
Clemson University Clemson University 

TigerPrints TigerPrints 

All Dissertations Dissertations 

December 2018 

Surface Functionalized Gold Nanoparticle Applications in Surface Functionalized Gold Nanoparticle Applications in 

Catalysis and Lipid-Nanoparticle Assemblies Catalysis and Lipid-Nanoparticle Assemblies 

Saptarshi Chakraborty 
Clemson University, saptarc@g.clemson.edu 

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations 

Recommended Citation Recommended Citation 
Chakraborty, Saptarshi, "Surface Functionalized Gold Nanoparticle Applications in Catalysis and Lipid-
Nanoparticle Assemblies" (2018). All Dissertations. 2568. 
https://tigerprints.clemson.edu/all_dissertations/2568 

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been 
accepted for inclusion in All Dissertations by an authorized administrator of TigerPrints. For more information, 
please contact kokeefe@clemson.edu. 

https://tigerprints.clemson.edu/
https://tigerprints.clemson.edu/all_dissertations
https://tigerprints.clemson.edu/dissertations
https://tigerprints.clemson.edu/all_dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F2568&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations/2568?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F2568&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:kokeefe@clemson.edu


SURFACE FUNCTIONALIZED GOLD NANOPARTICLE APPLICATIONS IN 
CATALYSIS AND LIPID-NANOPARTICLE ASSEMBLIES   

A Dissertation 
Presented to 

the Graduate School of 
Clemson University 

In Partial Fulfillment 
of the Requirements for the Degree 

Doctor of Philosophy  
Chemical Engineering 

by 
Saptarshi Chakraborty 

December 2018 

Accepted by: 
Dr. Christopher L. Kitchens, Committee Chair 

Dr. Mark Blenner 
Dr. Sapna Sarupria 
Dr. Frank Alexis 



ii 

ABSTRACT 

The general objectives of my dissertation are to devise strategies to impart unique 

functionality to gold nanoparticles (AuNPs) through surface modification and utilizing 

such surface-functionalized AuNP systems to 1) facilitate colloidal catalyst recovery and 

reuse while maintaining activity and 2) measure the interactions of engineered AuNPs with 

biological membranes as related to stimuli-responsive liposomal therapeutics. 

AuNP surface functionalization is an essential step in the synthesis, stability and 

functionality-specific applications of AuNPs. Due to the ability to control AuNP shape, 

size and surface properties, AuNP applications have seen an exponential growth in various 

sectors that include catalysis, biomedicine, drug-delivery, sensing, imaging, energy 

applications, etc. Solution-based synthesis of surface functionalized AuNPs through the 

Turkevich and Brust synthesis methods produce reproducible narrow size-distribution 

colloidal AuNPs and provides a reliable platform to investigate effects of surface 

functionality on various applications. 

Chapters 1 and 2 introduces the concept of AuNP as catalyst and experimentally 

compares the two major categories of catalyst; colloidal versus supported catalyst). 

Chapters 3-4 shows the successful development of a platform of colloidal AuNPs which 

are recovered from an aqueous medium through pH manipulation and illustrates how 

ligand structure on the AuNP surface is a primary factor determining catalytic activity, 

stability and recoverability. Chapter 5 is aimed at investigating interactions of engineered 

AuNP with the lipid membranes of small unilamellar vesicles (SUV) and depicts 

substantial membrane softening from AuNP inclusions. 
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The colloidal systems were investigated through various characterization tools such 

as calorimetry, light scattering, spectroscopy and advanced electron microscopy. 

Additionally, this work has employed elastic and inelastic neutron scattering techniques 

heavily as a result of extensive collaboration with government user facilities such as 

National Institute of Standards and Technology and Oak Ridge National Laboratory. 

Overall, in my doctoral research, I have successfully manipulated AuNP properties 

through surface functionalization and assessed AuNP applications in two major areas: (1) 

sustainable catalysis and (2) lipid-nanoparticle assemblies as a platform to quantify 

membrane biomechanical properties. The current work sets the groundwork for expansion 

of such functionalized nanoparticle systems (including other metal NPs such as Pt, Pd, Ag, 

etc.) to a much larger application base in catalysis, nano-bio interactions, nanomedicine, 

drug delivery, and sensors to name a few. 
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

1.1 Introduction. 

The National Nanotechnology Initiative has established a generalized description 

which defines nanotechnology as the understanding and control of matter with at least one 

dimension of size 1 to 100 nanometers.1 The unique properties of nano-materials arise from 

quantum and physical effects exhibited in the nano-scale. Quantum-mechanical rules 

predict that nanoparticles in the diameter range of 1-10 nm display electronic band 

structures that result in properties that are different than the bulk material counterparts. 

Nanoparticle properties strongly depends on the material, particle size and shape. The NP 

behavior and surface properties are heavily dependent on the nanoparticle surface 

chemistry.2 This dissertation is primarily focused on intentionally manipulating 

nanoparticle surface chemistry for applications in catalysis, as well as, the biomechanical 

effects of nanoparticle inclusions on lipid bilayers in phospholipid nanoparticle assemblies. 

Today, transition metal nanoparticles have found applications in photochemistry, 

nano-electronics and optics3-13, but the essential application still remains in catalysis. 

Currently, more than 60% of all chemical products and 90% industrial chemical processes 

involves catalysis.14 The importance of catalysis is reiterated by the fact that more than 

35% of the global GDP is related to catalysis.15 The fundamentals behind nano-catalysts 

are to utilize material reactivity at the nanoscale which is vastly different than the bulk 

material. These nano-catalysts possess large surface to volume ratios and the catalytic 

activity arises from the greater ratio of atoms that reside on the surface. Consequently, 
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highly active surface atoms that lead to activity, can also lead to nanoparticles instability. 

A relevant example of catalysis at nano-scale is the fact that bulk gold has historically been 

considered an inert metal, but at the nanoscale it becomes catalytically active, as shown by 

the pioneering work of Haruta et al. in low temperature CO oxidation.16-18 Nanoparticle 

catalysis has been in use since the 19th century (before the development of technology to 

characterize nano-scale phenomena) with the advent of photography coincidentally 

employing silver nanoparticles (AgNPs) and decomposition of peroxides using platinum 

nanoparticles (PtNPs).19 Nanoparticles of noble metals that include ruthenium, rhodium, 

palladium, platinum, gold and their oxides have been studied extensively. Pioneering work 

in the field of nitrobenzene reduction by NP catalysts were reported as far back as 194020-

21. Parravano reported hydrogen atom transfer between benzene and cyclohexane and 

oxygen atom transfer between CO and CO2 using AuNPs.22-23 The early work of Nord in 

the 1940s and Turkevich in the 1950s chose Pd as the metal of choice for NP. After 

Haruta’s findings, Bond and Sermon24 and Hirai et al.25-26 investigated AuNP-catalyzed 

olefin hydrogenation. Extensive systematic studies were conducted on NP catalysis in the 

field of redox catalysis, photo-catalysis,27-33 hydrogenation of unsaturated substrates and 

oxidation.34-35 During the 1990s, applications of PdNPs catalysis in the Heck C-C coupling 

(reaction between butyl acrylate and iodobenzene, etc.) were reported by Reetz. 36-39 In 

addition, numerous reaction systems have also been catalyzed by colloidal and supported 

metal nanocatalysts such as oxidations40-42, cross coupling reactions43-53, electron transfer 

reactions48, 54-56, hydrogenations57-62, fuel cell reactions63-65 and various others. 
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1.2. Colloidal (Quasi-Homogeneous or Soluble-Heterogeneous) Nanoparticle 

Catalysts: A Bridge between Homogeneous and Heterogeneous Catalysts 

Catalysts are traditionally categorized into two classifications: homogeneous or 

heterogeneous catalysts (see Figure 1.1). In homogeneous catalysis, catalysts are present 

in the same phase as the reactant and product. Homogenous catalysts generally offer access 

to all catalytic sites as they are essentially soluble metal complexes. Metal ions in such 

systems can catalyze reactions due to their variable oxidation states. Tuning of chemo-, 

regio- and enantioselectivity are advantages offered because these metal ions are 

surrounded by organic ligands which provide a very specific steric environment (Figure 

1.1). Homogeneous catalysts are generally very selective but the primary barrier to 

homogeneous catalyst utilization is the difficulty of catalyst separation from final products 

for reuse.  

In heterogeneous catalysis, the catalyst is in a different phase than the reactant 

and/or product. Heterogeneous catalysts are essentially nanoparticles or ionic species 

adsorbed or covalently bonded to a solid support (silica, metal oxides, carbonaceous 

supports, etc). Primarily, industrial heterogeneous catalysts are high-surface area solids 

with the active component attached to it. Catalytically active sites in this case reside only 

on the available material surface, thus support attachment decreases the overall activity. 

Although, catalytic activity is not generally an issue for heterogeneous catalysts, selectivity 

and conversion is often limited and presents a major problem in fine chemical synthesis. 

Metal leaching into products from the supports and growth of the active phase on the 

supports are other major challenges faced by heterogeneous catalysts. However, the 
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economies offered by the ease of catalyst recovery has led to the vast commercialization 

of heterogeneous catalyst industrially over the homogeneous counterpart. 

 

‘They don’t talk to each other because they were developed as totally separate 

fields’ said Gabor Somorjai at the UC Berkeley about homogeneous and heterogeneous 

catalyst researchers. ‘Until recently they were taught separately, used separately and they 

are served by different literatures.’ Recently researchers have shown great interest in 

combining the properties of homogenous and heterogeneous catalysts. From the 

Figure 1.1. Major categories of metal catalysts (does not include 
enzymatic catalysts) 
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perspective of heterogeneous catalyst researchers, the goal has been to create smaller and 

more finely dispersed catalysts particles and preventing aggregation on the supports with 

the ultimate goal of creating atomically dispersed catalysts on supports. 

On the other hand, homogeneous catalyst researchers have focused on developing 

quasi-homogeneous catalysts where active catalysts are essentially nanoparticles with 

various surface functionality designed to impart specific properties like stability under heat 

and pH, chirality, recoverability, etc. This quasi-homogeneous system (colloidal catalysts) 

offers various approaches towards catalyst recovery and acts as a bridge between homo- 

and heterogeneous catalysts.6, 66-69 However, there are many issues such as stability, 

recyclability and selectivity which are still in the nascent phase of research and requires 

systematic research. 

1.3. Gold Nanoparticles (Colloids) as Catalysts 

 Gold in the nano regime (AuNP) is surprisingly active and an effective green 

catalyst, although bulk gold is generally inert.70-71 The large surface area of metal 

nanoparticles, qualifies them to act either as heterogeneous promoters for catalytic 

reactions or as supports for homogeneous catalysts. From the perspective of nanoparticle 

catalysis, AuNP catalysts can be discriminated in terms of the role of the metal. Figure 1.2 

(i)-(iii) depicts cases where the metal nanoparticle is the dominating influence on catalytic 

activity. Here, the catalytic reaction takes place on the surface of the nanoparticles. Figure 

1.2 (iii) depicts a system where the metal capping ligand also influences the catalytic 

activity of the metal actively. Various reactions have been conducted using AuNP in one 

of the forms mentioned in Figure 1.2 and can be found in numerous reviews.71-79. In this 
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dissertation, we have focused primarily colloidal catalyst design of the kind depicted in 

Figure 1.2 (ii). Ligands used in this work do not participate in the catalytic activity and 

serve as stabilizers with specific functions such as enhanced stability and recoverability. 

 

1.4 Colloidal AuNP synthesis and Surface Chemistry 

 The two most common synthesis techniques for AuNPs involve wet chemical 

synthesis which gives enhanced control over size, shape and surface chemistry. 

Hydrophilic catalysts used in this work have been synthesized through the Turkevich 

method80 where gold precursor is reduced in presence of a reducing agent (trisodium citrate 

or sodium borohydride). This method yields relatively monodisperse particle size 

Figure 1.2. Typical AuNP catalysts (i) metal nanoparticles, (ii) metal 
nanoparticle capped with protective shell, (iii) metal nanoparticle 
capped with ligand participating in the catalysis and (iv) metal 
nanoparticles with active catalysts supported on protective shells. 
Only in case (iv), core material does not promote the reaction. 
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distributions and ease of surface functionalization. On reducing Au precursors (such as 

gold chloride, HAuCl4) in the presence of trisodium citrate (TSC), TSC acts both as a 

reducing agent and provides colloidal stabilization. AuNPs of size ranges greater than 10 

nm can be easily be synthesized by this technique by altering the precursor to TSC ratio or 

by seeded-growth methods.81 Modifying Turkevich method with stronger reducing agents 

such as sodium borohydride, leads to formation of smaller 4-5 nm AuNPs. The Turkevich 

method has been exclusively used in Chapters 2-4 and AuNPs were subsequently 

functionalized by appropriate ligands. 

Brust synthesis82 is another technique utilized to directly synthesize hydrophobic 

AuNPs. Particle size distribution in these cases can be easily controlled by altering the 

precursor to hydrophobic ligand ratio.  AuNPs with diameters of 2-10 nm are easily 

synthesized with sufficient size distribution control and AuNP with high concentrations 

(milligram of gold) can be produced. Size distribution can be enhanced by employing 

various post-synthesis fractionation techniques such as anti-solvent fractionation, etc. 

AuNPs produced through Brust synthesis has been extensively used in the lipid 

nanoparticle assemblies work in Chapter 5. 

1.5. 4-Nitrophenol Reduction as Model Reaction for Kinetic Analysis 

 Nitrophenol and its derivatives are significant by-products produced from 

pesticides, herbicides and synthetic dyes.83-84 4-Nitrophenol has been shown to cause 

central nervous system, liver and kidney damage in both humans and animals. Removal of 

these compounds from the environment is thus paramount. In addition, reduction of 4-

Nitrophenol is an essential transformation in the pharmaceutical industry for development 
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of analgesics, antipyretic drugs, photographic development, corrosion inhibitors, anti-

corrosion lubricant, etc.85-86 

 

Figure 1.3. (A) Schematic depicts the 4-NP reduction reaction following a 
Langmuir-Hinshelwood mechanism. Reproduced with permission from J. Phys. 
Chem. C, 2010, 114 (19), pp 8814–8820. (B) Simple colorimetric tracking of 
reaction progress via time-resolved UV-Vis spectroscopy provides a simple way to 
quantify reaction kinetics.  
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  Metal nanoparticle catalytic efficacy can be studied by comparing catalysts 

through a model reaction. The reaction should be mechanistically simple, well researched 

and can be studied with repeatability with simple bench-scale setup. The metal nanoparticle 

catalyzed, aqueous reduction of 4-Nitrophenol to 4-Aminophenol is one such reaction 

which has been considered a model reaction in different laboratories around the world. 

Most common metal nanoparticles can catalyze this reaction and involves a simple electron 

transfer process in presence of reducing agent such as sodium borohydride and 4-

Aminophenol is the sole product. The primary advantage of using this reaction is the simple 

time-resolved UV-Vis spectrophotometric measurement and tracking of the reactants and 

products (4-NP at λmax = 400 nm and 4-AP at λmax = 300 nm under alkaline conditions in 

presence of sodium borohydride). 

 The 4-NP reduction has been explained by numerous mechanism based on the 

particular systems investigated: Langmuir-Hinshelwood87 mechanism (Figure 1.3A), Eley-

Rideal88-89 mechanism, Semiconductor90 mechanism, defect-mediated91 mechanism and 

photo-catalytic mechanism. Langmuir-Hinshelwood (LH) mechanism involves the surface 

adsorption of reducing agent and 4-Nitrophenol on catalyst followed by a hydrogen 

transfer.92 This mechanism applies to all catalysts systems studied in this work and the 

other mechanism are out of scope for this dissertation. In presence of excess reducing 

agent, the reaction essentially follows pseudo-first order reaction kinetics. The pseudo-first 

order reaction rate constant can be directly obtained from the time-resolved 

spectrophotometric data by plotting ln (C0/Ct) vs. Time (Figure 1.3B). 

