently existing models to deduce the proposed 

molecular weight determination models for polyelectrolytes. The scaling theory of polyelectrolyte 

solutions pioneered by de Gennes and further developed by Dobrynin et al. predicts the dynamic 

properties of polyelectrolyte solutions across a broad concentration range. 1, 2 The correlation 

length in the semidilute unentangled regime, in the low salt limit is expected to follow the 

concentration dependence of	𝑐45/!	as shown in Equation 3.1, 

 𝜉 = (
𝐵
𝑐𝑏)

5/![1 +
2𝑐7
𝑓𝑐 ]

5/8 (3.1) 

where 𝐵 is the chain contraction factor, defined as the ratio of the fully extended length 𝑁𝑏 to the 

chain contour length 𝐿, (𝐵	 ≡ 	𝑁𝑏/𝐿). Here 𝑐 is the number density of monomers of size 𝑏, 𝑐7 is 

the number density of each monovalent salt ion, and 𝑓 is the fraction of monomers with a 

dissociated counterion. The term 2𝑐7/𝑓𝑐 represents the ratio of salt ions to the dissociated 

counterions, with 2𝑐7/𝑓𝑐 ≪ 1 in the low salt limit and 2𝑐7/𝑓𝑐 ≫ 1 in the high salt limit.  

In semidilute regime, polyelectrolyte chains act as random walks of 𝑁/𝑔 correlation blobs1, 

2 (where 𝑁 is the number of monomers in the chain and 𝑔 is the number of monomers in a 

correlation blob 𝑔	 = 	𝑐𝜉3 = (1
0
)3/!𝑐45/!). The chain’s end-to-end distance 𝑅 is given by 

Equation 3.2 

 R	 ≅ (
b
Bc)

5/8	N5/!	[1 +
2c_
𝑓c ]

45/: (3.2) 

Since electrostatic and hydrodynamic interactions are screened beyond the length scale 𝜉, the 

Rouse model is used to describe the relaxation dynamics of the chain, which consists of correlation 

blobs. 1 The characteristic relaxation time 𝜏 is expressed as: 
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𝜏 ≅

𝜂7𝑏3

𝑘𝑇 𝐵43/!𝑁!(𝑐𝑏3)45/! B1 +
2𝑐7
𝑓𝑐 D

43/8

 (3.3) 

This makes low-salt polyelectrolytes rheologically unique since t increases with dilution. The 

chain’s self-diffusion coefficient can then be derived as follows: 1 

 
𝐷	 ≈ 	

𝑅!

6𝜏 	≈ 	
𝐵𝑘𝑇
6𝜂7𝑏𝑁

B1	 +	
2𝑐7
𝑓𝑐 D

5/!

 (3.4) 

At low salt concentrations, 𝐷 becomes independent of the chain concentration. The properties 

described above accounts for the presence of additional salt, which can be disregarded if 

polyelectrolytes are exhaustively dialyzed against deionized water to remove any extra salt. By 

taking the ratio of 𝐷 and ξ!, both 𝐵 and the salt correction term cancel out, leading to Equation 

3.5.  

 
𝐷	 ≅ 	

𝑐𝑘𝑇𝜉!

6𝜂7𝑁
 (3.5) 

Equation 3.5 provides the self-diffusion coefficient of polyelectrolyte chains in a perfectly 

monodisperse system. According to the scaling model, Rouse dynamics apply to semidilute 

unentangled solutions, where each chain diffuses independently. For a polydisperse system, the 

diffusion coefficients of each species are summed up, resulting in Equation 3.6: 

 
𝐷 =

𝜉!𝑘𝑇
6𝜂7

�
𝑐'
𝑁''

=
𝜉!𝑘𝑇
6𝜂7

𝑐
𝑁O

=
𝜉!𝑅𝑇
6𝜂7

𝑐<
𝑀O

 (3.6) 

where cm is the total mass concentration (𝑔/𝑚𝑙) and 𝑀O is the number-average molecular weight. 

We then solve for 𝑀O which we will be later considered as ‘method 1’ for determining molecular 

weight. 

 
𝑀O =

𝑐<𝜉!𝑅𝑇
6𝜂7𝐷

 (3.7) 

We can multiply τ and ξ3, which cancels out 𝐵 and the !]1
*]

 terms as shown in Equation 3.8.  
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 𝜏𝜉3 	≅ 	
𝜂7𝑁!

𝑐!𝑘𝑇 (3.8) 

The specific viscosity 𝜂7/, based on the scaling model, is shown in Equation 3.9. Substituting ξ3 

in Equation 3.9 gives a relationship free of B,	𝑓 and 𝑐7, making both 𝜂7/ and ξ experimentally 

measurable. The only unknown parameter is again	𝑐/𝑁.  

 η_` 	≡ 	
η	 −	η_
η_

	≅ 	B43/!N(cb3)5/![1 +
2c_
𝑓c ]

43/8 	≅ 	
N
cξ3	 (3.9) 

The Rouse model for solution predicts		η_` ≅ 𝜙𝑁, where 𝜙	is the volume fraction of monodisperse 

chains of 𝑁 monomers. In a polydisperse solution each chain contributes independently meaning 

		η_` = ∑𝜙'𝑁' = 𝜙𝑁F. Hence, η_` is governed by the weight-average molecular weight 𝑁F. 23, 24 

This provides a method to determine 𝑁F as shown in Equation 3.10. 

 𝑁F = 𝜂7/𝜉3𝑐 (3.10) 

The Fuoss Law scaling in Equation 3.9 expects 𝜂7/ = ( 9
9∗
)5/! for 𝑐∗ 	< 	𝑐	 < 	 𝑐,, where 𝑐∗ is the 

overlap concentration and 𝑐, is the entanglement concentration. This relation has been observed 

to hold for many polyelectrolytes, with recent models accounting for minor deviations. 25, 26 The 

terminal modulus G is the reciprocal of the steady-state compliance, is known to depend on the  

𝑁Q𝑁Qa5/𝑁F ratio. 24, 27 Therefore, the molecular weight dependence of terminal modulus (𝐺	 =

	𝑐𝑘𝑇/𝑁 is 𝑘𝑇 per chain for monodisperse polymers) 1, 3 can be expressed as  

 G = 	
ckTNb
NcNca5

 (3.11) 

The relaxation time τ = (η − η_)/G is similarly controlled by 𝑁Q𝑁Qa5 leading to the relation: 

 τξ3 	≅ 	
η_NcNca5
c!kT 	 (3.12) 

The correlation length ξ is typically measured using small-angle X-ray scattering (SAXS) 

or small-angle neutron scattering (SANS). 28-30 Drifford and Dalbiez conducted light scattering 
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experiments on salt-free NaPSS solutions, obtaining the correlation length at much lower 

concentrations. 31 All of the scattering results1, 3, 32-34 suggest that the concentration dependence of 

ξ for polyelectrolyte solutions without added salt follows the expected power law of 𝑐4@.e, as 

shown in Equation 3.1.  

The self-diffusion coefficient of neutral polymers in dilute solutions can be easily measured 

using dynamic light scattering (DLS). However, in semidilute solutions, DLS measures the 

cooperative diffusion coefficients on the length scale of correlation blobs rather than individual 

chains. 38 For dilute polyelectrolyte solutions, the situation is more complex due to presence of 

multiple components, including polyions, dissociated counterions and solvent molecules. 

Analyzing the diffusion results from DLS is difficult because polyelectrolyte solutions without 

added salt always exhibit two distinct relaxation modes. 39-41 

Oostwal et al. successfully performed pulsed-field-gradient nuclear magnetic resonance 

(PFG-NMR) diffusometry on NaPSS aqueous solutions, providing reliable diffusion coefficients 

of polyelectrolyte solutions in the semidilute unentangled regime. 42  Following this approach, our 

study employs NMR diffusometry to determine the self-diffusion coefficients of the samples. 

To test our models, we investigate on cesium polystyrene sulfonate (CsPSS) samples with 

five different molecular weights, all with narrow molecular weight distributions. Cesium is 

selected as the counterion due to its higher electron contrast with the solvent compared to sodium, 

which facilitates correlation length measurements through SAXS. These SAXS measurements 

were made by our collaborator Dr. Aijie Han and Dr. Ralph Colby at Penn State.  
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3.2. Experimental 

3.2.1. Materials  

Five NaPSS samples with narrow molecular weight distributions were purchased from 

from Scientific Polymer Products (Webster, NY; cat no. 622, 624, 626, 627 and 923). The 

molecular weight data provided by the manufactures are listed in Table 3.1. We verfied the 

molecular weights of NaPSS using static light scattering after dialysis. To exchange Na+ 

counterions for Cs+ counterions, we added a 20-fold excess of cesium chloride salt (CsCl) in 

solution, resulting in a statistical composition of 5% Na+ and 95% Cs+. The samples were 

extensively dialyzed by flushing at least 20 L of deionized water (Milli-Q) using a 400 mL 

Amicon® stirred cell (Millipore) under 30 psi argon pressure. Ultrafiltration membranes with 

molecular weight cut-offs (MWCO) of 100 kDa, 30 kDa, 10 kDa, 3 kDa and 1 kDa (Ultracel) were 

used for the CsPSS samples with molecular weights 2876K, 1158K, 457K, 101K and 35K, 

respectively. After dialysis, the solutions were freeze-dried to remove water, and the resulting 

powder was stored in a vacuum oven at 40°C overnight to eliminate any residual water.  

To evaluate the polydispersity, two two mixtures of 20/80 and 50/50 wt% 2876K/35K 

CsPSS in ethylene glycol solutions were prepared for rheology measurements. The weight-average 

degree of polymerization (𝑁F) was measured using static light scattering. The number-average 

degree of polymerization (𝑁O) was calculated based on the dispersity reported in Table 3.1.  

Table 3.1. Molecular weights of five CsPSS samples converted from information 

provided by the manufacturer using aqueous SEC 

Mn (kg/mol) Mw (kg/mol) Mw/Mn %Sulfonationa 
%Sulfonation 

(NMR) 

42.1 49.2 1.17 97 100 

125 130 1.04 95 89 
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549 588 1.07 99 90 

1099 1231 1.12 87 100 

2807 3338 1.19 91 100 
a %Sulfonation is measured from elemental analysis and the values are given by the manufacturer. 

3.2.2. Degree of sulfonation  

 The degree of sulfonation for all polyelectrolyte samples was measured using a 400 MHz 

Bruker Avance III WB NMR spectrometer. The five polyelectrolyte samples with varying 

molecular weights were dissolved in D2O, and 1H NMR measurements were performed in a 1D 

setup. An 𝑟𝑓 pulse length of 4.5 µs was applied, and a relaxation delay time (D1) of at least 5 

seconds was set to ensure complete signal relaxation (i.e., ≥ 99%) between scans and for greater 

accuracy.  The degree of sulfonation determined from NMR is presented in Table 3.1, with further 

details and explanation provided in the Results and Discussion section. 

3.2.3 Static light scattering  

A Brookhaven BI-200SM SLS/DLS instrument was employed to verify the weight-average 

molecular weights of NaPSS at scattering angles ranging from 40 to 140 °, using a 641 nm diode 

laser. Prior to preparing aqueous solutions with 0.1 M NaCl and 0.5 M NaCl, NaPSS was dialyzed 

to remove residual salt. The differential refractive index (𝑑𝑛/𝑑𝑐) for each molecular weight was 

measured using a Brookhaven differential refractometer equipped with a 620 nm laser for 0.1 M 

NaCl. For the 0.5 M NaCl solutions, the (𝑑𝑛/𝑑𝑐)μ value was extrapolated from literature values at 

the 641 nm wavelength. 43, 44 Zimm plots were generated for all five molecular weight NaPSS 

samples to estimate their weight-average molecular weight (𝑀F). 
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3.2.4. Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) was conducted using a Xenocs Xeuss 2.0 SAXS/WAXS 

system with Cu radiation (λ = 1.54 Å) at Penn State’s Materials Characterization Lab. The solution 

samples were loaded into a stainless-steel liquid cell, which was sealed with two Kapton films and 

had a path length of 1.2 mm. An exposure time of 1 hour was employed. A Pilatus Hybrid CMOS 

two-dimensional SAXS detector was used to collect the scattered X-ray signals with a sample-to-

detector distance of 2520 mm covering a 𝑞 range from 0.1 to 1 nm-1.  

3.2.5. Pulsed-field-gradient (PFG) NMR diffusometry 

1H PFG-NMR diffusometry was performed to determine the self-diffusion coefficients of 

the polyelectrolytes in salt-free water solutions. A 400 MHz Bruker Avance III WB NMR 

spectrometer, equipped with a MIC probe coupled to a Diff50 single-axis (z) gradient was mainly 

used for CsPSS molecular weights below 1100K. For concentrations below 0.01 M of all molecular 

weights, an 850 MHz Bruker Avance III HD NMR spectrometer, equipped with a MIC probe 

coupled to a Diff30 single-axis (z) gradient was used for better signal sensitivity and shorter 

experiment time. The pulsed-gradient stimulated echo (PGSTE) pulse sequence45 was used with a 

90° RF pulse length of 4.5 μs for 400 MHz NMR measurements and 13.5 μs for 850 MHz 

measurements. To confirm both spectrometers give the same diffusion coefficient 𝐷, solution 

concentrations in the range of 0.01 M to 0.02 M for each molecular weight were measured using 

both spectrometers.  

The spin-lattice relaxation time (T1) and spin-spin relaxation time (T2) for polyelectrolyte 

chains were measured using the inversion-recovery and Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequences, respectively. The polyelectrolyte solutions have broad peaks (short T2 relaxation 

times). A half sinusoid gradient pulse length δ from 0.785 ms to 3.14 ms (effective rectangular 
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pulse length varied from 0.5 ms to 2 ms) and the post gradient delay > 1 ms in the pulse sequence 

were used for 1H diffusion measurements. The diffusion time Δ was varied from 25 ms to 200 ms 

depending on the molecular weight. The minimum gradient strength applied was in a range of 70-

200 G.cm-1 to significantly diffusion weight (reduce) the water peak intensity on the first slice of 

the PGSTE experiment. The maximum gradient strengths were adjusted from 200-2000 G.cm-1 to 

achieve at least 90% of signal attenuation in 16-32 steps. The acquisition times were adjusted to 

be greater than a factor of three times the signal dephasing in the FID (T*2), and the relaxation 

delay time was optimized to 2 s to get maximum signal-to-noise (SNR) ratio for the polymer peaks 

with minimum experimentation time. 8-15 Hz line broadening was applied during data processing 

to reduce excessive acquisition noise. All NMR measurements were performed at 25 ± 1°C. 

3.3. Results and Discussion 

3.3.1. Degree of sulfonation (DOS) 

 Degree of sulfonation for CsPSS was determined by dissolving polyelectrolytes in D2O 

solvent to prevent any overlap of signals from the water peak. Figure 3.2 displays the NMR 

spectrum of 0.063 M 35K CsPSS in D2O measured at 25 ± 1°C.  The Aliphatic (orange-

highlighted, around 1 ppm) and aromatic (blue-highlighted, around 7 ppm) proton peaks on the 

polymer chain are well separated on the spectrum. The ratio of aromatic to aliphatic protons would 

be 5:3 for polystyrene and 4:3 for fully sulfonated polystyrene (100% DOS). Thus, degree of 

sulfonation can be determined from signal integral ratio. The determined DOS values all five 

polymer samples measured from this experiment were close to 100%, as listed in Table 3.1.  
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Figure 3.2. 1H NMR spectrum of 0.063M 35K CsPSS in D2O measured at 25 ± 1°C (HOD peak 

referenced at 4.8 ppm). Aromatic and aliphatic peaks were assigned with different colors on the 

chemical structure and on the NMR spectrum. For quantitative accuracy, relaxation delay (RD) 

times were set to ≥ 5 s to ensure complete T1 relaxation of the proton peaks. Integrations of 

aromatic and aliphatic regions for this sample clearly shows that the degree of sulfonation is close 

to 100% for all samples. 

3.3.2 Static light scattering 

The molecular weights of as-received NaPSS samples were checked by static light 

scattering after dialysis in 0.1 M and 0.5 M NaCl/water to confirm the molecular weights reported 

by the manufacturer. Figure 3.3 illustrates Zimm plot made for all five different molecular weights 

of NaPSS (as reported by manufacturer) in 0.1 M NaCl. The 𝑑𝑛/𝑑𝑐 value is determined as the 

slope of the difference in refractive index (𝛥𝑛) plotted as a function of concentration in Figure 

3.3, which is found to be 0.187 ± 0.0012 ml/g for 1900K NaPSS and 0.2026 ± 0.0008 ml/g for the 

other four lower molecular weight NaPSS. The 𝑀F values of original NaPSS obtained from both 

SEC determined by the manufacturer and the Zimm plots are summarized in Table 3.2.  

Table 3.2. Number-average and weight-average molecular weights of five NaPSS samples 
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 𝑀O (kg/mol)a 𝑀F (kg/mol)a 𝑀F  (kg/mol)-SLS 
(0.1 M NaCl)b 

𝑀F (kg/mol)-SLS 
(0.5 M NaCl)b 𝑀F/𝑀O 

29K 28.6 33.4 27 32 1.17 
86K 85.6 88.7 72 78 1.04 
370K 366.7 393.5 329 326 1.07 
740K 740.5 829.5 874 859 1.12 
1900K 1885 2242 2297 2256 1.19 
a The 𝑀O and 𝑀F values are obtained from the manufacturer using aqueous SEC. The eluent for 

86K, 370K and 740K is 80/20 H2O/acetonitrile 0.1 M NaNO3. For 29K and 1900K, the eluent is 

H2O/0.05 M sodium styrene sulfonate (NaSS). b 𝑀F determined from our static light scattering 

experiments in 0.1 M NaCl.  

Comparing the 𝑀F from the manufacturer and 𝑀F obtained from SLS, the difference 

between the two 𝑀F values is lower than 10% for the two highest molecular weights. However, 

the difference is around 15% for the other three lower molecular weights. Table 3.3 uses the 𝑀F 

from SLS and calculates 𝑀O using dispersity from Table 3.2 as our reference 𝑀O molecular weight 

values, which are also used as sample names. The molecular weights are also confirmed by 

performing SLS in 0.5 M NaCl and the results are reported in Table 3.2. 
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Figure 3.3. Zimm plot for (A) 874 kg/mol, (B) 329 kg/mol, (C) 72 kg/mol, (D) 27 kg/mol, and (E) 

1900 kg/mol NaPSS in 0.1 M NaCl. Filled symbols are data at the four indicated dilute 

concentrations and ten angles θ = 50, 60, 70, 80, 90, 100, 110, 120, 130 and 140°. Open symbols 

are extrapolations to zero angle (at left) and zero concentration (at bottom). 

Table 3.3. SLS results of five NaPSS in 0.1 M NaCl 
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𝑀F (kg/mol) NaPSS 𝑀F (kg/mol)a CsPSS Errorb 𝑀O CsPSSc 
27 39.7 +26% 35K 
72 111 +24% 101K 
329 490 +20% 457K 
874 1310 -5.1% 1158K 
2297 3301 -2.4% 2876K 

a 𝑀' of CsPSS assumes the degree of sulfonation reported by the manufacturer and 95% Cs+ to Na+ 
conversion.  
bErrors are calculated for  𝑀( obtained from SLS compared with the manufacturer reported  𝑀' from aqueous 
SEC. 
c 𝑀( calculated from the CsPSS  𝑀'	by dividing by the SEC dispersity, listed in Table 3.2, and used as sample 
names. 

3.3.3 Molecular weight determination using Method 1 𝐌𝐧 =
𝐜𝐦𝐑𝐓𝛏𝟐

𝟔𝛈𝐬𝐃
 

The number-average degree of polymerization 𝑁O using Equation 3.7, combining 𝐷 and 

ξ, which each can be easily measured using PFG NMR diffusometry and SAXS. The peak position 

qmax of SAXS profiles determines the correlation length 𝜉	 = 	2𝜋/𝑞<CD at different concentrations. 

Figure 3.3 below illustrates an example SAXS profile of 2876K CsPSS polymer at different 

concentrations.   

 
Figure 3.3. The SAXS profiles for 2876K CsPSS aqueous solutions of concentrations (0.0068 M, 

0.0159 M, 0.0317 M, and 0.0981 M) in D.I. water with no added salt. All concentrations of CsPSS 

samples are below the entanglement concentration of the polymer. 
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The measured 𝜉 from SAXS is plotted in Fig. 3.4A as a function of concentration and is 

clearly independent of molecular weight in the semidilute unentangled regime. 1, 2, 9 For 35K 

CsPSS aqueous solutions, a dilute-semidilute crossover occurs at 𝑐∗ ≈ 0.04	𝑀 where 𝜉	 ∝ 	 𝑐45/3 

crosses to 𝜉	 ∝ 	 𝑐45/!. Thus, for 35K CsPSS with 𝑐	 < 𝑐∗	, the peak	𝑞<CD in SAXS represents the 

average distance between chains in dilute solution. Although 𝑐∗can be easily determined for 35K 

aqueous solutions (0.04 M), it is harder for the other four higher molecular weights to determine 

𝑐∗ directly using the SAXS data because the peak cannot be resolved at lower concentration. The 

scattering peaks move to lower	𝑞 as concentration decreases, and the low-𝑞 upturn in the SAXS 

profile eventually covers the entire peak. 

  We applied the method by Kaji et al. to estimate 𝑐∗	for other molecular weights as shown 

in Fig. 3.4B. 34 In the dilute regime, the distance between chains can be expressed as (𝑐/𝑁)-1/3, 

where 𝑐/𝑁	is the number density of chains. Therefore, 𝜉 is plotted as a function of 𝑐/𝑁O in Fig. 

3.4B and all datasets should cross to the same (𝑐/𝑁O)-1/3 dependence as the solution enters the 

dilute regime, which is set by the dilute results from 35K. The intercept of extrapolated (𝑐/𝑁O)-1/2 

and (𝑐/𝑁O)-1/3 gives an estimate of 𝑐∗ for each molecular weight in water with no salt present. The 

data in Fig. 2A fit the line shown, as 𝜉	 = 	𝐴/√𝑐, with 𝐴	 = 	3.37	𝑛𝑚 ×𝑀45/! for CsPSS in water. 

Similar fittings from the literature yield 𝐴	 = 	3.30	𝑛𝑚 ×𝑀45/! for NaPSS in water, 31, 33 𝐴	 =

	3.90	𝑛𝑚 ×𝑀45/!for CsPSS in EG. 22 
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Figure 3.4. (A) Correlation length of CsPSS aqueous solutions as a function of concentration for 

five different molecular weights. 35K CsPSS reached the dilute regime for 𝑐	 < 	0.04	𝑀 where the 

correlation length 𝜉 becomes the average distance between chains and can be fitted to a power law 

of 𝜉	 ∝ 	 𝑐45/3. (B) 𝜉 of CsPSS aqueous solutions as a function of chain number density (number 

density of monomers c normalized by number-average degree of polymerization 𝑁O). The 

crossover from 𝑐45/3 to 𝑐45/! estimates the overlap concentration for each molecular weight. 

3.3.4. PFG NMR experiments 

To determine the self-diffusion coefficient of the polyelectrolyte chains, we dissolve the 

polyelecctrolytes in H2O. 1D 1H NMR spectra of CsPSS in water are first measured as shown in 

Figure 3.5. The proton peaks of the polyelectrolyte (color coded) are well resolved from the large 

H2O peak. The three major peaks, constituting aromatic and aliphatic protons from the polymer 

chains, are used for NMR diffusometry measurements to determine the self-diffusion coefficient 

𝐷 of polyelectrolyte chains in solution. These three peaks are actually the overlap of many 

individual resonances due to the slow timescale of rotational polymer chain dynamics relative to 

small molecules in solution. Linewidths increase with molecular weight, as shown in Figure 3.6.  
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Figure 3.5. 1H NMR spectrum of 0.063 M of 35K CsPSS in H2O measured at 25 ± 1°C (referenced 

at 4.8 ppm) is shown in (A). The polymer proton peak assignments are assigned using different 

colors.  

The PGSTE pulse sequence (see Figure 2.7)  was employed to measure the diffusion 

coefficient of chains for five different molecular weights, each as a function of concentration. The 

signal amplitude for each peak was measured as a function of gradient strength (𝑔). The acquired 

signal intensity I is given by the Stejskal-Tanner equation shown in Eq. 14 56 

 I = 	 I@e
4f'('X'UH4X3WR (14) 

where 𝛾 is the gyromagnetic ratio of the nucleus, 𝛿 is the effective gradient pulse length, Δ is the 

diffusion time between gradient pulses, 𝐼@ is the signal intensity at 𝑔 = 0, and 𝐷 is the self-diffusion 

coefficient of the species measured.  

  The diffusion time Δ parameter, in a PGSTE sequence, is usually assigned based on the 

spin-lattice relaxation time (𝑇5) of the NMR peak that is being observed. 𝑇5 values are determined 

from the inversion recovery- pulse sequence (see Figure 2.2a). The	𝑇5trend we observe, as shown 
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in Table 3.4, is consistent with Bloembergen-Purcell-Pound (BPP) theory, where the minimum 𝑇5 

is achieved when the Larmor frequency (𝜔?) of the nucleus matches the inverse rotational 

correlation time (1 τ]⁄ ) of the molecule [reference]. For the diffusion experiments, we used Δ 

values (≈ T defined in Figure 2.7) from 25-200 ms, which is well below the 𝑇5 of the CsPSS 

polyelectrolytes studied, to achieve minimal loss of signal due to spin-lattice relaxation. 

Similarly, the gradient pulse time (δ) is assigned based on the spin-spin relaxation time 

(𝑇!), or in general the spin dephasing time during the particular experiment used (in this case, 

PGSTE for diffusometry). 𝑇! are usually measured using the Carr-Purcell-Meiboom-Gill (CPMG) 

spin-echo pulse sequence and the values obtained for our samples are shown in Table 3.4. We 

could clearly see the expected trend, where 𝑇! decreases with increasing molecular weight. 11 

However, CPMG experiments to yield a simple 𝑇! are only accurate for fast tumbling molecules. 

Hence, the observed (or apparent) 𝑇! times from CPMG experiments are overestimated. Also, any 

presence of J-coupling, which arises due to interactions between protons on adjacent carbons, can 

complicate the decay profiles and may introduce errors in 𝑇! measurements. Use of specialized 

pulse sequences (like J-compensated pulse sequence, Figure 2.4) can help minimize errors in the 

determined 𝑇! and this approach will be explored further in future work. 

Table 3.4. 𝑻𝟏 and 𝑻𝟐 values of 5 molecular weights of 0.063 M CsPSS in D2O 
 𝑇5 (s) Apparent 𝑇! (ms) 

35K 1.03 88.4 
101K 0.93 56.9 
457K 0.35 29.4 
1158K 0.87 28.6 
2876K 0.98 25.7 

 

 We can also estimate the signal dephasing times (the 𝑇!* from the time-domain data or 

FID) from the full width half maximum (FWHM) of a well resolved peak on the 1D spectrum. 
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However, for our polymer systems, we do not observe well resolved individual peaks, but observe 

peak overlaps as seen in Figure 3.6. Therefore, FWHM approach also does not give accurate T2 

times although we are working to fit these spectra to extract the dephasing time. Based on previous 

diffusometry experience with polymers like these, we assigned δ times ≤ 2 ms to achieve adequate 

signal-to-noise ratio (SNR). Our future goal is to develop a method for accurate estimation of 

signal dephasing times for such complex polymer systems. 

 
Figure 3.6. 1H NMR spectrum of four molecular weights of 0.063M CsPSS in D2O measured at 

25 ± 1°C (HOD peak referenced at 4.8 ppm). The spectrum is zoomed in on the aromatic region 

for better visualization of the 2 aromatic peaks. Notice the more distinct multiple peaks within the 

peak pattern at 7.6 PPM at lower molecular weights. Since these peaks increasingly broaden with 

increase in molecular weight, the resolution and SNR correspondingly decrease. 