1.6 Applications of Neutron Scattering 
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 This dissertation involves extensive static and dynamic characterization of soft 

matter systems such as ligands on AuNP surface, lipid bilayer thickness measurements, 

bending dynamics in lipid bilayers and lignin structural and molecular weight analysis 

(Appendix A) using neutron scattering techniques. A common theme between all of the 

above characterized systems is the prevalence of hydrogen in their structures which makes 

neutrons the probe of choice for characterization of these systems. In addition, the 

structural length scale and the time scale of dynamics of the studied systems falls in the 

time and length scales accessed by cold neutrons (longer wavelength). The major 

advantages of using neutrons as probes are: 

1. Neutron scattering lengths vary wildly with atomic number (especially for light 

atoms and unlike X-ray which increase with atomic number) (Figure 1.4A). This allows 

for the use of isotopic substitution to enhance contrast between specific parts of a structure. 

Deuterium labeling or using deuterated solvents (scattering length densities of hydrogen 

and deuterium are vastly different) to achieve enhanced contrast between background and 

the studied entity, has been extensively used in this work. 

2. Neutrons interacts with matter through nuclear interactions. Thus, neutrons have 

high penetration (low absorption) for most elements and makes neutron scattering a bulk 

probe.  

3. Wide range of neutrons momentum transfer and energy transfer allows probing 

both static structures and dynamics in condensed matter at various time and length scales. 

Near angstrom to near micron length scales and time scale from femto second to second 

are easily accessed through neutron scattering techniques (Figure 1.4B). Length scales and 
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time scales relevant for the soft matter systems studied in Chapters 4-5 and Appendix A 

coincide with the neutron probes time and length scale, making neutron scattering a 

potential tool to apply in this work. 

 Major disadvantages of neutron scattering include cost of neutron production, low 

fluxes relative to other techniques and the requirement of relatively large sample amounts. 

In this work, all neutron experiments were conducted at NIST Center for Neutron Research 

at Gaithersburg, MD. Neutron beam times were accessed through peer-review based 

proposals. The limited amount of experimental data from neutron scattering shows the 

major disadvantage of this technique, such as low neutron flux, long measurement times 

and concentrated sample requirement. 
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There are 4 main types of neutron scattering measurements: 

 1. Transmission measurements: This is the simplest form of measurement and 

requires monochromatic beam, collimation and a simple neutron detector. Transmission 

measurements contains information about sample content and relative fraction of various 

elements. For example, relative ratio of carbon to hydrogen in crude oils could be measured 

through this measurement. In this work, transmission measurements were carried out for 

Figure 1.4. (A) Dependence of scattering cross section for X-ray and 
neutron for common elements. (B) Time and length scale 
investigated through neutron scattering. Picture: Karin Griewatsch, 
Kiel University, KFN. 
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all small angle neutron scattering (SANS) and neutron spin echo (NSE) measurements to 

normalize scattering data. 

 2. Elastic Scattering: This measurement consists of recording scattered intensities 

with varying scattering angle. This resolves the momentum transfer vector 𝑞𝑞 =

4𝜋𝜋/𝜆𝜆 sin �𝜃𝜃
2
� where λ is the neutron wavelength and θ is the scattering angle. Intensities at 

various scattering angles are generally measured using a position-sensitive detector and 

then averaged radially or otherwise (Figure 1.5 A). Main elastic scattering instruments 

include: diffractometers (high scattering angle, measures small length scales), 

reflectometers and small angle neutron scattering instruments (SANS, low scattering angle, 

measures larger length scales) (length scale and scattering angles are summarized 

schematically in Figure 1.5B). 
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SANS has been heavily used in Chapter 4-5 and Appendix A to characterize ligand 

polymer structure, lipid bilayer and lignin macromolecular structure. In Chapter 4, SANS 

was used to characterize polymer ligand shell thickness and shell solvation. SANS is able 

to probe the length scale of interest for AuNP-polymer shell (sub-nanometer to 

Figure 1.5. (A) Small Angle Neutron Scattering (SANS) schematic depicting 
scattering profile on a position-sensitive detector and radial averaging leading to 
a 1-D spectra. (B) Typical SANS scattering profile for a core-shell nanoparticle 
depicting smaller length scales (for example, shell thickness) measured at high-
q region,  whereas larger repeating structures such as core-shell nanoparticle 
clustering can be probed at the low-q region. Solid black line shows a 
representative data fit to the core-shell model to calculate the shell thickness. 
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nanometers) with enhanced contrast between hydrogenated ligand and deuterated solvents. 

In Chapter 5, lipid bilayer thickness was probed through SANS as SANS covers the length 

scale of interest (~5 nm bilayer thickness) and offers similar contrast enhancement between 

hydrogenated bilayer and deuterated solvent. Lignin in solution exhibits structures in the 

nanometer scale as well as aggregates in the micron length scale. SANS can probe both 

these length scales in solution simultaneously with contrast between hydrogenated lignin 

macromolecules and deuterated solvents. Useful information from SANS data can 

extracted by fitting the reduced and normalized SANS scattering profiles to SANS models 

(such as, spherical models such as sphere, core-shell, micelle, vesicle; cylindrical models, 

ellipsoidal models, shape independent power law models in the low q region, etc.). Data 

fitting has to be carried out with extreme caution as models can be forcefully made to fit to 

most scattering data. Supporting evidences such as TEM images, light or X-Ray scattering 

profiles, thorough understanding of the probed system through experiments or intelligent 

deduction and detailed mathematical behavior of the model functions leads to accurate 

determination of parameters from a SANS data fit. More details related to various models 

used in this work and data fitting consideration can be found in Supplementary Information 

of the respective published articles. 

 3. Quasi-elastic/Inelastic Neutron scattering: QENS refers to inelastic energy 

transfers around zero energy transfer, whereas inelastic scattering corresponds to finite 

energy changes. In addition to neutron detection, neutron energies are resolved by using 

time-of-flight methods. Main instruments to measure energy changes includes: triple axis, 
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TOF and backscattering spectrometers. Energy ranges from µeV to meV are covered by 

these instruments. QENS instruments are largely used to investigate diffusive modes. 

 4. Neutron Spin-Echo spectrometer: NSE is another type of QENS instrument 

but has been singled-out because it measures correlations in the time domain instead of the 

energy domain. It uses polarized neutrons that are made to precess in the pre-sample flight 

path, get quasi-elastically scattered from sample and are made to precess again in the 

opposite direction in the post-sample flight path (Figure 1.6C). The difference in number 

of spin precessions before and after the sample is proportional to the neutron velocity 

change during scattering and therefore measures energy transfer. This instrument can probe 

time scale in the nano-second range and q range from 0.01 Å-1 and 0.5 Å-1. NSE has been 

heavily used in Chapter 5 of this dissertation. In Chapter 5, we have measured the bending 

dynamics of pure lipid bilayers and lipid bilayers with AuNP inclusions. The time and 

length scales of lipid membrane dynamics for small unilamellar vesicles is completely 

accessed by NSE. In addition, using hydrogenated lipids in deuterated solvent allows for 

enhanced contrast between the bilayer and bulk solvent thus making NSE an ideal probe 

to conduct bending dynamics measurements. 
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1.7 Dissertation Structure 

 The primary goal of this dissertation is the intentional manipulation of AuNP 

surface chemistry to harness certain properties which allows the application as catalysts 

and bilayer inclusions for biophysical systems. 

Chapter 2 discusses the comparison of supported and colloidal gold nanoparticles 

as catalysts using a common experimental tool kit. We demonstrate the advantages of 

using colloidal AuNPs in comparison to supported AuNPs in terms of greater available 

surface area and enhanced catalytic activity. We have additionally been able to 

qualitatively measure the synergistic effect of support towards AuNP catalytic activity. 

Experimental evidences to explain the rise of induction time has also been provided in 

Figure 1.6. (A) and (B) illustrates use of SANS to characterize various systems. 
(C) and (D) depicts the schematic and the NSE instrument at NCNR, 
Gaithersburg, MD.  
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this work. (Publication: J. Phys. Chem. C, 2018, 122 (14), pp 7749–7758, 

DOI:10.1021/acs.jpcc.8b00664) 

 Chapter 3 focuses on developing a colloidal AuNP catalyst which can be 

successfully recovered, thus taking a step towards ameliorating the major recovery 

challenge faced by colloidal catalyst. We demonstrate successful AuNP functionalization 

with pH responsive small molecule to facilitate pH triggered AuNP recovery. However, 

we found that achieving recovery, catalytic activity and colloidal stability was a very 

delicate balance. (Publication: Nanomaterials 2018, 8(5), 339; 

https://doi.org/10.3390/nano8050339) 

 Chapter 4 focuses on removing the problems faced in Chapter 3 namely, 

maintaining colloidal stability and recoverability without compromising catalytic activity. 

To achieve this goal, we have used lessons from our group’s previous work,93 which 

showed direct correlation between catalytic activity and ligand packing density on AuNP 

surface. Thus the solution to retaining AuNP catalytic activity lied in functionalizing AuNP 

surfaces with large MW polymers. However, there were no existing polymers which could 

satisfy all the following conditions: (1) have high affinity to AuNP surface and maintain 

colloidal stability, and (2) be pH responsive simultaneously to facilitate pH triggered 

recovery and reuse. Thus, we synthesized a new polymer by introducing thiol groups on a 

pH responsive polymer backbone through EDC/NHS chemistry. Here primary amines are 

conjugated to carboxylic acids via an amide linkage, thereby introducing any group (thiol 

in our case) which terminates the amine molecule. This synthesis can lead to development 

of a platform ligand for AuNP functionalization whereby any thiol containing compound 
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with an amine/carboxylic acid group can be coupled on another molecule which contains 

a carboxylic acid/amine group. Various quantities of thiol groups were introduced on a 

polyacrylic acid backbone to result in a thiolated pH responsive polymer which leads to 

different degree of binding on AuNP surface. This novel ligand successfully attached to 

AuNP surface, AuNPs showed enhanced colloidal stability in general and during reactions 

and demonstrated ease of pH triggered recovery and phase transfer recovery. We explore 

various factors affecting catalytic activity including ligand structure, softness and 

chemistry. (Publication: manuscript submitted to ACS Applied Materials and Interfaces) 

 Chapter 5 investigates a different application of surface-functionalized 

hydrophobic AuNPs and the inclusion into lipid bilayers for modification of the membrane 

biomechanical properties. AuNPs were intentionally functionalized with short chain 

hydrophobic thiols to render them colloidally stable in hydrophobic environments. The 

goal of this functionalization was to successfully incorporate AuNPs inside the 

hydrophobic core of a lipid bilayer system. The purpose of this study was two-folds: (a) 

developing and characterizing liposome-nanoparticle assemblies as a novel stimuli-

responsive drug delivery vehicle and (c) to study the potentially toxic effects of 

hydrophobic AuNPs by quantifying changes in lipid bilayer biophysical properties. We 

demonstrate membrane softening due to nanoparticle inclusion as one of the major findings 

of this study. (Publication: DOI: 10.1021/acs.langmuir.8b02553) 

 Chapter 6 discusses the scope and recommendations for future work and 

summarizes the major findings of this dissertation.  
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CHAPTER TWO 

COMPARISON OF COLLOIDAL VERSUS SUPPORTED GOLD NANOPARTICLE 
CATALYSIS 

[As published in J. Phys. Chem. C 122, 14, 7749-7758 (2018) with minor revisions] 
 

2.1 Introduction 

 Gold was once considered an inert metal, but gold nanoparticles (AuNPs) have been  

established as a very effective and widely used catalyst since the seminal works of Haruta1 

in the late 1990s. Numerous studies since then have explored various AuNPs in catalyzing 

reactions that include CO oxidation,2 propylene epoxidation,3 low temperature water gas 

shift reactions,4-5 alcohol oxidation,6 nitroarene reduction 7 and carbon-carbon cross 

coupling8 to name a few. For industrial production of fine chemicals, AuNP and other 

colloidal nanoparticle catalysts are immobilized on different supports, primarily due to the 

advantage of catalyst recovery using simple mechanical methods like centrifugation, 

filtration or sedimentation.9 Supported catalysts are also effectively implemented in 

continuous reactor systems with a stationary support for large scale chemical reactions.10-

11 Colloidal AuNPs have been theorized to be more catalytically active, have greater 

selectivity and have greater opportunity in chiral catalysis than supported NPs.11 Due to 

difficulties in colloidal NP recovery, the application of colloidal catalysis is limited.12-14 

Although there have been various studies on colloidal NPs and supported NPs 

independently, there has been little systematic comparisons of the catalytic activity and 

surface properties of the same colloidal NP system and the supported counterpart.  

The main technique used to characterize NP catalyst surface area is through chemisorption 

of small gas molecules like CO and H2 on the catalyst particle surface. Unfortunately, gold 



34 
 

is not amenable to chemisorption of many molecules and thus few studies have 

characterized supported AuNPs with chemisorption.15-19 Recently, Menegazzo and co-

workers20 performed CO chemisorption by a pulse flow technique and Fourier Transform 

Infrared (FTIR) measurements of adsorbed CO under strict control of temperature (140-

180 K) effectively determining gold catalytic sites in the Au/TiO2, Au/Fe2O3 and Au/ZrO2 

systems.21 Although effective, these methods are specific to solid catalysts and cannot be 

applied to analogous colloidal catalyst systems. Other researchers have used transmission 

electron microscope (TEM) to quantify the available surface area which assumes shape and 

size monodispersity and is limited by small sample sizes.22 However, TEM analysis does 

not provide any information about attached surface ligands or presence of surface 

roughness, which subsequently introduces inaccuracies in quantification of available 

surface area. Use of small molecular probes like organothiols is an effective tool to quantify 

catalyst surface area accurately for both supported and colloidal catalysts. 

In this work, the catalytic activity of colloidal AuNP and supported AuNP catalysts is 

compared for the AuNP catalyzed reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-

AP) by sodium borohydride. Citrate-stabilized AuNPs with a core diameter 5.6 ± 1.4 nm 

were investigated as colloidal AuNPs (AuNPcol). Subsequent immobilization of the 

colloidal AuNP on titania (80% anatase, 15% rutile and 5% amorphous phases with 

average particle diameter of 21 nm) yielded the supported AuNP catalyst (AuNPsup). The 

advantage of using colloidal AuNPs on supports is greater control of particle size and 

removing support effects on the synthesized AuNP size, polydispersity and morphology in 

order to better elucidate size effects on catalysis. Citrate was intentionally chosen as the 
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stabilizing ligand because citrate binds weakly to AuNP surface and AuNPcol and AuNPsup 

can be both considered ‘naked’. The reactants and organothiol probe used in this study 

readily displace citrate from the AuNP surface during kinetic and adsorption 

measurements. High temperature annealing of supported catalysts is a preferred method to 

remove surface-bound ligands. Supported AuNP catalysts used in this study were 

separately annealed (AuNPann) to study effects of annealing on catalytic activity of AuNPs.  

Pal,23 Esumi24 and others have demonstrated 4-NP reduction reaction as a model reaction 

with no side reactions and ability for real-time in-situ monitoring using UV-Vis 

spectroscopy. The reaction conversion is determined from the change in intensity of the 

nitrophenolate ion peak at 400 nm. The reaction is conducted with excess NaBH4 and 

treated as a pseudo first order reaction.23-25 In this study, the pseudo first order rate constant 

is used for comparing the activity of AuNPcol and AuNPsup catalysts.  

AuNPs possess corners, edges and surface Au atoms which are reported to be the active 

sites for AuNP catalyzed reactions and deposition of colloidal AuNPs on a support results 

in a loss of available surface area and thus a reduction in available active sites.26-29 

Conversely, AuNP immobilization on supports can create special sites at the AuNP-support 

interfaces. Corners and edge sites at the metal-metal oxide support interface have been 

shown to be unique reaction sites with greater activity due to the low coordination of the 

Au atoms.1, 30-31 Charge transfer between AuNP and support can also alter the electronic 

structure of the AuNP leading to enhanced catalytic activity for CO oxidation reactions, 

demonstrated both experimentally and computationally.32-36  
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In this work, UV-Vis absorption spectroscopy of 2-mercaptobenzimidazole (2-MBI) was 

used to quantify the available surface area on the colloidal AuNPs and supported AuNPs. 

Zhang37 and Ansar38 demonstrated the applicability of this technique to determine free 

surface area in thiolated polyethylene glycol (PEG-SH) stabilized AuNPs. We have 

quantified and contrasted catalytic activity of colloidal and supported AuNP in this treatise 

and subsequently measured the contribution of the support towards catalytic activity of the 

AuNP for the reduction of 4-NP. Induction time observed during 4-NP reduction reaction 

has also been examined and effect of reactant addition sequence and reactant concentration 

has been investigated in detail.7, 22 

2.2 Methods 

2.2.1. Chemicals and Instrumentation. 

All reagents were purchased from Sigma Aldrich, except the P25 Aeroxide39 titania support 

(80% anatase, 15% rutile and 5% amorphous phases with average particle diameter of 21 

nm) which was purchased from Acros Organics. Aqua Regia was prepared at a 3:1 molar 

ratio of hydrochloric acid (37 %, 12 M extra pure) to nitric acid (69-71% extra pure) for 

Au digestion for ICP-OES (Inductively Coupled Plasma- Optical Emission Spectroscopy) 

analysis. 25mm cellulose acetate (CA) syringe filters (0.45 µm) were purchased from VWR 

International. Milli-Q water (resistivity > 18.2 MΩ.cm) was used for synthesis and 

reactions. UV-Vis spectra was acquired using a Varian Cary 50 UV-Vis-NIR 

spectrophotometer. ICP-OES data was acquired on a Perkin Elmer Optima 3100RL ICP-

OES. TEM imaging was conducted on a Hitachi H9500 HRTEM (accelerating voltage of 

300 kV) and Hitachi H7600 (accelerating voltage of 120 kV). STEM imaging was 



37 
 

conducted on a Hitachi HD2000 STEM. Formvar coated 300 mesh Cu grids were 

purchased from Electron Microscopy Sciences (EMS). Energy Dispersive Spectroscopy 

(EDS) analysis for elements was conducted on the HD2000. 

2.2.2. AuNP synthesis.  

Citrate-stabilized colloidal AuNPs were synthesized using a classic sodium borohydride 

reduction of gold precursor in presence of trisodium citrate.40 Briefly, 125 µL of 0.1 M 

HAuCl4 and 125 µL 0.1 M trisodium citrate solution was added to 50 mL deionized water 

and stirred with a magnetic stir bar. Drop wise addition of 500 µL of a solution of 38 mg 

of sodium borohydride in 20 mL of ice cold deionized water led to a color change of the 

solution from colorless to ruby red rapidly indicating the formation of colloidal citrate-

stabilized AuNP. The UV-Vis maximum peak absorbance was at wavelength of 511 nm 

and size analysis using TEM of more than 1000 AuNPs using ImageJ41 revealed a mean 

diameter of 5.6 ± 1.4 nm (Figure 2.1). 
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2.2.3. Deposition of colloidal AuNP on titanium dioxide. 

Colloidal AuNP was immobilized on titania by adjusting pH of the mixture to the point of 

zero charge (PZC). Colloidal AuNP stability with pH was examined by UV-Vis 

spectroscopy by systematically changing the pH from 5.6 to 2.7 and particle aggregation 

was observed below pH 4. Colloidal AuNP and titania dispersion were mixed physically 

for 24 hours at pH 4. UV-Vis absorbance spectra of aqueous phase after gravity separation 

Figure 2.1. (A) AuNP-Cit colloidal catalyst. (B) LSPR peak (obtained 
from UV-Vis spectroscopy), (C) and (D) AuNP colloidal size analysis 
(obtained from transmission electron microscopy). 

(A) 

(B) 

(C) 

(D) 
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of titania/AuNP indicated complete AuNP deposition at pH 4. AuNPs were immobilized 

on the titania support at Au loading (Au basis) of 1, 5 and 10 wt% (hereafter referred to as 

1AuNPsup, 5AuNPsup and 10AuNPsup). For the 10AuNPsup, 900 mg of titania was dispersed 

in 20 mL of deionized water and sonicated by a tip sonicator (Fisher Scientific 550 Sonic 

Dismembrator) for 10 min at 30% power and then pH adjusted to pH = 4. The pH of 

colloidal AuNP containing 100 mg Au was adjusted to pH = 4 and mixed with the titania 

dispersion overnight with magnetic stirring. Successful deposition of AuNPs on the support 

was indicated by a color change of titania from white to pink and the supernatant becoming 

a colorless solution. The supported AuNP was centrifuged and subsequently dried using a 

vacuum dryer to obtain dry supported catalyst. Annealing of dry supported catalyst 

(hereafter referred to as 10AuNPann, 5AuNPann and 1AuNPann) were carried out at 400 oC 

in silica crucibles in oxygen for an hour using a muffle furnace with an electric heating 

coil. (Figure 2.2) 

 

2.2.4. Determination of Au concentration.  

Concentration of Au in colloidal AuNP and Au loading on supported catalyst was 

determined using ICP-OES on a Perkin Elmer Optima 3100RL ICP-OES. Known mass of 

Figure 2.2. Immobilization of colloidal citrate-AuNP on titania and subsequent 
annealing at 400 

o
C. The growth of AuNP on titania during the annealing 

process is evident because of the color change from dark pink to purple. 
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supported catalysts were digested in concentrated freshly prepared aqua regia for 12 hours 

under constant stirring and diluted 20 fold in deionized water to obtain 5% (v/v %) aqua 

regia. Standards in the range of 0.1-100 ppm Au were prepared in 5% aqua regia. 

2.2.5. Size Analysis using Electron Microscopy.  

TEM grids of catalysts were prepared by drop casting 5 µL of the as-prepared supported 

AuNP suspension and resting for 1 minute. The excess liquid sample was wicked away 

using a Whatman filter paper. The particle size distribution of AuNP on the surface of 

titania and morphology were examined by high resolution transmission electron 

microscopy (HR-TEM). Scanning Transmission Electron Microscopy (STEM) analysis 

with Energy Dispersive Spectroscopy (EDS) was performed to confirm presence of AuNP 

on the support via Z-contrast images. Size analysis was conducted on ImageJ41 software 

(Figure 2.3 and 2.4) and two tailed t-test (exceeding 95% confidence level) statistical 

analysis was conducted. 
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Figure 2.3. Size analysis of catalyst (A) 1AuNPsup & (B) 1AuNPann; (C) 
5AuNPsup & (D) 5AuNPann and (E) 10AuNPsup & (F) 10AuNPann. Increase in 
size of AuNP due to annealing can be clearly observed. 
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2.2.6. 4-Nitrophenol Reduction Catalysis for Kinetics.  

For AuNPsup catalysts, the 4-NP reduction reaction was carried out in a 4 mL stirred quartz 

cell and monitored by UV-Vis absorbance spectroscopy. All reactions with supported 

catalysts contained a supported catalyst mass of 0.1 mg (AuNP + TiO2) and total volume 

of 3 mL. For example, the 10AuNPsup reaction used 1 mL of 0.2 mM 4-NP, 900 µL DI 

water and 800 µL of 10AuNPsup suspension (0.125 mg/mL catalyst) in a 4 mL stirred quartz 

cell. 300 µL of NaBH4 in deionized water (5 mg/mL) was added to the quartz cell and time-

resolved UV-Vis spectra were acquired for 60 mins. The intensity of the 4-NP peak at 400 

nm was used to track reaction progress. Amount of annealed supported catalysts (10AuNP-

ann) was similarly used which contained same amounts of Au as 10AuNPsup. For equivalent 

Figure 2.4. STEM images of immobilized AuNP on titania (A) AuNP on titania in 
scanning electron microscopy mode, (B) EDS image where concentrated yellow 
scatter points represent AuNP corresponding to Figure 1.4A and (C) corresponding 
EDS spectra. 
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colloidal AuNP catalyst 10AuNPcol, 1 mL of 0.2 mM 4-NP was mixed with 1516 µL of DI 

water and 184 µL of AuNP colloid (0.05 mg Au/mL concentration). 300 µL of NaBH4 

freshly prepared solution (5 mg/mL) was added and time-resolved spectra were acquired 

for 60 min. Induction time experiments were conducted in a similar manner using the 

1AuNPcol and 1AuNPsup catalysts where induction times were observed. Mixing sequences, 

4-NP concentrations and NaBH4 concentrations were varied as detailed in the discussion 

section. N2 purging was carried out by bubbling reactants with N2 gas for 2 hours. Purged 

reactants were mixed under a N2 environment and sealed with a PTFE cuvette cap and 

parafilm under nitrogen.  

2.2.7. 2-MBI Adsorption to quantify available surface area.  

To quantify the available surface area on AuNP, 2-MBI adsorption method was used. The 

kinetics of 2-MBI adsorption was measured to determine the time required for complete 

saturation of the Au surface. For the supported catalysts, 0.2 mg of Au (17.5 mg, 4.3 mg 

and 2.2 mg for 1AuNPsup, 5AuNPsup and 10AuNPsup, respectively) was mixed with 30 µM 

solution of 2-MBI under constant stirring. 20 mg of pure titania was also used in a similar 

manner as control. Aliquots were drawn at regular intervals from the mixture and filtered 

through a 0.45 µm cellulose acetate syringe filter to remove the supported catalyst. The 

absorbance intensity at 300 nm was used to quantify 2-MBI adsorption rate and total time 

for 2-MBI saturation on the AuNP surface. The total adsorbed moles of 2-MBI was 

confirmed with a 24 hour room temperature incubation. Colloidal AuNP and annealed 

AuNP catalysts were examined in a similar manner. All surface area measurements are in 
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terms of number of molecules of 2-MBI adsorbed thus yielding a relative measure of 

surface area. 

2.3 Results and Discussion 

UV-Vis analysis of the as-prepared colloidal AuNPs had a maximum absorption at 511 nm 

which is a characteristic localized surface plasmon resonance (LSPR) absorption for 5 nm 

colloidal AuNP in water (Figure 2.1). TEM images of the colloidal citrate-stabilized 

AuNPs revealed the mean diameter to be 5.6 ± 1.4 nm (Figure 2.1).  AuNPs deposited on 

titania was imaged by HRTEM and STEM (Figure 2.5). STEM and EDS analysis 

confirmed the successful immobilization of AuNP on titania and Figure 2.5 C shows 

various facets, edges and vertices of the embedded AuNP. 

 

Figure 2.6 shows example TEM images and particle size distribution for 10AuNPsup and 

10AuNPann. The size distributions of AuNP for all catalyst systems have been summarized 

in Figure 2.6. High resolution d-spacing of the support and AuNPs immobilized on the 

support before and after annealing obtained from HRTEM images showed no observable 

change in lattice structure due to annealing. 

Figure 2.5. (A) STEM image of typical 5AuNPsup catalyst under scanning mode. 
(B) and (C) HR-TEM image of a typical 5AuNPsup catalyst depicting various 
facets, edges and vertices of AuNP on titania. 
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From Figure 2.6, the size distribution of AuNPsup are statistically equivalent to the AuNPcol 

demonstrating that pH adjustment and immobilization process has no effect on the AuNP 

diameter. A statistically significant increase in the mean diameter is observed for the 

5AuNPann and 10AuNPann catalysts where extent of particle size growth increases with 

increased AuNP loading. The 1AuNPann size distribution, despite having a nominally larger 

average diameter, was not statistically different from the AuNPcol catalyst. Gold clusters 

are known to sinter due to a low Tammann temperature (395 o C), making them unsuitable 

for high temperature reactions42-43 and size growth via. an Ostwald ripening.44 The extent 

of particle coalescence is dependent upon Au mobility and thus decreased particle 

separation distances with higher loading results in increase particle size growth. This also 

explains the lack of sintering effects in 1AuNPann catalysts resulting in no statistical change 

in the mean diameter from the colloidal AuNP. AuNP crystal structure remained unaltered 

during annealing as evidenced by similar d-spacing of AuNP. 

Figure 2.6. TEM images and size distribution of the AuNP on titania support for 
(A) and (C) 10AuNPsup; (B) and (D) 10AuNPann. (E) Size distributions of the 
colloidal and titania supported AuNP catalysts and Au loading (wt %). Size 
distribution histograms are shown in (Figure 2.3) 

(E
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Figure 2.7A and B present the 4-NP absorbance intensity at 400 nm, which demonstrates 

the effect of AuNP concentration on the catalytic reduction of 4-NP to 4-AP for AuNPcol 

and AuNPsup respectively. The absorbance decrease following the induction time was fit to 

a pseudo first order rate equation (Figure 2.7C and 2.7D) and the slope of the linear fits 

Figure 2.7. Comparison of catalytic activity for colloidal and supported AuNP 
catalyst with Au loading. (A), (B) In situ 4-NP peak intensity at 400 nm as a 
function of time, tracking the reaction progress for colloidal and supported 
catalyst respectively. Insets show typical spectra of 4-NP with time as reaction 
progresses (5AuNPcol for 1.7A inset; 1AuNPsup for 1.7B inset). Negative intensity 
at 300 nm from 4-aminophenol peak in 1.7B (inset) is due to corrections to 
account for scattering from larger AuNPsup catalyst. Corresponding spectra for 
products at t = 12 hours was subtracted as background for all AuNPsup/AuNPann 
catalysts. (C) and (D) Absorbance data fit to pseudo first-order kinetics with 
respect to 4-NP to determine the rate constants. 
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yield pseudo first order rate constants shown in Figure 2.8. It is important to note that 4-

NP photo-catalytic reduction does not take place on titania (in presence of NaBH4 and 

without AuNP) under reaction conditions. 

 

Rate constants increased with Au loading for each catalyst showing the kinetic dependence 

on AuNP concentration and intuitively on the Au available surface area. Rate constants 

decrease from colloidal AuNP to supported AuNP for all Au loadings (for example, 54% 

decrease in rate constant from 10AuNPcol to 10AuNPsup). Annealing resulted in further 

decrease in rate constant (for example, 75% reduction in rate constant from 10AuNPcol to 

10AuNPann). Changes in rate constant can be attributed to a combination of opposing 

effects, available surface area loss during immobilization, particle size change, surface 

restructuring, and synergistic support effects including generation of unique active site at 

Figure 2.8. Summary of the reaction rate constants and induction times observed 
for each catalyst system. Measurements are averaged over three independent runs 
with one standard deviation reported as the error. 
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the AuNP-titania interfaces and charge transfer between support and AuNP. AuNPs mean 

diameter for AuNPcol and AuNPsup does not change on immobilization. Decrease in activity 

of 10AuNPann and 5AuNPann can be explained by a combination of surface area loss due to 

immobilization and AuNP size growth. 1AuNPann does not show a statistically different 

size change on immobilization but a change in catalytic activity is observed from Figure 

2.8B. 

In order to directly measure the loss of available surface area with immobilization, we 

employed 2-MBI adsorption technique used in previous studies.37-38, 45 Total number of 

molecules of 2-MBI adsorbed can be correlated to the available surface area and number 

of active sites available for the 4-NP reduction reaction, although 2-MBI does not 

differentiate between sites with different activities. The kinetics of 2-MBI adsorption on 

AuNP catalysts were examined and time required for complete saturation of AuNP surface 

with 2-MBI was found to be less than a minute due to the strong thiol-Au bond, ensuring 

complete saturation after 24 hours of incubation. This also shows that diffusion barriers are 

not present for 2-MBI adsorption on the ‘naked’ AuNPs in the absence of reactants. 
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Figure 2.9 shows that 2-MBI does not adsorb onto the TiO2 support but selectively adsorbs 

to AuNP surface. Selectivity is a major advantage of this method to characterize available 

surface area of Au supported catalyst over other chemisorption methods. Furthermore, this 

method can be extended to colloidal systems and measured in the same media as the 

catalytic reaction. 

Figure 2.9. 2-MBI adsorption, (A) Adsorption kinetics of 2-MBI on AuNPsup 

and AuNPcol systems (the dashed lines are for visual aid only) and (B) typical 
UV-Vis spectra of 2-MBI after incubation with various 10AuNP system for 24 
hours showing decrease in intensity of 2-MBI absorbance. 
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Figure 2.10 presents the compiled 2-MBI adsorption results and demonstrates an average 

reduction in available surface area ca. 60% due to the AuNPcol immobilization on the titania 

support. Annealed catalysts show a loss of surface area dependent on the Au loading (58%, 

71% and 81% for 1AuNPann, 5AuNPann and 10AuNPann). Specific available surface area for 

all Au loadings of AuNPsup catalysts were statistically not different (two tailed t-test 

exceeding 95% confidence level) which is consistent with the similar AuNP size 

distribution on the support. We observe reduced specific available surface area for 

5AuNPann and 10AuNPann catalysts, which is consistent with the increase in AuNP 

diameter. Figure 2.10 also shows no statistical difference in specific available surface area 

for the 1AuNPsup and 1AuNPann catalyst, which is consistent with mean diameter 

measurements.  