From Figure 3.6, the linewidths of the signals increase with molecular weight, causing 

increased signal dephasing during the NMR diffusometry experiment and thus limiting 

measurement of D to concentrations above ~ 4 × 10-3 M for high 𝑀O. Figure 3.7 shows an 

exploration of the significance of molecular weight on the NMR signal in the diffusion 

measurements via comparison of spectra on 35K and 2876K CsPSS samples at the same 

concentration (0.063 M). Relative to a simple 1D pulse-acquire spectrum (top, red), the signal 
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intensity decreases by a factor of three for the first (g = 0) 1D slice of a diffusometry experiment 

(bottom, teal) for the 35K CsPSS sample, as shown in Figure 3.7A. This is due to signal dephasing 

of the nuclei during the two t periods (2×t = 7 ms) of the PGSTE pulse sequence (see Figure 2.7, 

from Chapter 2).  

However, the loss of signal for the 2876K CsPSS sample (Figure 3.7B) is greater (7× loss) 

due to faster NMR signal dephasing for these longer (slower tumbling) chains. This study enables 

us to better understand the limitations of diffusometry measurements for longer chains. At lower 

concentrations for higher molecular weight samples, longer experimentation time (by ∝ 5× as 

compared with low 𝑀O samples) is required to determine an accurate diffusion coefficient. Studies 

are underway to investigate the lower bounds of concentration for PSS and other polymer 

chemistries, and to improve NMR experimental parameters to extend the range of accessible 

concentration.  

 
Figure 3.7. 1H NMR spectrum comparison between 1D pulse-acquire experiment and PGSTE (1st 

slice, 𝑔 = 0) experiment for 0.063 M 35K CsPSS and 2876K CsPSS in D2O measured at 25 ± 1°C 

(HOD peak referenced at 4.8 ppm). The loss of signal for the 2876K CsPSS sample is a factor of 

2.3 greater than that for the 35K CsPSS sample due to faster signal dephasing for nuclei on the 

longer chains.  This means that one needs 2.32 ≈ 5× as many scans at the same concentration to get 

the same SNR, or one can only access concentrations ~ 2.3× higher for 2876K CsPSS as compared 

to 35K CsPSS samples. 
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Figure 3.8 shows representative NMR diffusometry signal attenuation (Stejskal-Tanner) 

plots for five molecular weights as a function of NMR diffusion parameter 𝑏 (𝛾!𝑔!𝛿!(𝛥 − 𝛿 3⁄ ). 

The data can be fitted to a single linear regression, suggesting all samples have a single average 

diffusing species size with narrow distribution, and the slope corresponds to 𝐷. The concentrations 

selected for Figure 3.9 are in the semidilute unentangled regime where 𝐷 is independent of 

concentration as shown in Figure 3.10A for 35K, 101K and 457K. The decrease of 𝐷 as the 

concentration increases indicates the entanglement effects that restrict the chain motion. The onset 

of the drop of 𝐷 is marked by the black dotted line in Figure 3.10A. 

For molecular weights 457K, 1158K and 2876K, we noticed consistent increase of the 

diffusion coefficients as concentration decreases which can be fitted to power law exponent of -

1/2 at a constant concentration (0.022 M). The power low exponent of -1/2 for concentration 

dependence of diffusion coefficients is indicative high salt effect. 1 This similar effect was also 

noticed in the concentration range of 10-5 M < c < 5 ´ 10-4 M of CsPSS data and NaPSS data 

measured by Cohen et al. Cohen et al. found 𝜂7/ ∝ 	 𝑐5.!e for 𝑐 < 10-5 M, which they say is caused 

by residual salt with 𝑐7 ≈	4 ´ 10-6 M. 46 To understand the intermediate concentration range, we 

plot the conductivity of solutions as a function of concentration in Figure 3.8. 

The conductivity is measured inside the concentric cylinder rheometry cup so that all 

residual salts can be examined by the conductivity measurements. The solution conductivity shows 

a concentration dependence of 𝜎	 ∝ 	𝑐 for 𝑐 > 10-3 M and saturates around 8 μS/cm at low 

concentrations. The conductivity data are fitted to the form of σ = σ@(1 + c/c_), where σ@ 

represents the conductivity of the high salt regime. 55 The possible sources of residual salts are ions 

from glass vials and carbonic acids, as CO2 dissolves in water. The transition from 𝜎	 ∝ 	𝑐 to the 

plateau at 8 μS/cm covers a decade of concentration which might be associated with the slightly 
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stronger concentration dependence 𝜂7/ ∝ 	 𝑐@.: in the range of 10-5 M < c < 5 ´ 10-4 M before 

entering the high salt regime. 

 
Figure 3.8. Ionic conductivity of CsPSS solutions at room temperature (22 °C). The pink dashed 

line indicates the conductivity of deionized water stored in a glass vial after 10 days. The crossover 

from 𝜎	 ∝ 	 𝑐@ to 𝜎	 ∝ 	𝑐 estimates the residual salt concentration and the solid curve represents the 

fit to σ = σ@(1 + c/c_)	where  σ@ = 8 μS/cm and c_ =	2.1 ´ 10-4 M. 

Figure 3.8 indicates the c_ for our system is 2.1 ´ 10-4 M, associated with a Debye length 

(𝑟R) of 22 nm. Figure 3.10B compares 𝑟R with 𝜉	over the same range of concentration as Figure 

3.10A. Solutions are in high salt regime at concentrations with 𝑟R < 𝜉. The intersecting 

concentration between 𝑟R and 𝜉 is also at 0.022 M, confirming the high salt limit observed in 

Figure 3.10A. Although the same high salt limit applies to 101K and 35K, the lower 

concentrations of these two molecular weight samples are in dilute regime and	𝐷 is concentration 

independent in dilute regime with salt. 1 We also plotted the polyelectrolyte size R (Equation 3.2) 
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in semidilute salt-free solutions to compare with 𝜉, which confirms that 35K is in dilute regime 

and 101K is approaching dilute regime at 𝑐 < 0.022 M.  

For 1158K and 2876K CsPSS solutions, although plateaus are plotted as straight lines, the 

range where 𝐷 is independent of concentration is too narrow. As a result, we cannot confidently 

define this region, since a clear plateau was not observed for either 1158K or 2876K CsPSS 

solutions. Thus, at this time, method 1 is better suited for CsPSS with 𝑁 < 2000. To test the effects 

of counterions on the diffusion coefficient, we also measured the diffusion coefficients of the 

original NaPSS. The result showed that NaPSS and CsPSS with the same chain length exhibit 

identical diffusion coefficients in the semidilute unentangled regime, indicating that counterions 

do not influence chain self-diffusion coefficient. 

 

Figure 3.9. Representative NMR signal attenuation (Stejskal-Tanner) plots of CsPSS aqueous 

solutions of five different molecular weights in the semidilute unentangled concentration regime. 

Solid lines are single exponential fits for each molecular weight at the indicated concentration. 57 

The diffusion coefficient for each solution is shown next to the respective fit lines. Faster 

attenuation (steeper negative slope) of the lines correlate with faster diffusion (larger 𝐷).   
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Figure 3.10. (A) Diffusion coefficients as a function of concentration for CsPSS/water solutions. 

The open symbols are obtained at 400 MHz, and the filled symbols are obtained at 850 MHz. The 

solid lines indicate the average 𝐷 in the semidilute unentangled regime without salt effects. The 

dotted black line indicates entanglement concentration 𝑐,. A few diffusion coefficients for NaPSS 

are also measured and plotted as stars. The dashed lines are fits to power law exponent of -1/2 

which represent the high salt effects on diffusion coefficients. The vertical pink dashed line shows 

the crossover from 𝑐4@.e (high salt regime) to 𝑐@ (low salt regime). (B)The Debye length 𝑟R of 22 

nm is determined with residual salt concentration 𝑐7 = 2.1 ´ 10-4 M. The crossover from 𝑟R (brown 

dashed line) to 𝜉	(black dotted line) estimated the low salt limit of	𝑐 > 0.022 M (pink dashed line 
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in both parts). This same crossover is observed in (A) as 𝐷	 ∝ 	 𝑐4@.e crosses to 𝐷	 ∝ 	 𝑐@  for 457K, 

1158K and 2876K.  

 
Figure 3.11. Diffusion coefficients in aqueous semidilute unentangled solutions as a function of 

number-average degree of polymerization of CsPSS in this work (blue circles), NaPSS from ref. 

42 (black filled squares) and NaPSS from ref. 52 (black open squares). The error bars are calculated 

based on the standard deviation of concentrations below entanglement concentration 𝑐, (indicated 

by black dotted line in Figure 3.10A) and above the concentration where 𝐷 starts to increase with 

decreasing concentration. 

The average diffusion coefficient in the semidilute unentangled regime where 𝐷 is 

independent of concentration is plotted as a function of 𝑁O in Figure 3.11. The red line in Fig. 12 

is 𝑁O 	= 		𝑘𝑇𝜉!𝑐/6𝜂7𝐷. CsPSS data from this work agree well with NaPSS diffusion coefficient 

data from the literature, 42, 52 and the data obey the Rouse prediction9 of 𝐷 ∝ 	𝑁O45. Equation 3.5 

suggests that 𝐷𝑁O should be concentration independent in the semidilute unentangled regime. In 

Figure 3.12, the diffusion coefficients are multiplied by their respective 𝑁O for CsPSS from this 

work and for NaPSS from reference 42. We found that the normalized data can be reasonably 

reduced to a common line, and the concentration-independent regime shows a constant value of 
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𝐷𝑁O = 4.66 × 104Y	𝑚!/𝑠  for CsPSS and 𝐷𝑁O = 4.86 × 104Y	𝑚!/𝑠 for NaPSS shown as green 

dashed lines. 

Oostwal et al.’s work has shown that for high molecular weight NaPSS, the PFG-NMR 

data cannot be fitted to a single exponential due to the dispersity of molecular weights, and only 

the “initial decay” data were fitted with a single exponential function to obtain the diffusion 

coefficients in their study. 42 The initial decay is associated with components that diffuse faster, 

dominated by the lower end of the molecular weight distribution and the slower diffusing 

components contribute more to the decay curve at higher	𝑏 values. Therefore, the actual diffusion 

coefficients might be lower than Oostwal’s reported values that are plotted in Figure 3.12B for 

the high molecular weight samples.  

 
Figure 3.12. Diffusion coefficients in salt-free water normalized by weight-average degree of 

polymerization 𝑁F for CsPSS (A) from this work and NaPSS (B) from ref. 42. The legends 

indicate the 𝑁O values for each molecular weight. The dashed lines are average 𝐷𝑁O for the 

semidilute unentangled regime.  
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3.4. Conclusions 

We described the four models developed to characterize the molecular weight of 

polyelectrolytes in semidilute unentangled solutions, each with its own limitations regarding the 

range of molecular weights and concentrations. Figure 3.13 below illustrates these limitations for 

each method. In this chapter, we focused on presenting Method 1 (Mh =
]2iIj'

kl1R
), which accurately 

determines the number-average molecular weight of polyelectrolytes. However, this model is more 

reliable for relatively shorter polyelectrolytes where the number of repeat units 𝑁 < 2000. For 

457K, 1158K, and 2867K CsPSS solutions, a continuous decrease in the 𝐷 with increasing 

concentration is observed in the semidilute unentangled regmie, which is likely due to the presence 

of residual salts. A clear plateau is still observed for 457K in the semidilute unentangled regime 

for CsPSS solutions as predicted by the scaling model, before reaching the high salt limit. Since 

𝐷𝑁O remains constant in the semidilute unentangled regime for a given type for polyelectrolytes, 

measuring 𝐷 of polyelectrolyte with an unknown molecular weight allows for a straightforward 

determination of 𝑁O. Additionally, because the FWHM of a polymer signal increases with 

molecular weight and decrease with temperature, higher temperatures should be explored for 

diffusion measurements of polyelectrolytes with 𝑁 > 2000. 

For high molecular weight samples, the high salt limit must be avoided to ensure a clear 

plateau in the semidilute unentangled regime, where 𝐷 remains independent of concentration. 

Currently , it is unclear why the diffusion coefficient is so sensitive to residual salt. The crossover 

between the high and low salt limits appears to occur at 𝑐	 = 	0.022	𝑀, where the correlation 

length coincides with the debye length from the residual salt (indicated by the pink dashed line in 

Figure 3.10). As we investigate polydisperse polyelectrolyte solutions for our future studies, we 

will compare our prediction that 𝐷 can determine Mh (as shown in Equation 3.6) with previous 
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findings, where NMR diffusometry measurements were used to determine Mb for dilute polymer 

solutions.58-60  Finally this approach offers detailed and quantitative insights into molecular weight 

distribution parameters of the polyelectrolytes, which are not only difficult to study but also hold 

significant technological importance.   

 
Figure 3.13. The best methods for determining the molecular weight of polyelectrolytes are 

illustrated by the colored areas represenitng the concentration and molecular weight range in which 

each approach is applicable. This range is defined by key concentrations: the entangled 

concentration (𝑐,, blue and black line), the overlap concentration (𝑐∗, pink line), and the lowest 

possible concentration where the number density of counterions equals that of salt ions (𝑐 ≈

2𝑐7/𝑓, shown as green dashed line). The  method Nb = 3.66(cη_`ξ3)@.Y5 is used to determine Nb 

shown as the filled squares calculated using the reported dispersity of each molecular weight. The 

blue area indicates the range that Mh =
]2iIj'

kl1m
 can be used to determine Mh in water (for 𝑁O 	<
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	2000 and 𝑐	 > 	0.022	𝑀, shown as pink dashed line) with open stars representing the data 

obtained from measuring 𝐷. Solid black lines indicate the expected 𝑁F and dashed black lines 

indicate the expected 𝑁O.  
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Chapter 4: Quantifying drug cargo partitioning in block copolymer 

micelle solutions  

 
Reprinted with permission from Xiuli Li, Veera Venkata Shravan Uppala, Tyler J. Cooksey, 

Megan L. Robertson, and Louis A. Madsen. ACS Appl. Polym. Mater. 2020, 2, 9, 374-375 © 

American Chemical Society. 

Abstract  

Understanding molecular partitioning in solution is crucial for design of micelle-based 

formulations for drug cargo delivery and other molecular encapsulation technologies. Here we 

present an investigation of the self-assembly of a Pluronic® F127 (PEG99PPO69PEG99) triblock 

copolymer in water and its solubilization of three hydrophobic drugs, hydrochlorothiazide (HCT), 

indomethacin (IND) and paclitaxel (PTX). Using NMR diffusometry, we have quantified diffusion 

coefficients of different species in aqueous solution, including the polymers, drug cargo molecules 

and solvent. We investigate effects of polymer concentration as well as drug chemistry on micelle-

drug interactions.  We find, for example, that as the F127 concentration increases from 1 to 5% 

wt/vol, the partition percentages of HCT and IND in micelles (vs. in free solution) both increases. 

The facile methodology presented enables quantification of drug distribution and dynamics in a 

micellar system without perturbation of the solution, thus opening opportunities to understand the 

broader process of drug partitioning in micelles. 

4.1. Introduction 

Block copolymer micelles (BCMs) are widely used in various applications such as drug 

delivery, nano-reactors and tissue engineering. 1-2 Specifically, they are served as targeted drug-
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delivery vehicles due to their long solution residence time for cargo, low critical micelle 

concentration (CMC) and in vivo degradability. 3-6 Poly(ethylene glycol)-b-poly(propylene oxide)-

b-poly(ethylene glycol) (PEG-PPO-PEG) triblock copolymers offer versatile opportunities for 

creating  microenvironments suitable for incorporating various cargo due to their amphiphilic 

nature. As a result, PEG-PPO-PEG triblock copolymers find use in a wide range of applications, 

such as pharmaceutical formulations, foaming agents and advanced coatings.7  

Commercially available PEG-PPO-PEG copolymers manufactured by BASF under the 

trade name Pluronic® polymers are utilized as drug delivery media to improve the solubility and 

reduce the toxicity of poorly water-soluble drugs. 8 The micellization and gelation behavior of 

Pluronic® polymers have been extensively studied by researchers using neutron scattering, 9 

rheology, 10 fluorescence, 11 and NMR spectroscopy. 12 Above the CMC, micelles are formed 

through an entropy-driven process, with a less polar core-forming PPO block and a water-swollen 

shell-forming PEG blocks. At even higher concentration of polymer (above the critical gelation 

concentration, CGC), a thermo-reversible gel forms due to intermolecular associations between 

the polymer chains. 13   

The particular polymeric materials used in drug delivery can greatly affect the 

pharmacological properties of drugs, including pharmacokinetics, biodistribution and sustained 

release. 14 Broad distribution of drugs in the body can result in dose-limiting side effects and affect 

normal tissues. Using drug delivery carriers, such as PEO-PPO-PEO copolymer micelles, can help 

to reduce those effects by encapsulating drugs in hydrophobic reservoirs. 15 Therefore, it is 

important to understand and quantify how drugs are distributed in the delivery carriers and in the 

surrounding aqueous environment. The partition coefficient (K) defines the distribution of drugs 

in different phases, which is critical to estimating the release rate and residence time in the 
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organism, as well as other aspects of biological activity. 16 Knowledge of K also provides insight 

into the nature and strength of molecular interactions between drug molecules and micelles, for 

example, van der Waals forces, hydrophobic interactions and hydrogen bonding. 17 Several factors 

have been determined to affect the solubilization capacity of micelles, including compatibility 

between the core-forming polymers and the cargo, micellar size, aggregation number, interfacial 

tension between water and the cargo, and the molecular volume of cargo. 18-19 K can sometimes be 

obtained experimentally from UV-Vis, 20 high performance liquid chromatography (HPLC), 21 

differential scanning calorimetry (DSC) 22 and fluorescence spectroscopy, 23 etc. Those methods 

either require additional separation (filtration or dialysis) of micelle-drug solutions or fluorescent 

probe labeling, which can involve possible drug loss, measurement perturbations, and/or 

complicated preparation procedures.  

Based on our and others’ investigations of polymeric micelle structure and dynamics, 13, 24-

26 in this article we present a simple and non-destructive NMR diffusometry approach to 

investigate the drug partitioning behaviors of Pluronic® F127 block copolymer micelle (BCM) 

solutions. In short, NMR diffusometry can quantify the fractions of drug encapsulated in micelles 

and drug in free solution. 

We can define the drug encapsulated in BCMs as the micellar phase (for the drug) and the 

drug dissolved in the surrounding solvent as the aqueous phase. We assume the activity 

coefficients of drug in both phases are 1 (as in the case of a dilute system), and thus the partition 

coefficient (K) is given by the ratio of model drug concentration in each phase with: 

                                                                                                                                (4.1) 

where [M]drug, micelle is the concentration of model drug in the micellar phase, and [M]drug, aqueous is 

the concentration of model drug in the aqueous phase. 
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In this study, we investigate three model drugs with different solubilities — 

hydrochlorothiazide (HCT), indomethacin (IND) and paclitaxel (PTX) — to understand the 

hydrophobic drug solubilization and partitioning behaviors in Pluronic® F127 BCMs. Pluronic® 

F127 formulations have been widely applied to enhance drug solubilization and prolong the release 

profile for poorly water-soluble drugs. 27-28 HCT is a diuretic and anti-hypertensive drug for the 

treatment of diabetes, and can be used to treat edema (excess fluid held in body tissues) caused by 

certain medical problems, such as heart, kidney and liver diseases or estrogen and corticosteroids. 

29 IND is an anti-inflammatory drug that reduces fever, pain and inflammation and relieves 

symptoms of arthritis or gout. 30 PTX is a chemotherapy agent, with activity against lung, breast, 

prostate and other types of solid tumor cancers. 31 The water solubility of these three model drugs 

follows the order: PTX < IND < HCT (Figure 4.1a).  

Common incorporations of water-insoluble drugs into micelles include chemical 

conjugation and physical entrapment. 32 Drugs can generally be encapsulated into BCMs to enable 

bloodstream injection with low overall drug dose, and to ensure minimal premature leakage so that 

a drug can reach its intended target tissue or organ. 33 The quantity of drug loading depends on the 

drug and polymer structures and resulting intermolecular interactions, which include influences 

from the block copolymer composition, hydrophobic (block) ratio, and molecular weight. 34 In this 

study, we have prepared HCT- and IND-loaded Pluronic F127 micelles by a direct dissolution 

method (Figure 4.1b), and prepared PTX-loaded micelles by a solid dispersion method. 35-36  
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Figure 4.1. (a) Chemical structure and water solubility of model drugs: HCT, IND and PTX. (b) 

Preparation of drug-loaded Pluronic® BCMs. 

Using an NMR methodology that can be applied on many common NMR spectrometers, 

we are able to gain new insights into the dynamics and distribution of drug cargo in polymeric 

micelle solutions. These studies and methods also show promise for shedding new light onto 

understanding of molecular interactions between small molecule cargo and micelle polymers. 

Employing such new understanding will enable rational design of drug delivery formulations as 

well as other micelle encapsulation technologies, e.g., micelle-phase “nanoreactor” synthesis. 

4.2. Experimental section 

4.2.1. Materials and sample preparation 

HCT, IND and Pluronic® F127 were purchased from Sigma-Aldrich. Drug-loaded block 

copolymer micelle solutions were prepared by mixing the drugs, triblock copolymer and 

deuterated solvent (D2O) together at 50 °C for 60 min (see Figure 4.1b). The transparent solutions 

(b) 

(a) 
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were then transferred to a 5 mm NMR tube after cooling for data acquisition to reduce possible 

micelle aggregation. Each sample tube was equilibrated at room temperature (25 °C) prior to 

running NMR diffusometry experiments to ensure the sample is at thermal equilibrium. PTX-

loaded BCMs were prepared by a solid dispersion method, where PTX and F127 polymer were 

dissolved separately in 2 mL DMF solvent to obtain transparent solutions, followed by fully mixing 

of two solutions and overnight vacuum dry to obtain homogenous solid dispersion. D2O was then 

added to the solid dispersion at the same condition mentioned above to prepare PTX-loaded BCMs. 

4.2.2. Pluronic® F127 Molecular weight studies using Gel Permeation 

Chromatography and NMR (GPC) 

The molecular weight and the dispersity of the as-received Pluronic® F127 was 

characterized by a Viscotek GPCmax instrument using THF (OmniSolv, HPLC grade) as the 

mobile phase.  The injected volume was 100 μL of a 1 mg/mL solution, and the flow rate was 1 

mL/min at 30 ºC.  Universal analysis was employed for the characterization of number-average 

molecular weight, Mn, and dispersity, Ð, utilizing the refractometer and viscometer. 1D 1H NMR 

measurements were made using 400 MHz Bruker Avance III WB NMR spectrometer. A single 90° 

RF pulse with length of 4.5 μs is used to obtain spectrum data.  

4.2.3. Pulsed-field-gradient (PFG) NMR Diffusometry 

Our previous study has shown the utility of NMR in measurement of diffusion coefficients 

and relative populations of unimers and micelles. 24-25, 43 NMR diffusometry typically applies the 

pulsed-field-gradient stimulated echo (PGSTE) sequence, which provides information on 

translational motion of various species in solution. 44-45 The signal amplitude I was measured as a 

function of gradient strength (g) and was fit with the Stejskal-Tanner equation, 46-48  
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𝐼 = 𝐼/𝑒
01$2$3$4∆0%&67    (4.2) 

where I0 is signal amplitude at 𝑔 = 0, 𝛾 is gyromagnetic ratio, 𝛿 is effective gradient pulse length, 

𝛥 is diffusion time between gradient pulses, and D is self-diffusion coefficient. The “b” factor, 

representing all the known NMR-specific parameters and useful for qualifying diffusion behaviors 

and artifacts, is given by b = γ2g2�2(�����/3).  

The self-diffusion coefficients of polymer, drug and solvent in solution were determined 

using a 400 MHz Bruker Avance III WB NMR spectrometer, equipped with a MIC probe coupled 

to a Diff60 single-axis (z-axis) gradient. The pulsed-gradient stimulated echo (PGSTE) sequence 

was used with a 90° RF pulse length of 4.5 μs. A half sinusoid gradient pulse length of 𝛿	 =

	3.14	𝑚𝑠 (effective rectangular pulse length = 	2	𝑚𝑠), diffusion time 𝛥	 = 	10	– 100	𝑚𝑠, and post-

gradient delay = 	4	𝑚𝑠 were used for 1H diffusometry measurements. Maximum gradient 

strengths were adjusted in the range 50 – 600 G·cm-1 to achieve 90 – 99% signal attenuation in 8-

16 steps. Sufficient signal-to-noise ratio (SNR) for each data point was achieved with 8 – 128 

scans. Acquisition times and relaxation delay times were each 1 s, and 8 Hz line broadening was 

applied during data processing. Relaxation delay times of 1.5 s were used for both polymer and 

solvent signals. All NMR measurements were performed at 25 ± 1 °C. 

4.3. Results and discussion 

The molecular weight and the dispersity of the as-received Pluronic® F127, used in this 

study, was characterized with a combination of gel permeation chromatography (GPC) and nuclear 

magnetic resonance (1D NMR) spectroscopy as shown in Figure 4.2 and Figure 4.3 respectively. 

The molecular weight distribution from these experiments shows bimodal distribution, indicating 

the presence of diblock copolymer (PEG-PPO) contaminants. The number average molecular 
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weight of the purchased sample was 𝑀O = 14 [(
<?&

	and their dispersity Đ	 = 	1.25 with ethylene 

glycol weight fraction equal to 72.2%. These characteristics indicate the polymer composition to 

be PEG115-PPO67-PEG115.  

 
Figure 4.2.  GPC data obtained from Pluronic® F127 as received.  A bimodal distribution 

consistent with that seen by Yu et al4 is seen, representative of diblock contamination (PEG-PPO) 

in the triblock copolymer (PEG-PPO-PEG). 
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Figure 4.3.  1D NMR data obtained from Pluronic F127 as received.  The peak ratio of peak a to 

peak b was found to be higher than expected, indicating more EG content than normally reported. 

We can access diffusion coefficients of polymer chains in micelle solutions (either in the 

form of free unimers or micelles or both) from Stejskal−Tanner signal attenuation plots. By taking 

the natural log of normalized NMR signal intensity (𝐼/𝐼@) and plotting vs. the NMR experimentally 

defined 𝑏	(𝛾2𝛿2𝑔2(𝛥 − 𝛿/3)) factor, a single linear regression fit indicates a single component 

and the slope corresponds to its diffusion coefficient (D). Any deviation from linear fitting (i.e., 

two straight slopes) represents more than one diffusion coefficient of the species of interests. 

Figure 4.4 below shows an example of signal attenuation in 3% w/v BCM solution, where the 

fast-diffusing species (like unimer chains or small aggregates) significantly contribute to the initial 

signal decay at lower gradient strengths. The slow-diffusing species (BCMs) contribute to the 

signal decay at higher gradient strengths, resulting in change in slope of the linear curve as 

indicated by the red lines drawn in Figure 4.4. 

 

Figure 4.4: Fitting the Stejskal-Tanner signal decay curve in 3% w/v of F127 BCM solution. 

Figure clearly shows the presence of two polymer diffusion species in BCM solution. The lines 

are drawn for visual guide and they do not represent the actual fit of the curve. 
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As a function of F127 concentration, NMR diffusometry demonstrates a gradual decrease 

in diffusion coefficient (D), indicating that the size (hydrodynamic diameter) of the micelle 

increases with polymer concentration in the solution. These sizes were determined using Stokes-

Einstein equation (4.3) and the sizes of the micelles.  

𝐷7/,9',7 =
2𝑘𝑇

𝑐𝜋𝜂𝑑n,7/,9',7
 (4.3) 

For 5% w/v Pluronic® F127 at 25 °C, the diffusion coefficient of water is 1.9×10-9 m2·s-1 

and its viscosity is 1.0×10-3 Pa·s, 8 we assume the hydrodynamic radius of water remains 

unchanged because the presence of polymer is insignificant to affect the water molecule structure. 