Figure 2.10. Specific available surface area measured from 2-MBI adsorption 
experiments. Available surface area is denoted in terms of molecules of 2-MBI 

adsorbed and depicts a relative measure of surface area. 
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In order to directly compare catalytic activity of AuNPcol to AuNPsup and AuNPann catalyst, 

Turnover Frequency (TOF) normalized to the gold mass (TOFM) and available surface area 

(TOFSA) in each catalyst was examined. TOF is an important metric to compare different 

catalyst systems46 and is used here to contrast the colloidal and supported AuNP catalyst 

and quantify the metal oxide support effect on catalytic activity in the 4-NP reduction 

reaction. On a gold mass basis, TOFM for AuNPsup was ca.40% lower compared to AuNPcol 

(Figure 2.11A). It is interesting to note that despite the surface area reduction of ca. 60% 

in case of AuNPsup compared to AuNPcol (Figure 2.10A), the reduction in TOFM is only ca. 

40%. This suggests that new sites with greater catalytic activity are generated at the AuNP-

TiO2 interfaces and contribute to the AuNPsup  less than proportionate decrease in TOFM. 

TOFM of 1AuNPann was found to be significantly lower than 1AuNPsup although no 

statistically significant change in shape or size was observed on annealing. TOFM for 

5AuNPann and 10AuNPann were even more significantly decreased compared to 5AuNPsup 

and 10AuNPsup (68% and 87% reduction respectively) due to the change in size and 

Figure 2.11. Turnover Frequency normalized to (A) mass of Au and (B) available 
surface area (in terms of adsorbed 2-MBI molecules). Results are averaged over 
three independent runs with one standard deviation reported as the error. 
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decreased surface area available per mass of Au. It is interesting to note that the change in 

TOFM is much higher than the change in surface area (22% and 31% for 5AuNPann and 

10AuNPsup). This can be explained by changes in electronic properties due to ripening and 

loss in surface features like vertices and edges due to the high temperature annealing.  

To demonstrate the enhancement of catalytic activity of AuNP due to titania support, 

TOFSA were compared for the colloidal and supported catalysts. TOFSA accounts for the 

loss in surface area and normalizes the catalytic activity of the AuNP by the available 

surface area providing a good metric to judge the contribution of support. TOFSA for 

AuNPsup was consistently higher than AuNPcol for all Au loadings (Figure 2.11B), which 

can be attributed to the synergistic effect of the support towards AuNP catalytic activity 

for the 4-NP reduction reaction. Prior research has demonstrated that metal oxide supports 

stabilize and alter electronic properties of AuNPs.35, 47 It has been proposed that contact 

edges between AuNPs and support are unique active sites with low coordinated Au 

atoms.48 Theoretical calculations have shown that supports can play a crucial role in the 

activation of reactants bound to AuNP surface.26 1AuNPann shows a statistically significant 

increase in TOFSA compared to colloidal AuNP but to a much lesser degree than 1AuNPsup 

although no significant difference in AuNP diameters and surface area measured through 

2-MBI adsorption was observed. This may be attributed to morphological changes on the 

surface of AuNP during annealing resulting in loss of edges and vertices which results in 

the loss of catalytic active sites. 2-MBI does not differentiate between sites with different 

activities, where similar available surface areas possess different rates of reaction and lower 

TOFSA for 1AuNPann compared to 1AuNPsup. 5AuNPann and 10AuNPann show a substantial 
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decrease in TOFSA compared to the colloidal AuNP and supported AuNP, also attributed 

to loss of vertices and edges as well as decreased activity due to increased AuNP size.49-50 

An induction time was observed for only the 1AuNP system. This phenomena has been 

proposed to be due to different mechanisms: a) diffusion time for substrate adsorption on 

the AuNP surface,51-52 b) the presence of dissolved oxygen that reacts with NaBH4 rather 

than 4-NP ,53 c) oxide layer on the metal NP surface54 and d) surface restructuring to render 

the AuNP surface active.55 4-NP reduction reactions were conducted in N2 environment 

with all reactants purged with N2, as well as in atmospheric conditions. No significant 

changes were observed in the induction time for both scenarios, which diminishes the 

dissolved oxygen argument for this work.  Induction time has also been linked to ligand 

desorption/migration phenomena induced by NaBH4.
38, 56 Catalysts used in this study did 

not have any protective ligands, except loosely bound citrate that is easily displaced by 4-

NP and BH4
- ions. Furthermore, the lack of induction time for the 2-MBI adsorption 

diminishes the desorption/migration explanation.  In this work, the induction time is 

dependent on the concentration of AuNP present in the reaction media with all other factors 

remaining constant, suggesting a dependence on the relative amounts of reactant to the 

AuNP available surface area or active sites. All Au loadings show similar quantities of 2-

MBI adsorbed and TEM analysis show that all AuNPs are present on the surface of titania. 

This suggests that AuNP available surface area are equally accessible to reactants and mass 

transfer resistances due to the heterogeneous nature of the catalyst is not a factor. 

To examine the impact of reactants to the induction time, systematic experiments were 

conducted (with 1AuNPcol and 1AuNPsup) where the mixing sequence of reactants and 
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catalysts were altered. Control experiments were conducted following the same mixing 

sequence as the kinetic studies where 4-NP and catalysts were incubated before addition 

of NaBH4. An induction time of 108 ± 18 s for the 1AuNPcol catalyst (Figure 2.12A) and 

360 ± 36 s for the 1AuNPsup catalyst (Figure 2.12B) was observed. These reactions 

contained the same AuNP concentration and hence 1AuNPcol possesses larger available 

surface area compared to 1AuNPsup and decreased induction time. Incubation of 4-NP and 

catalyst in the control experiments for shorter or prolonged time periods did not change the 

induction time. This suggests rapid saturation of the surface of AuNP by 4-NP and does 

not suggest slow surface modification by 4-NP. In Figure 2.12A, the reactants in the 

parenthesis were mixed and incubated for 108 s (equal to the induction time observed for 

1AuNPcol catalyst). An incubation time of 240 s was used for (4-NP/NaBH4) + 1AuNPsup 

catalyst addition sequence whereas an incubation time of 120 s was used for 

(1AuNPsup/NaBH4) + 4-NP addition sequence. Time resolved UV-Vis spectra was acquired 

as soon as the third component (outside parenthesis in Figure 2.12A and B) was added. 
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Figure 2.12A shows that the induction time is completely removed after incubating (4-

NP/NaBH4) and (1AuNPcol/NaBH4) for 108 s. Few researchers have attributed the 

induction time to a slow surface restructuring of the AuNP by the substrates.7, 57 Slow 

surface restructuring can be ruled out as the explanation for induction time based on 

complete disappearance of induction time in case of  (4-NP/NaBH4) + 1AuNPcol  and 

(1AuNPcol/NaBH4) + 4-NP. Similarly, in Figure 2.12B, incubating (4-NP/NaBH4) for 240 

Figure 2.12. Mixing sequence kinetics (reactants in the parenthesis were incubated 
for specific amount of time and then the third component was added); (A) mixing 
sequences for 1AuNPcol system, (B) mixing sequence for 1AuNPsup system; (C) 
Dependence of rate constant and induction time on the concentration of NaBH4 for 
1AuNPsup catalyst and (D) Dependence of rate constant and induction time on the 
concentration of 4-NP for 1AuNPsup catalyst. Red and black solid lines in (C) and (D) 
are for visual aid only. 
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s followed by 1AuNPsup addition, the induction time (360 ± 18 s for control) is completely 

removed. When (1AuNPsup/NaBH4) was incubated for 120 s with subsequent addition of 

4-NP, the induction time was also removed but an initial reaction rate (0.05 ± 0.02 min-1) 

was curiously slower resulting in a ‘delay time’ followed by an increased rate constant of 

0.26 ± 0.05 min-1 (Figure 2.12B). This rate constant after the delay time was similar to that 

for (4-NP/NaBH4) + 1AuNPsup (0.28 ± 0.05 min-1). The delay time (240 ± 18 s) was equal 

to the difference between the induction time observed in Figure 2.12B (360 ± 18 s) and 

incubation time (120 s). In addition to this observation, rate constants for addition sequence 

(4-NP/NaBH4) + 1AuNPsup (0.28 ± 0.05 min-1) and (4-NP/NaBH4) + 1AuNPcol (0.75 ± 0.07 

min-1) were both higher than rate constants for the control reactions; 0.20 ± 0.03 min-1 and 

0.34 ± 0.05 min-1 respectively. This suggests that the induction time is dependent on relative 

surface coverage of 4-NP and NaBH4 adsorbed on the AuNP surface.  

To gather further evidence for this theory, 4-NP and NaBH4 concentrations were varied 

systematically to examine the effect of reactant concentration on induction time for 

1AuNPsup catalyst. The NaBH4 concentration was changed with constant 0.067 mM 4-NP 

concentration (Figure 2.12C) and the 4-NP concentration was changed with constant 13.2 

mM NaBH4 concentration (Figure 2.12D). NaBH4 was added as the last step in all reactions 

with constant concentrations equivalent to the previous results. Increasing 4-NP 

concentration caused a reduction in rate constant which is similar to results obtained in 

previous works22, 55 and justified by Langmuir-Hinshelwood mechanism for this reaction. 

An increase in the induction time was observed with increasing 4-NP concentration. At a 

high 4-NP concentration of 0.1 mM, the reaction induction time was greater than the time 
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frame studied (2 h). Increased BH4
- ion concentration led to an increase in the rate constant, 

which is corroborated by previous studies22, 55, but showed no strong correlation with 

induction time. Measuring change in induction time above 22 mM BH4
- was not undertaken 

due to rapid evolution of H2 bubbles in the cuvette. 

 

Based on these results, we can hypothesize that the induction time is directly related to the 

available surface area saturation by 4-NP and higher adsorption constant for 4-NP than 

NaBH4 (5500 ± 1000 L/mol and 58 ± 5 L/mol respectively) as calculated by Wunder et 

al.55 1AuNPsup catalyst has minimum relative surface area available compared to 5AuNPsup 

and 10AuNPsup leading to maximum blocking of its available surface area. Figure 2.13 

Figure 2.13. Induction time for various catalyst normalized to available 
surface area (as measured from 2-MBI adsorption experiments). 

0 250 500 750 1000 1250

0

250

500

750  1AuNPsup (induction time exp)

In
du

ct
io

n 
tim

e 
(s

)

4-NP/available surface area (moles/A.U.)

 AuNPcol

 AuNPsup

AuNPann



58 
 

suggests a relationship between induction time and 4-NP concentration normalized to 

available surface area. This clearly elucidates the above hypothesis of available surface 

area blocking by 4-NP where higher 4-NP/available surface area results in higher induction 

time and vice versa.  Figure 2.13 suggests a threshold ratio of 4-NP per available surface 

area above which the induction time emerges. According to the Langmuir-Hinshelwood 

model7 for this reaction, a borohydride ion has to react with the AuNP surface and provide 

a surface hydrogen species. Depending on the AuNP surface saturation by 4-NP, BH4
- ion 

(having an adsorption constant 100 times lower than 4-NP) has to compete for available 

surface area on the AuNP surface. The 5AuNPsup and 10AuNPsup catalysts have relatively 

higher available surface area compared to 1AuNPsup catalyst and hence no induction time 

was observed. We observe from Figure 2.12A and B that induction time is completely 

removed for the (4-NP/NaBH4) + 1AuNPsup catalyst. When 1AuNPsup is added last, it is 

figuratively “bare” and not saturated by 4-NP, thus BH4
- does not compete with 4-NP for 

available surface area and can simultaneously adsorb onto the AuNP surface to initiate the 

reaction thus demonstrating no induction time. Slower reaction rates for (1AuNP/NaBH4) 

+ 4-NP addition sequence and a delay time for the 1AuNPsup catalyst can be explained by 

similar arguments. BH4
- saturates the AuNP surface and 4-NP (100 times higher adsorption 

constant than NaBH4) has to compete for available surface area on the surface. This results 

in removal of induction time completely but initial reaction rate is slower when 4-NP 

replaces adsorbed NaBH4 from the surface and simultaneously causes reaction. Pseudo first 

order reaction kinetics initiates when 4-NP reaches a threshold relative concentration to 

NaBH4 on AuNP surface. These observations are also supported by the decrease in rate 
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constant and increase in induction time due to increase in 4-NP concentration. No reaction 

was observed for 4-NP concentration above 0.1 mM, because 4-NP desorption and NaBH4 

adsorption is a reversible process and excess of 4-NP inhibits the adsorption of NaBH4 on 

the surface of AuNP. Incubation time was the same as the induction time for 1AuNPcol 

catalyst and thus no separate delay time could be observed. Lower reaction rates (0.30 ± 

0.02 min-1) for the (1AuNPcol/NaBH4) + 4-NP addition sequence was observed compared 

to (4-NP/NaBH4) + 1AuNPcol (0.75 ± 0.02 min-1) but reaction reached near completion 

before any increase in rate constant could be observed similar to (1AuNPsup/NaBH4) + 4-

NP addition sequence. Similar arguments of weaker adsorption constant of BH4
- compared 

to 4-NP can be given for slower rate of reaction for this observation. 

2.4 Conclusion 

Successful comparison of the catalytic activity of colloidal AuNP to supported AuNP 

catalyst was conducted. A facile UV-Vis spectroscopy based organothiol adsorption 

technique has been used to quantify the AuNP available surface area for both colloidal and 

supported AuNP catalysts. Subsequently TOF analysis was used to quantify and contrast 

the catalytic activity of colloidal and supported AuNPs based on mass and available surface 

area. Our observations show significantly lower reaction rates for supported-AuNP 

catalysts compared to colloidal AuNP catalysts per Au mass basis, which is attributed to 

ca. 60% loss of available surface area during the immobilization process. Annealing, which 

is a preferred method of removal of stabilizing ligand from AuNP surface causes further 

loss in catalytic activity resulting from the growth of AuNPs on support surface and loss 

of surface features like edges and vertices. Higher TOFSA values for supported AuNP 
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catalyst compared to the colloidal AuNP catalysts suggests that the titania support enhances 

AuNP catalytic activity in the 4-NP reduction reaction due to the formation of active sites 

at the AuNP-support interfaces which are more active than face, corner or edge sites. 

Induction time was attributed to AuNP surface saturation by 4-NP and accessibility of 

available surface area on AuNP surface by BH4
- in presence of 4-NP. Our results show a 

threshold 4-NP to available surface area ratio at which induction time emerges suggesting 

competitive adsorption between 4-NP and BH4
- for available surface area. Induction time 

can be removed completely by altering the addition sequence to (4-NP/NaBH4) + AuNP 

where AuNP surface area is essentially ‘bare’ and available for adsorption of both reactants 

simultaneously resulting in instantaneous reaction. 
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CHAPTER THREE 

pH-RESPONSIVE MERCAPTOUNDECANOIC ACID FUNCTIONALIZED GOLD 

NANOPARTICLES AND APPLICATIONS IN CATALYSIS 

[As published in Nanomaterials 2018, 8(5), 339 with minor revisions] 

3.1 Introduction 

Gold nanoparticles (AuNPs) have attracted significant interest due to their optical, 

electronic, and chemical properties, which have demonstrated potential applicability in a 

variety of fields, including chemical catalysis1-3. While AuNPs possess inherent properties, 

surface functionalization with a variety of ligands affords the enhancement of existing 

properties or the introduction of additional capabilities that make the functionalized AuNPs 

suitable for novel applications. For example, AuNPs functionalized with external stimuli-

responsive molecules possess chemical or physical properties that are triggered by light, 

pH, temperature, ions, or other stimuli, which have a significant potential for applications 

in reusable catalysis, sensory devises, biomedical applications, etc. 4-8 

AuNP functionalized with pH-responsive groups, such as carboxylic acids, sulfonates, and 

amines, have been synthesized and possess pH-responsive behaviors in solution.4, 9-11 For 

example, 11-mercaptoundecanoic acid (MUA) is a pH-responsive ligand that binds 

strongly to AuNPs through the thiol group and effectively disperses nanoparticles in water 

at neutral and basic pH levels. MUA-stabilized AuNPs (AuNP-MUA) have been 

synthesized, and their colloidal behavior has been studied as a function of pH, ionic 

strength, and amine-induced AuNP-MUA aggregation in water.12-14 Su et al. synthesized 

the MUA-functionalized 13 nm AuNPs via ligand exchange between citrate and MUA, and 
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studied the colloidal stability and phase behavior 15. They believed that the aggregation of 

AuNP-MUA at pH 3 is governed by hydrogen-bonding forces between the surface 

adsorbed MUA molecules. At pH 11, the AuNP-MUA are colloidally stable in solution but 

form three-dimensional close-packed aggregates on TEM grids, due to decreased 

electrostatic repulsion interactions between deprotonated MUA and counter-ions (Na+) 

during the sample drying process. Recently, Pillai et al. studied the nanoparticle size effect 

on the precipitation pH (pHprec) for AuNPs functionalized with a mixed monolayer of MUA 

and N,N,N-trimethyl (11-mercaptoundecyl) ammonium ion 12. They found that the pHprec 

increased from pH = 5.3 to pH = 7.3 when increasing the nanoparticle size from 4.2 to 11.5 

nm. Laaksonen et al. studied the stability of 2.3 nm AuNP-MUA at a set pH, using the 

hydroxide as base and varying the size of counter-ions, and showed that AuNP-MUA 

aggregation occurred at 70–90 mM for Na+, and at greater than 1 M for the quaternary 

ammonium cation 13. The steric hindrance caused by the quaternary ammonium adsorbed 

in the Stern layer stabilized the AuNP-MUA against aggregation. Recently, Wang et al. 

studied the stability of 4–6 nm AuNP-MUA to different monovalent cations that have 

different propensities for bridging interactions, as well as for concomitant AuNP-MUA 

aggregation 14. The authors showed that the order of salt concentrations needed for AuNP-

MUA aggregation is CsCl >> KCl > LiCl > NaCl > RbCl, which does not correlate with 

the size of the hydrated cations. 

Though AuNP-MUA aggregation and redispersion in water has been explored before, the 

pH-triggered AuNP-MUA phase transfer between the water and organic phases (without 

aggregation) and reuse in catalysis has been not reported. While understood 
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phenomenologically, there is a fundamental tradeoff between colloidal stability and 

catalytic activity, which is driven by nanoparticle ligand surface passivation. This 

understanding is integral to the design of colloidal catalysts with sufficient activity and the 

ability to be recovered and reused in subsequent reactions. Our approach is to use stimuli-

responsive surface functional groups for the catalyst recovery and reuse; however, the 

challenge is to balance the degree of surface coverage where higher passivation promotes 

colloidal stability and preservation of the nanoparticle catalyst, but also inhibits activity. 

Recently, we studied the catalytic activity of thiolated polyethylene glycol (PEG) ligands 

with varying chain lengths and surface coverage for the catalytic 4-nitrophenol reduction 

reaction 16. Our results demonstrated an inverse correlation between catalytic activity and 

PEG surface coverage on the AuNPs. 

In this work, we perform an in-depth study of pH-triggered AuNP-MUA aggregation and 

redispersion, as well as AuNP phase transfer between water and organic phases. This phase 

behavior is then coupled with application as a recoverable and reusable colloidal catalyst. 

Our results show that MUA provides pH-responsive dispersibility and phase transferability 

between aqueous and organic media, with the addition of a pH-responsive phase transfer 

facilitator. The activity of AuNP-MUA in the catalyzed reduction of 4-nitrophenol (4-NP) 

to 4-aminophenol (4-AP) by sodium borohydride (NaBH4) was explored. AuNP-MUA are 

catalytically active towards the reduction of 4-NP to 4-AP at lower MUA surface coverage; 

however, low surface coverage also results in decreased recovery and reusability. We have 

explored this tradeoff for AuNP-MUA and demonstrated the ability to achieve pH-
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triggered AuNP-MUA phase transfer between the water and organic phase (without 

aggregation) and reuse, without loss in catalytic activity. 

3.2 Materials and Methods 

3.2.1. Chemicals and Equipment 

Toluene was purchased from Alfa Aesar (Tewksbury, MA, USA). All other chemicals were 

acquired from Sigma Aldrich (St. Louis, MO, USA). No further purification was conducted 

on the chemicals. Ultra-pure Milli-Q water (resistivity 18.2 MΩ.cm) was used for all 

synthesis and reactions. A pH meter (sympHony SB90M5, VWR International, Radnor, 

PA, USA) was used to measure pH. UV-VIS spectra were acquired on a UV-VIS 

Spectrometer (Varian Cary 50,Agilent Technologies, Santa Clara, CA, USA). 

3.2.2 Mercaptoundecanoic Acid (MUA) Functionalized AuNP Synthesis and pH 

triggered Recovery 

Borohydride reduction was employed to synthesize citrate-stabilized 5 nm diameter 

AuNPs. The citrate reduction method was used for synthesizing 13 and 45 nm diameter 

AuNPs 17-19. A mixture of 0.5 mM HAuCl4 (50 mL) and 0.5 mM trisodium citrate was 

made in a conical flask. A solution of 0.1 M sodium borohydride (1.5 mL of ice-cold, 

freshly prepared) was subsequently added dropwise under constant stirring. Stirring was 

continued for an additional hour. For 13-nm AuNPs, 150 mL of 1 mM HAuCl4 aqueous 

solution was heated while gently stirring. When the solution begins to boil, 5.0 mL of 120-

mM citrate in H2O was added, and the resulting solution was stirred at 400 rpm for 15 min 
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as the color of the solution changed from colorless to red. Two-step nanoparticle seeded 

growth method was used to synthesize the citrate-capped 45-nm AuNPs 19. In brief, 10 mL 

of as-synthesized 13 AuNP was added to 150 mL of boiling solution containing 0.6 mM 

HAuCl4, followed by addition of 1% w/w aqueous trisodium citrate (21.7 µmol, 1.3 mL). 

The mixture was heated for 30 min under vigorous stirring. 

Citrate-stabilized AuNPs were ligand exchanged with thiolated MUA to generate AuNP-

MUA. A total of 1.3 mM MUA (30 mL, dilute NaOH) and 10 mL of as-synthesized citrate-

AuNP were incubated for 24 h. AuNP-MUA was washed by repeated centrifugal 

precipitation and re-dispersion three times with H2O, to remove excess MUA. Typical UV-

Vis spectrum depicting LSPR peaks of AuNP-MUAs and AuNP-Cit are shown in Figure 

3.1. 
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3.2.3 Thermogravimetric (TGA) Analysis  
 
The quantity of MUA grafted to AuNP was measured through TGA (SDT Q600,TA 

Instruments, New Castle, DE, USA). On a TGA pan (alumina), 50 mL purified AuNP-

MUA was reduced down to 60 µL by repeated centrifugation (14,500 rpm, 1 h) and 

deposited. Water was removed initially by holding the TGA temperature at 100 °C for 15 

min. A temperature ramp of 10 °C/min was applied till a final temperature of 600 °C was 

achieved and the temperature was held for 15 min (N2 purge, 20 mL/min). Typical TGA 

curve for pure MUA and MUA functionalized AuNP are shown in Figure 3.2. 

Figure 3.1. UV-Vis spectra of MUA 
functionalization AuNPs with diameter 
of 5 nm, 13 nm, and 45 nm. Green 
spectra represent 13 nm citrate stabilized 
AuNP.  
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3.2.4 4-Nitrophenol Reduction Catalysis 

Time-resolved UV-VIS spectra was acquired in a 4 mL quartz cell (Varian Cary 50 

spectrophotometer). AuNP-MUA (1 mL), H2O (0.9 mL), and 0.2 mM 4-NP (1 mL) were 

mixed in the quartz cell. Change in intensity of 4-NP peak at 400 nm as function of time 

(individual spectra were acquired every 0.2 min) was used to track reaction progress. 

3.2.5. Transmission Electron Microscopy (TEM) Analysis 

Hitachi 9500 (300 kV, Hitachi, Schaumburg, IL, USA) was used to acquire high-resolution 

TEM images of AuNPs, and ImageJ size analysis was conducted on the images. Then 10 

uL of AuNP was drop cast on a 300 mesh Cu grids (Formvar coated) and allowed to dry. 

TEM grids were subsequently stored in a desiccator for complete removal of solvent. TEM 

size analysis are summarized in Figure 3.3. 

Figure 3.2. TGA curves of neat MUA (black 
curve) and MUA functionalized AuNPs (red 
curve).   
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3.2.6. Dynamic Light Scattering (DLS) Measurements 

DLS measurements were made on five-times-diluted as-prepared AuNPs at 25 °C 

(Malvern instrument Zeta sizer Nano series, Westborough, MA, USA). The solutions were 

Figure 3.3. TEM images and histograms of distribution of sizes of 
AuNPs with diameter of (A) 5 nm, (B) 13 nm, and (C) 45 nm. The 
scale bars in the images (A), (B), and (C) are 20 nm, 50 nm, and 50 
nm, respectively. 
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adjusted to the desired pH with either 0.1 M HCl or 0.1 M NaOH solutions, and their 

hydrodynamic diameters (number averaged) and ζ potentials were measured. Results are 

summarized in Table 3.1. 

 

3.3 Results and Discussion 

Citrate-capped AuNPs with three different sizes (5, 13, and 45 nm) were first synthesized 

by the borohydride and citrate reduction methods.17-19 Transmission electron microscopy 

(TEM) shows that the average sizes of as-synthesized AuNPs are 4.6 ± 1.9, 13.4 ± 1.1, and 

45.9 ± 5.9 nm in diameter (Figure 3.3). MUA-stabilized AuNPs were prepared by a ligand 

exchange reaction between citrate-stabilized AuNPs and the MUA in dilute KOH. 

Dynamic light scattering (DLS) data for AuNPs before and after MUA functionalization 

demonstrate the colloidal stability of nanoparticles in a dilute KOH solution (Table 3.1). 

The UV-VIS spectra of AuNPs-MUA exhibit a characteristic localized surface plasmon 

resonance (LSPR) absorption at 510–560 nm, confirming stability in basic medium (Figure 

Table 3.1. Hydrodynamic diameter and Zeta potential of AuNPs 
before and after MUA functionalization.   
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3.1). MUA strongly binds with AuNPs through covalent bonding of the thiol to the gold 

surface, yielding a pH-responsive –COOH group at the distal end. Figure 3.4 and 3.5 shows 

the pH-responsiveness of AuNP-MUA, undergoing reversible aggregation/precipitation 

and re-dispersion at an acidic and basic pH, respectively. Wine-red color solution (Figure 

3.5A left vial) indicates well-dispersed nanoparticles in basic medium. In acidic medium 

(dilute HCl is used to adjust pH with mild stirring), the nanoparticles aggregate 

immediately and precipitate over an hour of incubation, leading to the complete settling of 

nanoparticles (right vial). The strong LSPR peak is used to monitor the aggregation and 

redispersion of AuNPs by UV-VIS spectroscopy (Figure 3.4). The complete disappearance 

of the peak at an acidic pH indicates that aggregated nanoparticles completely settled out. 

Complete re-dispersion of the precipitated AuNPs (dilute KOH is used for pH adjustment 

with mild stirring) is evident by the complete recovery of the LSPR peak at 526 nm and 

absorbance of approximately 1.1, accounting for dilution. Figure 3.4 shows the reversibility 

of the AuNP-MUA (13 nm particles) aggregation/re-dispersion process for several cycles. 

Other sizes of AuNP-MUA (5 and 45 nm particles) exhibit the same reversible aggregation 

and re-dispersion (data not shown).  
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Figure 3.4. UV-Vis absorption 
spectra of AuNP-MUA recorded 
at acidic and basic pH values. The 
pH was varied by adding 10 µL of 
appropriate concentrations of 
HCl or KOH solutions. The 
aggregation/disaggregation of 
AuNP-MUA by changing pH 
were repeated up to 3 cycles.  
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Figure 3.5. (A) Photographs showing the reversibility 
of 13-nm mercaptoundecanoic acid functionalized gold 
nanoparticles (AuNP-MUA) clustering/re-dispersion 
by changing the pH of the medium. The left vial (a) 
contains well-dispersed AuNP-MUA at a basic pH, and 
the right vial (b) contains aggregated and settled AuNP-
MUA at an acidic pH; (B) Plot showing the pH-
triggered reversibility of aggregation and re-dispersion 
monitored by the localized surface plasmon resonance 
(LSPR) peak intensity at 525 nm for 13-nm AuNP-
MUA; and (C) normalized UV-VIS absorbance peak 
ratio of aggregated and unaggregated AuNP-MUA as a 
function of aqueous phase pH. The absorbance for un-
aggregated 5, 13, and 45 nm diameter AuNPs were 
measured at wavelengths of 522, 525, and 551 nm, 
respectively, and the absorbance for aggregated 5, 13, 
and 45 AuNPs were measured at wavelengths of 562, 
595, and 725 nm, respectively. 
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The pH of AuNP-MUA aggregation was determined from a UV-VIS absorbance titration 

curve (Figure 3.6) obtained by monitoring the peak maximum absorbance for aggregated 

and un-aggregated peaks at different pH values. The LSPR peak at 510–560 nm for well-

dispersed AuNPs peak shifts to a higher wavelength, and decreases in intensity as the 

AuNPs aggregate and settle 20-21. The pH of AuNP-MUA aggregation (pHagg) is determined 

from the inflection point of a sigmoidal fit of the absorbance, yielding pH values of 4.3, 

4.5, and 4.9 for 5 nm, 13 nm, and 45 nm particles, respectively. Pillai et al. also observed 

similar trend for a MUA and N,N,N-trimethyl (11-mercaptoundecyl) ammonium ion mixed 

monolayer functionalized 4.2–11.5 nm AuNPs 12. Also, Wang et al. reported that the pKa 

value of MUA bound to AuNPs increases with increasing nanoparticle size from 4.1 to 7.2 

nm 22. Therefore, it is clear that as the particle size increases (nanoparticle curvature 

reduces), the deprotonation of the –COOH group on the nanoparticle surface is inhibited, 

due to the strong electrostatic repulsions between the carboxylate ions. In other words, at 

a given pH value, the fraction of –COO− (compared to –COOH) on the AuNP surface 

Figure 3.6. UV-Vis absorption spectra of AuNP-MUA recorded at different 
pH values varied from 9 to 3. (A), (B), and (C) are 5 nm, 13 nm, and 45 nm 
diameter AuNP functionalized with MUA, respectively.    
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increases as the nanoparticle size decreases, which corresponds to the pHagg increase with 

nanoparticle size. Furthermore, it should be noted that the wavelength and intensity of the 

LSPR peak of plasmonic nanoparticles is very sensitive to the dielectric properties of the 

local environment of the nanoparticles and the interparticle interaction (particle spacing) 

of nanoparticles 23-24. Thus, to delineate these effects, measurement of the apparent 

diffusion coefficient and hydrodynamic diameter by DLS can complement the UV-VIS as 

an in situ measurement of nanoparticle aggregation as a function of pH. 

The onset pH of AuNP-MUA aggregation determined by the DLS titration curve, 

as evidenced by increasing hydrodynamic diameter (Figure 3.7), commences at a pH of 

about 4.1 for all the three sizes of AuNPs-MUA. Our DLS results for pH at onset of AuNP-

MUA aggregation are consistent (within the same pH units) with the data obtained from 

the UV-VIS titration method (Figure 3.6). As can be seen in Figure 3.7, at higher pH (>5), 

the ζ-potential is highly negative due to the deprotonated carboxylate group of MUA, 

which provides electrostatic repulsion between AuNP-MUA and thus colloidal stability. 