However, the viscosity of solution changes with polymer concentration, which can be measured 

from diffusion coefficients of water in solution with the aid of Equation 4.3. Water diffusion 

coefficients were measured to solve for the viscosities in solution as shown in Table 4.1. These 

viscosities remained the same for solutions with or without drug loading over the full range of 

polymer concentration explored (1 - 5%). Figure 4.5 clearly shows that the size of the micelle 

increased with polymer concentration in the solution. This size variation suggests that more drug 

can be loaded into the BCMs with greater drug partitioning in micellar phase due to greater less-

polar core volume availability.  

Table 4.1. Diffusion coefficients of residual water in BCMs with drug loading (HCT and IND at 

< 1% w/v).  The viscosity of the drug-micelle solutions does not change appreciably with polymer 

concentration. 

F127 conc 
(w/v %) 

Water diffusion 
coefficient (m2·s-1) 

Viscosity 
(Pa·s) 

5 1.90×10-9 1.00×10-3 
3 2.08×10-9 9.13×10-4 
2 2.08×10-9 9.13×10-4 
1 2.07×10-9 9.17×10-4 
0 2.10×10-9 9.04×10-4 
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Figure 4.5. Hydrodynamic radius of 1-5 % w/v of Pluronics® F127. The viscosity of the bulk 

solutions, mentioned in Table 4.1, is used to estimate the hydrodynamic diameter of micelle. 

To initially understand the molecular structure and solubility of drug-micelle solutions, we 

present 1H NMR spectra of BCMs with and without drug loading (Figure 4.6). Peaks of polymer 

and solvent are zoomed to better observe drug peaks. Notably, PTX (see spectrum in Figure 4.6d) 

is one of the most efficient and widely applied anticancer drugs, and yet has extremely low water 

solubility (~ 5 mg/L). 37-38 The solubility of PTX in BCM solutions (0.06% w/v or 600 mg/L, as 

verified by NMR peak integration) increases more than two orders of magnitude over the intrinsic 

aqueous solubility of PTX, which reinforces the use of polymeric micelles to increase hydrophobic 

drug solubility. 
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Figure 4.6. 1H NMR spectra of BCMs with and without drug loading. (a) 1% w/v F127 BCM 

without drug (b) 0.3% w/v HCT solubilized in 2% w/v F127 BCMs. Peak 7 overlaps with the H2O 

peak and we barely observe peaks 6, 8, 10 due to deuterium exchange (c) 0.3% w/v IND solubilized 

in 3% w/v F127 BCMs. Peaks 9, 11 overlap with the PEO peak and we barely observe peak 8 due 

to deuterium exchange. In (b) and (c), we magnify signal intensity (peak 1, 4 and water off scale) 

to observe drug peaks. (d) 0.2 % w/v PTX dissolved in DMSO-d6 (red) and 0.06% w/v PTX 

solubilized in 5% w/v F127 BCMs (black). We have magnified signal intensities (polymer and 

solvents off scale) in both spectra to observe drug peaks. 

To further explore micelle and drug dynamics and partitioning of drugs into micelles vs. in 

free solution, we investigate a range of Pluronic F127 and drug compositions using NMR 

diffusometry. Due to the separate NMR spectral peaks assigned to drugs and BCP molecules 

(Figure 2), we can separately and simultaneously measure micelle diffusion (via the polymer 

peaks) and drug diffusion.  Table 1 summarizes these results.  In Pluronic® F127 micellar 
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solutions, NMR diffusometry demonstrates a decrease in self-diffusion coefficient of polymer 

(Dpoly) with increasing concentration, due to the increasing diameter of the micelles. In future, we 

will study Pluronic micelle structural parameters as a function of drug chemistry and temperature 

using small-angle neutron scattering (SANS) and dynamic light scattering (DLS). 

Here, we further quantify the drug diffusion coefficients, both in micellar solutions and in 

pure water. We then use the combination of diffusion coefficients to extract the percentage of drugs 

encapsulated inside micelles versus in the surrounding aqueous solution, and this whole system 

can be modeled as a two-phase system. 39 The time scale of exchange (τex) between micelle core 

and free solution is an important parameter influenced by drug cargo size, hydrophobicity, and 

other specific molecular (thermodynamic) interactions with the solvent and with the micelle core.  

If solubilized drug molecules are in the “slow exchange” regime relative to the NMR 

observation time scale, which in this case is the diffusion time (Δ), i.e. 𝜏,D ≫ 𝛥, we would 

differentiate and quantify drug concentrations in the two phases from a two-component fit to a 

Stejskal-Tanner (NMR signal decay) plot. 25, 40 In this case, one component would be for the free-

diffusing drug molecules in aqueous solution and the other component for those in the micellar 

cores. In the present work, however, both HCT and IND exhibit only one diffusion coefficient, 

even when varying the diffusion time 𝛥 down to 10 ms (see Figure 4.7). This signifies that these 

drugs are in fast exchange between the aqueous and micellar phases, i.e. 𝜏,D 	≪ 	𝛥, and thus the 

lifetime of drug residing in the hydrophobic core is shorter than the smallest observation time (10 

ms).  We discuss the implications of this for drug delivery and quantification of drug partitioning 

below. 
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Figure 4.7. Diffusion coefficients of 1% w/v of HCT and 0.3% w/v IND solubilized in 3% w/v 

and 2% w/v F127 micellar solutions, respectively, with varying diffusion time (∆). HCT and IND 

diffuse at an average rate of 2.7×10-10 m2·s-1 and 1.1×10-10 m2·s-1, respectively, when Δ varies from 

10 ms to 100 ms. 

We can, however, still quantify the partitioning of drug molecules by using the single-

component diffusion coefficient of the drug molecules (Ddrug, avg), which is a weighted average of 

contributions from drug solubilized in the micellar phase and drug dissolved in the aqueous phase 

in this fast exchange regime, and which obeys the following equation. 26, 41-42  

                                                   (4.4) 

Ddrug, micelle represents the diffusion coefficient of drug encapsulated by polymers in the micellar 

phase and Ddrug, aqueous represents that in the surrounding aqueous phase. pdrug, micelle is the population 

(mole fraction) of drug molecules encapsulated in micelles and pdrug, aqueous is for those diffusing 

freely in solution. The total mole fraction must equal unity (pdrug, micelle + pdrug, aqueous = 1). 

In order to quantify populations of a model drug in these two phases using Equation 4.4, 

we assume (1) that Ddrug, micelle is the same as the diffusion coefficient of the polymer chains in 

micelles (Dpoly), and (2) that Ddrug, aqueous is the same as that of the drug dissolved in solvent in the 

absence of micelles (Ddrug, soln). We can do the following experiments to assess these assumptions. 

! ! ! ! !!"#$ %&$ !"#$ D()*++* !"#$ D()*++* !"#$ %,#*-#. !"#$ %,#*-#./ 0 / 0 /⋅ ⋅= +
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For assumption (1), it should be reasonable to use the observed polymer diffusion coefficient 

(Dpoly) in micellar solution to represent the diffusion coefficient of model drugs in the micellar 

phase (Ddrug, micelle). This is supported by characterizing the diffusion of IND in F127 micelles at 

5% w/v. Whereas pure IND in aqueous solution (with no F127 present) has a diffusion coefficient 

of 4.5 × 10-10 m2·s-1, IND in the F127 micellar solution shows Ddrug = 2.0 × 10-11 m2·s-1. This value 

is nearly equal to (but is less than) Dpoly = 1.8 × 10-11 m2·s-1 (see Figure 4.8). Note again that all 

polymer chains exist in micelles. This result strongly indicates that nearly all of the drug molecules 

are successfully trapped in micelles, and the drug moves along with the micelles for this “fully 

encapsulated” IND-F127 sample. 

 

Figure 4.8. Stejskal-Tanner plots of NMR signal intensity for IND 0.3% w/v in 5% w/v F127 

BCMs. Both IND and F127 (polymer) signals attenuate simultaneously with increased gradient 

strength. Fitting yields diffusion coefficients of 2.0 ×10-11 and 1.8×10-11 m2·s-1 for the IND drug 

molecules and F127 polymer chains (both held in micelles), respectively. 

 For assumption (2) to be correct, the addition of model drugs should not affect the bulk 

viscosity. In this case, we used the diffusion of an internal standard (residual H2O in the solvent) 
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to track the bulk viscosity, and clearly this species will not influence cargo encapsulation and 

release. Overall, viscosity of the 1-5% w/v F127 micelle solutions as determined using Stokes-

Einstein equation (4.3) does not vary in solutions that are saturated with these drugs (up to 1% 

w/v) as shown in Table 4.1. 

Using these assumptions and Equation 4.4, we can thus extract populations of drugs in 

micelles for all samples, and therefore probe how drug hydrophobicity and polymer concentration 

affect partitioning (population) of drugs into micelles. Table 4.2 contains measured diffusion 

coefficients and partition percentages of HCT, IND and polymer (F127) in drug-loaded micellar 

solutions by NMR diffusometry.  

 Table 4.2. Diffusion coefficients, partition percentages, and equivalent partition coefficients (K) 

of drug (HCT/IND) and polymer (F127) in drug-loaded micelles at different polymer 

concentrations. 

Note: At 5, 3, 2, 1% w/v F127 concentrations, HCT additions are 0.25 ±0.05% w/v and IND 

additions are 0.30 ±0.05% w/v. Added drug concentrations are 0.5% w/v HCT and 0.5% w/v IND 

in solutions with no polymer, with measurements made after precipitation of excess drug. All 

diffusion measurements are taken at 25 ± 1 °C with errors in D values ≤ ±4%. 

F127         HCT-loaded BCMs      IND-loaded BCMs   

Conc. 

% w/v 

Dpoly 

m2·s-1 

 Ddrug 

m2·s-1 

pdrug 

% 

K Dpoly 

m2·s-1 

Ddrug 

m2·s-1 

pdrug 

% 

K 

5 1.7×10-11 2.0×10-10 70 2.37 1.8×10-11 2.0×10-11 99 101 

3 2.6×10-11 2.5×10-10 62 1.67 1.5×10-11 4.7×10-11 93 13.1 

2 4.4×10-11 3.5×10-10 48 0.93 2.4×10-11 1.1×10-10 79 3.82 

1 4.1×10-11 4.4×10-10 33 0.49 3.7×10-11 4.4×10-10 3 0.03 

0 N/A 6.3×10-10 0 N/A N/A 4.5×10-10 0 N/A 
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Based on the above two assumptions and results, we can compare the measured partition 

percentages of the HCT and IND model drugs in F127 BCMs (Figure 4.9a). For example, for 

solutions of 2% wt/vol (w/v) of F127, only 48% of HCT is in a micellar phase, while 79% of IND 

is encapsulated. IND has a lower aqueous solubility, which contributes to a higher compatibility 

between the drug and core-forming blocks relative to free solution, and thus prefer to reside in the 

micellar phase. As F127 concentration increases, the IND partition fraction into BCMs rises 

sharply, and all IND (99%) resides in micelles at F127 of 5% w/v. The less hydrophobic HCT, on 

the other hand, is not as strongly encapsulated by the BCMs since the drug is substantially soluble 

in water, and HCTs partition fraction exhibits a steady monotonic rise as F127 concentration 

increases.  

For 1% w/v F127 IND-loaded BCMs, drug partitioning percentage is low, possibly due to 

the phase behavior of the BCMs in which 1% F127 is on the edge of micelle formation and the 

core structure may be effectively less hydrophobic at this concentration. We further varied the HCT 

concentration in the F127 BCMs to study how drug concentration impacts partition fractions and  

𝐾 values. Table 4.3 summarizes the changes in 𝐾 values with increasing drug concentration, 

indicating higher concentrations allow for more drug molecules to be encapsulated in the micellar 

phase. These results show that NMR diffusometry offers a quick and quantitative method to 

investigate the micellar dynamics of F127 at varied concentrations and the micellar solubilization 

of different cargo molecules, such as the model hydrophobic drugs HCT and IND. In Figure 4.9b, 

we conceptually summarize how micellar size and drug solubilization depends on polymer 

concentration based on NMR diffusometry. 
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Table S3. Varying drug (HCT) concentrations in the F127 BCMs and the respective partition 

percentages and K values. 

F127 Conc 
(w/v %) 

HCT 0.7-1% Loaded 
Micelles  

HCT 0.3-0.5% Loaded 
Micelles  

HCT 0.2-0.3% Loaded 
Micelles  

Drug 
percentage 

(%) 
K value 

Drug 
percentage 

(%) 
K value 

Drug 
percentage 

(%) 
K value 

5 84 5.25 78 3.35 70 2.33 
3 69 2.22 63 1.70 62 1.63 
1 37 0.59 31 0.45 33 0.49 
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Figure 4.9. (a) Drug (HCT and IND) partition percentages in the F127 BCMs. Drug additions are 

mentioned in Table 1. The increased amount of drug solubilized is attributed to the increased 

number of total amphiphilic chains in solution, providing increased reservoirs to trap hydrophobic 

drugs. (b) Schematic representation of micelle size evolution and distribution of HCT-loaded 

BCMs by varying the polymer concentration. The overall size of micelles expands as the drug are 

loaded in the micellar cores. 

We also quantified the percentage of HCT drug in the micellar phase at three different 

temperatures (25, 37, and 50 °C) as shown in Figure 4.10. The drug concentration in the micellar 

phase consistently decreased with increasing temperature across all polymer concentrations (1, 3, 

and 5 w/v%). This reduction is likely due to the increased solubility of HCT in water at higher 

temperature, which drives the drug towards entropically favored free aqueous solution, reducing 

its presence in the micellar phase. Additionally, at elevated temperatures, a higher fraction of 

polymer chains exists as free unimers [references], which decreases the hydrophobic core volume 

of the micelles to encapsulate the drugs.  

Polymer Concentration  
1% 3% 5% 

(b) 



 113 

 

Figure 4.10: Quantified percentage of HCT drug in the micellar phase measured at three different 

temperatures across varying polymer concentration (1, 3, and 5 w/v%). The drug percentage 

consistently decreased with increasing temperatures. This is due to greater drug solubility at higher 

temperature and a reduction in the hydrophobic core volume of the micelles at elevated 

temperatures.  

We have also prepared paclitaxel (PTX)-loaded micelles by a solid dispersion method. 35-

36 Our NMR results show that PTX is fully encapsulated within the Pluronic® micellar cores (> 

99%), which is sensible based on its strongly hydrophobic nature. This sheds light on the rational 

design of anti-cancer drug formulations and further studies will be continued to investigate 

chemotherapy drug-micelle interactions. This technique also informs on the hydrophobic drug’s 

equilibrium existing between micellar and solvent phase due to fast exchange.  

Note that previous measurements of drug partition coefficients using UV-Vis, fluorescence 

or HPLC20-23 rely on filtration or dialysis of the micelle sample combined with spectroscopy before 

and after the separation procedure. Since τex for the hydrophobic drugs is smaller than the 
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experimental measurement and separation procedure times, a new equilibrium state is reached 

before taking spectroscopy measurements, which would give rise to different partition percentages 

when measured before and after any separation procedures. NMR gives a clear advantage for drug 

partition measurements as it does not require any separation procedures after micelle-drug 

formulation, thus enabling determination of more reliable partition percentages.  

4.4 Conclusions  

In summary, this NMR diffusometry study offers a quick and quantitative approach to 

investigate the micellar dynamics of Pluronic® F127 triblock copolymer micelles and their 

interactions with hydrophobic drug molecules and solvents.  We explored the effects of key 

physical parameters – such as polymer concentration, drug composition, drug concentration, and 

solution temperature – on the behavior of micelles and drug solubilization. Increasing polymer and 

drug concentrations enhanced the drug loading capacity, while higher temperatures reduced the 

amount of drug encapsulated, likely due to increased drug solubility in water and changes in 

micelle structure. Additionally, polymer concentration likely influences important micellar 

parameters such as core and corona radii and aggregation number, which necessitates for further 

investigation using small angle neutron scattering (SANS) techniques.   

By understanding micellar internal structures, exchange kinetics, and solubilization 

properties, we can gain valuable insights into optimizing drug formulations and predicting in vitro 

release profiles for candidate drugs. This study paves the way for improved micellar drug delivery 

systems and provides a foundation for future research to fine-tune micelle-based formulation for 

enhanced therapeutic applications.  
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Abstract 

Polymeric micelles coexist in solution with unassembled chains (unimers). We investigated the 

influence of glass transition temperature (Tg) (i.e., chain mobility) of the micelle core-forming 

blocks on micelle–unimer coexistence. To achieve this, we synthesized a series of seven PEG-b-

P(nBA-ran-tBA) amphiphilic block copolymers (PEG = poly(ethylene glycol), 𝑛BA = 𝑛-butyl 

acrylate, 𝑡BA = 𝑡𝑒𝑟𝑡-butyl acrylate) with PEG forms the hydrophilic shell and the random 

copolymer block as hydrophobic core. The molecular weights for all seven samples were 

consistent and verified using SEC.  The 𝑛BA / 𝑡BA molar ratio was varied to systematically tune 

the mobility (i.e. 𝑇() of the core block without significant alterations in core’s hydrophobicity and 

micelle size. Using NMR diffusometry, we observed a sharp increase in unimer population from 

0% to 54% when the 𝑇( of the core block decreased from 25°C to –46 °C. Moreover, at a fixed 

polymer composition (and thus constant 𝑇(), the unimer population increased with rising 

temperature. This study highlights the significant role of core-block mobility in polymer self-

assembly and provides insights for designing advanced drug-delivery systems, underscoring the 

need for refined dynamic models.   



 119 

5.1 Introduction 

Molecular self-assemby, driven by non-covalent interactions, is a fundamental process in 

nature where molecules spontaneously form higher-order structures, often due to hydrophobicity. 

1 This phenomenon is central to many biological structures, including cell membranes 2 actin 

fibers, 3 and vesicles. 4 Similarly, synthetic amphiphilic block copolymers (BCPs), also self-

assemble to generate nanoscopic hydrophobic and hydrophilic domains. These domains are used 

in a variety of applications such as delivery vehicles for hydrophobic drugs, 5-9 scaffolds for the 

novel polymer architectures, 10-12 and nanoscale compartments for catalysis. 13-14 Consequently, a 

deep understanding of the factors that govern self-assembly of both small molecules15-17 and 

BCPs18-19 has been developed.  

Amphiphilic BCPs exhibit diverse morphologies both in bulk20-21 and in solution, 22-23 with 

their self-assembly being significantly influenced by polymer characteristics such as 

hydrophobicity of the core-forming block, the ratio of hydrophilic to hydrophobic content and the 

glass transition temperature (𝑇() of the core-forming block. 24-27 Additionally, the solution 

composition and preparation method also plays a crucial role in self-assembly. 19, 28-30 Despite 

extensive research research on the morphologies and self-assembly processes of amphiphilic 

BCPs, there remains a knowledge gap on the equilibrium between nanostructures and free unimers 

in solution. 31 These concentrations are hard to detect using conventional characterization 

techniques. 32-34 Since, unimer populations can significantly impact the pharmacokinetics and 

biodistribution of amphiphilic BCPs, 35-37 there is growing interest to developing methods to 

precisely quantify unimer populations.  
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One powerful technique for quantifying the polymer populations in micelles/unimer phase 

is pulsed-field-gradient (PFG) NMR diffusometry. This non-destructive method can sensitively 

determine the diffusion coefficients for various mobile species in solution as well as in solid 

materials.  Furthermore, NMR diffusometry can track species with molecular and elemental 

specificity and thus has been used to observe multiple diffusing species in a wide range of 

polymeric systems, 38-44 thus making it an ideal tool to study micelle-unimer equilibrium in block 

copolymer micelle systems. 33-34 

In this study, we aimed to investigate the effects of core block mobility (𝑇() on the micelle–

unimer equilibrium by synthesizing a series of BCPs containing hydrophobic blocks of similar 

hydrophobicity but varying chain mobility using NMR diffusometry. This equilibrium was also 

determined as a function of hydrophobic block composition and temperature to study their 

influence on the equilibrium. Through this systematic investigation, we aimed to gain deeper 

understanding of micelle dynamics and offer insights into how micelle properties can be finely 

tuned for various applications. 

5.2. Results and discussion 

The properties of micelle core are critical in determining the behavior of self-assembled 

structures, such as loading capacity, 45,46 and controlled release of active pharmaceutical 

ingredients. 47 Based on these observations, we hypothesized a correlation between the 𝑇( of the 

hydrophobic core and micelle–unimer coexistence. To test this hypothesis, we synthesized a series 

of similar molecular weights BCPs with similar hydrophilicity and hydrophobicity of the polymer 

blocks but varied their 𝑇(s. We employed copolymerization, a well-established method for 

modying polymer’s 𝑇(. 48-49 Specifically, we used 𝑛butyl acrylate (𝑛BA) and 𝑡𝑒𝑟t-butyl acrylate 

(𝑡BA), which have similar hydrophobicity but widely different 𝑇( (–50 °C for 𝑛BA and 50 °C for 
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𝑡BA), to achieve fine control on the 𝑇( of the core-forming block. 50,51 This approach allowed us 

to systematically study the impact of 𝑇( on micelle-unimer equilibrium. Scheme 5.1 shows the 

preparation of PEG-b-P(nBA-ran-tBA) block copolymers. 

Scheme 5.1. Preparation of PEG-b-P(nBA-ran-tBA) BCPs. 

 

We prepared the series of BCPs with varying core block composition in two steps. First, 

we synthesized a large batch of trithiocarbonate-terminated PEG (𝑀O = 4	𝑘𝑔/𝑚𝑜𝑙) as the 

hydrophilic block. The trithiocarbonate group served as a chain transfer agent (CTA) for reversible 

addition–fragmentation chain-transfer (RAFT) polymerization, ensuring control over molecular 

weight. In the second step, we used RAFT polymerization to produce seven BCPs (1a-g) with 

varying 𝑛BA/𝑡BA molar ratios. Monomer consumption rates for 𝑛BA and 𝑡BA were identical, 

confirming that feed and composition ratios matched. By maintain a consistent 

hydrophilic/hydrophobic ratio while varying 𝑛BA/𝑡BA molar ratio, we achieved a uniform BCP 

𝑀O ≈12 kg/mol throughout the series (Table 5.1).  

Table 5.1. Characterization of PEG-b-P(nBA-ran-tBA) block copolymers. 

Polymer 
Mol 
% 

nBAa 

Mn (NMR) 
(kg/mol)b 

Mn (GPC) 

(kg/mol)c Ðc Tg 

(°C)d Dh (nm)e Naggf 
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Polymer Micelle 
1a 100 12.0 12.2 1.07 -46 25.1 ± 0.1 83 
1b 75 11.3 12.6 1.07 -35 28.9 ± 0.1 103 
1c 60 11.9 11.9 1.12 -24 27.9 ± 0.1 101 
1d 50 12.1 13.3 1.10 -20 26.2 ± 0.2 80 
1e 40 11.6 11.7 1.11 -6 27.1 ± 0.6 77 
1f 25 12.6 12.9 1.08 5 27.0 ± 0.2 87 
1g 0 11.6 11.8 1.05 25 26.2 ± 0.5 72 

anBA/tBA molar ratio measured by 1H NMR spectroscopy. bMeasured by end-group analysis via 
1H NMR spectroscopy (Figures S4-S20). c𝑀O measured by GPC in THF at 30 °C with multi-angle 

light scattering. dOf the hydrophobic block measured by DSC with a modulated heating rate (3 

°C/min, ± 2.5 °C, 60 s); data reported from second heat cycle (Figures S26-33).  eIntensity average 

hydrodynamic diameter measured by dynamic light scattering (DLS) at 5 mg/mL in DI H2O at rt 

(Figure S36). fAggregation number derived from 𝑀F of polymer and 𝑀F of micelle at 5 mg/mL 

in DI H2O at rt; 𝑀F  of micelles determined by SLS (Figure S37, Equation S1).  

We evaluated each BCP by differential scanning calorimetry (DSC) to measure the 𝑇( of 

the hydrophobic blocks in bulk (Figures 5S26-33). Instead of measuring the 𝑇( of random polmer 

(P𝑛BA/P𝑡BA), we measured for the block copolymers as we expected the PEG-tethered chain 

ends influence the mobility of the hydrophobic block. Table 5.1 and Figure 5.1 show that 𝑇( for 

the hydrophobic blocks of polymers 1a (100% nBA) and 1g (100% tBA) is –46 °C and 25 °C, 

respectively. The 100% 𝑡BA BCP (polymer 1g) showed a lower 𝑇( than the reported value of 50 

°C. 51 We attribute this discrepancy to the relatively low molecular weight of the 𝑡BA block and 

the PEG tethered to one chain end, both of which may bring the overall 𝑇( lower. The 𝑇( values of 

the hydrophobic block for BCPs 1b–1f (75–25% nBA) closely fit approximations based on the 

Fox equation. 48  
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Figure 5.1. Tg for core-forming blocks of polymers 1a–g (black circles) based on nBA/tBA molar 

ratio in the BCPs measured by DSC with a modulated heating rate (3 °C/min, ±2.5 °C, 60 s). The 

dotted black line represents a fit using the Fox equation (Equation S5.2) and the measured 

homopolymer Tg’s. The core-forming block Tg varies predictably with polymer composition, 

providing access to a wide range of micelle core mobilities.  

 
We evaluated the hydrophobicity of polymers 2a and 2c through NMR solubility 

experiments. Although, P𝑛BA was more soluble than P𝑡BA in D2O by a factor of 2.5, both 

polymers exhibited extremely hydrophobic character (Figures S34 and S35). The solubility of PEG 

in water at room temperature is around 60 wt%,53 which is significantly larger than the solubility 

of either acrylate polymer. As the solubility of the block copolymers in water will be governed 

primarily be the hydrophilic PEG block, we do not expect this small change in solubility to account 

for any differences in unimer percentages. 

After determining that 𝑇(	and hydrophobicity for all seven BCPs of varying 𝑛BA/𝑡BA 

ratio, we proceeded to investigate the change in micelle–unimer coexistence across the series. To 

prepare BCMs from amphiphilic BCP, we used the solvent switch method. Briefly, we first 

dissolved each polymer in THF, a good solvent for both blocks. We then diluted these polymer 

solutions by dropwise addition of H2O to generate a 12.5% THF in H2O solution. We subsequently 

transferred the polymer solutions to dialysis tubing (MWCO 8 kg/mol) and dialyzed against H2O.  
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We utilized dynamic light scattering (DLS) to analyze the micelle size distributions from 

each BCP formulation (Table 5.1 and S5.1, Figure 5S36). We observed that the hydrodynamic 

diameters of the micelles ranged from 25.1 to 28.9 nm, with no apparent trend in micelle size 

relating to micelle core mobility. This narrow size range is expected due to the similar molecular 

weights and hydrophobic weight fractions of the BCPs. Additionally, we observed low micelle 

polydispersity indices for each sample, indicating samples were free of high molecular weight 

aggregates. We then employed static light scattering (SLS) to obtain the 𝑀F of micelles in solution 

for each micelle sample (Figure 5S37). From the SLS data, we estimated the aggregation number 

(𝑁C(() of each sample by dividing micelle 𝑀F  with BCP 𝑀F (Table 5.1, Equation 5.S1). We 

observed 𝑁C(( ranged from 72 to 103, with no correlation to micelle core mobility, reinforcing 

that the 𝑛BA/𝑡BA molar ratio in the core-forming block did not influence polymer micelle size.  