The magnitude of the ζ-potential is commonly used as the measure of colloidal stability, 

neglecting steric contributions25-27. Once the pH decreases below 5, the ζ-potential 

dramatically decreases, due to the protonation of the carboxylate groups over the pH range 

from 5 to 3. As a result, the electrostatic repulsion between nanoparticles decreases, 

eventually leading to nanoparticle aggregation. The decreasing magnitude of the AuNP-

MUA ζ-potential as a function of pH indicates that the onset of aggregation, with an 

increased hydrodynamic diameter at pH 4.1, occurs at a ζ-potential of ~ −20 mV for all the 

sizes of particles. Thus, the ζ-potential data indicate that the AuNP-MUA aggregate with 
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an approximately 50% reduction of surface charge. Indeed, the ζ-potential is not quite 

equivalent to the surface charge on AuNPs; also, the ζ-potential of AuNP-MUA is 

dependent not only on the pKa of surface-adsorbed MUA, but also on the MUA packing 

density and the surrounding environment.  

 

Therefore, the ζ-potential and hydrodynamic data also confirm that the pHagg of AuNP-

MUA is ~4.1, which is comparable with pKa ≈ 4.8 for MUA in solution 28. However, the 

pHagg for AuNP-MUA is about two pH unit smaller than the reported pKa value for MUA 

adsorbed on AuNPs 22, 29. Recently, Charron et al. reported the pKa value of MUA adsorbed 

onto 5 nm AuNP by titrating with NaOH (acid-base titration method) 29. They reported the 

pKa value of MUA adsorbed on AuNP is around 7, which suggests a pKa about two pH 

units higher than that of the unbound MUA. Wang et al. studied the dissociation behavior 

of AuNP-tethered MUA as a function of pH, using an acid-base (or potentiometric) titration 

method 22. They also observed similar phenomena for the pKa of MUA bound to 7.2 nm 

Figure 3.7. (A) Hydrodynamic diameter of the AuNP-MUA as a function 
of pH, and (B) ζ-potential of the AuNP-MUA as a function of pH. The 
red line indicates the onset of AuNP-MUA aggregation based on the 
hydrodynamic diameter data from figure A. 
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AuNPs increased to ~8.3, which is significantly higher than that of MUA in solution (pKa 

≈ 4.8) 22. 

 

Direct transfer of nanoparticles from aqueous to organic phases is frequently employed in 

nanoparticle synthesis and purification applications30-31. In some colloidal nanoparticle 

catalytic applications, phase transfer of nanoparticles between two immiscible liquids is 

extremely advantageous for the recycling and reuse of catalysts, due to the avoidance of 

irreversible nanoparticle aggregation. To date, many methods used to modulate 

Figure 3.8. Control experiment to show that ODA facilitates 
the phase transfer of AuNP-MUA. (A) Without adding ODA, 
Photographs of glass vials containing aqueous solutions (top) 
of AuNP-MUA in contact with chloroform (bottom). The 
initial aqueous solution of the AuNP-MUA in the vial was red 
in colour with pH > 4.1 (left). By adding 0.1 M HCl, the pH 
of the AuNPs aqueous solution was gradually decreased 
below 4.1 (right). After vigorous shaking and storing for 
about 2 min, the thin film of aggregated AuNPs, formed at 
water/chloroform and chloroform/glass wall interfaces. 
Redispersion of the AuNPs back to the aqueous phase is 
observed by adjusting pH of aqueous medium > 4.1 by adding 
0.1 M NaOH, and (B) With ODA, Photographs show the pH 
triggered reversible phase transfer of AuNP-MUA between 
water and CHCl3 layers by switching the pH. The left side 
vial containing well dispersed AuNP-MUA in aqueous phase 
(top layer) at basic pH and right side vial containing AuNP-
MUA transferred into CHCl3 phase (bottom layer) after 
adding HCl and vigorous shaking and storing for about 2 min. 
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nanoparticle phase transfer have been developed, such as host–guest interactions 32-33, 

electrostatic interactions 34-36, covalent modifications 37, and ligand exchanges 38-42. It must 

be mentioned that with many of these methods, reversible phase transfer is not achieved; 

however, for certain applications, irreversible phase transfer is preferred. Here we 

demonstrate reversible pH-triggered phase transfer of 13 nm AuNP-MUA between the 

aqueous and organic phases. AuNP-MUA in an aqueous phase are transferred into a CHCl3 

layer, by reducing the aqueous layer pH from 11.0 to 8.0 with 0.1 M HCl and vigorous 

mixing for 2 min (Figure 3.8). The phase transfer occurs only in the presence of 

octadecylamine (ODA), which acts as the phase transferring agent when the ODA is 

protonated (charged) at pH below the pKa and is deprotonated at pH above the pKa. In 

short, a pH of 1.5 mL of AuNP-MUA (pH = 11) was adjusted to 8.0 with HCl, and 

subsequently vigorously agitated with 1.5 mL of chloroform containing ~ 1 mg ODA for 

2 min. The necessity of ODA as a phase-transferring agent is demonstrated with a control 

experiment where AuNP-MUA aggregates on the vial surface and water-chloroform 

interface when acidic pH is employed without using ODA. (Figure 3.8). Phase transfer 

between aqueous and organic phases is reversible for at least four cycles (Figure 3.9), as 

indicated by monitoring the LSPR peak of AuNP-MUA in the aqueous layer (Figure 3.10). 

The pH for the phase transition (pHtrans) of 8.7 was determined from the inflection point of 

a sigmoidal fit of the percentage of AuNP-MUA transferred from aqueous to organic layers 

as a function of pH, determined from the LSPR peak absorbance in the aqueous layer 

(Figure 3.9 and 3.11). The transfer from aqueous to organic phase occurs when the pH of 

the aqueous layer is below the pKa of the amine head group in ODA (~10.6) and above the 
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pKa of MUA (~4.5) (Figure 3C). The phase transfer into the organic phase is due to the 

ion-pair formation between a negatively-charged carboxylate group (above pH ~4) and the 

positively-charged amine group of ODA (below pH 10.6). The long hydrophobic alkyl 

chain of ODA makes the AuNP-MUA more hydrophobic via its ion-pair formation. AuNP-

MUA (1.8 nm diameter) phase transfer to organic phase by binding to highly-hydrophobic 

cationic molecules, such as tetraoctylammonium, has been reported previously 43. 

Recently, Yuan et al. demonstrated a phase transfer cycle (aqueous → organic → aqueous) 

where glutathione functionalized Ag, Au, Cu, and Pt nanoparticles (<2 nm diameter) have 

been transferred into toluene or hexane via electrostatic interaction between negatively 

charged carboxylate groups on metal nanoparticles and positively charged 

cetyltrimethylammonium (CTA+, hydrophobic) 34. The removal of CTA+ from the 

nanoparticle by forming a hydrophobic salt between tetramethylammonium decanoate and 

CTA+ restores the negative charge on the nanoparticle surface, and returns the 

nanoparticles back to the aqueous phase. In this work, we have shown that the AuNP-MUA 

can easily and reversibly separate from an aqueous phase by either aggregation or phase 

separation methods. 
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Figure 3.9 (A) Photographs of the pH-triggered reversible phase 
transfer of 13-nm AuNP-MUA between water and CHCl3 layers, 
by switching the pH. The left side vial contains well-dispersed 
AuNP-MUA in the aqueous phase (top layer) at basic pH, and the 
right side vial contains AuNP-MUA transferred into the CHCl3 
phase (bottom) layer after adding HCl and vigorous shaking, (B) 
Plot showing pH-triggered reversible phase transfer of 13 nm 
AuNP-MUA between the water and organic phase, by monitoring 
the AuNP-MUA LSPR peak intensity at 525 nm wavelength in 
aqueous phase; and (C) absorbance of AuNP-MUA in aqueous 
phase at 525 nm (left scale) versus the pH and percentage transfer 
of AuNP-MUA from an aqueous to a CHCl3 layer as a function of 
pH. The percentage of transfer was calculated by taking the 
absorbance of the AuNP-MUA (in aqueous medium) at pH 11.0 
as 0%. The red color solid curve represents sigmoidal fitting of 
the experimental data. 
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Figure 3.10. pH triggered 
reversible phase transfer of AuNP-
MUA studied using UV-Vis 
spectroscopy. UV-Vis absorption 
spectra of AuNP-MUA recorded 
from aqueous layer. The pH was 
varied by adding appropriate 
concentrations of HCl or KOH 
solutions. The direct phase transfer 
of AuNP-MUA between aqueous 
and CHCl3 phases were repeated up 
to 4 cycles by changing pH of 
aqueous medium.  
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The ability to reversibly induce AuNP-MUA separation and re-dispersion is only half of 

the equation for colloidal catalysis; it must also possess catalytic activity. The catalytic 

activity of 13 nm AuNP-MUA was tested with the 4-nitrophenol (4-NP) reduction by 

borohydride, which is a common model reaction for ligand-modified AuNPs 44-47. Figure 

3.12 show the time-resolved UV-VIS spectra of a 4-NP reduction reaction catalyzed by 

AuNP, as a function of MUA surface coverage. The MUA surface coverage on the AuNPs 

was controlled by stoichiometry—mixing different concentrations of MUA with AuNPs 

during the ligand exchange process. MUA surface coverage on AuNP for 1 mM MUA with 

the AuNPs sample was determined by thermogravimetric analysis (TGA) (Figure 3.2). The 

Figure 3.11. The onset of phase 
transfer of AuNP-MUA from 
aqueous to CHCl3 phase was 
studied using the pH titration and 
monitored the LSPR peak of 
nanoparticles in aqueous phase 
over the pH 11 to pH 6 by using 
UV-Vis spectroscopy. 
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percentage weight loss of MUA adsorbed onto AuNPs is 3.7%, corresponding to the MUA 

monolayer packing density on AuNPs of 4.56 molecules/nm2 (Figure 3.2), which is 

comparable to previously reported MUA packing density on AuNPs (5.70 molecules/nm2) 

48. MUA surface coverage at different concentrations of MUA in an AuNP ligand exchange 

was determined using the 4.56 molecules/nm2 monolayer packing density. The estimated 

surface coverage on AuNPs are 0%, 30%, 60%, 100%, and 100% for 0, 2.5, 5.0, 10.0, and 

25.0 µM MUA in the ligand exchange reaction, respectively. Figure 3.12 shows the 

kinetics of the reaction monitored in situ using time-resolved UV-VIS spectroscopy, via 

changes in intensity of the 4-NP peak at 400 nm 44-47. No reaction was observed for the 

100% MUA surface coverage, which is expected due to complete thiol binding to all 

catalytic sites. At surface coverage below 100%, the AuNP-MUA are active in catalyzing 

the 4-NP reduction. Furthermore, an induction time was observed for 60% of the MUA 

surface coverage sample (Figure 3.12). Induction time is generally observed in ligand 

stabilized colloidal catalysts, and occurs due to mass transfer resistance offered by the 

ligand 46, 49 or slow surface restructure due to adsorbed reactants 50-52. A similar 

phenomenon has been observed in our prior work for the catalytic activity of thiolated PEG 

functionalized AuNPs, where increased induction time coincided with increased surface 

coverage. 
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While catalytic activity was observed with 0%, 30%, and 60% MUA surface coverage, the 

decreased surface coverage did not provide sufficient colloidal stability. As such, the 

AuNPs could not be recovered and re-dispersed by aggregation/re-dispersion or phase 

transfer methods following the catalytic reaction. However, the pH-triggered reversible 

phase transfer and aggregation/re-dispersion of AuNP-MUA was achieved with 60% 

surface coverage in the absence of the reaction. In order to enhance the colloidal stability, 

the surface coverage was increased to 90% by increasing the MUA concentration to 7.5 

µM. Ninety percent of surface coverage on AuNP is catalytically active, despite longer 

induction times on the order of 20 min (Figure 3.13). More importantly, 90% of surface 

coverage AuNP-MUA was successfully recovered after the first reaction cycle, and reused 

Figure 3.12. Catalytic activity of AuNP-MUA as function of MUA packing 
density on AuNPs. (A) Time-resolved UV-VIS spectra of 4-nitrophenol (4-NP) 
reduction reaction catalyzed by AuNPs functionalized with 0 µM MUA, (B) 
Time-resolved UV-VIS spectra of 4-nitrophenol reduction reaction catalyzed by 
AuNPs and functionalized with 10 µM MUA, and (C) The progress of the 
reaction tracked by the change in 4-NP absorbance peak at 400 nm over the time. 
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in a second catalytic cycle by both aggregation/re-dispersion and phase transfer methods. 

In the second cycle, the catalytic induction times were increased, but 100% 4-nitrophenol 

conversation was maintained. The rate constant is obtained by fitting the data from Figure 

3.13 to pseudo-first-order reaction kinetics with respect to 4-nitrophenol, and the rate 

constant is indicative of catalytic activity. The reaction rate constants for the catalysts 

recovered by aggregation/re-dispersion method are 0.29 ± 0.04 and 0.20 ± 0.06 min−1 for 

the first and second cycles, respectively, and the rate constants for the phase transfer 

method are 0.31 ± 0.03 and 0.23 ± 0.05 min−1 for the first and second cycles, respectively. 

Unfortunately, the catalytic activity was lost for the third catalytic cycle, due to the 

irreversible aggregation of AuNP-MUA during the recovery processes. 

 

3.4 Conclusions 

Figure 3.13. Recovery and reuse of AuNP-MUA with 90% surface coverage 
in catalysis by using (A) pH-triggered aggregation/redispersion method and 
(B) pH-triggered phase transformation method. 
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We have demonstrated that pH controls the dispersion of MUA-functionalized AuNPs 

where reversible aggregation and redispersion in an aqueous phase is achieved around pH 

4.1 or the pKa of MUA. Furthermore, reversible phase transfer between aqueous and 

organic phases (toluene or CHCl3) can be achieved with the use of an amine-containing 

phase transfer agent (ODA) at pH 8.7 or the pKa of the amine, where an ion pair formation 

induces phase transfer to chloroform. The catalytic activity of AuNPs functionalized with 

different surface coverages of MUA were studied. Complete inhibition of catalytic activity 

was observed at 100% surface coverage of MUA. AuNPs with 60% and less MUA surface 

coverage were colloidally stable and catalytically active, but possessed poor recoverability 

and reusability following the reactions. In this system, there is a tradeoff between colloidal 

stability and catalytic activity, which scale with surface coverage. Surface coverage of 90% 

MUA was found to be an optimal level of coverage where catalytic activity was observed, 

as well as the ability to recover and reuse for two catalytic cycles. The catalyst recovery by 

aggregation/re-dispersion and aqueous/organic phase transfer methods were achieved at 

pHs 4.1 and 8.7, respectively. The fundamental insight from this work allows for the 

understanding and designing the reusable colloidal metal nanoparticle catalysts with 

different surface functionalities and catalyzing the reaction at different pH conditions. 
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CHAPTER FOUR 

LIGAND SOFTNESS AFFECTS CATALYTIC ACTIVITY AND REUSABILITY OF 

pH-RESPONSIVE COLLOIDAL GOLD NANOPARTICLE 

[As submitted to ACS Applied and Materials and Interfaces with minor revisions] 

4.1 Introduction 
 
 Polymer functionalized nanoparticles have found applications in a variety of fields 

including targeted biomedicines,1-4 catalysis,5-7 sensors and electronics8-11 and others. Gold 

nanoparticles (AuNPs) are particularly exciting as catalysts due to their ability to catalyze 

a wide variety of reaction at moderate temperatures (ambient and less), which include 

alcohol oxidation, nitroarene reduction, propylene epoxidation, low temperature water-gas 

shift reaction, carbon-carbon cross coupling, etc.12-15 Supported AuNPs are used in a wide 

range of industrial applications and chemical synthesis due to the ease of recovery and 

applications in continuous reactors.13, 16-17 However, supported AuNPs demonstrate 

extensive surface area loss (leading to lower turnover numbers) with respect to analogous 

colloidal AuNPs. Low chemo, regio and enantio-selectivity are some other shortcomings 

associated with supported AuNP catalysts.13, 18 Colloidal catalysts circumvents these issues 

by providing greater catalytic surface area and potential enhanced selectivity.13, 18 