Despite similar micelle sizes, we expected changes in micelle-unimer coexistence due to 

varying chain mobility of core-forming blocks throughout polymers 1a–g. We initially examined 

the mobility of the hydrophobic core blocks form 1D 1H NMR spectroscopy. In the NMR spectra, 

polymer solutions with relatively slow chain dynamics (where spectrometer shims do not 

determine linewidth) influence the full width at half-maximum (FWHM) of signal, which is 

inversely proportional to the spin-spin relaxation time (T2) via the relation 𝐹𝑊𝐻𝑀	 = 	1/𝜋𝑇!. 33, 

54 In other words, decreasing T2 values result in broader signal linewidths, indicating restrictions 

for molecular mobility. Figure 5.2A clearly shows that 𝑛BA and 𝑡BA alkyl proton signal appear 

in the range 0.5–2 ppm in spectra for BCPs (1a, 1d, and 1g). For 100% nBA polymer micelles 

(polymer 1a, shown in purple), the alkyl proton sginal(s) 𝐹𝑊𝐻𝑀	𝑖𝑠	 ≈ 40	𝐻𝑧 compared to ≈

80	𝐻𝑧 for 50% 𝑛BA polymer micelles (polymer 1d, shown in green) and ≈ 200	𝐻𝑧 for 0% nBA 

polymer micelles (polymer 1g, shown in red). The broadening of alkyl signals, with 
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increasing	𝑡BA, signifies the reduced chain mobility in the micelle cores. This result agrees with 

the trend of increasing measured Tg for the core blocks with increasing 𝑡BA content.  

 

Figure 5.2. A) 1D 1H NMR spectra overlay of micelle solutions made from 100, 50, and 0 mol% 

𝑛BA BCPs (polymers 1a, 1d, and 1g, respectively) at 5 mg/mL in H2O solvent. B) Stejskal−Tanner 

plots of micelle solutions as a function of core-forming block composition at 25 °C (𝑏 is the 
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Stejskal–Tanner factor, 𝑔 is the magnetic gradient strength, 𝛾 is the gyromagnetic ratio of the 

nucleus probed, 𝛿�is the gradient pulse duration, and ∆�is the gradient pulse spacing). C) Unimer 

percentages derived from signal decay curves for micelle solutions as a function of core-forming 

block composition. D) 1H NMR spectra overlay of 25% 𝑛BA polymer micelle solutions (from 

polymer 1f) at 5, 25, and 55°C at 5 mg/mL. (See also Figure S50 for similar plots for 0% and 50% 

𝑛BA polymers.) E) Stejskal−Tanner plots of polymer 1f micelle solutions as a function of 

temperature with dashed lines as a guide to the eye for single- or two-component diffusion 

coefficients (they do not represent fit lines). F) Unimer percentages derived from signal decay 

curves for polymer 1f micelle solutions as a function of temperature.  Strikingly, core mobility 

strongly correlates with micelle–unimer coexistence. Error bars are ±10% for unimer percentages.  

To further explore the effects of core-forming block	𝑇( on micelle dynamics and on 

populations of unimers and micelles in solution, we utilized NMR diffusometry to probe 

translational motion of different mobile species. NMR diffusometry operates on the principle that 

chemical species with distinct mobilities – provided that they do not exchange quickly relative to 

the diffusion time (𝛥	 = 	25	𝑚𝑠 in this study, see SI for details) – will exhibit distinct diffusion 

coefficients. In amphiphilic BCP systems, diffusion unimeric polymer chains and assembled 

nanostructures (micelles) are sufficiently different, thus allowing us to quantify the relative 

populations of each species. 33-34  

We measured these populations using Stejskal−Tanner signal attenuation plots. By plotting 

the log-transformed of normalized NMR signals (𝐼/𝐼?) versus the experimental parameter 

𝑏	(contains all known NMR parameters, (𝛾!𝛿!𝑔!2(𝛥-𝛿/3)) in a signal attenuation curve, we 

extract diffusion coefficients 𝐷 from linear regressions. A single linear fit suggests the presence of 

a single diffusing species, while multi-component fitting indicates multiple diffusing species in the 

solution.  

In micellar systems, fast-diffusing unimers cause a rapid signal decay at lower magnetic 

gradient strengths (𝑔) while slower diffusing micelles lead to a more gradual decay at higher higher 
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gradient strengths. A sample containing both micelles and unimers shows a rapid signal decay 

followed by a more gradual one as shown in Figure 5.2B, 5.2E. The relative contributions of these 

decay regimes give us the population fractions of micelle and unimer in the solution. 

Throughout this BCP series, we observed notable changes in the signal decay curves, 

indicating shift in micelle-unimer equilibrium. In Figure 5.2B, 100% and 0% 𝑛BA polymer 

micelles (polymer 1a purple and polymer 1g red) showed different signal decay curves. The 0% 

𝑛BA polymer micelles’ signal decay fit with single component indicating only micelles are present 

in the solution. In contrast, the 100% 𝑛BA polymer micelles exhibited signal decay curve with a 

two-component fit, indicating the presence of two diffusing species in solution which corresponds 

to micelles and unimers. Since the experimental timescale (25	𝑚𝑠) is much faster than unimer 

exchange, the observed differences in micelle-unimer coexistence cannot be attributred to unimer 

exchange kinetics. Furthermore, we measured free unimer content on heating and cooling on other 

block copolymer micelles and obtained same free vs. micelle-associated unimer fractions. 34 

To assess the influence of core block 𝑇( on micelle–unimer coexistence, we determined the 

micelle and unimer populations for solutions of polymers 1a–g from the fits to their signal decay 

curves, shown in Figure 5.2C (also Figures S38-42). The stark difference in unimer populations 

between the 100% and 0% 𝑛BA micelles suggests that the 0% 𝑛BA micelles exist in a ‘frozen 

core’ state at 25 °C. 55 Interestingly, diffusometry experiments before and after thermal annealing 

of the samples showed no changes in unimer percentage (Figures 5S43–45). This suggests that 

the variation in unimer fraction is due to difference in chain mobility and not due to due to a result 

of kinetically trapped micelles. Additionally, diffusometry experiments on 25% 𝑛BA micelles 

(polymer 1f) at concentrations ranging from 3–10 mg/mL revealed no changes in unimer 

percentages (Figure 5S46). We observed a general trend: unimer population increased with 
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decreasing core-forming block 𝑇(, with three distinct regimes of unimer percentage (0–10, 20–30, 

and 40–50%). These findings suggest a correlation between core mobility and unimer population.  

Classical micellization theories, 15-16, 18-19 typically do not predict core molecular dynamics 

influence on micelle-unimer equilibrium partitioning, but our results indicate a need for updated 

theoretical models. 

We also conducted temperature-dependent diffusometry measurements on a 25% 𝑛BA 

micelle sample (polymer 1f, 𝑇( = 	5	°𝐶). As expected, the micelle core mobility increased with 

temperature, reflected by narrower signal linewidths at higher temperature (Figure 5.2D). The 

NMR signal decay curves of 25%  𝑛BA at different temperatures (Figure 5.2E) revealed a 

significant rise in unimer population as temperature increased, consistent with trend observed in 

compositional experiments (Figure 5.2C). Unimer populations derived from these curves (Figure 

5.2F and Figures 5S47-49) aligned with the three observed regimes, reinforcing our hypothesis 

that micelle core mobility directly influences micelle-unimer coexistence. 

Additionally, variable temperature NMR diffusometry experiments of two other micelle 

compositions (polymers 1d and 1g, 50% and 0% 𝑛BA, respectively) confirmed this trend. Polymer 

1d showed a consistent unimer population of 40-50% for high core mobility micelles, while 

polymer 1g transitioned from 0% to 25% unimers as temperatures rose beyond its 𝑇( (Figure 

5S50). However, we acknowledge that temperature affects other factors, such as solvent quality 

and interfacial tension, 56 meaning the observed results may not solely reflect core mobility 

changes with temperature. 

We also explored the time required to reach quasi-equilibrium for these micelles. For 

various compositions and temperatures (Figures 5S43 – 50), diffusion coefficients were measured 

immediately after temperature changes at 5–10-minute intervals. We found that diffusion 
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coefficients and unimer fractions reached stable values after 30 minutes and remained constant at 

least for a month. This indicates that once formulated, these micellar systems rapidly attain quasi-

equilibrium and remain stable over time, which is crucial for drug delivery applications.  

The assembly of polymer amphiphiles into micelles is a thermodynamic process, driven by 

the increased entropy of water molecules excluded from the core and the increased hydrophobic 

interactions of the core-forming block. 18 Because mobility of the core-forming block should not 

theoretically impact micelle–unimer coexistence and would instead be more important for kinetic 

processes (i.e., unimer exchange), we are working to further investigate how micelle core mobility 

impacts unimer populations. 

5.3. Conclusion 

In conclusion, we thoroughly investigated the relationship between micelle core mobility and 

micelle-unimer coexistence in a series of amphiphili BCPs with varying 𝑛BA/𝑡BA molar ratios in 

the hydrophobic blocks. Our findings reveal a clear ttrend of increasing unimer populations with 

decreasing 𝑇( of the core-forming block. We confirmed that the observed effects of core chain 

mobility, modulated by 𝑇( and experimental temperature, were independent of micelle core 

hydrophobicity, as demonstrated NMR solubility experiments on 𝑛BA/𝑡BA homopolymers, which 

showed no significant variation in hydrophobicity with molar ratio.    

Through variable temperature NMR spectroscopy and diffusometry experiments, we 

observed that both unimer populations and core chain mobility increased with rising temperature. 

These results challenge traditional micellization theories, which posit that core chain mobility 

should not influence micelle-unimer equilibrium. This suggests potential new directions for 

theoretical studies of micellar systems. We anticipate that these insights will lead to deeper 

understanding of micellar behavior and provide valuable guidance for the design of amphiphilic 
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block copolymer systems, particularly in applications where controlling unimer concentrations 

could impact performance, whether as a advantage/disadvantage. 
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Chapter 6: Quantification of oleic acid dynamics and kinetics to 

understand ligand interactions on PbS quantum dot surfaces 

This chapter is in preparation and will be submitted for publication with the following co-

authors: Veera Venkata Shravan Uppala1, Jennica E. Kelm2, Christian Y. Dones Lassalle2, Jillian 

L. Dempsey2, and Louis A. Madsen1 

Abstract 

Semiconductor quantum dots (QDs) exhibit unique quantum confinement effects, making them 

promising materials for various applications. These QDs are typically stabilized by surface-bounds 

ligands such as oleic acid (OAH). This study presents precise quantification of the 

thermodynamics (equilibrium constants and energetics) and kinetics (exchange rates) of OAH 

ligand binding to the QD surfaces. By utilizing the alkenyl proton on OAH as a unique marker in 

1H NMR spectroscopy and diffusion measurements, we accurately quantified ligand population 

fractions in different states. Our quantification analysis revealed the existence of a third ligand 

state in addition to bound and free ligands, when excess of free OAH was titrated to oleate (OA)-

capped PbS QD solution. This suggests a more complex ligand binding mechanism than the 

previously accepted two-state model. Through temperature and concentration variations, we 

quantified the energetics of different ligand binding motifs to the PbS QD surface. Additionally, 

using dynamic NMR and a complete lineshape equation, we determined rapid exchange rates (< 

1 ms) between surface-bound and solution-state ligands. By combining these NMR techniques, we 

identify two distinct ligand binding motifs and elucidated their binding energetics. These findings 

have the potential to enable precise tuning of QD properties, significantly influencing the 

innovation of next-generation materials for their optoelectronic applications.  
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6.1. Introduction 

Semiconductor quantum dots (QDs) have garnered significant attention since their 

discovery due to their remarkable size-tunable photoelectronic properties. These nanoscale crystals 

have been extensively investigated for their potential in diverse applications, including 

photovoltaic cells, light emitting diodes (LEDs), and biological imaging.1,2 The unique 

characteristics of QDs, particularly their optical and electronic properties, stem from quantum 

confinement effects and can be precisely tailored by adjusting the size of the particle. However, 

the successful integration of QDs into optoelectronic devices relies strongly on the nature of their 

surface, a consequence of their high surface-to-volume ratio. The surface composition and 

passivation significantly influence optical and electronic properties of QDs, driving extensive 

research into QD surface chemistry.3–8 Understanding and optimizing surface properties are crucial 

for improving QD performance in technological applications.   

Understanding the QD surface requires knowledge of the inorganic crystal lattice, the 

organic ligand shell, and the interface of these two components. The inorganic component of the 

QD can vary in crystal structure, faceting, and morphology.3,6,9–11 Additionally, the surface ions 

may vary in oxidation state and coordination number. The organic ligands that interface with 

surface ions vary in binding motif as defined by Green’s covalent bond classification and by 

coordination geometry, which influences the binding energy between the ligand and surface. 

Green’s covalent bond classification classifies ligands as either X-type, L-type or Z-type.12,13 X-

type ligands are anionic and compensate for excess cationic charge by donating one electron to the 

surface metal cation. L-type ligands are neutral two electron donors and generally do not impact 

the QD charge. Z-type ligands are two-electron accepting species and coordinate to surface 
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chalcogen anions. Each ligand classification can participate in unique reactivity with the QD 

surface, and X-type exchange is the reaction of interest in this work. 

 Ligand exchange reactions, commonly employed to alter QD solubility or functionality of 

the QD surface, can vary depending on the surface anchoring group and chain length. The simplest 

example of ligand exchange is that between ligands with the same binding group (e.g. a 

carboxylate). When the exchange ligand and the native ligand differ in binding group, complex 

and potentially multi-mechanism exchange reactions can result.14 Controlled tunability of the QD 

surface requires both a mechanistic understanding of ligand exchange, and a quantitative technique 

to monitor the process. Several studies have utilized techniques like photoluminescence 

spectroscopy, 1H NMR spectroscopy, Nuclear Overhauser effect spectroscopy (NOESY)15–18 to 

monitor reactivity and decipher reaction mechanisms. 1H NMR spectroscopy is arguably the most 

popular technique to extrapolate quantitative surface reactivity due to the unique line shape of 

ligands bound to the QD surface.13,19–23 

In most ligand exchange mechanisms, the exchange between the native and the exchanging 

ligands is assumed to rely on a two-component system where ligands are exclusively bound to the 

surface or freely diffusing in solution.14,21,24,25 In this scenario, the exchange proceeds with a one 

step process. However, a few studies have found evidence for a third state beyond the classically 

defined bound and free states.26–30 In 2010, work by Fritzinger et al. proposed a two-step exchange 

mechanism where free/exchanging ligands are “physisorbed” to the QD surface before 

“chemisorption” to replace the native ligand.28 Others have found evidence for a third state beyond 

the classically defined bound and free states including work by Weir and coworkers.6,26–31 In 2019, 

Weir and coworkers found greater than monolayer coverage of oleic acid on PbS QDs with small-
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angle X-ray and neutron scattering suggesting the presence of physisorbed ligands.27 The 

following year, Liu et al. utilized a suite of spectroscopic techniques to propose a “two-step ligand 

exchange”, and related the physisorption of ligands to Van der Waals interactions.29 

It has become evident that ligand exchange at the QD surface is more nuanced than a two-

state model describing only bound and free ligands. In order to explore the limited understanding 

of ligand association and exchange, we elected to study oleate (OA) capped PbS QDs. (Figure 

6.1).  Quantifying ligand exchange rates and their population fractions in various states (both free 

in solution and bound to the QD surface) facilitates understanding of the energetics 

(thermodynamics) of the ligand-binding mechanism. Quantifying energetic parameters establishes 

a basis to innovate next-generation materials for diverse applications. By employing multimodal 

NMR methods, thermodynamic parameters can be precisely quantified. 

In this study, we employ 1H NMR diffusometry and spectroscopy to examine the dynamics 

of OA-capped PbS QDs. Through this, we identify three different subpopulations of ligands (free, 

bound, and adsorbed), and quantify the fractions of each subpopulation within our QD samples. 
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Figure 6.13: Solution and surface studies of oleic acid (OA) capped PbS QDs by NMR. Quantifying ligand 

exchange rates and population fractions of OA ligands in different states by NMR reveals the energetics 

and dynamics of ligand binding mechanism and provides valuable insights toward developing next-

generation QD -based materials. 

We further quantify the equilibrium constants for ligand-QD association and determine 

their standard enthalpy and entropy changes to further understand ligand binding mechanisms. We 

also study the exchange kinetics of ligands between each state to further understand the QD 

surface-ligand transient interactions and dynamics by employing a Dynamic NMR technique, 

broadening our understanding on the exchange mechanism. Our results expand the knowledge of 

thermodynamics and kinetics of ligand binding and exchange processes, allowing more informed 

modification of QD surfaces to desired optoelectronic or catalytic properties for targeted 

applications. The employed NMR methodologies can be implemented on many common NMR 

spectrometers and on many chemical functionalities, enabling wide accessibility to understand 

diverse QD-ligand interactions. 

OH

O

Oleic Acid

Surface Pb Site

Ligand-Adsorbed Pb Site

Population FractionsExchange Kinetics

Free 
Ligand

Adsorbed Ligand

PbS
QDs

!!"



 139 

6.2. Experimental 

6.2.1. General solvent and starting material considerations 

Solvents, including toluene, acetone, and pentane which are used for purification of QDs and for 

UV-visible and NIR absorbance measurements, were purchased from VWR. Toluene-d8 was 

purchased from Cambridge Isotope Laboratories. Lead (II) oxide (99.999%), oleic acid (OA) 

(90%), 1-octadecene (ODE) (90%) and ferrocene (98%) were purchased from Sigma-Aldrich and 

used as received. Bis(trimethylsilyl) sulfide ((TMS)2S) (≥98%) was purchased from Sigma-

Aldrich and stored under N2. 

6.2.2. Synthesis and purification of PbS QDs 

Standard Schlenk line techniques were used for maintaining inert conditions during the 

PbS QDs synthesis.  A modified version of the procedure established by Hines and Scholes was 

followed.32 Lead (II) oxide (0.91 g, 4 mmol), oleic acid (OA) (2.54 mL, 8 mmol), and ODE (35.5 

mL) were combined in a 100 mL three-neck round-bottom flask and stirred under vacuum at 100 

ºC for 2.5 h. The mixture was then heated to 120 ºC under a N2 atmosphere to yield a clear, 

colorless solution.  

Next, (TMS)2S (0.42 mL, 2 mmol) and ODE (5 mL) were combined in a 25 mL pear-

shaped flask under inert atmosphere. The (TMS)2S solution was injected swiftly into the 

Pb(oleate)2 solution at 125 ºC. The reaction proceeded at 123 ºC for 2.5 min, turning dark brown 

as it continued. The reaction flask was removed from the heating mantle, and the QD solution was 

quenched by submerging first in a room-temperature oil batch for 3 min followed by an ice batch 

for 4 min. Three milliliter aliquots of the reaction mixture were transferred to centrifuge tubes, 
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diluted with 1 mL of toluene, precipitated with 9 mL of acetone, and centrifuged at 9000 rpm for 

10 min.  

After decanting the supernatant, the QDs were resuspended in 4 mL of pentane, 

precipitated by adding 4 mL methanol and 4 mL acetone, and centrifuged at 10,600 rpm for 10 

min. Four more total precipitation-centrifugation cycles were carried out with alternating 2 mL 

pentane or toluene, 8 mL acetone for the first two steps and 6 mL acetone for the last two. The 

PbS QDs were isolated from pentane by evaporation, yielding 0.9967 g of QDs. 

6.2.3. 1H NMR spectroscopy for titrations 

Samples for 1H NMR spectroscopy were prepared by determining the concentration of a 

PbS QD stock solution in toluene-d8 after measuring the absorbance of 10 mL of PbS QD stock 

solution in 3.0 mL of toluene. A predetermined volume of stock solution was diluted with toluene-

d8 to obtain a concentration of 150 mM QDs in 590 mL. An internal standard solution of ferrocene 

was prepared by dissolving a precise amount (ca. 10 mg in 1.0 mL of toluene-d8) and 10 µL of this 

solution added to each NMR tube. A precise solution of OA in toluene-d8 was then prepared and 

additions of 50 (7.3 mM), 100 (14.3 mM) and 200 (27.2 mM) equivalents per QD particle were 

added to the NMR tubes. All samples were prepared in inert N2 conditions. Four 1 mm capillaries 

were added to each NMR tube to prevent artifacts in diffusion measurements due to thermal 

convection. All samples were flame sealed to preserve the inertness and ensure the longevity of 

the sample.  

All 1H NMR measurements were made on a 600 MHz Bruker Avance III spectrometer 

equipped with a 5 mm TCI Prodigy cryoprobe (1H inner coil). All measurements were acquired 
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over a temperature range of - 10 to + 23 °C. For quantitative (q-NMR) measurements, 8 scans with 

15° pulse angle and a very long relaxation delay of 100 s between each were used. This is because 

ferrocene in inert conditions have a very long spin-lattice relaxation time (T1). More details on the 

choice of parameters are explained in the SI section 6. This will ensure that >99.9% signal is 

recovered for each scan enabling accurate quantification. All spectra were processed using MNova 

and the multipeak fitting function was used to integrate the alkenyl peaks in the 1H NMR to 

determine the concentration of bound and unbound ligands.  

6.2.4. 1H Pulsed-field-gradient (PFG) NMR diffusometry 

All NMR diffusometry experiments were performed using a 400 MHz Bruker Avance III 

WB NMR spectrometer equipped with a 1H 5 mm coil coupled to a diff50 single-axis (z-axis) 

gradient system. We employed pulsed-field-gradient stimulated echo (PGSTE) sequence to 

measure the diffusion coefficients of ligand species present in different states of the solution. In 

this experiment, the signal intensity 𝐼 for each distinct peak observed in 1H NMR spectroscopy, is 

measured as a function of gradient strength (g). This acquired intensity 𝐼 is given by the Stejskal-

Tanner equation34–36 

 𝐼 = 	 𝐼@e
4T'('S'UV4S3WR = 𝐼@𝑒40R (6.1) 

where 𝐼@ is signal amplitude at 𝑔 = 0, 𝛾 is gyromagnetic ratio, 𝛿 is effective gradient pulse length, 

𝛥 is diffusion time between gradient pulses, and 𝐷 is self-diffusion coefficient. The “𝑏” factor, 

representing all the known NMR-specific parameters and useful for quantifying diffusion 

behaviors, is given by 𝑏 = 	𝛾!𝑔!𝛿!(𝛥 − 𝛿 3⁄ ). The sequence was used with a 90° RF pulse length 

of 4.5 μs, and with effective gradient pulse length of 1 ms. The diffusion time 𝛥 was set to 25 ms. 
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The maximum gradient strength (𝑔<CD) was varied from 60-400 G. cm-1 to achieve more than 95% 

of signal attenuation in 8-16 steps. Faster diffusing species require smaller 𝑔<CD and slower 

diffusing species require larger 𝑔<CD. A sufficient signal-to-noise ratio (SNR) was achieved with 

64-256 scans and acquisition times of 0.2-2 s depending on the chemical species probed (longer 

acquisition time for solvent molecules). 

Spin-lattice relaxation time (T1) measurements using the inversion-recovery sequence and 

the same RF pulse lengths as above yield T1 values for bound and free ligand of 0.85 s and for 

ferrocene it is 30 s. A modified CPMG pulse sequence was used (see Appendix II 6S9 for more 

details) to compensate J-modulation effects and get accurate spin-spin relaxation times T2 for 

ligands and toluene molecules.37 T2 values for bound and free ligands are listed in the Table 6S6 

in Appendix II. The parameters used for PGSTE experiments, as mentioned above, did not 

produce any significant differential signal intensity component weighting (including in two-

component fits, see below in Figure 6.2) due to T1 and T2 spin relaxation variations. 

 Relaxation delay times of 2 s was used between each scan while probing ligand signals 

and a relaxation delay of 6 s was used for solvent toluene-d8 signal to get sufficient SNR to measure 

their respective diffusion coefficients. 2 Hz line broadening was applied during data processing to 

reduce excessive acquisition noise. All NMR experiments were also performed at variable 

temperatures ranging from -10 ± 1°C to room temperature 23 ± 1°C to observe the changes in 

thermodynamics and kinetics of ligand associations with QD particles. 
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6.3. Results and discussion 

6.3.1 Evidence for associated ligands by 1H NMR and NMR diffusometry techniques 

To initially understand the molecular structure of the oleate (R-COO-, OA) ligand and its 

role in binding to PbS QDs, we first examine the 1H NMR spectra of free oleic acid (R-COOH, 

OAH) ligand in toluene-d8 (Figure 6.2A). The OAH shows a distinct alkenyl proton handle, 𝜈*+,, 

(chemical shift of OAH), near 5.6 ppm that is well resolved from the toluene-d8 solvent peak at 

around 7 ppm and from the other alkyl proton signals of OAH below 2.4 ppm. This well-resolved 

𝜈*+,, signal provides a clear “handle” for studying the dynamics of the ligand. For absolute 

quantification, we added ferrocene as an inert internal standard at a known concentration (as 

described in the Experimental section), which gives a well-separated peak at 4.1 ppm (Figure 

6.2A). The alkenyl proton signal from the OAH has a full width at half maximum (𝐹𝑊𝐻𝑀) of 7 

Hz (Figure 6.2B, black trace), which is characteristic of a small molecule undergoing rapid 

tumbling in the solvent. 

We also examined a control sample containing 150 𝜇M PbS QDs capped with oleate (OA) 

ligands in toluene-d8. In this case, the alkenyl proton signal of the QD-bound OA ligand (𝜈0?BOA) 

shifts downfield to 5.8	𝑝𝑝𝑚 due to an aromatic solvent-induced shift (ASIS)38, as shown by the 

red trace in Figure 6.2B. This shift occurs because the aromatic solvent is excluded from the ligand 

shell, meaning the alkene protons of the QD-bound OA do not experience the same aromatic 

environment as those of full solvated free OAH ligand. Additionally, the 𝜈0?BOA signal broadened 

with 𝐹𝑊𝐻𝑀	 = 	60	Hz. This broadening is attributed to homogeneous line broadening in the 

NMR spectrum, which results from the restricted motion of the QD-bound OA ligands in the 

solution. 
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When free oleic acid (OAH, 7.5 mM) was titrated into the OA-capped PbS QD solution, 

we observed two broad alkenyl proton signals in the range of 5.5 – 6 ppm (Figure 6.2B, blue 

trace). The first broad signal at 5.78 ppm, with 𝐹𝑊𝐻𝑀	 = 	60	Hz (Figure 6.2C), can be 

characterized as QD-bound OA ligand, as its chemical shift and width matches the QD-bound OA 

signal (𝜈0?BOA) from the control sample (Figure 6.2B, red trace). The second broad signal appears 

at 5.68	𝑝𝑝𝑚, which is positioned between the chemical shifts QD-bound OA (5.78	𝑝𝑝𝑚) and free 

OAH (5.58	𝑝𝑝𝑚). Therefore, we refer to this as an “intermediate” signal for now. Peak 

deconvolution (Figure 6.2C) shows that this intermediate signal has a 𝐹𝑊𝐻𝑀 = 43	Hz, which is 

broader than the free OAH signal (7	Hz) but narrower than the bound OA ligand signal (60	Hz). 

As we increased the titration concentration of free OAH ligands (7.5 mM, 15 mM, and 30 

mM), this intermediate signal shifted up-field from 5.68	𝑝𝑝𝑚 to 5.62	𝑝𝑝𝑚, approaching the 

chemical shift of free ligand signal (𝜈*+,, = 5.58	𝑝𝑝𝑚). Additionally, the signal width narrowed 

from 43	Hz to 33	Hz (see Figure 6S3 in Appendix II section 3). This concentration-dependent 

shift indicates that the intermediate signal is influenced by the amount of free OAH ligands. This 

behavior can be explained by Rogers and Woodbrey model 39 for a system undergoing exchange 

between two distinct states (further discussion on the model in Section 6.4 of Results and 

Discussion). 

The intermediate signal’s chemical shift and width, lying between those of QD-bound OA 

and free OAH ligands, suggests that it arises due to a fast exchange between two states. If the 

exchange between bound and free ligands were rapid on the NMR timescale exchanging compared 

to NMR time scale (concepts of NMR time scale explained in detail in Appendix II Section 1), 

the two peaks would coalesce into one peak (Figure 6S7). Instead, we observe a gradual up-field 

shift of the intermediate signal as more OAH is titrated, while the chemical shift and width of the 
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QD-bound OA signal remain unchanged. This indicates that the exchange between QD-bound OA 

and free OAH is much slower than the NMR time scale of measurement, (𝜏,D,0'OA ≫ 3.9	𝑚𝑠, see 

Section 1 for NMR timescale discussion). 