Conversely, colloidal AuNPs require stabilization in reaction media through stabilizing 

ligands which leads to a certain loss in available catalytic surface area.12  

Colloidal AuNP catalysts have found applications in fine chemicals industries19-20 and 

chiral catalysis,13 however most colloidal catalysts systems are avoided in large scale 

application due to difficulties in catalyst recovery from reaction products. Common 
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product separation techniques such as distillation involves elevated temperatures and 

renders temperature-sensitive nano-catalysts inactive through degradation and/or 

irreversible aggregation. Unconventional colloidal AuNP catalyst recovery methods like 

ultrafiltration,21-22 magnetic separation23-24 and biphasic reaction25-26 conditions usually 

suffer from drastic losses in catalytic activity or are inefficient. Colloidal AuNP recovery 

has seen some successes in the field of stimuli-responsive polymer functionalized AuNPs, 

where pH, light irradiation, temperature and solvent compositions have been varied to 

facilitate AuNP catalyst separation from products.27-30 AuNPs functionalized with thermo-

sensitive star polymers27 and poly (N-isopropylacrylamide) stabilized Au nanorods28 have 

been successfully recovered and reused through temperature variations. Double responsive 

(pH and solvent sensitive) polyampholyte functionalized AuNPs catalysts have been used 

successfully for six cycles without loss of activity, although using very harsh pH conditions 

(pH < 1).31 Gold nanoparticles (NPs) stabilized by pH responsive carboxylate-modified 

polyvinylpyrrolidone were recycled up to 6 reaction cycles but involved similar harsh 

conditions (aggregation pH < 2.4).30 

We have recently32 used pH responsive mercaptoundecanoic acid (small chain 

length ligand, MUA) functionalized AuNP (AuNP-MUA) and demonstrated efficient pH-

responsive recovery from aqueous media. AuNP-MUA was recovered multiple times 

through pH-triggered aggregation/redispersion and pH-triggered phase transfer to 

chloroform with octadecylamine (ODA) ion-pair transfer agent. However, high MUA 

packing density on AuNP surface rendered AuNPs non-catalytic at 100% MUA surface 

coverage in the 4-nitrophenol (4-NP) reduction reaction. Catalytic activity was retained for 
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partial surface coverage, which in turn reduced AuNP-MUA recovery and stability. Large 

chain length polymeric ligands have been shown to provide increased colloidal stability 

while also providing greater catalytic surface area on AuNP surface.12 We have shown 

large chain length thiolated poly(ethylene)glycol functionalized AuNPs to be highly 

catalytic towards 4-NP reduction. Decreased packing density associated with increased 

PEG chain length, results in greater available AuNP catalytic surface area (increased 

reaction rates). Based on these results, we previously33 designed a large molecular weight 

(MW) (~1.8 kDa) pH responsive thiolated poly(acrylic) acid polymer (AuNP-SPAA, 25 % 

of carboxylic acid moieties modified to thiol moieties) to stabilize AuNPs (AuNP-SPAA). 

AuNP-SPAA demonstrated strong catalytic activity (for 4-NP reduction) while 

simultaneously possessing successful pH triggered aggregation/redipsersion (at pH ~4) and 

ODA-mediated phase-transfer properties (at pH ~8). However, major catalytic activity 

losses were observed for both recovery processes, with phase transfer recovery 

demonstrating enhanced catalytic activity retention. 

In the current work, we have improved the catalyst reusability by manipulating the 

ligand shell chemistry. Catalytic activity retention has been enhanced substantially and we 

have elucidated the causes of catalytic activity loss in AuNP-SPAA during the 4-NP 

reduction reaction. Polymer softness effects (conformation, MW, packing density and 

ligand shell hydration) on catalytic activity and catalyst recoverability were examined 

through kinetic studies, thermogravimetric analysis (TGA) and small angle neutron 

scattering (SANS). Enhanced catalyst reusability was achieved but with sacrificing 

catalytic activity on decreasing the polymer shell softness.  We demonstrate that catalytic 
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activity loss is due to irreversible AuNP-SPAA aggregation as a result of polymer 

desorption from the AuNP surface.  

4.2 Experimental Section 
 
4.2.1 Chemicals and Instrumentation 
 
 Reagents 1-ethyl-3-(3-(dimethylamino) propyl)-carbodiimide) hydrochloride, 

cysteamine hydrochloride and toluene, were purchased from TCI, Chem-Impex, and Alfa 

Aesar, respectively. Deuterated water (D2O, 99.9%) was purchased from Cambridge 

Isotope Laboratories. All other chemical were purchased from Sigma-Aldrich and used 

without further purification. Deionized Milli-Q water (resistivity 18.2 MΩ.cm) was used 

in all synthesis and dilutions. All glassware and stir bars were cleaned with freshly prepared 

aqua regia. Polymer synthesis was carried out under N2 environment on a Schlenk line. 

4.2.2 PAA-SH Synthesis 

 Synthesis of thiolated poly(acrylic) acid (PAA-SH) was conducted using 

carbodiimide (EDC) chemistry in presence of N-hydroxysuccinimide (NHS). For a typical 

synthesis of 2 kDa PAA-SH (25 % available carboxylic acid groups modified with 

cysteamine), 750 mg of PAA (2 kDa, Sigma-Aldrich) was dissolved in 50 mL dimethyl 

sulfoxide (DMSO, anhydrous, Sigma Aldrich) under a N2 environment. After complete 

polymer dissolution, 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide) hydrochloride 

(EDC, 0.50 g, TCI, >98%, in 5 mL DMSO) and N-hydroxysuccinimide (0.60 g NHS, 

Sigma-Aldrich in 5 mL DMSO) were added and stirred for 30 mins. EDC was used 

stoichiometrically to result in a theoretical 25% modification, NHS was used at twice the 

stoichiometric amount for optimum conversion. Subsequently, 2-Aminoethanethiol 
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(Cysteamine, 0.60 g, Chem-Impex, 99.5 %, in 5mL in DMSO) was added and stirred 

overnight under N2 environment. 1 mL of PAA-SH in DMSO was mixed in 19 mL Milli-

Q water and dialyzed against 5 L of Milli-Q water with 5 water exchanges to remove excess 

DMSO and reactants. Aqueous polymer solutions were lyophilized and preserved at -20 

oC. PAA-SH with higher thiol contents were similarly prepared by increasing reactants 

stoichiometrically. Polymer functionalization was confirmed by attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) and thiol content quantified through 

proton nuclear magnetic resonance (H-NMR).  

4.2.3 AuNP-SPAA Synthesis 
 
 A modified citrate reduction method was used to synthesize 12 nm average 

diameter citrate-stabilized AuNPs.34-35 Briefly, 250 µL 0.05 M HAuCl4.3H2O was mixed 

with 49 mL milli-Q water and brought to a boil under reflux condition with mild magnetic 

stirring. 1 mL 0.05 M trisodium citrate (citrate:Au = 4:1) was added to this solution and 

boiled for 15 mins. Solution was removed from heat and mildly stirred for 3 hours. Citrate-

stabilized AuNP formation was confirmed by the localized surface plasmon resonance 

(LSPR) peak at wavelength ~ 520 nm.  

 AuNP-SPAA was synthesized by a ligand exchange reaction with citrate-stabilized 

AuNP and PAA-SH. Ligand exchange was conducted at pH 10 to deprotonate the acidic 

groups on PAA-SH and the solution was incubated for 24 hours at room temperature. 

Excess PAA-SH was removed by repeated centrifugation (14000 rpm, 1 hour) and 

redispersion of AuNP-SPAA in fresh milli-Q water at pH 10 for 4 cycles. Excess polymer 
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removal was confirmed by H-NMR when no detectable traces of PAA-SH was found in 

the centrifugation supernatant.  

Transmission electron microscopy (TEM, H9500 Hitachi, 300 kV) was used to 

examine AuNP particle size and structure (size distribution analysis using ImageJ). TEM 

grids were prepared by drying 10 µL of AuNP on a 300 mesh Cu grid (Formvar coated) 

and subsequently drying in a desiccator overnight. Hydrodynamic diameter (volume 

weighted) and zeta potential (ζ) of dilute aqueous dispersions of purified AuNP-SPAA 

were measured using a Malvern Zetasizer Nano ZS (Model ZEN3600).  UV-Vis 

absorbance spectroscopy measurements were carried out in 4 mL quartz cells on a Varian 

Cary 50 UV-Vis spectrophotometer. Polymer packing density was measured by 

thermogravimetric analysis (TA Instruments SDT Q600) where 50 mL of AuNP-SPAA 

dispersion was repeatedly centrifuged (14000 rpm, 1 hour) to 50 µL AuNP-SPAA and 

deposited into an alumina pan. Solvent was evaporated in the Q600 by holding temperature 

at 120 oC for 15 mins and then the temperature was ramped to 550 oC at 10 oC/min and 

held for 30 mins (N2 purge, 20 mL/min). 

 Concentration of Au in all AuNP-SPAA solutions were measured through 

inductively coupled plasma-optical emission spectroscopy (ICP-OES) post purification. 

AuNPs were digested in a freshly prepared aqua regia solution (HCl/HNO3 3:1 molar ratio) 

and subsequently diluted 20 times for ICP-OES measurements. TraceCERT (1 g/L Au in 

HCl) was used as ICP standard. 

4.2.4 4-NP Reduction for Kinetic Measurements 
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Performance and efficiency of the AuNP-SPAA catalysts was characterized by the 

4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP) in presence of sodium 

borohydride. Reaction kinetics were measured by time-resolved UV-Vis spectroscopy, 

tracking the change in 4-NP (nitrophenolate ion) peak intensity at 400 nm versus time. 

Briefly, 1 mL of 0.2 mM 4-NP, requisite AuNP-SPAA volume (0.05 mg Au) and remaining 

milli-Q water to yield a final volume of 2.7 mL were added to a 4 mL quartz cuvette. 0.3 

mL of 0.1 M NaBH4 (freshly prepared in ice cold milli-Q water) was added to this solution 

and time-resolved spectra were immediately acquired with magnetic stirring. 

4.2.5 Small Angle Neutron Scattering (SANS) 
 
 SANS experiments were conducted on the NGB-30m SANS36 instrument at the 

National Institute of Standards and Technology (NIST) Center for Neutron Research 

(NCNR, Gaithersburg, MD). All sample were prepared at a concentration of ~20 mg 

Au/mL which yielded a ~ 0.1 % volume % in solution and were considered in the core 

shell particle dilute regime to minimize inter-particle interactions. Purified AuNP-SPAA 

in H2O (200 mL) was centrifuged (10000 rpm, 1 hour) and supernatant removed to yield a 

final concentrated AuNP-SPAA volume of 1 mL. The concentrated AuNP-SPAA was 

further centrifuged and redispersed with 1 ml of D2O.  The centrifugation and redispersion 

with D2O was repeated two more times. This ensured < 1% (by volume) of H2O in the final 

colloidal catalyst. AuNP-SPAA in D2O was loaded on 1 mm path length titanium 

demountable cell with quartz windows, maintained at 25 oC (± 0.1 oC accuracy). Three 

sample to detector distances of 14, 4 and 1 m using neutron wavelength 6Å (wavelength 

resolution of 12 %, full width at half maximum) was used to probe q-range from 0.004-0.4 
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Å-1. Empty beam, empty cell, neat D2O backgrounds were acquired in addition to 

transmission measurements for individual samples for raw data background correction and 

normalization using IgorPro.37 

 
4.2.6 Catalyst Reuse and Recovery 
 

Two catalyst recovery schemes were examined: (a) pH triggered AuNP-SPAA 

aggregation/redispersion and (b) pH triggered AuNP-SPAA phase transfer into chloroform 

by octadecylamine (ODA). In the first, the reaction product phase (containing AuNP-

SPAA) was adjusted to pH = 4 using 0.01 M HCl  and incubated (1 hr) for complete catalyst 

precipitation. The product-containing supernatant was removed and the precipitated 

AuNP-SPAA catalyst was redispersed in pH 10 Milli-Q water (KOH adjusted) for reuse in 

a subsequent reaction as shown in Scheme 4A.  
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 For the phase transfer recovery scheme, the pH of reaction products was modified 

to pH ~ 8 (below the pKa of ODA) and 1 mL of chloroform containing 1 mg ODA was 

added and vigorously vortexed mixed for 2 mins. On protonation at pH ~ 7.5, ODA forms 

ion-pairs with the PAA carboxylic acid groups on the AuNP-SPAA rendering the catalysts 

hydrophobic. ODA acts as a phase transfer agent and facilitates complete phase transfer of 

aqueous AuNP-SPAA2K to chloroform. The aqueous phase containing products was 

removed and fresh Milli-Q water (pH ~11) was added and vigorously mixed for 2 mins. At 

Scheme 4. (A) Depicts general catalyst recovery scheme using pH aggregation 
and redispersion and (B) depicts pH triggered phase transfer catalyst recovery 
scheme using chloroform and phase transfer agent octadecylamine. Fresh solvent 
can be replaced by reactants in these schemes for conducting multiple reaction 
cycles. 
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pH ~ 11, ion-pair dissociation leads to complete redispersion of AuNP-SPAA in alkaline 

aqueous medium and provides for catalyst recovery. Both schemes are shown pictorially 

in Scheme 4. AuNP-SPAA30K catalysts could not be completely recovered using Scheme 

4B. 

4.3 Results and Discussion 
 
4.3.1 PAA-SH and AuNP-SPAA Synthesis.  

Poly (acrylic acid), PAA is a resilient, pH sensitive polymer but lacks functionality 

that can bind strongly to gold surfaces, but it can be used as a platform polymer where the 

acidic groups can be easily and controllably modified to contain a diversity of functional 

moieties. Modification of the polymer backbone with thiol functionality provides strong 

binding to AuNP surfaces, enhanced colloidal stability and pH responsive properties to 

AuNPs. Thiolated-poly (acrylic acid), PAA-SH was synthesized by EDC-NHS mediated 

coupling of PAA (2 kDa and 30 kDa) with 2-aminoethanethiol (cysteamine). PAA 

thiolation was completed to varying extents (25, 50, 75 and 100%) to alter the polymer 

ligand softness on AuNP surface. ATR-FTIR of the functionalized PAA depicted two 

strong amide stretching vibrations and a weak N-H stretching vibration (Figure 4.1). Thiol 

content in PAA-SH was quantified through proton nuclear magnetic resonance (H-NMR) 

spectroscopy (Figure 4.2). The actual thiol contents (% carboxylic acid converted to thiol) 

measured through H-NMR are summarized in Table 4.1 in parenthesis adjacent to catalyst 

names. PAA-SH yield is explained through competitive side reactions and formation of 

anhydrides and N-acylurea.38 Surprisingly, PAA-SH2K and PAA-SH30K yields were found 
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to be similar, thus they were treated as analogous polymers (e.g. PAA-SH2K (10%) and 

PAA-SH30K (12%)). 

 

 

Figure 4.1. Typical ATR-FTIR of pure PAA2K and PAA-SH2K (22%) 
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Figure 4.2. Typical H-NMR spectra of pure PAA2K in D2O, pure 
cysteamine in D2O and synthesized PAA-SH2K (50%) in D2O. Thiol 
content was calculated based on ratio of protons from the polymer 
backbone (1-2.5 ppm) and protons from attached cysteamine (2.5-
4 ppm). 
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Mean AuNP core diameters of AuNP-SPAA2K and AuNP-SPAA30K obtained 

through TEM image analysis (Figure 4.3B), zeta potentials and hydrodynamic diameter of 

AuNP-SPAA are summarized in Table 4.1. AuNP functionalization was confirmed by a 

red-shift in localized surface plasmon resonance (LSPR) peak from 520 nm (AuNP-Cit) to 

523 nm for all colloidal AuNP-SPAA (Figure 4.3C). For a typical AuNP-SPAA2K (10%) 

Figure 4.3. (A) Polymer synthesis scheme and structure of PAA-SH random 
copolymer with varying (x/y) ratios. (B) UV-Vis spectra showing the LSPR peak 
of AuNP-cit (~520 nm) and AuNP-SPAA2K (36%) and AuNP-SPAA30K (38%) 
(~523 nm) demonstrating red shift (inset) due to functionalization. Typical TEM 
and size distribution for (C) AuNP-SPAA2K (36%) and (D) AuNP-SPAA30K 
(38%).  
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functionalization, increase in negative zeta (ζ) potential from -27.1 ± 1.5 mV to -38.1 ± 3.5 

mV and hydrodynamic diameter (volume weighted) change from ≈ 20 nm (PDI = 0.21) to 

≈ 39 nm (PDI = 0.3) also corroborates AuNP functionalization. A noticeable decrease in 

hydrodynamic diameter was observed on increasing thiol content in PAA-SH, which may 

be attributed to increased anchoring to the particle surface along the polymer backbone. 