Rather than a single-step exchange between QD-bound OA and free OAH, we find 

evidence for a multi-exchange mechanism consistent with prior studies suggesting such processes 

[references]. Since the QD-bound OA ligands do not participate in the observed rapid exchange, 

this exchange must occur between free OAH and QD-associated (i.e. physisorbed 3rd state) ligands. 

Therefore, we attribute this intermediate signal to the rapid exchange between QD-associated and 

free OAH ligands, whose chemical shift (𝜈,D) depends on the concentration of free OAH ligands.  

The concepts for the spectral change dependency with the exchange rate and the timescale 

of NMR measurements is explained more detail in Appendix II section 8. 1D 1H NMR 

spectroscopy allows us to qualitatively estimate the exchange rates of the system. However, the 

fast exchange rate between the free and QD-associated OAH ligands was accurately quantified, 

and the quantification details are explained in section 4 of Results and discussion.   
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Figure 6.14: A. 1H NMR spectrum of free oleic acid (OAH) in toluene-d8 solvent with ferrocene as inert 
internal standard. The signals for the alkenyl protons of OAH (Ha) and ferrocene are well resolved from 
other signals enabling clear study of these species. B. The 1H NMR spectrum of free OAH (black trace, 1), 
QD-bound OA (red trace, 2) and 7.5 mM OAH titrated into the OA-capped PbS QD solution (blue trace, 3) 
with their chemical shifts and FWHM of each signal. C. Deconvoluted 1H NMR spectrum of 3rd sample 
(blue trace) using MNova to get FWHM of the signals 
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To further confirm the fast exchange between free and QD-associated OAH ligands, we 

employed NMR diffusometry with the PGSTE pulse sequence to probe the Brownian motion of 

the ligands in different states. As expected, free OAH at 5.6	𝑝𝑝𝑚 (black trace) exhibited a faster 

diffusion coefficient, 𝐷*+,,= 7.1 × 1045@𝑚! ⋅ 𝑠45, compared to QD-bound OA at 5.8	𝑝𝑝𝑚, which 

had a much slower diffusion coefficient, 𝐷0?BOA = 1.3 × 1045@ 𝑚! ∙ 𝑠45, at 23�C. The slower 

diffusion of the QD-bound OA is due to the larger hydrodynamic diameter of the PbS QD particle 

to which OA is bound. Since the species being probed (free OAH and QD-bound OA) are in one 

diffusion environment, both sets of experimental data fit well with a single diffusion component 

as shown in Figure 6.3.  

When excess of free OAH (7.5 mM to 30 mM) is titrated into a solution containing ligand-

bound PbS QDs, the alkenyl proton signal proton shows two diffusion species as evidenced by the 

two dashed lines for all three titrated solutions (Figure 6.3). For each of these two-component 

Stejskal-Tanner (NMR signal intensity attenuation) plots, the slower diffusing species has 

diffusion coefficient equal to 𝐷0?BOA (dashed lines are parallel to ligand-bound QD sample’s line) 

indicating these species are QD-bound OA ligands (see Table 6.1, values listed within errors). This 

experiment further suggests that the binding/unbinding of QD-bound OA ligands from the surface 

is very slow compared to the NMR diffusometry timescale of measurement, which is simply equal 

to the diffusion time 𝛥. There are no significant changes observed in the OA’s alkenyl proton signal 

and dynamics when 𝛥 = 200	𝑚𝑠, indicating the exchanging time for binding/unbinding of OA is 

𝜏,D,0'OA > 200	𝑚𝑠. As the titration concentration increased from 7.5 mM to 30 mM, the diffusion 

coefficient of the faster species increased but were slower than 𝐷*+,, as shown in Figure 6.3 and 

the values are reported in Table 6.1. Because this diffusion coefficient (𝐷,D) is in between entirely 

bound or entirely free ligands, this suggest that the signal arises from rapid exchange (𝜏,D ≪ 𝛥) 
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between QD-associated and free OAH ligands. With the direct evidence of three ligand states – 

bound, associated, and free – we sought to quantify the partition fraction of the ligand in each state. 

 

Figure 6.15: Variation in NMR signal attenuation of alkenyl proton signal of the ligand (integrated from 

5.5 – 6 ppm) as a function of free OAH concentration titrated into solution containing oleate-capped PbS 

QDs measured at 23°C. 𝑏	is the diffusometry experiment parameter, that contains all known NMR 

experimental parameters. The dashed lines provide a guide to the eye and represent single- or two-

component diffusion coefficients (lines do not actual fit to experimental data). Increasing the titrated ligand 

concentration increased the 𝐷	of faster diffusing species while 𝐷 for slower diffusing species unchanged 

highlighting the very slow exchange for the ligand binding/unbinding process (> 200	𝑚𝑠). 

6.3.2. Quantifying partition fractions of ligands in different states using NMR diffusometry 

The peak deconvolution (MNova) enabled us to determine the partition fraction of the 

bound (𝑓0?BOA) and the exchanging (𝑓,D) signals in the spectrum with the constraint 𝑓0?BOA +
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	𝑓,D = 1. However, to further quantify the population fraction of free and QD-associated ligands 

in the solution, we used the measured diffusion coefficients of different ligand species (Table 6.1). 

Since the observed 𝐷,D is the weighted average of 𝐷*+,,	and 𝐷C77?9, we can determine the 

population fractions of free (𝑓*+,,) and of QD-associated (𝑓C77?9) ligands using the equation  

𝐷,D =
𝑓*+,,
𝑓,D

⋅ 𝐷*+,, +
𝑓C77?9
𝑓,D

⋅ 𝐷C77?9 
(6.2) 

The total population fraction is equal to exchange signal’s population fraction (𝑓*+,, + 𝑓C77?9 =

𝑓,D) since only free and QD-associated ligands contribute to the exchanging signal. Although QD-

associated ligands have different chemical interactions with the QD surface compared to bound 

ligands (evident from the exchange rates with free ligands), it is reasonable to assume the unknown 

𝐷C77?9 is equal to the measured 𝐷0?BOA 	(Table 6.1) as they both represent the Brownian motion of 

the colloidal QD. 

Since 𝜈,D depends on the population fraction and chemical shifts of QD-associated and 

free OA ligands in the solution, we can use Equation 6.3 to determine the chemical shift of the 

QD-associated ligand 𝜈C77?9 

𝜈,D = 𝜈*+,, ⋅
𝑓*+,,
𝑓,D

  + 𝜈C77?9 ⋅
𝑓C77?9
𝑓,D

 
(6.3) 

The determined 𝜈C77?9, determined for all three titration solutions (7.5 mM, 15mM, and 30 mM), 

equals 𝜈0?BOA (see Table 6S5 from Appendix II). This suggests that the probed alkenyl proton 

signal for bound, and QD-associated ligands have similar environment although the ligand 

interactions with the QD surface differ. This chemical similarity further supports  𝐷C77?9 = 𝐷0?BOA 

assumption.  Table 6.1 lists the population fraction and diffusion coefficients of ligands in the three 

distinct states for different titration concentrations of OA ligand. The above experimental 
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observations can be conceptually summarized in Figure 6.4 illustrating the existence of ligands in 

three separate states that are constantly exchanging.  

Table 6.1: Population fractions and diffusion coefficients of ligands in different states 

Temperature 
(23℃) 

Population Fractions of 
Ligands (%) 

Diffusion Coefficients of Ligands 
(× 1045@	𝑚!/𝑠) 

Sample 𝑓89:;< 𝑓=> 𝑓?@== 𝑓ABB9C 𝐷89:;< 𝐷=> 𝐷?@== 𝐷ABB9C 
QD  100 0.0 0.0 0.0 1.3 ± 0.1 0.0  0.0 1.3 ± 0.1 

QD + 7.5mM OA 64 36 10 26 1.2 ± 0.1 2.9 ± 0.1 7.1 ± 0.1 1.2 ± 0.1 

QD + 15mM OA 46 54 32 22 1.3 ± 0.1 4.7 ± 0.2 7.1 ± 0.1 1.3 ± 0.1 

QD + 30 mM OA 31 69 51 18 1.3 ± 0.1 5.4 ±	0.3 7.1 ± 0.1 1.3 ± 0.1 
𝑓'()*+, 𝑓,- are from the bound and exchanging signals and the fractions are derived by deconvoluting the 
1H NMR spectrum. 𝑓./,, and 𝑓011(2 are determined from Equation 6.2 and the constraint 𝑓./,, + 𝑓011(2 =

𝑓,-. 𝐷./,, is the diffusion coefficient of free ligands in solution and is the same in all samples because the 

concentrations in all samples are too low to change the viscosity of the solution. 𝐷'()*+ is the diffusion 

coefficient of bound ligands determined by probing the bound signal 𝜈'()*+ at 5.78 ppm. 𝐷011(2 is the 

diffusion coefficient of QD-associated ligand and 𝐷011(2 =	𝐷'()*+. 
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Figure 6.4: Illustration of Ligand-PbS QD association/binding. The free ligands exist in solvent along with 

bound and QD-associated state ligands on the surface of QD. QD-associated and bound ligands are 

assumed to have equal diffusion coefficients and chemical shifts (within errors) and the assumption is 

supported by Equations 6.2 and 6.3. 

6.3.3. Ligand-QD exchange mechanism and model to predict equilibrium constants 

As oleate (OA) capped PbS QDs are titrated with oleic acid (OAH), we assume that two 

processes occurring simultaneously. First, the free ligand weakly associates with an ‘associated-

site’ (Pb metal) on QD surface forming a ‘QD-associated’ ligand. To confirm this weak association 

between the ligand and the surface Pb metal, we performed a control NMR diffusometry 

experiment using 1-octadecene (ODE), a molecule similar to OAH but lacks a carboxylic acid 

headgroup. Upon titrating an excess of ODE into the solution containing OA-capped PbS QDs, we 

observed no change diffusion coefficient of ODE in this solution compared to free ODE (see SI 

Section 2 for more details). This suggests that ligands association at the QD surface requires a head 

group, in this case, a carboxylic acid. Due to the weak nature of this association, a fast exchange 

(𝜏,D < 3.9	𝑚𝑠) occurs between the free and QD-associated ligand, resulting in a fast-exchanging 

signal that appears (5.68	𝑝𝑝𝑚) between free OAH (5.58	𝑝𝑝𝑚) and QD-bound OA (5.78	𝑝𝑝𝑚) 

chemical shifts on 1H NMR spectrum (see Figure 6.2B, blue trace). 

Second, the free ligand also chemically binds with a ‘bound site’ (Pb metal) on QD surface 

forming a ‘QD-bound’ ligand. The exchange time between the bound and free ligands, however, 

is longer compared to NMR measurement timescale (𝜏,D,0'OA ≫ 3.9	𝑚𝑠). Hence, we observe an 

unchanged bound signal (both chemical shift and FWHM) in the NMR spectrum when excess of 

free OAH is titrated into the ligand-bound PbS QD solution.  

We also tested our monolayer assumption measuring the particle size using NMR 

diffusometry. Using the Stokes-Einstein equation (Equation 6S7), we determined the size of OA-
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capped PbS QD particle to be 5.6 nm. Notably, the particle size remain unchanged after titrating 

free OAH into the solution. From the NMR diffusometry, we measured the ligand shell to 1 nm 

thick, allowing us to estimate the PbS QD core size as 3.6 nm (within error, see Table 6S2). TEM 

measurements provided a QD particle diameter of 3 nm, which is in good agreement with the NMR 

data when accounting for experimental error. More details on the particle size determination from 

NMR are discussed in Appendix II section 4. These consistent measurements from NMR and 

TEM supports our theory of a single layer of ligands on the QD surface. Therefore, we applied 

Langmuir adsorption model40 to determine the equilibrium constants for both free ⇌	associated 

and free ⇌ bound ligand exchange processes. The Langmuir model for ligand binding and 

association are defined as: 

 𝐾C77?9   =  
[𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒]

[𝐹𝑟𝑒𝑒 𝐿𝑖𝑔𝑎𝑛𝑑][𝑇𝑜𝑡𝑎𝑙	𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒] 

 

(6.4) 

𝐾0'OA =
[𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑡𝑒]

[𝐹𝑟𝑒𝑒 𝐿𝑖𝑔𝑎𝑛𝑑][𝑇𝑜𝑡𝑎𝑙	𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑡𝑒𝑠] 
(6.5) 

 

We define 𝐾C77?9 and 𝐾0'OA using concentrations rewritten as number of ligands (or sites) 

per QD. This simplifies molecular level interpretation of the quantities and only requires us to 

define the QD concentration equal to 1. With that consideration, [𝐹𝑟𝑒𝑒 𝐿𝑖𝑔𝑎𝑛𝑑] is defined as the 

average number of free ligands per QD in solution. [𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑡𝑒] is defined as the 

average number of bound ligands per QD, and [𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒] is defined as the 

average number of QD-associated ligands per QD. [𝑇𝑜𝑡𝑎𝑙	𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑡𝑒𝑠] is the average total 

number of surface sites per QD particle available for ligand binding. Similarly, 

[𝑇𝑜𝑡𝑎𝑙	𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒] is the average total number of surface sites per QD particle available for 

ligand association.  
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Historically, it is well studied that an anionic ligand (X-type, e.g. carboxylate group) 

interacts with metal atoms on the QD surface8,9,21,22,41,42, in this case Pb atoms. This is also 

supported by a control NMR diffusometry study on the ligand 1-octadecene (see Appendix II 

section 2).  Since it is difficult to distinguish and quantify bound and associated Pb sites on the 

QD surface, we assume both [𝑇𝑜𝑡𝑎𝑙	𝐵𝑜𝑢𝑛𝑑	𝑆𝑖𝑡𝑒𝑠] and [𝑇𝑜𝑡𝑎𝑙	𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒𝑠] are equal to the 

average total number of surface Pb sites estimated per QD. For a QD of diameter 3.6 nm, we 

estimate there are 260 Pb surface atoms on the QD that are potentially the surface sites for a ligand 

to either weakly associate or chemically bind to the QD. This estimated number depends on the 

size and crystal structure of the PbS QD, and the assumptions to quantify the number are further 

explained in Appendix II section 5. 

By combining 1H NMR spectroscopy and NMR diffusometry, we quantified the population 

fractions of ligands in three distinct states (Table 6.1). The total number of ligands per QD were 

quantified by comparing signal integrals of the alkenyl protons from OA ligand and the proton 

signal from ferrocene. More details on the ligand quantification are provided in Appendix II 

section 6. This quantified number enabled us to determine [𝐹𝑟𝑒𝑒 𝐿𝑖𝑔𝑎𝑛𝑑], [𝐿𝑖𝑔𝑎𝑛𝑑 −

𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑡𝑒], [𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒], and [𝑇𝑜𝑡𝑎𝑙	𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒] (Table 6S4) from 

determined population fractions (Table 6.1). Figure 6.5A, shows the number of ligands per QD at 

room temperature (23°C), partitioned in the different states. 

As the concentration of free OAH increased (from 7.5 mM to 30 mM), we observed a 

gradual decrease in the number of bound ligands per QD, as shown in Figure 6.5A. One possible 

explanation for this decrease is that the acidic proton from free OAH may weaken the chemical 

bond of oleate (OA) on the QD surface, leading to a reduction in the NMR signal. However, 

confirming this hypothesis requires additional experiments which is subject of future work. 
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Notably, despite the decrease in bound ligands, the total number of ligands on the QD surface 

(including both QD-associated and bound) remained constant with increasing OAH concentration. 

This phenomenon could be attributed to the higher enthalpy of free OAH ligands in a non-polar 

solvent like toluene. The free ligands exhibit a thermodynamic preference for binding or 

associating with the QD surface to achieve lower enthalpy states, thereby maintaining a constant 

total number of surface ligands. This observation provides valuable insights into the dynamic 

equilibrium of ligand binding on QD surfaces and the interplay between solvent effects and surface 

interactions.  

We also measured the variation in ligand population fractions with respect to temperature 

for a solution containing OA-capped PbS QDs titrated with 15 mM of free OAH into the solution. 

As the temperature of the solution was lowered from 23°C to –10°C (Figure 6.5B), a notable shift 

occurs in the ligand population: the fraction of free OAH ligands in solution decreases while the 

fraction bound/associated to the QD surface increases. This behavior can be explained through 

thermodynamic principles. At higher temperatures, the system favors states with higher entropy, 

allowing free ligands to maintain more degrees of freedom. However, as the temperature decreases, 

the entropic contributions to the Gibbs free energy becomes less significant, making the 

exothermic binding/association of ligands to the QD surface more favorable. Consequently, the 

reduced entropic cost associated with ligands adopting a less entropic state near the QD surface 

promotes greater ligand binding, resulting in fewer OAH ligands in solution. This temperature-

dependent behavior is crucial for understanding and controlling the surface chemistry of QDs, 

which significantly influence their optical and electronic properties.  
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Figure 6.5: A. Average number (populations) of OA ligands in different states per QD (on the surface and 
in the free solution) measured at 23°C. The populations change as the titrated concentration of OA into the 
solution changes. B. Ligand population changes for as sample with ligand-bound PbS QDs with 15 mM of 
OA titrated into the solution upon cooling from 23°C to -10°C. Increasing the acidity of the solution reduced 
OA binding on the QD surface and lowering the temperature improved ligand binding on the QD surface.   
 

To further understand the energies of ligand binding and association on the QD surface, we 

measured the equilibrium constants, K, for both processes using Equation 6.4 and 6.5 at four 

different temperatures (23°C to –10°C). The number of ligands per QD are used as concentrations 

to determine the equilibrium constants, 𝐾0'OA and 𝐾C77?9. Table 6S4 in Appendix II section 6 lists 
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number of OA ligands per QD in different states for all concentrations of free OAH ligands (0 to 

30 mM) titrated into the OA-capped PbS QD solution. The table also contains the variation in the 

number of ligands per QD in different states as the temperature of the sample was lowered from 

23°C to –10°C. The van’t Hoff graphs plotted from equilibrium constants and temperature provide 

us with the enthalpic (Δ𝐻) and the entropic (𝑇Δ𝑆) energy changes for the ligand to either associate 

or chemically bind to the QD surface (Figure 6.6A and 6.6B). The Gibbs free energy changes for 

binding and association with respect to sample concentration and encapsulation process at 25°C 

are shown in Figure 6.6C and 6.6D respectively. 

 Both ligand binding and association processes are exothermic as observed from the 

negative Δ𝐻. The enthalpy change is more negative in binding (Δ𝐻0'OA) than association 

(Δ𝐻C77?9), indicating that the ligand binding is stronger compared to association, as hypothesized 

earlier from NMR measurements where the bound signal did not change after titrating free OAH 

ligands. We also observe an entropic penalty (Δ𝑆 < 0) when ligands are on QD surface because 

the ligands are restricted when they bind/associate to the surface of the QD particle. Clearly these 

processes are enthalpy driven and thus the ligand coverage on QD surface is more favorable at 

lower temperatures.  

Also, as the concentration of free OAH titrated into the solution increased, we observed an 

increase in enthalpy of binding (Δ𝐻0'OA), while the entropy of binding (Δ𝑆0'OA) remained constant.  

Consequently, the Gibbs free energy of binding Δ𝐺0'OA (Δ𝐻0'OA − 𝑇Δ𝑆0'OA)	increased, indicating 

a decrease in the spontaneity of ligand binding. This phenomenon can be attributed to two primary 

factors. First, the increase in free OAH concentration introduces more acidic protons, which may 

weaken the binding of OA ligands already on the QD surface, contributing to the increase in  

Δ𝐻0'OA. Second, as free OAH concentration increases, fewer surface sites are available for binding, 
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potentially leading to an increase in the enthalpy of binding for the remaining free ligands. These 

factors collectively result in an increase in  Δ𝐺0'OA as free OAH concentration increases, explaining 

the observed decrease in ligand binding spontaneity.   

The thermodynamic analysis of ligand binding and association processes on QD surfaces 

reveal distinct behaviors as the concentration of free OAH in solution changes. The enthalpy of 

association (Δ𝐻C77?9) is less negative compared to enthalpy of binding (Δ𝐻C77?9 > Δ𝐻0'OA), 

indicating that ligand binding is indeed stronger than association, as expected. For the ligand 

association process, both Δ𝐻C77?9 and Δ𝑆C77?9 became more negative as the OAH titration 

concentration increased from from 7.5 mM to 15 mM. However, a further increase in titration 

concentration from 15 mM to 30 mM resulted in more positive values for both Δ𝐻C77?9 and 

Δ𝑆C77?9. The Ligand association is slightly less spontaneous compared to ligand-binding as 

hypothesized and its spontaneity decreases with increase in the free OA titration concentration in 

the solution. Similar to ligand binding, this decrease in spontaneity is attributed to saturation of Pb 

associated sites on QD surface.  

These thermodynamic studies aid in optimizing ligand substitution process. For X-type 

binding, the acidity of the solution affects native ligand binding energies, providing better control 

over the degree of substitution and functionality of the QD surface. Additionally, the steric effects 

of the ligand on substitution can be predicted from these studies. However, these effects may be 

minimal, particularly at lower titration concentration and with larger surface area available on the 

QD. By providing a quantitative understanding of the ligand-QD interactions, thermodynamic 

energies help researchers make informed decisions in designing and optimizing QD systems for 

various applications. Quantifying these energies enables researchers to optimize QD dispersibility, 
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electronic properties, and optoelectronic performance for various applications in fields like solar 

cells, light-emitting devices and other optoelectronic systems [references]. 

 

Figure 6.6: A, B. Van't Hoff (natural log of Keq vs. inverse temperature) plots for binding and association 
of OA on PbS QDs for three different concentrations of free ligands titrated into QD solution. C, D. The 
enthalpy (∆𝐻), entropy (∆𝑆), and Gibbs (∆𝐺) free energy for ligand binding and association processes for 
all three samples at 25°C. The positive ∆𝐺 indicates that the ligand binding and association processes are 
weighted towards reactants at room temperature, and that they are enthalpy-favored reactions. 

6.3.4. Kinetics of fast exchange between free Ligands and QD-associated ligands 

Chemical exchange commonly appears in an NMR spectrum, primarily evident from the broad 

signals arising in the 1H spectra of hydroxyls and amines.43–49 Such exchange appears in our 

samples (Figure 6.2B, blue trace), where we observe a broad exchanging signal (which is same as 
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the ‘intermediate’ signal) near 5.7 ppm. The signal arises from fast exchange (compared to the 

NMR timescale of measurement, Appendix II section 1) between free and associated ligands. In 

this timescale (3.9 ms), we observe the simultaneous occurrence of both forward association and 

backward dissociation of OA ligand to an associated PbS QD surface site with rate constants 𝑘C77?9 

and 𝑘A'77?9, respectively, and as given by  

 
(6.6) 

The lineshape and chemical shift of this exchanging peak (intermediate peak) depends on 

the exchange rate of the probed nuclei and the population fraction of the ligands between two 

states, as shown Figure 6S7 in Appendix II section 8. From 1H NMR (Figure 6S3) and NMR 

diffusometry measurements (Table 6.1) we can confirm that OAH ligand exchanges rapidly 

between free and QD-associated states for all three of our OA-titrated samples (7.5 mM, 15 mM, 

and 30 mM). To accurately quantify such exchange rates, Rogers and Woodbrey43 developed a 

generalized lineshape function 𝑆,D(𝑣) for a two-site exchange model as described below 

(Equations 6.7-6.12). Gutowsky and Holm later applied this model for first time to study amide 

bond rotation kinetics.47  

 𝑆,D(𝜈) = 𝐶@	 × �
𝑃 B1 + 𝜏,D @

𝑝7?&>
𝑇!,C77?9

+ 𝑝C77?9
𝑇!,	*+,,

AD + 𝑄𝑅

(𝑃)! + (𝑅)! � (6.7) 

𝑃 = 𝜏,D	 × Q
1

𝑇!,C77?9 × 𝑇!,*+,,
− 4𝜋!∆𝜈! + 𝜋!𝛿𝜈!R +

𝑝C77?9
𝑇!,C77?9

+
𝑝*+,,
𝑇!,*+,,

 

 
(6.8) 

𝑄 = 𝜏,D	 × ³2𝜋∆𝜈	 − 𝜋𝛿𝜈(𝑝C77?9 − 𝑝*+,,´ 
 

(6.9) 

𝑅 = 2𝜋∆𝜈 &1 + 𝜏!" *
1

𝑇#,)**+,
+

1
𝑇#,-.!!

,- + 𝜋𝛿𝜈𝜏!" *
1

𝑇#,)**+,
−

1
𝑇#,-.!!

, + 𝜋𝛿𝜈5𝑝)**+, − 𝑝-.!!6 (6.10) 
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𝛿𝜈 = 	 µ𝜈C77?9 − 𝜈*+,,µ (6.11) 

∆𝜈 = @
𝜈*+,, + 𝜈C77?9

2 A − 𝜈 (6.12) 

𝜏,D =
𝑝C77?9
𝑘C77?9

=	
𝑝*+,,
𝑘A'77?9

 (6.13) 

The above lineshape function 𝑆,(𝜈) depends on the exchange lifetime 𝜏,D, which 

represents the overall exchange time for ligand association and dissociation. This exchange time 

is the reciprocal of the overall exchange rate constant 𝑘,D = 𝑘C77?9 + 𝑘A'77?9 = 𝜏,D45. Despite its 

complexity, the lineshape function requires only six known parameters to fit the experimental data 

and determine 𝜏,D. These parameters are the spin-spin relaxation times (𝑇!,	*+,,, 𝑇!,C77?9) and the 

chemical shifts (𝜈*+,, , 𝜈C77?9) for non-exchanging free and QD-associated ligands, and population 

fractions (𝑝*+,, =
*34--
*-5

, 𝑝C77?9 =
*6!!78
*-5

) for exchanging free and QD-associated ligands. In this 

function, 𝛿𝜈 represents the chemical shift difference between the two exchanging sites and ∆𝜈 

denotes the midpoint frequency between the free and associated ligand signals as shown in the 

Equations 6.11, 6.12. 𝐶@ is a scaling factor determined by fitting the experimental data with 

lineshape function.  

We determined the spin-spin relaxation times for the non-exchanging free ligand (𝑇!,	*+,,) 

and QD-associated ligand (𝑇!,	C77?9) proton nuclei using a modified CPMG pulse sequence, which 

minimizes J-modulation effects and enables more accurate determination of 𝑇! values (see 

Appendix II section 9). Since alkenyl protons of QD-bound and QD-associated ligands have 

similar chemical environments, we can assume that 𝑇!,C77?9 = 𝑇!,0?BOA. We measured 𝑇!,0?BOA 

using the modified CPMG pulse sequence on a control dialyzed sample containing only bound 

ligands without excess of OA. We determined population fractions 𝑝*+,, and 𝑝C77?9 from NMR 
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diffusometry measurements using Equation 6.2, as explained above. We determined 𝜈*+,, from a 

sample with only free OA in toluene-d8 and determined 𝜈C77?9 using Equation 6.3.  

Due to the overlap of the exchanging and bound peaks (Figure 6.2B, also Figure 6S8 in 

Appendix II section 8), we deconvoluted the signals using MNova. We fit the separated 

exchanging signal data using complete lineshape function (Equations 6.6-6.11) and the bound 

signal integrals and line positions (chemical shifts) using the following Lorentzian lineshape 

function 

𝑆0?BOA(𝜈) =
𝐶5
2𝜋 × ¶

𝑤
2

(𝜈 − 𝜈@)! + F
𝑤
2G

!¸ (6.14) 

 

where, 𝜈@ is the resonance frequency (in Hz) of the bound signal, 𝑤 is the defined above FWHM 

(Hz) of the bound signal, and 𝐶5is a scaling factor. We determined 𝜈@ and 𝑤 from the deconvoluted 

bound signal. 

We then determined the exchange lifetime 𝜏,D, by least-squares fitting the deconvoluted 

exchange NMR signal with Equation 6.7. We performed this fitting process using Python (code 

details are presented in the Appendix III). Similarly, we fit the bound signal with Equation 6.14. 

Figure 6.7 (dashed line) displays the fits of the acquired 1D spectra (solid line) of a sample 

containing ligand-bound PbS QDs titrated with 15 mM of OA into the solution, measured at 23°C. 

The spectral fitting confirms that the obtained 𝜏,D accurately represents the expected exchange 

between QD-associated and free ligands. Table 6.2 lists the parametric values used to determine 

𝜏,D and in turn determine 𝑘C77?9 for ligand association. At low titration concentrations, we observe 

faster exchange due to more available sites for ligand association. This determined exchange rate 
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decreases with increasing ligand titration concentration, which we attribute to the saturation of 

associated sites on QD surface, reducing the availability of sites for ligand association. 

 

Figure 6.7: Least-squares fitting (dashed line) of an acquired alkenyl proton spectrum (solid line) for a 

sample containing ligand-bound PbS QDs titrated with 15 mM OAH, measured at 23°C. The fitted curve, 

a linear combination of optimized lineshape and Lorentzian functions, closely matches the acquired data, 

indicating the accuracy of the determined exchange lifetime,	𝜏,-. 
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Figure 6.8: Change in population fraction of the ligand in different states (bound, QD-associated, and free) 

with increase in OAH titratation concentration. 

Table 6.2: Ligand association rate (𝑘C77?9) dependence on concentration of titrated OA  

Sample 𝒑𝒂𝒔𝒔𝒐𝒄 
(%) 

𝒑𝒇𝒓𝒆𝒆 
(%) 

𝝂𝒇𝒓𝒆𝒆 
(𝑝𝑝𝑚) 

𝝂𝒂𝒔𝒔𝒐𝒄 
(𝑝𝑝𝑚) 

𝑻𝟐,	𝒇𝒓𝒆𝒆 
(𝑠) 

𝑻𝟐,	𝒂𝒔𝒔𝒐𝒄 
(𝑠) 

𝝉𝒆𝒙 
(s) 

𝒌𝒂𝒔𝒔𝒐𝒄 
(𝑠45) 

QD +7.5mM OA 29 71 5.58 5.74 0.78 0.053 8.9×10-4 490±50 

QD + 15mM OA 59 41 5.58 5.76 0.78 0.053 9.1×10-4 450±50 

QD +30 mM OA 73 27 5.58 5.76 0.78 0.053 1.5×10-3 300±50 

Ligand association rate, 𝑘011(2, is determined from exchange lifetime 𝜏,-, and Equation 6.13. 𝑘011(2 	did 

not change (490±50 s-1, values within error) when the titration concentration increased from 7.5 mM to 15 

mM, because the associated-Pb sites on QD surface are not completely saturated. When the ligand 

concentration was further increased to 30 mM, 𝑘011(2 decreased which is attributed to saturation of 

associated-Pb sites. 

We further measured the energetics of this ligand association process from the kinetics by 

determining the activation energies of the exchange process. To achieve this, we measured the 

Bound 
Ligands

Free 
Ligands

QD Associated 
Ligands

Surface 
Sites

Bound 
Ligands

Free 
Ligands

QD Associated 
Ligands

Surface 
Sites

Bound 
Ligands

Free 
Ligands

QD Associated 
Ligands

Surface 
Sites

Oleic Acid in the Solution

QD Bound Oleic Acid

QD Associated Oleic Acid

OA Titrated



 164 

temperature dependency of 𝑘C77?9 to determine the activation energy (𝐸C,C77?9) of the ligand 

association process. Since this fast exchange process is a physical phenomenon, we can represent 

its temperature dependency using the Arrhenius equation. 

𝑘C77?9 =	𝑘w,C77?9𝑒4x6,6!!78 "E⁄  (6.15) 

In this equation, 𝑘C77?9 is the ligand association rate, 𝑅 is the gas constant, and 𝑇 is the temperature 

of solution. 𝑘w,C77?9 denotes the association rate at infinite temperature, also known as the 

“barrierless reaction rate.”  This empirical relationship enables us to determine 𝐸C,C77?9, the 

activation energy for ligand association. 

Table 6.3 presents the activation energies, 𝐸C,C77?9, for samples containing varying titration 

concentrations of free OAH ligands. At low titration concentrations (7.5 mM), the activation 

energy required for ligand association with Pb sites on the QD surface is minimal. However, as the 

concentration increases, a corresponding increase in the activation energy for association is 

observed. We attribute this phenomenon to the progressive saturation of associated Pb sites on the 

QD surface with increasing free OAH concentration. 

 The surface saturation induces a ‘chain-crowding effect’ elevating the energy barrier for ligand 

association (physisorption) on the surfaces.50,51 Furthermore, the increase in free OAH 

concentration in solvent alters the apparent pKa of the solution, influencing the entropy and 

enthalpy of association. These factors synergistically enhance the ligands’ tendency to remain free 

in the solution, thereby increasing the OAH association on the QD surface.  

Utilizing 𝑘w,C77?9 derived from Equation 6.15 we estimated the activation energies for the 

slow OA ligand-binding process (see Appendix II section 10). The quantified energetics of the 

ligand exchange mechanism, as illustrated in Figure 6S10, provides a comprehensive picture of 

the ligand binding and association processes. Notably, the activation energy for ligand binding is 
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approximately 5-6 times greater than that for ligand association on the QD surface. Consequently, 

the ligand exchange rate between bound and free states is significantly lower than the exchange 

rate for ligand association.  

This enhanced understanding of ligand exchange kinetics and thermodynamics is crucial for 

several reasons 

1. It provides insights into the nature of ligand-QD surface interactions, fundamental to 

controlling QD surface chemistry. 

2. By elucidating the ligand exchange process, we can better assess how ligands influence the 

collision frequency of desired reactants on the QD surface, critical for optimizing QD 

performance in optoelectronic applications 

3. The energetics data offers a quantitative basis for predicting and manipulating ligand 

behavior on QD surfaces. 

4. This knowledge can guide the design of more efficient QD-based devices by allowing for 

precise control over surface properties.  

These findings contribute significantly to our understanding of the complex interplay between 

ligands and QD surfaces, providing a solid foundation for further advancements in QD-based 

technologies.  

Table 6.3: Temperature dependent ligand association rates of OA ligands and their activation 

energies derived from Arrhenius equation. 

 

QD +Bound+ 
7.5mM OA  

(50 equivalent) 

QD + Bound + 
15mM OA  

(100 equivalent) 

QD + Bound + 
30mM OA 

 (200 equivalent) 

Temperature 
𝑲𝒂𝒔𝒔𝒐𝒄 
(𝑠45) 

𝑬𝒂 
(Kj mol⁄ ) 

𝑲𝒂𝒔𝒔𝒐𝒄 
(𝑠45) 

𝑬𝒂 
(Kj mol⁄ ) 

𝑲𝒂𝒔𝒔𝒐𝒄 
(𝑠45) 

𝑬𝒂 
(Kj mol⁄ ) 
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23 490 ± 50 

5.2 ± 5 

450 ± 50 

20.5 ± 5 

300 ± 50 

15.5 ± 5 10 290 ± 50 390 ± 50 280 ± 50 

0 315 ± 50 170 ± 50 240 ± 50 

-10 360 ± 50 190 ± 50 130 ± 50 
 

6.4. Conclusions 

In this project, we significantly advanced our understanding of oleic acid ligand association 

and binding to PbS quantum dots (QDs) by updating the simple two-state ligand model (bound 

and free) to a more comprehensive three-state model (bound, QD-associated, and free). This 

updated model was determined and validated through non-destructive 1H NMR spectroscopy and 

NMR diffusometry measurements. These measurements allowed us to quantify the population 

fractions of OA ligands in three different state and observed population changes by varying the 

solution temperature and free OA titration concentration. This study enabled us to determine the 

thermodynamic properties of the ligand binding/association process by applying the Langmuir 

adsorption model.  

Leveraging NMR’s capability to probe exchange kinetics, we studied kinetics of our QD 

system. Specifically, we observed fast OAH exchange between free and QD-associated ligand 

states and determined their rates using dynamic NMR. This method aided us in determining the 

activation energy of the system, providing crucial insights into the energetics of ligand-QD 

interactions. Our research demonstrated the power of NMR spectroscopy in studying complex 

molecular systems using both 1D and 2D techniques. This enabled in model validation and probing 

dynamic and kinetic properties of the system. We combined experimental data with theoretical 

models to achieve a comprehensive analysis of OA ligand behavior on QD surfaces. Future studies 
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will be aimed at exploring the energetics of ligand association/binding when the incoming ligand 

differs from the native OA ligand. 

This study lays the groundwork for several promising research avenues, including 

computational modeling, investigation of structure-property relationships, development of in-situ 

studies, and novel-ligand design. Our work not only advances the fundamental understanding of 

QD surface chemistry but also provides a powerful tool for rational design and optimization of 

QD-based materials and devices. 
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Chapter 7: Summary and future work 

7.1. Summary 

 This dissertation explores the application of a suite of NMR techniques to investigate the 

dynamics and diffusion of block copolymer micelle, long polyelectrolyte chains, and 

semiconductor nanoparticle colloids. These studies provide crucial insights into the molecular 

interactions and self-assembly mechanisms, which can guide the rational design of materials with 

properties tailored to specific applications. Chapter 2 introduces the foundational concepts of NMR 

techniques, including spectroscopy, relaxation, and diffusometry, which are used to measure the 

dynamics and diffusion of mobile species and assess their influence on material functionality.  

 Chapter 3 focuses on determining the number-average molecular weight (𝑀O) of 

polyelectrolytes from chain’s conformational (Rouse) and translational (Stokes-Einstein) 

dynamics. By employing NMR diffusometry and SAXS, we determined the 𝑀O of CsPSS of five 

different known molecular weights and assessed the limitations of this model. The model proved 

most effective for polyelectrolyte chains with fewer than 2000 monomer (𝑁 < 2000). For larger 

chains (𝑁 > 2000), diffusion coefficients increased continuously with decreasing concentration, 

likely due to residual salts in the solution.  

 In Chapter 4, we investigated the hydrophobic drug encapsulation capability of self-

assembled of block copolymer Pluronic ® F127 (PEG99-PPO69-PEG99) micelles in water. We 

successfully encapsulated three hydrophobic drugs – indomethacin (IND), hydrochlorothiazide 

(HCT), and paclitaxel (PTX) – in F127 micelles. By measuring the diffusion coefficients of the 

drug and polymer species, we quantified the drug partitioning in the micelles. The partitioning was 

dependent on the drug’s hydrophobicity, with nearly all paclitaxel encapsulated in the micelle. 
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Additionally, HCT and IND partition percentages increased with polymer concentration, while 

HCT partitioning percentage in micelle decreased with increasing temperature. This study provides 

a direct approach to understanding the molecular interactions of drug with micelles and aid in 

designing drug-delivery systems specific to the application requirements.  

Chapter 5 examines how molecular modulation influences the macroscopic behavior of 

block copolymer micelles. We synthesized a block copolymer comprising hydrophilic PEG and 

the hydrophobic block poly-(𝑡𝑒𝑟𝑡-butyl acrylate-𝑟𝑎𝑛-𝑛-butyl acrylate). By adjusting the ratio of  

𝑡𝑒𝑟𝑡-butyl acrylate and 𝑛-butyl acrylate monomer concentrations, we varied the glass transition 

temperature 𝑇( of the hydrophobic core from -46°C to 25°C. This modification the equilibrium 

between micelles and unimers in solution, demonstrating that chemical modifications can be used 

to control micelle design for specific applications. 

 Finally, Chapter 6 focuses on the ligand exchange mechanisms in oleate (OA)-capped PbS 

quantum dots titrated with excess free oleic acid (OAH). Combining 1H NMR spectroscopy and 

diffusometry, I accurately quantified the ligand population fractions in three states and tracked the 

changes in these fractions with temperature and OAH titration concentration. I determined the 

thermodynamic parameters for two ligand binding modes (strong and weak) using a Langmuir 

adsorption model and determined kinetic exchange rates and activation energies through dynamic 

NMR. This comprehensive study, combining experimental data and theoretical models, offers 

significant insights into ligand-QD interactions and lays the foundation for future work on ligand 

design and the development of quantum dot interactions and lays the foundation for future work 

on ligand design and the development of QD materials for various applications. 
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7.2. Future Work  

7.2.1. Dispersity studies in polyelectrolytes 

As detailed in Chapter 3, we determined the molecular weight of the polyelectrolytes in 

semidilute unentangled regime using NMR diffusometry. However, many synthetic 

polyelectrolytes exhibit a disperse of molecular weights. Characterizing their molecular weight 

dispersity, is a fundamental requirement for advancing these materials in various applications. 

NMR diffusometry offers a robust technique to characterize the distribution of sizes 

(hydrodynamic radii) of diffusing species and thus their molecular weights.  

 Using NMR diffusometry, the polydispersity of polyelectrolytes can be determined by a 

blend of polyelectrolytes with known molecular weights and low dispersity are very low (Đ ≈ 1), 

in the semidilute unentangled regime. Specifically fitting the NMR diffusometry signal decay of 

the polyelectrolyte blends using a discrete multi-component Rouse model as shown in Equation 

7.1. 

𝐼
𝐼@
=�𝜙'𝑒40R:

'

 (7.1) 

In this equation, 𝜙' represent the mass fraction of polymer chain “𝑖” in a polymer blend, where the 

diffusion coefficient is 𝐷' and ∑ 𝜙'' = 1. Since 𝐷 ∝ 𝑁45 for a polyelectrolyte in a semidilute 

unentangled regime (where 𝑁 is number of repeat units), we can determine the number-average 

𝑁O and weight-average 𝑁F using Equations 7.2 and 7.3 respectively.  

𝑁O =
𝑐𝑘𝑇𝜉!

6𝜂7
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𝑐𝑘𝑇𝜉!
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∑ 𝜙'!/𝐷''
 

(7.3) 
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We analyzed the dispersity from NMR diffusometry by preparing a binary blend of equal 

mass fraction (50:50) of 35K and 457K cesium polystyrene sulfonate (CsPSS) polymers. These 

blends were dissolved in H2O and their overall concentrations were varied from 0.046 M to 0.091 

M. The NMR signal attenuation, from NMR diffusometry experiment, was fit using Equation 7.1 

to get the parameters  𝜙' and 𝐷' for 35K and 457K CsPSS polyelectrolyte chains. Figure 7.1 shows 

the log-transformed NMR signal decay plots of binary blends and Table 7.1 lists the parametric 

values for these blends. The dotted lines in the figure represent the diffusion coefficients of neat 

35K and 457K CsPSS polymer chain solutions at 0.063 M (semidilute unentangled regime).   

Table 7.2: Mass fractions and diffusion coefficients of 35K and 457K polymer chains determined 

using a multicomponent rouse model in a 50:50 polymer blend. 

 Concentration 
(M) 𝜙3ez 𝜙8e{z 𝐷3ez 

(10-12 m2/s) 
𝐷8e{z 

(10-12 m2/s) 

50-50 35K-
457K Binary 

Blend 

0.0426 64% 36% 27 5.7 
0.063 48% 52% 24 5.3 
0.091 55% 45% 28 5.6 

Neat 35K 0.063 100% 0% 33 NA 
Neat 45K 0.063 0% 100% NA 4.3 
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Figure 7.16: Stejskal-Tanner plots (NMR signal attenuation curve) for a 50:50 (wt%) binary 

mixture of 35K and 457K CsPSS polyelectrolytes with overall polymer concentration varied 

from 0.046 M to 0.091 M. The dashed lines show the linear NMR signal decays for neat 35K and 

457K solutions (𝐷 values indicated). The solid lines for the blends are drawn for visual guide but 

do not represent the actual fits from the rouse model.  

The diffusion coefficients obtained from the fits reveal notable differences between the 

35K and 457K CsPSS polymer chains in blends compared to their diffusion coefficients in neat 

solutions. Resolving these discrepancies, either by fixing the developed Rouse model or by 

adjusting the experimental setup, could enable more accurate determination of dispersity in 

polyelectrolyte blends. It is well established that the nuclear spin dynamics in highly viscous 

samples or for polymers with very-high molecular weight are more complex, necessitating further 

investigation, particularly through studies of relaxation dynamics. 

An alternate to fitting the NMR signal attenuation using the discrete Rouse model is to 

apply a diffusion distribution function, such as the gamma function or normal distribution function. 

!	($%&	'())*+(,-	./0/12320)	 ×10!	1"#+

!"
#	
%&
'(
)*
	+(
,-
(.
&,/

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0 100 200 300 400 500 600

0.063M
0.091M
0.046M
Pure 457K
Pure 35K

!. #×%&!"#'# (⁄

*. #×%&!"#'# (⁄

*. +×%&!"#'# (⁄
*. ,×%&!"#'# (⁄

##×%&!"#'# (⁄



 176 

This approach would allow us to utilize fewer parameters while still determining the molecular 

weight dispersity. This approach, along with the corresponding studies will be focus of future 

work. 

7.2.2. Ligand exchange studies using different native and incoming ligands 

In chapter 5, we studied the ligand exchange mechanism, by titrating free oleic acids 

(OAH) into a solution containing oleate (OA)-capped PbS quantum dots (QDs). Although both the 

native ligand (OA) and the incoming ligand (OAH) share same chemical structure, introducing a 

ligand with different binding moiety and chemical structure can alter the chain kinetics and 

dynamics and thereby influencing the energetics of the exchange mechanism. Consequently, in 

future studies, I aim to titrate OA-capped PbS QD solution with undec-10-eonic acid (UDA). UDA 

presents a distinct terminal alkenyl proton, detectable in the NMR spectrum as shown in Figure 

7.2 below. This allows for the measurement of diffusion coefficients of UDA and OA in the 

solution and quantify their population fractions in different states. This study will provide critical 

insights into the design parameters necessary for optimizing and tuning QD properties for various 

applications. 
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Figure 7.17: 1H NMR spectrum of Oleic Acid (OAH) and undec-10-eonic acid (UDA) in toluene-

d8 solvent. Alkenyl proton signal for OAH (Ha) and UDA (Hb, Hc) are well resolved and hence 

allowing us to quantify their population fractions in different states using NMR diffusometry and 

study the ligand exchange mechanism. 

 In summary, this dissertation aimed to provide more insights into the fundamental 

properties of materials by probing molecular transport, quantifying molecules in different chemical 

environments, and determining molecular exchange rates in complex systems, with each of these 

insights covering a range of time and length scales. These measurements were critical in 

correlating the design and performance metrics of the materials and their advancements for newer 

technologies.   
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Materials 

All reagents were obtained from commercial vendors and used as received unless otherwise stated. 

2,2′-Azobis(2-methylpropionitrile) (AIBN) was recrystallized from methanol prior to use. 

Monomers n-butyl acrylate (nBA) and tert-butyl acrylate (tBA) were purchased from Alfa Aesar 

and passed through a plug of basic alumina prior to use. Dry solvents were purified by passage 

through a solvent purification system (MBraun). 

Methods 

NMR spectra for characterization of molecular structures were measured on an Agilent 400 MHz 

spectrometer. 1H and 13C NMR chemical shifts are reported in ppm relative to internal solvent 

resonances. Yields refer to chromatographically and spectroscopically pure compounds unless 

otherwise stated. Size exclusion chromatography (SEC) was carried out in THF at 1 mL/min at 30 

°C on two Agilent PLgel 10 µm MIXED-B columns connected in series with a Wyatt Dawn Heleos 

2 multi-angle light scattering detector and a Wyatt Optilab Rex refractive index detector. No 

calibration standards were used, and dn/dc values were obtained by offline differential refractive 

index measurements. Dynamic light scattering (DLS) was conducted using a Malvern Zetasizer 

Nano operating at 25 °C. A solution of micelles was prepared at 5 mg/mL and filtered with a 0.2 

μm filter prior to scanning. Calculations of the particle size distributions and distribution averages 

were conducted using CONTIN particle size distribution analysis routines with number, volume, 

and intensity averages. Measurements were made in triplicate and errors reflect standard 

deviations. Static light scattering measurements were performed with a Wyatt Dawn Heleos 2 

multi-angle light scattering detector operating in batch mode. Micelle solutions were prepared at 

known concentrations and filtered with a 0.2 µm filter prior to scanning. Absolute weight-average 

molecular weights of aggregates were calculated using Wyatt ASTRA software. Differential 
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scanning calorimetry (DSC) studies were carried out on a Q-2000 DSC in aluminum pans operated 

with a dry nitrogen purge from -10 °C to 100 °C with a heating and cooling rate of 5 °C/min 

modulated ±3 °C/min. Results are reported from the second heat cycle and figures are shown as 

exo down. 

Synthesis of 2-methyl-2-(dodecylsulfanylthiocarbonyl)sulfanyl propanoic acid (CTA) 

 

Dodecanethiol (5 mL, 20.9 mmol) was dissolved in acetone (30 mL) in a round bottom flask. To 

the flask was added tribasic potassium phosphate (8.86 g, 41.7 mmol). The reaction mixture was 

stirred at rt for 10 min. CS2 (3.78 mL, 62.6 mmol) was added dropwise, and the reaction mixture 

was stirred for an additional 1 h. To the flask a solution of 2-bromo-2-methyl propanoic acid (3.91 

g, 23.4 mmol) in 5 mL of acetone was added dropwise. The reaction mixture was stirred overnight 

at rt. Reaction conversion was monitored by TLC using CH2Cl2 as eluent and visualized via UV 

lamp. The reaction mixture was diluted with ~100 mL of CH2Cl2, transferred to a separatory 

funnel, and washed consecutively with 1N HCl and brine. The organic layer was dried over 

Na2SO4 and concentrated via rotary evaporation. Silica gel was added to the concentrated solution 

before removing the rest of the solvent via rotary evaporation. The silica was dry-loaded onto a 

silica gel column, and the product was eluted with CH2Cl2. The product containing fractions, as 

determined by TLC (CH2Cl2 eluent and UV lamp visualization), were combined and concentrated 

via rotary evaporation to yield a yellow solid. The crude product was recrystallized from hexanes 

to yield yellow crystals (4.88 g, 64% yield).The 1H and 13C NMR spectra matched those from 

published reports. 1 
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1H NMR (400 MHz, CDCl3) δ (ppm): 3.25 (2H, t, J = 7.4 Hz, Hd); 1.70 (6H, s, He); 1.64 (2H, m, 

Hc); 1.37 (2H, m, Hb); 1.25 (18H, m, Hb); 0.88 (3H, t, J = 6.9 Hz, Ha)  

13C NMR (400 MHz, CDCl3) δ (ppm): 220.78 (Cd); 178.84 (Cg); 55.59 (Ce); 37.12 (Cc); 31.89-

26.21 (Cb); 23.69 (Cf); 14.13 (Ca) 

 
Figure 5S1. 1H NMR spectrum of 2-methyl-2-(dodecylsulfanylthiocarbonyl)sulfanyl propanoic 
acid (CTA). 
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Figure 5S2. 13C NMR spectrum of 2-methyl-2-(dodecylsulfanylthiocarbonyl)sulfanyl propanoic 
acid (CTA). 
 

Synthesis of macroCTA 

  

A round bottom flask was charged with CTA (0.91 g, 2.50 mmol), polyethylene glycol 

monomethyl ether (Mn = 4,000 g/mol, 5.0 g, 1.25 mmol), 4-dimethylamino pyridine (0.15 g, 1.25 

mmol), and anhydrous CH2Cl2 (5.0 mL). N,N'-Dicyclohexylcarbodiimide (DCC) (0.52 g, 2.50 

mmol) was dissolved in 5.0 mL of anhydrous CH2Cl2 in a vial. The DCC solution was added 

dropwise to the flask containing the other reagents, and the reaction mixture was stirred at rt 

overnight. Reaction conversion was followed by TLC using CH2Cl2 as eluent and visualized via 

UV lamp. The precipitated solids were removed by filtration. The desired product was isolated via 

precipitation from diethyl ether and was purified by repeated precipitations (2-4) from CH2Cl2 into 
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diethyl ether until complete removal low molecular weight side products was confirmed by 1H 

NMR spectroscopy to afford the product as a yellow solid (1.50 g, 69% yield). The 1H NMR 

spectrum matched those from published reports. 2 

1H NMR (400 MHz, CDCl3) δ (ppm): 4.24 (2H, t, J = 5.0 Hz, Hf); 3.81 (2H, t, J = 4.8 Hz, Hg); 

3.63 (~360H, m, Hh); 1.37 (2H, m, Hb); 3.37 (3H, s, Hi); 3.25 (2H, t, J = 7.4 Hz, Hd); 1.69 (6H, s, 

He); 1.64 (2H, m, Hc); 1.25 (18H, m, Hb); 0.87 (3H, t, J = 6.6 Hz, Ha) 

 

 
Figure 5S3. 1H NMR spectrum of PEG-(2-methyl-2-(dodecylsulfanylthiocarbonyl)sulfanyl 
propanoic acid) (macroCTA). 
 

 

Synthesis of PEG-b-poly(nBA-ran-tBA) copolymers 
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A typical polymerization procedure is as follows: An oven-dried Schlenk tube was equipped with 

a magnetic stir bar and was evacuated on a Schlenk line and refilled with N2 gas. Next, macroCTA 

(200 mg, 0.046 mmol), nBA (0.185 mL, 1.29 mmol), tBA (0.187 mL, 1.29 mmol), and 1.5 mL of 

anhydrous DMF were added via gas-tight syringe through a septum under N2 flow. A separate 

solution of AIBN was prepared by dissolving 3.8 mg (0.023 mmol) in 1 mL of anhydrous DMF in 

a vial. 100 μL of this solution was added to the Schlenk tube. The tube was then deoxygenated by 

subjecting the contents to three freeze−pump−thaw cycles. The Schlenk tube was then backfilled 

with N2 and submerged in an oil bath maintained at 80 °C. Samples were removed periodically by 

N2-purged syringe to monitor molar mass evolution by SEC and monomer conversion by 1H NMR 

spectroscopy. The polymerization was quenched by submerging the tube into liquid N2 and 

exposing the reaction mixture to air. The resulting PEG-b-poly(nBA-ran-tBA) was isolated via 

precipitation into a large excess of cold 1:1 hexanes:ether. If necessary, further precipitations from 

CH2Cl2 into cold 1:1 hexanes:ether were performed to remove residual monomer. 
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Synthesis of poly(nBA-ran-tBA) copolymers 

  

A typical polymerization procedure is as follows: An oven-dried Schlenk tube was equipped with 

a magnetic stir bar and was evacuated on a Schlenk line and refilled with N2 gas. Next CTA (25 

mg, 0.069 mmol), nBA (980 μL, 6.9 mmol), tBA (990 μL, 6.9 mmol), and 1.5 mL of anhydrous 

DMF were added via gas-tight syringe through a septum under N2 flow. A separate solution of 

AIBN was prepared by dissolving 11 mg (0.069 mmol) in 1 mL of anhydrous DMF in a vial. 100 

μL of this solution was added to the Schlenk tube. The tube was then deoxygenated by subjecting 

the contents to three freeze−pump−thaw cycles. The Schlenk tube was then backfilled with N2 and 

submerged in an oil bath maintained at 80 °C. Samples were removed periodically by N2-purged 

syringe to monitor molar mass evolution by SEC and monomer conversion by 1H NMR 

spectroscopy. The polymerization was quenched by submerging the tube into liquid N2 and 

exposing the reaction mixture to air. The resulting Poly(nBA-ran-tBA) was isolated via 

precipitation into a large excess of cold 3:1 hexanes:ether. If necessary, further precipitations from 

CH2Cl2 into cold 3:1 hexanes:ether were performed to remove residual monomer. 

PEG-b-P(nBA-ran-tBA) micelle assembly 

A typical micelle assembly procedure is as follows: A scintillation vial equipped with a stir bar 

was charged with polymer (50 mg) and THF (1 mL). Distilled H2O (7 mL) was added dropwise to 

the vial via syringe pump over 70 minutes, and the solution was allowed to stir afterwards for 15 

min. The solution was transferred to dialysis tubing (6-8 kD MWCO) and dialyzed against distilled 

water for 18 h, changing the water once after 2 h and again after 4 h. The resulting aqueous solution 
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was removed from the dialysis tubing and diluted with distilled water to a final volume of 10.0 mL 

(5 mg/mL polymer concentration).  

 
Figure 5S4. SEC trace of polymer 1a (PEG-b-P(nBA)). 
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Figure 5S5. SEC trace of polymer 1b (PEG-b-P(nBA-ran-tBA)). 
 

 
Figure 5S6. SEC trace of polymer 1c (PEG-b-P(nBA-ran-tBA)). 
 

 
Figure 5S7. SEC trace of polymer 1d (PEG-b-P(nBA-ran-tBA)). 
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Figure 5S8. SEC trace of polymer 1e (PEG-b-P(nBA-ran-tBA)). 
 

 
Figure 5S9. SEC trace of polymer 1f (PEG-b-P(nBA-ran-tBA)). 
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Figure 5S10. SEC trace of polymer 1g (PEG-b-P(tBA)). 

 
Figure 5S11. SEC trace of polymer 2a (P(nBA)). 
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Figure 5S12. SEC trace of polymer 2b (P(nBA-ran-tBA)). 

 
Figure 5S13. SEC trace of polymer 2c (P(tBA)). 
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Figure 5S14. 1H NMR spectrum of polymer 1a (PEG-b-P(nBA)). 
 

 
Figure 5S15. 1H NMR spectrum of polymer 1b (PEG-b-P(nBA-ran-tBA)). 
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Figure 5S16. 1H NMR spectrum of polymer 1c (PEG-b-P(nBA-ran-tBA)). 
 

 
Figure 5S17. 1H NMR spectrum of polymer 1d (PEG-b-P(nBA-ran-tBA)). 
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Figure 5S18. 1H NMR spectrum of polymer 1e (PEG-b-P(nBA-ran-tBA)). 
 

 
Figure 5S19. 1H NMR spectrum of polymer 1f (PEG-b-P(nBA-ran-tBA)). 
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Figure 5S20. 1H NMR spectrum of polymer 1g (PEG-b-P(tBA)). 
 

 

 
Figure 5S21. Concentration versus differential refractive index plot for polymer 1a (PEG-b-
P(nBA)). Measurements performed in THF at 25 °C.  
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Figure 5S22. Concentration versus differential refractive index plot for polymer 1c (PEG-b-
P(nBA-ran-tBA)). Measurements performed in THF at 25 °C. 

 
Figure 5S23. Concentration versus differential refractive index plot for polymer 1f (PEG-b-
P(nBA-ran-tBA)). Measurements performed in THF at 25 °C. 
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Figure 5S24. Concentration versus differential refractive index plot for polymer 1g (PEG-b-
P(tBA)). Measurements performed in THF at 25 °C. 
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Figure 5S25. 1H NMR spectra of aliquots of an nBA/tBA polymerization at several timepoints. 
The colored dots denote the vinyl proton signals of nBA or tBA monomer. The ratio of signals 
does not change over the course of the polymerization, signifying the monomers are 
incorporating into the polymer equally.  
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Figure 5S26. DSC trace of polymer 1a (PEG-b-P(nBA)). Second heating cycle shown.  
 

 
Figure 5S27. DSC trace of polymer 1b (PEG-b-P(nBA-ran-tBA)). Second heating cycle shown. 
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Figure 5S28. DSC trace of polymer 1c (PEG-b-P(nBA-ran-tBA)). Second heating cycle shown. 
 

 
Figure 5S29. DSC trace of polymer 1d (PEG-b-P(nBA-ran-tBA)). Second heating cycle shown. 
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Figure 5S30. DSC trace of polymer 1e (PEG-b-P(nBA-ran-tBA)). Second heating cycle shown. 
 

 
Figure 5S31. DSC trace of polymer 1e (PEG-b-P(nBA-ran-tBA)). Second heating cycle shown. 
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Figure 5S32. DSC trace of polymer 1g (PEG-b-P(tBA)). Second heating cycle shown. 
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Figure 5S33. Excerpts from DSC traces of polymers 1a-g highlighting glass transition 
temperatures for hydrophobic blocks. Second heating cycle shown. 
 

 
Figure 5S34. Correlation decay functions for micelle solutions (5 mg/mL in DI H2O) of 
polymers 1a-g. Intensity average hydrodynamic diameters calculated using CONTIN particle 
size distribution analysis. 
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Figure 5S35. Static light scattering intensity at 90° for micelle solutions (5 mg/mL in DI H2O) of 
polymers 1 a-g. Mw calculated through multi-angle light scattering analysis using ASTRA VII 
software. 
 
 
Equation S5.1.  

𝑁C(( =	
(𝑀F 	𝑜𝑓	𝑝𝑜𝑙𝑦𝑚𝑒𝑟	𝑚𝑖𝑐𝑒𝑙𝑙𝑒)
(𝑀F 	𝑜𝑓	𝑏𝑙𝑜𝑐𝑘	𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

 

 
 

Table 5S1. DLS Characterization of micelles from polymers 1a-g. 



 204 

Polymer Mol% 
nBAa 

Number average  
Dh (nm)b 

Volume average 
Dh (nm)b 

Intensity average 
Dh (nm)b 

Micelle 
PDIc 

1a  100 19.5 ± 0.1  21.9 ± 0.1 25.1 ± 0.1 0.014 
1b 75 18.6 ± 0.1  19.5 ± 0.1 28.9 ± 0.1 0.110 
1c 60 20.2 ± 0.1 23.4 ± 0.1 27.9 ± 0.1 0.060 
1d 50 19.7 ± 0.2 22.3 ± 0.1 26.2 ± 0.2 0.046 
1e 40 20.0 ± 0.1 22.9 ± 0.2 27.1 ± 0.6 0.051 
1f 25 20.2 ± 0.2 23.1 ± 0.2 27.0 ± 0.2 0.043 
1g 0 19.0 ± 0.2 21.9 ± 0.1 26.2 ± 0.5 0.059 

anBA/tBA molar ratio measured by 1H NMR spectroscopy. b Hydrodynamic diameter measured by DLS at 
5 mg/mL in DI H2O. Result reported as average of 3 measurements with error reflecting standard 
deviation. c Micelle polydispersity index measured by DLS at 5 mg/mL in DI H2O.  
 
NMR diffusometry acquisition details and signal-decay plots 

Self-diffusion coefficients of polymers in solution were determined using a 400 MHz (9.4 

T) Bruker Avance III WB NMR spectrometer, equipped with a MIC probe coupled to a Diff60 

single-axis (z) gradient. The pulsed-gradient stimulated echo (PGSTE) sequence3 was used for 1H 

diffusometry with a 90° RF pulse length of 4.5 μs, a half sinusoid gradient pulse length of δ = 3.14 

ms (effective rectangular pulse length = 2 ms), diffusion time Δ = 25 ms, and post-gradient delay 

= 1 ms for all measurements. Maximum gradient strengths were adjusted in the range 200-500 

G·cm-1 to achieve 80 – 99% signal attenuation in 32 steps. Sufficient signal-to-noise ratio (SNR) 

for each data point was achieved with 32 – 256 scans. Acquisition times and relaxation delay times 

were each 1 s, and 3 Hz line broadening was applied during data processing. Relaxation delay 

times of 1 s were used to allow complete relaxation for polymer signals. At elevated temperature, 

the sample was equilibrated for more than 10 min before running experiments at the set 

temperature to thermally equilibrate.  

1D 1H NMR spectra on micelle solutions were acquired with 32 scans, acquisition time of 

1.5 s, relaxation delay time of 3 s, and processing with 3 Hz line broadening. 
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Figure 5S36. NMR diffusometry signal decay curve of micelle sample from polymer 1b (25% 
nBA) at 25 °C.  
 

Figure 5S37. NMR diffusometry signal decay curve of micelle sample from polymer 1c (40% 
nBA) at 25 °C.  
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Figure 5S38. NMR diffusometry signal decay curve of micelle sample from polymer 1d (50% 
nBA) at 25 °C.  

 

 
Figure 5S39. NMR diffusometry signal decay curve of micelle sample from polymer 1e (60% 
nBA) at 25 °C.  
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Figure 5S40.  NMR diffusometry signal decay curve of micelle sample from polymer 1f (75% 
nBA) at 25 °C.  

 
Figure 55S41.  NMR diffusometry signal decay curve of micelle sample from polymer 1b (25% 
nBA) at 15 °C.  



 208 

 
Figure 5S42.  NMR diffusometry signal decay curve of micelle sample from polymer 1b (25% 
nBA) at 35 °C.  

 
Figure 5S43.  NMR diffusometry signal decay curve of micelle sample from polymer 1b (25% 
nBA) at 45 °C.  
 
Determination of Kmicellization from unimer concentration 
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Based on nonionic micelle theory4-5, we can determine the equilibrium constant of unimer 

association (Table S2, also known as the micellization constant Kmicellization) from these 

measurements.  Note that we cannot state unambiguously that these systems are at equilibrium, 

but they are at least in quasi-equilibrium since they are stable for two days or more. Note that we 

are operating in the high aggregation number regime (Nagg ≈ 100). We use the measured free 

unimer concentration as the concentration at which the free unimers are in (quasi) equilibrium with 

the micelles. 

 

 

Table 5S2. Determination of Kmicellization based on polymer composition. 

Mol% 
nBA 

Mn (avg of 
NMR+GPC) (g/mol) 

[Polymer] 
(M) 

Unimer mole 
fraction 

[Unimer] 
(M) 

Kmicellization 
(M-1) 

100 12100 0.00041 0.55 0.00023 4400 
75 12000 0.00042 0.36 0.00015 6700 
60 11900 0.00042 0.29 0.00012 8200 
50 12700 0.00039 0.37 0.00015 6900 
40 11700 0.00043 0.33 0.00014 7100 
25 12800 0.00039 0.25 0.00010 10000 
0 11700 0.00043 0 0 * 

All samples measured at 5 mg/mL concentration. *unimer concentration below measurable limit, so 
Kmicellization very large. 
 
Discussion of intermediate region in signal decay curves 

There is always an intermediate region of intensity that does not lie on either line in a two-

component Stejskal-Tanner plot, regardless of temperature and other experimental parameters. 

This intermediate region depends on several factors, including (1) the difference between the two 

D values (the closer they are, the broader the intermediate region), (2) the relative magnitudes of 

the two components, and (3) if there is polydispersity in one or other of the components. This 

intermediate region is most prominent in the signal decay curve of the 25% nBA micelles at 55 
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°C.  It is possible in this case, that there may be some spread in micelle size and there may be 

aggregates that are not uniform size at this temperature.  We have previously seen evidence with 

diffusometry of micelle size dispersity and/or strong size dependencies near transition 

temperatures/compositions. 6-7 Note, however, that there is always curvature in the intermediate 

regime where straight lines do not overlap the signal data points. Straight lines were inserted into 

Fig. 3E to guide the eye as to the identities of the two separate diffusion coefficients, and these do 

not represent the actual fit line.  Figure S44 below shows an actual fit line that cleanly yields two 

diffusion coefficients and overlaps the intermediate curved region.  

 

Figure 5S44. NMR diffusometry signal decay curve and fit line from polymer 1b at 55 °C. Note 
that the dashed lines in Figure 3E of the main paper are not fit lines, but are simply to guide the 
eye to distinguish between single-component vs. two-component NMR signal decay curves. 
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1. NMR timescale for a 1D NMR and NMR Diffusometry Measurements 

Along with the chemical specificity, NMR instrument can also study dynamics on multiple time 

and length scales. Typically, the time scale of an NMR measurement is dependent on the type of 

experiment and the states of the nuclei probed. For a simple 1D NMR measurement, the time scale 

is dependent on the chemical shift difference (𝛿𝜈) of the two states of the molecule that is being 

observed. In our case, we are observing the dynamics of ligand on QD surface (𝜈0?BOA) and the 

free ligand (𝜈*+,,) in solvent. Hence the NMR timescale (𝜏) for a 1D NMR measurement is given 

by Equation 6S1. 

1
𝑡𝑖𝑚𝑒𝑠𝑐𝑎𝑙𝑒	(𝜏) = 	

𝜋 ∙ 𝛿𝜈	
√2

 6S1 

where 𝛿𝜈 = 𝜈0?BOA − 𝜈*+,, is the chemical shift difference of oleic acid ligand in bound and free 

states as shown in the Figure 6S1 below. For OA and QD system, measured on a 600 MHz 

instrument, 𝜏 = 3.9	𝑚𝑠 for a 1D spectrum. However, in an NMR diffusometry experiment 𝜏 is 

dependent on the experimental parameter ‘diffusion time’ (D)  (details of D in the Experiment 

section of the manuscript). For our NMR diffusometry measurements, we set D = 25 ms for 

diffusion coefficient measurements. However, for some control experiments, we increased D = 

200 ms to observe any changes in the NMR spectrum of the alkenyl proton signal.  We did not 

observe any changes in the NMR spectrum as well as the dynamics of the OA ligand with varying 

D. This study provides a qualitative understanding on the exchange time for ligand 

binding/unbinding, which is > 	200	𝑚𝑠.  
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Figure 6S18: 1H NMR spectrum of free and bound oleic acid ligand measured on a 600 MHz instrument. 
The chemical shift difference (𝛿𝜈) between the two states tells us about the timescale of the measurement.  

 
2. 1H NMR Spectrum of 1-Octadecene and Diffusion Studies with and without PbS QDs 

Free 1-Octadecene (ODE) and ODE in OA capped PbS QD solution have diffusion 

coefficients equal to 12´10-10 m2×s-1 which is ten times greater than the diffusion coefficient of 

bound oleic acid (OA, 1.3´10-10 m2×s-1) as shown in Figure 6S2. The faster diffusion 

coefficient of ODE indicates that the ODE with only alkenyl group at the end of the chain does 

not interact with the surface of PbS QD particles.  This control experiment further justifies that 

the oleic acid binding/association with PbS QD surface occurs because of the acetate group on 

the chain. Also, oleic acid ligand binding/association with alkenyl bond requires greater 

entropic penalty and hence it is thermodynamically not favorable to have such associations.   
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Figure 6S19: A. 1H NMR spectrum of free 1-octadecene (ODE) ligand in toluene-d8 (black) and 1-
octadecene ligand in OA-capped PbS QD toluene-d8 solution (red). B. Diffusion coefficient (m2×s-1) of free 
ODE ligand (black, circle) in toluene-d8 and ODE in OA capped PbS QD solution (red, triangle) using 
NMR diffusometry. Diffusion coefficient of the OA that is capped to PbS QD is also measured (red, hollow 
triangle).  
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3. 1H NMR Spectrum of Oleic Acid Ligand Titrated in Ligand capped PbS QD Solution. 

 

Figure 6S20: 1H NMR measurements using 600 MHz instrument. Upfield shift of the exchanging oleic 
acid (OA) signal (sample #2, #3, #4) and increase in full width at half maximum (values in the table) with 
increase in free OA titrated in the PbS QD solution. The spectrum also includes only free OA ligand in 
toluene-d8 sample (# 1, black) and bound ligands capped to PbS QD particles in solution (#5, red) along 
with their peak widths (Hz) and chemical shifts listed in the table. 

 The above 1H NMR measurements were made on 600 Mhz Bruker NMR instrument. The 

bound ligand signals from all samples are scaled equally except for the free ligand sample (#1, 

black trace). We can see that the exchanging signal has an upfield shift from 5.68 ppm to 5.62 ppm 

as the concentration of free oleic acid increases in the solution. This attributes that the exchanging 

signal chemical shift is dependent on the population fractions of QD-associated OA ligand and 

free OA ligand (Equation 6.3 from manuscript). As the concentration of the free ligand in 

exchange is increased, the exchanging signal’s chemical shift moves towards non-exchanging free 

ligand’s chemical shift (5.58 ppm) as shown in the Figure 6S3.  
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4. PbS QD Particle and Ligand Shell Size Determination using NMR Diffusometry and 

TEM 

We measure the size (hydrodynamic diameter, 𝑑n,|R) of the PbS QD particle at room 

temperature (23 °C) from NMR diffusometry measurements using Stokes-Einstein Equation  

𝐷|R = 	
2𝑘𝑇	

𝑐𝜋𝜂𝑑n,|R
 6S2 

where k is the Boltzmann constant, T is the temperature, 𝐷|R is the diffusion coefficient of OA-

capped PbS QD particle in solution, 𝜂 is the bulk solution viscosity, and 𝑐𝜋 is a prefactor, which 

in this case is 6𝜋 for spherical particles that are very large and diffusing in a surrounding medium 

of small molecules.1  

 The diffusion coefficient of pure toluene measured at 23 °C is 2.21´10-9 m2×s-1 and the 

measured viscosity of pure toluene is 0.575 mPa×s.2 We assume the hydrodynamic radius of toluene 

remains same in QD solutions, because the concentration QD particle is low and hence 

insignificant to affect the toluene structure. However, the viscosity of the bulk solution changes 

when the OA-capped QD particles are introduced in the solution. This change in viscosity can be 

measured from diffusion coefficient measurement of toluene in the solution using the relationship 

𝜂𝐷 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. The measured diffusion coefficient of toluene in the solution at 23 °C and their 

viscosities for solutions containing varying titration concentration of OA is shown in Table 6S1 

below. The measured diffusion coefficients are within the error limits of the diffusometry 

experiment. Since diffusion coefficient of toluene in all solutions is close, the viscosity of the 

solution is same for all samples.  
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Table 6S3: Diffusion coefficient of toluene molecule in PbS QD solution titrated with excess of 
oleic acid ligands in the solution. The viscosity of the QD solutions does not change appreciably 
with increase in excess oleic acid ligand in the solution. 

Sample 
Toluene Diffusion 
Coefficient (m2∙s-1) 

Viscosity 
(mPa∙s-1) 

0 mM OA (Pure) 22.1 ×10-10 0.575 

QD + Bound + 7.5mM OA 21.6 ×10-10 0.588 

QD + Bound + 15 mM OA 21.8 ×10-10 0.583 

QD + Bound + 30 mM OA 20.5 ×10-10 0.619 
 

Based on NMR Diffusometry measurements (Table 6S2), the diffusion coefficients of the 

PbS QD particles remained constant despite increasing the titration concentration of OA. This 

consistency suggests that only a monolayer of ligands binds/associates on the surface of PbS QD 

particle (Figure 6S4). By applying Equation 6S2, we determined the size of the free oleic acid 

ligand (𝑑n,&'(), allowing for an estimation of QD particle core (𝑑|R) diameter to be approximately 

3.6 nm. Notably, Tunneling Electron Microscopy (TEM) measured the diameter QD particle 3 nm. 

The differences in particle sizes from TEM and NMR measurements fall within the error limits of 

the measurements.  

The particle size discrepancy from both measurements may result from multiple factors. 

Firstly, the pre-factor 𝑐𝜋 for a free ligand molecule is expected to be lower than 6𝜋 as the molecule 

is slightly larger than surrounding toluene-d8 solvent medium. This disparity will contribute to the 

observed error difference in size between NMR and TEM measurements. Secondly, our 

assumption that the ligand’s conformation remains unchanged in both solvent and near the QD 

surface may not be entirely accurate. If the ligand undergoes a transition from random coil to 

extended conformation as it approaches the QD surface, this could result in a smaller core particle 
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size determined from NMR measurements. However, the precise nature of these conformational 

changes remains incompletely understood and requires further investigation.  

 

Figure 6S21: Hydrodyanmic diameter of PbS QD particle capped with OA ligand and the diameter of the 
free OA are determined using Stokes-Einstein equation (Equation S2). 

Table 6S4: Diffusion Coefficients of OA-capped PbS QD (𝐷|R) particle and free OA (𝐷&'() ligand 
in toluene-d8 solution and their hydrodynamic diameters (𝑑n,|R, 𝑑n,&'() measured using Equation 
6S2 .  

 Diffusion Coefficients 
(10-10m2/s) 

Hydrodynamic Diameter 
(nm) 

Sample 𝐷|R 𝐷&'(COA 𝑑n,|R 𝑑n,&'(COA 

QD + Bound OA 1.3 ± 0.1 7.1 ± 0.1 5.6 ± 0.4 1.0 ± 0.1 

OA-capped QD + 7.5 mM OAH 1.2 ± 0.1 7.1 ± 0.1 6.2 ± 0.4 1.0 ± 0.1 

OA-capped QD +15 mM OAH 1.3 ± 0.1 7.1 ± 0.1 5.6 ± 0.4 1.0 ± 0.1 

OA-capped QD + 30 mM OAH 1.3 ± 0.1 7.1 ± 0.1 5.6 ± 0.4 1.0 ± 0.1 
Diffusion coefficients and hydrodynamic diameter of the PbS QD particle remained same in all samples 
indicating a monolayer of OA shell on QD particle surface. 
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5. Total Number of Pb Atoms on the Surface of PbS QD particle  

Bulk PbS has a rock salt (face-centered-cubic, FCC) structure with each unit-cell face 

containing one Pb2+ and S2- atom (Figure 6S5). To determine the number of Pb surface atoms, we 

assume that the QD particle has FCC packing structure. The atomic radii of Pb2+ and S2- (𝑟.0'; 

and 𝑟$'<) are 0.12 and 0.18 nm respectively3, giving us the diagonal of the unit cell 𝑑BO'L = 0.6 

nm. The number of atoms on the QD surface can be determined from the Equations 6S3-6S5 

𝐴𝑟𝑒𝑎	𝑜𝑓	𝑃𝑏𝑆		𝑢𝑛𝑖𝑡	𝑐𝑒𝑙𝑙	𝑓𝑎𝑐𝑒 = 	Q
𝑑BO'L

!

2 R = 0.18	𝑛𝑚! 6S3 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑄𝐷	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 	𝜋𝑑|R
! = 40.71	𝑛𝑚! 6S4 

𝑇𝑜𝑡𝑎𝑙	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑡𝑜𝑚𝑠	𝑜𝑛	𝑎	𝑄𝐷	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 	
4𝜋𝑑|R!

𝑑BO'L
! ≈ 450 6S5 

QD particle of size 3.6 nm has a total of 450 atoms on the surface. However, PbS QDs 

exhibit a non-stoichiometric behavior at the surface which was studied by Rutherford 

backscattering spectroscopy (RBS)3 and the ratio of Pb:S atoms depend on the size of the QD 

particle. For a QD particle with a size of 3.6 nm the Pb:S ratio measured was 1.37:1. With this 

factor in consideration, the number of Pb atoms on the surface is approximately 260 atoms.   
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Figure 6S22: Face of a rock salt PbS unit cell having face-centered-cubic structure. The atomic radii of 
Pb2+ and S2- are 0.12 and 0.18 nm respectively.  

6. Determination of Average Number of Ligands in Different States per PbS QD  

The number of Oleic Acid Ligands per quantum dot is determined by adding an internal 

standard, Ferrocene, in NMR solution. Approximately, 1mM of ferrocene is added to the toluene 

solution containing 0.15mM of QDs with unknown concentration of bound oleic acid ligand 

encapsulating and stabilizing the QDs (see experimental section in manuscript for more details). 

Three new batch of control samples were prepared from the above stock solution by adding 7.5, 

15 and 30 mM of oleic acid ligands (50, 100, 200 times equivalence to QD concentration). 

Approximately 600 𝜇L of each of those solutions (including stock solution) were taken in an NMR 

tube and were quantified using 1D 1H NMR. All the samples were prepared in inert N2 conditions, 

and the tube was glass-flame sealed to stabilize the QDs synthesized for longer periods. 

In NMR, for accurate quantification of molecular concentration, it is utmost important to 

have a pulse sequence with a very long relaxation delay time (𝑡+A) to ensure complete spin 

magnetic moment to relax back from transverse xy plane direction to z direction. For accurate 
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quantification, its generally recommended that the repetition time (𝑇") for each scan should be 

greater than 5 times the largest spin-lattice relaxation time (𝑇5,&C+(,7L) as shown in the equation 

below.  

𝑇" = 𝑡CK + 𝑡+A > 5	 × 𝑇5,&C+(,7L	 6S6 

The acquisition time (𝑡CK), for the experiment, is fixed to 2 s for better signal-to-noise ratio. Hence 

only relaxation delay time (𝑡+A) is changed according to 𝑇5,&C+(,7L of the solution.  The spin-lattice 

relaxation process is usually longer when the samples are prepared in inert conditions that lacks 

O2 in the environment. The presence of O2 provides an additional relaxation pathway through 

dipolar interactions between O2 and the proton nuclei probed. The measured spin-lattice relaxation 

time constant T1 for ferrocene proton peak was 30 s and for oleic acid it was 1s. Therefore, for 

accurate quantitative measurements, we used a 15° pulse angle time and implemented a 𝑡+A of 100 

s between each scan to ensure more than 99.9% of the signal is relaxed along z-direction. Then the 

signal acquired were phase corrected and integrated to quantify the moles of oleic acid ligands 

(𝑀𝑜𝑙𝑒𝑠}=) from ferrocene standard as shown in the equation S1. 

𝑀𝑜𝑙𝑒𝑠}= = 5	 × 𝑀𝑜𝑙𝑒𝑠*,++?9,O, 	× Q
𝐼𝐴}=

𝐼𝐴*,++?9,O,
R 6S7 

Where 𝐼𝐴}= and 𝐼𝐴*,++?9,O, are the integral area under the oleic acid (6.0-5.4 ppm) and ferrocene 

peak (4.1 ppm) respectively as shown in Figure 6S6. Since ferrocene signal (4.1 ppm) is 

contributed by 10 aromatic protons and the oleic acid near 5.8 ppm is contributed by 2 alkenyl 

protons, we multiply a factor ‘5’ to quantify the concentration of oleic acid from ferrocene. 
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Figure 6S23: Quantifying oleic acid ligand concentration using ferrocene internal standard and 

quantitative-NMR technique.  

The Table 6S3 below lists number of oleic acid per quantum dot particle quantified for 4 samples 

containing only bound ligand before and after titrating excess of free oleic acid ligands in solution. 

The concentration of ferrocene and quantum dots were known when the samples were prepared 

(more details in the manuscript), and the concentration of oleic acid is determined using Equation 

6S7.  
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Table 6S5: Quantification of oleic acid ligands per quantum dot particle using quantitative-

NMR. Ferrocene integral combined with oleic acid integral and using Equation 6S7 gives us 

ligand number per quantum dot. 

Sample 
Oleic 
Acid 

Integral 

Ferrocene 
Integral 

Ferrocene 
(𝜇Moles) 

QD 
(𝜇Moles) 

OA 
(𝜇Moles) 

OA per 
QD 

QD + Bound OA 1 0.2106 0.60 0.09 14.2 158 
QD + (Bound + 7.5mM OA) 1 0.1446 0.58 0.09 20.0 222 
QD + (Bound + 15 mM OA) 1 0.1142 0.57 0.09 25.1 279 
QD + (Bound + 30 mM OA) 1 0.0829 0.57 0.09 34.6 385 

 

It is expected as the titration concentration of oleic acid is increased from 7.5 mM to 15mM, 

the number of ligands per quantum dot is expected to increase by 50 and similarly when increased 

to 30mM the ligand number per QD increased by 150. However, the difference in the ligand count 

per quantum dot measured from quantitative NMR has an error of 10%.  

The population fractions of each ligand in different state (bound, QD associated, and free) 

were determined by combining 1D and diffusion NMR experiments (more details in the 

manuscript). In a 1D experiment, we observe two peaks from alkenyl protons of oleic acid near 6-

5.5 ppm range. The broader peak near 5.8 ppm corresponds to the ligands bound to the quantum 

dot. The broadness of the peak also tells us that the ligand molecules are tumbling slower in the 

solutions compared to the free peak and hence we observe a broader peak compared to peak from 

free ligands in solution.  

We also studied the changes in population fraction of the ligand in each state with increased 

titrated concentration of free oleic acid ligands with respect to temperature and were able to 

determine the absolute number of ligands in each state per quantum dot as shown in the Table 6S4 

below.  
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Table 6S6: Quantified number of ligands in each state per PbS quantum dot particle for samples 
containing varied concentration of oleic acid titrated in the solution. Quantified at temperatures 
from 23 °C to -10 °C 

 Number of Ligands per PbS Quantum Dot Particle 

 OA + 
Bound 

OA-Bound QD + 
7.5mM OA 

 (Total # = 222) 

OA-Bound QD + 
15mM OA  

(Total # = 279) 

OA-Bound QD + 
30mM OA  

(Total # = 385) 
Temperature 

(C) Bound Bound QD 
Assoc Free Bound QD 

Assoc Free Bound QD 
Assoc Free 

23 158 141 58 23 127 62 90 119 75 191 
10 158 159 44 19 138 66 75 132 45 208 
0 158 175 31 17 160 75 44 140 42 203 

-10 158 173 41 8 166 74 39 155 68 162 
Bound =[𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐵𝑜𝑢𝑛𝑑 𝑆𝑖𝑡𝑒], QD Assoc =[𝐿𝑖𝑔𝑎𝑛𝑑 − 𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑆𝑖𝑡𝑒], Free =[𝐹𝑟𝑒𝑒	𝐿𝑖𝑔𝑎𝑛𝑑] 

 

7. Chemical Shift of PbS QD-Associated Oleic Acid Ligand 

Table 6S7: Chemical Shift Position of the QD-Associated ligand determined using Equation 
6.3. The chemical shift of associated ligand indicates that the associated and bound ligands have 
similar chemical environment. Hence it is accurate to assume that the associated and bound 
ligands have same diffusion coefficients. 

 Ligand Population Fraction 
Contributed in Fast Exchange 

Chemical Shifts of Ligands 

Sample Free (%) Associated (%) Bound Exchaning Free Associated 
QD + Bound N/A N/A 5.78 N/A 5.58 N/A 

QD + Bound + 7.5mM OA 28.5 71.5 5.79 5.69 5.58 5.74 
QD + Bound + 15mM OA 59.0 41.0 5.79 5.65 5.58 5.76 
QD + Bound + 30 mM OA 73.2 26.7 5.79 5.62 5.58 5.76 
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8. Understanding Exchange Kinetics from Dynamic NMR Spectroscopy 

 

Figure 6S24: Understanding two state exchange kinetics of a molecule using Dynamic NMR. The 

exchanging process can be classified in three regimes which is dependent on the exchange rate (𝑘,-) and 

chemical shift difference (𝛿𝑣) between the two states that is in very slow exchange. For our sample, the 

observed exchange regime is highligeted in the box. 

In a slow exchange regime, we observe two distinct narrow NMR signal peaks of both 

molecular states (𝑣=, 𝑣1), and the width of the peak broadens when the exchange rate increases as 

shown in Figure 6S7.  In an intermediated exchange regime, the signal peaks begin to coalesce 
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into a single peak. In a fast exchange regime, the coalesced single exchanging peak further 

sharpens indicating the nuclei of the probed moleucle is in very fast exchange between states. The 

exchange regimes depends on the chemical shift difference	𝛿𝑣 (=	𝑣= − 𝑣1) of the moleucle in 

two states that are not exchanging and the exchange rate 𝑘,D of the molecule between two states. 

For our samples the exchange regime is changed from intermediate state to fast exchange state as 

the temperature increases from -10 to 23°C as highlighted by the box. Figure 6S8 below further 

indicates the change in integral and width of exchanging signal with respect to temperature for 

sample containing PbS QD particles with 15mM of excess of oleic acid titrated in the solution. 

These changes further indicates the change in dynamics and kinetics of ligand encapsulaiton of 

PbS QD particles.  

 
Figure 6S25: Change in FWHM, integral and chemical shift of exchanging signal (𝜈,-) of alkenyl proton 

(Ha) of OA as temperature of the solution is lowered from 23°C to -10°C for OA-bound PbS QD with 15 

mM of OA titrated into the solution. 
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9. Spin-Spin Relaxation Time Constant T2 Measurements of Free Oleic Acid and Bound 

Oleic Acid Ligand in Toluene-d8 Solution. 

The spin-spin relaxation time T2 for only free oleic acid and bound oleic acid were measured 

using a modified CPMG (Carl-Purcell-Meiboom-Gill) pulse sequence to compensate for J 

modulation that significantly affect T2 values measured using a standard CPMG experiment. 

The pulse sequence for the experiment is given in the Figure S9 below and the pulse program 

is listed below. This program was initially developed by Dr. Gareth A. Morris’ group4, and we 

adopted it by adding a 90°y pulse and same phase cycling to existing CPMG pulse sequence to 

reduce the effect of J-modulation. The table S6 below lists the spin-lattice relaxation time of 

bound ligand and free ligand with respect to temperature.  

 

Figure 6S26: Modified CPMG pulse sequence to reduce the effect of J-modulation. Achieved by inserting 

a 90°y pulse between spin echoes.  

Modified CPMG Pulse Sequence to compensate for J-modulation 
 

;avance-version (12/01/11) 
;T2 measurement using Carr-Purcell-Meiboom-Gill sequence compensated for coupling 
;$CLASS=HighRes 
;$DIM=2D 
 
#include <Avance.incl> 

 
"p2=p1*2" 
"d11=30m" 

 
1 ze 
2 d1 
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  p1 ph1 
3 d20 

   p2 ph2 
   d20 

  p1 ph3 
   d20 

  p2 ph2 
 d20 
   lo to 3 times c 
   go=2 ph31 

  d11 wr #0 if #0 ivc  
  lo to 1 times td1 
exit 

 
ph1=0 2 ;90d excitation x -x 
ph2=1 ;180 refocus y 
ph3=1 1 3 3 ;90d refocus y -y 
ph31=0 2 0 2 

 
;pl1 : f1 channel - power level for pulse (default) 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;d1 : relaxation delay; 1-5 * T1 
;d11: delay for disk I/O                             [30 msec] 
;d20: fixed echo time to allow elimination of diffusion 
;     and J-mod. effects 
;vc : variable loop counter, taken from vc-list 
;ns: 4 * n 
;ds: 16 
;td1: number of experiments = number of values in vc-list 
;define VCLIST 
;d20: d20 should be << 1/J ,but > (50 * P2) 
 

Table 6S8 : Temperature dependent spin-spin relaxation time of free (T2,free) and associated (T2, 

asso) ligands using modified CPMG experiment 

Temperature 
(℃) 

T2, free 
(s) 

T2, assoc 
(s) 

-10 0.51 0.030 

0 0.62 0.036 
10 0.70 0.044 

23 0.78 0.053 
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10. Activation Energy of Slow Ligand Exchange Process 

As previously discussed, NMR can investigate dynamics across multiple time and length 

scales. To qualitatively estimate the exchange time for ligand binding and unbinding to the 

quantum dot (QD) surface, we employed NMR diffusometry measurements. In this measurement, 

the time scale is governed by the diffusion time (𝐷). At room temperature (25°C), the alkenyl 

protons of exhibited two distinct signal peaks (near 5.6 and 5.8 ppm) on the spectrum when 

measured at 𝐷 = 25	𝑚𝑠. Notably, no observable changes in the spectrum as well as the ligand 

dynamics when D increased to 200	𝑚𝑠. This observation indicates that the exchange time for 

binding/unbinding is very slow and >200	𝑚𝑠. Given that this exchange rate is temperature-

dependent, we can quantify this dependency using an Arrhenius equation 

𝑘,D,7&?F = 𝑘,D,w𝑒
4
x6,!=7$
"E  6S8 

Where 𝑘,D,w is the exchange rate at infinite temperature and 𝐸C,7&?F is the activation energy for 

binding/unbinding process. 

Ligands, that undergo both slow and fast exchange processes, transitions between the free 

solvent environment to the restrictive QD surface environment. Despite different ligand 

interactions on the QD surface, these processes share similarities in ligand environments between 

the states. Given the analogous nature of these processes, we can reasonably assume that the 𝑘,D,w 

for both exchange processes to be equal. To understand the energetics of the slow exchange 

process, we further assumed an exchange time for binding/unbinding to be equal to 200 ms. From 

these parameteric value assumptions, we determined the activation energy for slow exchange 

process to be 𝐸C,7&?F ≈ 100	 𝐾𝐽 𝑚𝑜𝑙⁄ . This value is significantly higher than the activation energy 

for fast exchange process (𝐸C,7&?F ≈ 5 × 𝐸C,*C7L). 
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 Figure 6S10 gives a comprehensive understanding on the energetics of the oleic acid 

ligand exchange from free solvent state to QD surface state (association/binding) providing 

information on binding mechanism and stability of ligands on QD surface. This can indeed open 

up new avenues for molecular dynamic (MD) simulations, which can further elucidate the entire 

exchange process. By leveraging the energetics data through simulations, researchers can gain 

more detailed and dynamic understanding of the ligand exchange process leading to improved 

control over QD surface chemistry, better prediction of QD properties and ultimately, the 

development of more efficient and stable QD-based devices and applications.   

 

Figure 6S10: Enthalpy diagrams for ligand binding and association on the QD surface. The 𝛥𝐻	for both 

these processes is differed by a factor 2 (from section 3 of Results and discussion) but their activation 

energies (𝐸0) are differed by a factor 5. These diagrams clearly indicate the stronger interactions by bound 

ligands on the QD surface.  
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Appendix III. Python code for fitting NMR data to the lineshape 

function (Chapter 6) 

 
# Importing all Necessary libraries for running the code  
import pandas as pd 
import numpy as np 
from scipy.optimize import least_squares 
import matplotlib.pyplot as plt 
from scipy.optimize import fmin_slsqp 
from scipy.optimize import Bounds 
from scipy.optimize import minimize 
 
# Reading the deconvoluted csv file for 23C generated by MNova 
OA_QD_6_23 = pd.read_csv('/Users/shravanuppala/Documents/Documents/chemistry/VT/2023 
Fall/UNC-QD/Sample6_VT/Sample6_23C.csv') 
#Does not contain frequency column only ppm column 
 
#Adding frequency column to the table; ppm multiplied by 600 since sample measured on 600 
MHz 
OA_QD_6_23['Freq'] = 600*OA_QD_6_23['ppm'] 
 
# Renaming the column heads to Exch and Non_Exch  
OA_QD_6_23 = OA_QD_6_23.rename(columns={'Peak 1': 'Non_Exch_Int', 'Peak 2': 
'Exch_Int'}) 
 
# Creating new dataframes containing datapoints only from Exchange peak and Non-Exchange 
peak 
Exch_fit = OA_QD_6_23[['Freq', 'Exch_Int']] 
Non_Exch = OA_QD_6_23[['Freq', 'Non_Exch_Int']] 
 
# Identifying the frequency at which maximum intensity occurs for exchanging peak 
max_int_freq = Exch_fit.loc[Exch_fit['Exch_Int'].idxmax()] # this will let us know the exchange 
peak position 
max_int_freq_va= max_int_freq['Freq']#  
 
# checking the frequency at which maximum intensity occurs for non-exchaning peak 
max_int_NE_freq = Non_Exch.loc[Non_Exch['Non_Exch_Int'].idxmax()] 
 
 
max_int_NE_freq_va = max_int_NE_freq['Freq'] 
 
# Filtering intensities which are <5% in Exch_int column as they can affect the fitting of the 
curve 
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Filter_constraint = 0.05*Exch_fit['Exch_Int'].max() 
Exch_fit_filter = Exch_fit[(Exch_fit['Exch_Int']>=Filter_constraint)]  
 
 
# Filtering intensities which are <5% in Non_Exch_int column as they can affect the fitting of 
the curve 
 
Filter_constraint_NE = 0.05*Non_Exch['Non_Exch_Int'].max() 
Non_Exch_filter = Non_Exch[(Non_Exch['Non_Exch_Int']>=Filter_constraint_NE)]  
 
 
## Creating a list of parametric constants used in complete lineshape and lorentzian function ## 
 
Population_Free = 0.59 
# Fraction determined from diffusion coefficients; partition fractions 
 
Population_Bound = 1-Population_Free 
# Fraction determined from diffusion coefficients; partition fractions 
 
FWHM_Free_Hz = 0.41 
# Value Determined using modified CPMG experiment for only Free Oleic Acids in Toluene 
 
T2_Free_s = 1/(np.pi*FWHM_Free_Hz)  
 
FWHM_Bound_Hz = 6.01 
# Value Determined using modified CPMG experiment for only bound OA to QD with no free 
ligands 
 
T2_Bound_s = 1/(np.pi*FWHM_Bound_Hz)  
 
Free_ppm = 5.580  
# determined from the free Oleic Acid peak in toluene with no QD in solution 
 
Free_Hz = 600*Free_ppm  
# Converting the free ligand peak position from ppm to hz; Measurement made on 600 MHz 
instrument 
 
Average_HZ = max_int_freq_va 
# chemical shift of exchange peak in Hz 
 
Bound_HZ = (Average_HZ-(Population_Free*Free_Hz))/Population_Bound 
# QD associated ligand position can be determined from known Exchange and free signal 
chemical shifts   
 
delta_freq = Bound_HZ-Free_Hz 
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# small delta frequency is a constant which is the frequency distance between ligand peaks in 
different state 
 
S_const = ((Population_Free/T2_Bound_s)+(Population_Bound/T2_Free_s)) 
# creating this constant to simplify the lineshape function when it is defined   
 
NEP_position = max_int_NE_freq_va 
# Non Exchaning Peak's chemical shift in Hz 
 
Peak_width_NE = 55.3 
# this is the FWHM of non exchanging peak determined by deconvoluting using MNova 
 
 
## FITTING EXCHANGE PEAKS ## 
# creating a new Delta_Freq column in Exch_fit_filter dataframe using a simple formula shown 
below 
# Creating it for both original and filtered data Sets. Both data sets will be used later 
Exch_fit['Delta_Freq_Ex'] = 0.5*(Free_Hz+Bound_HZ)-Exch_fit['Freq'] 
Exch_fit_filter['Delta_Freq_Ex'] = 0.5*(Free_Hz+Bound_HZ)-Exch_fit_filter['Freq'] 
Exch_fit_filter.head() 
 
# Defining Complete lineshape Function to generate "Stimulated Data" 
 
def fit_func_exch(df, params): 
    
    # Variable Parameters used for fitting our experimental data 
    Tau, C0 = params 
    # Formula for variable "P" 
    P = (Tau)*((1/(T2_Bound_s*T2_Free_s))\ 
               -(4*np.pi*np.pi*df['Delta_Freq_Ex']*df['Delta_Freq_Ex'])\ 
               +(np.pi*np.pi*delta_freq*delta_freq))\ 
               +(Population_Free/T2_Free_s)\ 
               +(Population_Bound/T2_Bound_s) 
     
    # Formula for variable  "Q" 
    Q = (Tau)*((2*np.pi*df['Delta_Freq_Ex'])\ 
               -(np.pi*delta_freq)\ 
               *(Population_Bound - Population_Free)) 
     
    # Formula for variable "R" 
    R = ((2*np.pi*df['Delta_Freq_Ex'])\ 
         *(1+((Tau)*((1/T2_Free_s)+(1/T2_Bound_s))))\ 
         +((np.pi*delta_freq*(Tau))*((1/T2_Free_s)-(1/T2_Bound_s)))\ 
         +((np.pi*delta_freq)*(Population_Bound-Population_Free))) 
 
    # Complete Lineshape Function for generating Exchanging signal S(v) 
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    S = C0*((P*(1 + ((Tau)*S_const)))+ Q*R)/((P*P)+(R*R)) 
     
    return S 
 
## TWO TYPES OF OPTIMIZATION FUNCTION IS USED ## 
# Both Functions will be iteratively applied to get  
 
# to get the initial guess values of Tau, C0 parameters 
def objective_func_LS(params): 
    y_fit = fit_func_exch(Exch_fit_filter, params)  # Calculate the fitted data using the fitting 
function 
    residuals = Exch_fit_filter['Exch_Int'] - y_fit  # Calculate the residuals 
    return residuals 
 
# to get more accurate values of Tau, C0 parameters 
def objective_func_min(params): 
    y_fit = fit_func_exch(Exch_fit_filter, params)  # Calculate the fitted data using the fitting 
function 
    residuals = (Exch_fit_filter['Exch_Int'] - y_fit)*(Exch_fit_filter['Exch_Int'] - y_fit) # Calculate 
the residuals 
    residuals_sum = residuals.sum() 
    cost_fn = (residuals_sum**0.5)/(2*len(residuals)) 
    return cost_fn 
 
# Preparing the data and initial Guesses 
x_data = Exch_fit_filter['Freq'] 
y_data = Exch_fit_filter['Exch_Int'] 
 
initial_guess = [0.0009, 8865980.212] 
 
# Giving constraints conditions 
 
param_bounds_Tau = (0,2) 
param_bounds_C = (0, np.inf) 
 
param_bounds = Bounds([0, 2], [0, np.inf], [0, np.inf]) 
 
# Minimize function enables boundary conditions on the parameters used 
result1_0 = minimize(objective_func_min, initial_guess, bounds = [(0, 2),(0, np.inf)]) 
result1_0.x 
# Narrowing Down the initial guesses for the curve-fit and use it for Least Squares as it gives 
better fit 
 
Second_guess = result1_0.x 
result_0 = least_squares(objective_func_LS, Second_guess, method='trf', verbose=1) 
result_0.x 
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# Using minimization function and second guess to see if we get improved results 
Third_guess = result_0.x 
result2_0 = minimize(objective_func_min, Third_guess, bounds = [(0, 2),(0, np.inf)]) 
result2_0 
 
# Utilizing Lease square function and guesses from result2_0 to see if we find improved fits 
Fourth_guess = result2_0.x 
result3_0 = least_squares(objective_func_LS, Fourth_guess, method='trf', verbose=1) 
result3_0.x 
# Continue the above cycle till you observe no changes in value of the results from each iteration 
 
 
def Fitted_Intensities(Exch_fit_filter, params): 
    
    # Variable Parameters used for fitting our experimental data 
    Tau, C0 = params 
    # Formula for variable "P" 
     
    P = (Tau)*((1/(T2_Bound_s*T2_Free_s))\ 
               -(4*np.pi*np.pi*Exch_fit_filter['Delta_Freq_Ex']*Exch_fit_filter['Delta_Freq_Ex'])\ 
               +(np.pi*np.pi*delta_freq*delta_freq))\ 
               +(Population_Free/T2_Free_s)\ 
               +(Population_Bound/T2_Bound_s) 
     
    # Formula for Q 
    Q = (Tau)*((2*np.pi*Exch_fit_filter['Delta_Freq_Ex'])\ 
               -(np.pi*delta_freq)\ 
               *(Population_Bound - Population_Free)) 
     
    # Formula for variable "R" 
    R = ((2*np.pi*Exch_fit_filter['Delta_Freq_Ex'])\ 
         *(1+((Tau)*((1/T2_Free_s)+(1/T2_Bound_s))))\ 
         +((np.pi*delta_freq*(Tau))*((1/T2_Free_s)-(1/T2_Bound_s)))\ 
         +((np.pi*delta_freq)*(Population_Bound-Population_Free))) 
 
    # Formula for Signa Intensity Exchanging S(v) 
    S = C0*((P*(1 + ((Tau)*S_const)))+ Q*R)/((P*P)+(R*R)) 
     
    return S 
 
# Generating the Stimulated Data based on the results generated by Least_Square and 
Minimization function 
# Stimulated Data is used for plotting the data and for visual comparison of the fit 
y_Stim_LS = Fitted_Intensities(Exch_fit_filter,result3_0.x)  
y_Stim_min = Fitted_Intensities(Exch_fit_filter,result2_0.x) 
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# Plotting Experimental Data and Stimulated Intensity Data taht is generated using LS and Min 
function with Experimental Data 
# The below plots are purely for comparison purpose 
x = Exch_fit_filter['Freq'] 
y1 = Exch_fit_filter['Exch_Int'] 
y2 = y_Stim_LS 
y3 = y_Stim_min 
plt.plot(x, y1, label = 'Experiment') 
plt.plot(x, y2, label = 'Stimulated_Least_Squares') 
plt.plot(x, y3, label = 'Stimulated_Minimization') 
 
plt.xlabel('Frequency(hz)') 
plt.ylabel('Signal Intensity') 
 
plt.legend() 
plt.title('Comparing LS and Min function Stimulated Data and Experimental Data') 
 
plt.show() 
 
 
y_Stim_LS_unfiltered = Fitted_Intensities(Exch_fit,result3_0.x) 
y_Stim_min_unfilterd = Fitted_Intensities(Exch_fit,result2_0.x)  
 
## Plotting the generated Intensity values using LS and Min function with Experimental Data 
x = Exch_fit['Freq'] 
y1 = Exch_fit['Exch_Int'] 
y2 = y_Stim_LS_unfiltered 
y3 = y_Stim_min_unfilterd 
plt.plot(x, y1, label = 'Experiment') 
plt.plot(x, y2, label = 'Stimulated_Least_Squares') 
#plt.plot(x, y3, label = 'Stimulated_Minimization') 
 
plt.xlabel('Frequency(hz)') 
plt.ylabel('Signal Intensity') 
 
plt.legend() 
plt.title('Comparing LS and Min function Stimulated Data and Experimental Data') 
 
plt.show() 
 
 
# The next step is to fit the Non-Exchanging deconvoluted peak with Lorentzian Equation 
 
# Definining Delta Frequency for Non-Exchange system 
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Non_Exch_filter['Delta_Freq_NonEx'] = Non_Exch_filter['Freq']-NEP_position 
 
Non_Exch['Delta_Freq_NonEx'] = Non_Exch['Freq']-NEP_position 
Non_Exch_filter.head() 
 
 
# Defining the Fit_function for Non-Exchanging System. Lorentzian curve is used and only one 
Variable parameter 'C1' 
 
def fit_func_NE(df, param): 
    
    # Formula for Signal Intensity Non-exchanging S(V) 
    C1 = param 
    S_ne = (C1 / 2*np.pi) * ((Peak_width_NE / 2) / \ 
           ((df['Delta_Freq_NonEx'] * df['Delta_Freq_NonEx']) + ((Peak_width_NE / 2) * 
(Peak_width_NE/ 2)))) 
     
    return S_ne 
 
def objective_func_LS_NE(param): 
    y_fit = fit_func_NE(Non_Exch_filter, param)  # Calculate the fitted data using the fitting 
function 
    residuals_NE = Non_Exch_filter['Non_Exch_Int'] - y_fit  # Calculate the residuals 
    return residuals_NE 
 
# to get more accurate values of C1 parameter 
def objective_func_min_NE(param): 
    y_fit = fit_func_NE(Non_Exch_filter, param)  # Calculate the fitted data using the fitting 
function 
    residuals_NE = (Non_Exch_filter['Non_Exch_Int'] - y_fit)*(Non_Exch_filter['Non_Exch_Int'] 
- y_fit) # Calculate the residuals 
    residuals_sum_NE = residuals_NE.sum() 
    cost_fn_NE = (residuals_sum_NE**0.5)/(2*len(residuals_NE)) 
    return cost_fn_NE 
 
initial_guess_C1 = [150000] # initial guess for C1 parameter in Lorentzian Function 
 
result_0_NE = minimize(objective_func_min_NE, initial_guess_C1, bounds = [(0, np.inf)]) 
# result_0_NE.x # execute this step to check if the values remain same in next iterations 
 
result1_0_NE = least_squares(objective_func_LS_NE, initial_guess_C1, method='trf', 
verbose=1) 
# result1_0_NE.x # execute this step to check if the values remain same in next iterations 
 
def Fitted_Intensities_NE(df, param): 
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    # Formula for Signal Intensity Non-exchanging S(V) 
    C1 = param 
    S_ne = (C1 / 2*np.pi) * ((Peak_width_NE / 2) / \ 
           ((df['Delta_Freq_NonEx'] * df['Delta_Freq_NonEx']) + ((Peak_width_NE / 2) * 
(Peak_width_NE/ 2)))) 
     
    return S_ne 
 
# Fitting for filtered Non-Exchanging signal data 
y_Stim_min_NE = Fitted_Intensities_NE(Non_Exch_filter,result1_0_NE.x) 
y_Stim_LS_NE = Fitted_Intensities_NE(Non_Exch_filter,result_0_NE.x) 
 
# Fitting for unfiltered Exchanging signal data 
y_Stim_min_NE_unfilter = Fitted_Intensities_NE(Non_Exch,result1_0_NE.x) 
y_Stim_LS_NE_unfilter = Fitted_Intensities_NE(Non_Exch,result_0_NE.x) 
 
# Plotting Non-Exchanging Peak from experiment and comparing with Stimulated data 
generated from LS and Min 
 
x_data_NE = Non_Exch_filter['Freq'] 
y_data_NE = Non_Exch_filter['Non_Exch_Int'] 
 
plt.plot(x_data_NE, y_data_NE, label = 'Experiment_NE') 
plt.plot(x_data_NE, y_Stim_LS_NE, label = 'Simulated_Least_Squares') 
plt.plot(x_data_NE, y_Stim_min_NE, label = 'Simulated Minimization') 
 
plt.xlabel('Frequency(hz)') 
plt.ylabel('Signal Intensity') 
 
plt.legend() 
plt.title('Comparing filtered Simulated Data and Experimental Data of Non-Exchanging Peak') 
 
plt.show() 
 
# Comparing Stimulated data using Minimization and LS with Experimental Non-Exchanging 
Data 
 
x_data_NE_unfilter = Non_Exch['Freq'] 
y_data_NE_unfilter = Non_Exch['Non_Exch_Int'] 
 
plt.plot(x_data_NE_unfilter, y_data_NE_unfilter, label = 'Experiment_NE') 
plt.plot(x_data_NE_unfilter, y_Stim_LS_NE_unfilter, label = 'Simulated_Least_Squares') 
plt.plot(x_data_NE_unfilter, y_Stim_min_NE_unfilter, label = 'Simulated Minimization') 
 
plt.xlabel('Frequency(hz)') 
plt.ylabel('Signal Intensity') 
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plt.legend() 
plt.title('Comparing unfiltered Simulated Data and Experimental Data of Non-Exchanging Peak') 
 
plt.show() 
 
 
# Comparing Experimental Data with Stimulated Data generated by iterating Complete lineshape 
and Lorentzian fn 
Total_Intensity = y_Stim_LS_unfiltered + y_Stim_min_NE_unfilter 
Experiment_Data = OA_QD_6_23['Intensity'] 
 
# Plotting Experimental Data and Stimulated Data  
 
x_t = OA_QD_6_23['Freq'] 
y_TI = Total_Intensity 
y_exp = Experiment_Data 
 
plt.plot(x_t, y_TI, label = 'Simulated Total Intensity') 
plt.plot(x_t, y_exp, label = 'Experimental Intensity') 
 
plt.xlabel('Frequency(hz)') 
plt.ylabel('Signal Intensity') 
 
plt.legend() 
plt.title('Comparing Simulated Data and Experimental Data of Exchaning and Non-Exchanging 
peak') 
 
plt.show() 
 
plt.gca().invert_xaxis()# inverting x-axis values  
 
x_ppm = x_t = OA_QD_6_23['ppm'] 
 
plt.plot(x_ppm, y_exp, label = '1D NMR Spectrum', color='#79BAEC', linewidth=3) 
plt.plot(x_ppm, y_TI, label = 'Lineshape Fit', color='#0041C2', linewidth =2.5, 
linestyle='dashed') 
 
plt.xlabel('ppm', fontsize = 18) 
 
plt.legend(fontsize = 12, frameon=False, labelcolor='black') 
plt.xticks(fontsize=16) 
 
ax = plt.gca() 
 
# Remove top, right and left graph borders/spines 
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ax.spines['top'].set_visible(False) 
ax.spines['right'].set_visible(False) 
ax.spines['left'].set_visible(False) 
ax.spines['bottom'].set_linewidth(1.5) 
ax.yaxis.set_ticks([]) 
 