AuNP-SPAA30K hydrodynamic diameters were consistently larger than analogous AuNP-

SPAA2K catalysts owing to the increased MW. No significant change (2 tailed t-test with 

95% confidence) in AuNP core diameter was observed on AuNP functionalization. A 

secondary test of functionalization was also conducted, where pH of AuNP-Cit and AuNP-

SPAA was cycled from alkaline-acidic-alkaline (pH 10, pH 4 and pH 10 respectively). 

Permanent aggregation of AuNP-Cit was observed in acidic conditions whereas, all AuNP-

SPAA samples aggregated in acidic media, but redispersed instantly under basic 

conditions. 
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4.3.2 Kinetics through Model 4-NP Reduction Reaction.  

In this current work, the impact of ligand shell softness and ligand MW, on catalytic 

activity has been investigated through the reduction of 4-nitrophenol (4-NP) to 4-

aminophenol (4-AP) by sodium borohydride in presence of AuNP catalysts.7, 39 In-situ 

reaction progress was monitored with the 4-nitrophenolate absorbance peak intensity (400 

nm) through time resolved UV-Vis spectroscopy (Figure 4.4A). Reaction rate constants 

were obtained through pseudo first order reaction kinetic analysis for 4-NP (-ln (Ct/C0) vs. 

t) and demonstrates a linear relationship (Figure 4.4B). For most catalysts, an induction 

time was observed, consistent with previous studies (Figure 4.4A and D).7, 12, 18 Rate 

constants and induction times for all catalysts are listed in Figure 4.4C and Figure 4.4D. 

All AuNP-SPAA rate constants were smaller (slower reaction rate) than ‘bare’ AuNP 

Table 4.1. Catalyst characterization summary: AuNP core diameters by TEM, 
Hydrodynamic Diameter by DLS and Zeta (ζ) potential. Errors represent one standard 
deviation from the mean. 
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citrate catalyst (0.66 ± 0.1 min-1), suggesting partial surface passivation by PAA-SH 

ligands. A clear relation between the ligand MW and catalytic activity was observed, where 

all AuNP-SPAA30K exhibited faster reaction kinetics and smaller induction times with 

respect to analogous AuNP-SPAA2K. Remarkable decreases in catalytic activity and 

increases in induction time were observed with increasing thiol content in the ligands for 

both AuNP-SPAA2K and AuNP-SPAA30K. 

 

Figure 4.4 (A) Reaction progress tracked through change in 4-NP peak 
absorbance at 400 nm for AuNP-Cit and AuNP-SPAA2K catalyst (Inset shows 
typical time resolved UV-Vis spectra for AuNP-Cit). Error bars have been 
removed for clarity, (B) Dashed lines represent pseudo first order reaction data 
fit for first 3 mins of reaction, slope of linear fits yield rate constants. Summary 
of (C) Rate constants and (D) Induction time for AuNP-SPAA2K and AuNP-
SPAA30K catalysts vs. thiol content. Error bars represent one standard deviation 
from mean of three separate reactions. Dashed lines are for visual aid only. 
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The model 4-NP reduction reaction follows a Langmuir-Hinshelwood mechanism 

where reaction occurs when both 4-NP and BH4
- adsorb on AuNP available surface area.7, 

40 Reaction rate and induction time is thus controlled by AuNP surface accessibility by the 

reactants. For polymer ligand-stabilized AuNP catalysts, AuNP surface accessibility is 

directly related to polymer ligand packing density and available AuNP surface area.12, 32 

Reaction rate dependence on ligand MW and ligand softness can be elucidated by 

investigating the ligand packing density and polymer conformation on AuNP surface. 

4.3.3 Ligand Packing Density on AuNP Surface.  

Ligand packing density on AuNP surface was quantified from the ligand weight 

fraction obtained by TGA, assuming a mean nanoparticle diameter obtained by TEM. 

Figure 4.5 shows a drastic difference in ligand packing densities for analogous catalysts 

with 0.7 molecules/nm2 for AuNP-SPAA2K (10%) and 0.01 molecules/nm2 for AuNP-

SPAA30K (12%) indicating increased softness for large MW PAA-SH. Remarkably, ligand 

packing density increased with increases in ligand thiol content for both AuNP-SPAA2K 

and AuNP-SPAA30K catalysts. We have previously measured packing densities of AuNPs 

functionalized with thiolated-polyethylene glycol (PEG-SH, one thiol moiety at PEG distal 

end) to be inversely related to PEG-SH MW.12 PEG-SH (2 kDa) and PEG-SH (30 kDa) 

PEG-SH had packing densities of ~ 2.1 and ~ 0.47 molecules/nm2 respectively. The 0.7 

molecules/nm2 packing density for AuNP-SPAA2K(10%), which corresponds to ~ 3 thiol 

linkers randomly distributed per polymer, is roughly a third of the value observed in case 

of PEG-SH (2 kDa). PAA-SH in this work with multiple randomly distributed anchors can 

be envisioned in a ‘carpet-like’ conformation.  The multiple anchor sites and carpet-like 
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conformation would lead to a larger molecular footprint and decreased packing density on 

the AuNP surface. Furthermore, low packing density of PAA-SH30K can be explained by 

carpet conformation of a much larger polymer compared to PAA-SH2K. Increased thiol 

content led to increased packing density (~ 1.3 molecules/nm2 for AuNP-SPAA2K (50%) 

with ~ 13 thiol groups per polymer). Ligand conformation on AuNP surface was 

subsequently investigated in detail through small angle neutron scattering (SANS). 

 

4.3.4 Ligand Conformation, Shell Thickness and Solvation.  

PAA-SH conformation on AuNP surface was investigated through small angle 

neutron scattering (SANS). SANS data were fitted with a spherical core-shell form factor: 

𝑃𝑃(𝑞𝑞) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉𝑠𝑠

�3𝑉𝑉𝑐𝑐(𝜌𝜌𝑐𝑐−𝜌𝜌𝑠𝑠)[sin(𝑞𝑞𝑟𝑟𝑐𝑐)−𝑞𝑞𝑟𝑟𝑐𝑐 cos(𝑞𝑞𝑟𝑟𝑐𝑐)]
(𝑞𝑞𝑟𝑟𝑐𝑐)3 + 3𝑉𝑉𝑠𝑠(𝜌𝜌𝑠𝑠−𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)[sin(𝑞𝑞𝑟𝑟𝑠𝑠)−𝑞𝑞𝑟𝑟 cos(𝑞𝑞𝑟𝑟𝑠𝑠)]

(𝑞𝑞𝑟𝑟𝑠𝑠)3 �
2

+ 𝑏𝑏𝑏𝑏𝑏𝑏 

 (1) 

where, outer shell volume (Vs); Core volume (Vc); shell radius (rs); core radius (rc); core 

scattering length density (SLD) core (ρc); shell SLD (ρs); solvent SLD (ρsolv) and 

Figure 4.5.  TGA curves of (A) AuNP-SPAA2K and (B) AuNP-SPAA30K with 
various thiol content. Error bars represent one standard deviation from the mean 
of three separate measurements. Dashed lines are for visual aid only. 
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background are included. Figure 4.6A depicts a typical SANS scattering pattern for AuNP-

SPAA2K (10%) and AuNP-SPAA30K (12%) with spherical core-shell model fit (solid lines). 

Parameters such as volume fraction, ρc and ρsolv, core diameter and polydispersity were 

fixed (obtained from TEM analysis), while shell thickness (rs-rc) and ρs were fit to the data. 

The low-q upturn and deviation from core-shell feature demonstrates the presence larger 

aggregates, potentially due to PAA-SH physical cross-linking at high concentrations used 

for SANS measurements.  
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Previously41-43 through SANS, a 1.2 nm shell thickness was measured for thiolated 

ligand dodecanethiol (DDT, 12 carbon) on AuNP surface. Larger chain length PEG-SH 

(end functionalized thiol) such as, 2 kDa PEG-SH and 5 kDa PEG-SH on 10 nm AuNP 

particles exhibited a shell thickness of 9.3 nm and 16.5 nm respectively.44  AuNP-SPAA2K 

SANS spectra on the other hand, depicted a 0.9 nm (AuNP-SPAA2K (50%)) to 1.8 nm 

(AuNP-SPAA2K (10%)) shell thickness (Figure 4.6C). AuNP-SPAA30K shell thicknesses 

Figure 4.6 (A) Typical SANS scattering profile of AuNP-SPAA2K and AuNP-
SPAA30K catalyst. Solid lines represent spherical core-shell fit to scattering data. 
Scattering profile of AuNP-SPAA30K and data fit has been vertically shifted by 
factor of 15 for visual clarity. (B) Schematic showing effect of thiol content on 
shell thickness, T (T10%>T50%) and conformation affecting AuNP available 
surface area and access of AuNP surface by solvent/reactant. (C) Shell thickness 
and (D) % shell solvation with thiol content for AuNP-SPAA2K and AuNP-
SPAA30K. Error bars represent one standard deviation from mean and dashed 
lines are visual aid only. 
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(for example, 2.2 nm for AuNP-SPAA30K (12%)) was found to be marginally greater than 

all analogous AuNP-SPAA2K (for example, 1.8 nm for AuNP-SPAA2K (10%)) shell 

thickness (Figure 4.6C). These evidences confirm that the polymers are situated on AuNP 

surface in a ‘carpet-like’ conformation. The polymer backbone anchors to AuNP surfaces 

as depicted in Figure 4B through multiple attachment sites, leading to shell thicknesses 

comparable to small molecules like DDT (1.2 nm).  

Figure 4.6C demonstrates a decrease in shell thickness with increasing thiol content for 

AuNP-SPAA2K (1.8 nm to 0.9 nm for increasing thiolation from 10 to 50 %) and AuNP-

SPAA30K (2.2 nm to 1.2 nm for increasing thiolation from 12 to 53 %) depicting increase 

in shell hardness (schematically depicted in Figure 4.6B). TGA results supports the 

observation, where higher packing density coincides with increasing ligand thiol content. 

Ligand compactness on the AuNP surface can be measured by quantifying shell solvation 

by SANS. Solvent D2O penetrates the hydrogenated shell and contributes towards the shell 

scattering length density (ρshell). Hence, ρshell has an intermediate value between ρligand and 

ρsolv, denoting the extent of shell solvation, calculated by eq. 241-42, 45: 

% 𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = (𝜌𝜌𝑠𝑠ℎ𝑠𝑠𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙)/(𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙) ∗ 100          (2) 

The AuNP-SPAA30K ligand shell consistently demonstrated higher percent solvation than 

the AuNP-SPAA2K ligand shells with equivalent thiolation (Figure 4.6D). Shell solvation 

measurements are consistent with the lower packing density and larger shell thickness 

measurements for AuNP-SPAA30K and supports AuNP-SPAA30K having a softer ligand 

shell on AuNP surface. Shell hardening was observed (shell solvation decrease) with 

increased thiolation (Figure 4.6D).  
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4-NP reduction reaction kinetics analysis revealed slower kinetics for catalysts with 

PAA-SH2K compared to PAA-SH30K, as shell solvation directly relates to AuNP surface 

accessibility by solvent and reactants. Catalyst stabilized by ligands with greater thiol 

content (for example, AuNP-SPAA2K (50%) and AuNP-SPAA30K (53%)) demonstrated 

slower kinetics compared to catalysts stabilized by softer ligand shells (low thiol content). 

Highly solvated ligand shells (for example, AuNP-SPAA30K (12%), low thiol content and 

large MW ligand) allows 4-NP and BH4
-
 to readily access AuNP surface and 4-AP to 

rapidly exit the ligand shell, facilitating the Langmuir-Hinshelwood reaction mechanism.  

4.3.5 Recovery and Reuse of AuNP-SPAA catalyst. To investigate ligand shell softness 

impacts on catalyst recoverability and reusability, the catalysts underwent pH-induced 

recovery and reuse cycles in presence of reactants 4-NP and NaBH4 according to the 

Scheme 4A and 4B (discussed in the experimental section and pictorially in Scheme 4A 

and 4B). Reaction rate constants were obtained after each reuse cycle by conducting fresh 

4-NP reduction reactions with recovered catalysts. Catalytic activity retention was ~ 2% 

for both AuNP-SPAA2K (10%) and AuNP-SPAA30K (12%) after five reaction cycles using 

Scheme 4A as depicted in Figure 4.7C and 4.7D. While a soft ligand shell is favorable for 

higher reaction rate constants, it is not robust against recycle and reuse over multiple 

cycles.  On employing catalysts with harder shell (higher thiol content, for example, AuNP-

SPAA2K (50%)), a slower reaction rate was obtained (Figure 4.7B), however catalytic 

activity retention ~75% was observed after 5 reaction cycles (Figure 4.7C). Similar 

enhancement in reusability was observed for AuNP-SPAA30K catalyst with high thiol 

content ligands (~48 % catalytic activity retention for AuNP-SPAA30K (53%) after five 
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reaction cycles).  Overall, AuNP-SPAA2K performed better (more cycles with greater 

activity retention) than AuNP-SPAA30K catalysts for equivalent thiolations (Figure 4.7D). 

 

Figure 4.7E depicts AuNP-SPAA2K performance using phase transfer recovery 

scheme (Scheme 4B). Catalytic activity retention was greatly increased for Scheme 4B (~ 

58 % activity retention for AuNP-SPAA2K (10%) after 5 reaction cycles) compared to 

Scheme 4A (~ 2% for AuNP-SPAA2K (10%)). Catalytic activity on recovery was further 

enhanced using catalyst with higher thiol content ligand such as AuNP-SPAA2K (50%) (~ 

83% activity retention) compared to AuNP-SPAA2K (10%) (~ 58% retention) after 5 

Figure 4.7. Pseudo-first order fits (dashed lines) to kinetic data with each cycle 
of aggregation/redispersion for (A) AuNP-SPAA2K(10%) and (B) AuNP-SPAA2K 
(50%). Plot demonstrates low rate of reaction for AuNP-SPAA2K (50%) but 
demonstrates enhanced catalytic activity retention with each cycle. (C) and (D) 
summarizes rate constants for AuNP-SPAA2K and AuNP-SPAA30K respectively, 
with various thiol contents, for each cycle of aggregation/redispersion. Insets 
depict rate constant retention with each cycle. (E) Rate constants for AuNP-
SPAA2K using recovery scheme 1B (phase transfer). Catalytic activity retention 
is greatly enhanced in scheme 1B compared to scheme 1A for AuNP-SPAA2K 
catalysts as depicted in the inset. 
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reaction cycles. Surprisingly, AuNP-SPAA30K could not be recovered by Scheme 4B when 

subjected to reaction conditions.  Attempted phase transfer after reaction resulted in 

catalyst aggregation at the chloroform-water interface (Figure 4.8). 

 

 

To isolate the factors affecting catalytic activity retention with reaction cycles for 

both recovery schemes, the catalyst with the least activity retention with cycling (AuNP-

SPAA2K (10%) for recovery Scheme 4A) was selected for detailed analysis. The effect of 

the recovery process on reusability was investigated in the absence of reactants (4-NP and 

NaBH4). Figure 4.9A and B show significant reduction in rate constant for both schemes 

in the absence of reactants intermittent of the recovery cycles. Scheme 4B maintained 

catalytic activity more so than Scheme 4A. Surprisingly, no significant difference was 

observed on repeating the same experiments with 4-NP in the media. Greater losses during 

recovery process Scheme 4A vs. 4B can potentially be attributed to pH changes during 

complete aggregation/redispersion vs. phase transfer. Colloidal pH alteration includes 

ligand shell collapse (acidic) and swelling (alkaline) leading to AuNP aggregation and 

Figure 4.8. Pictures depicting catalyst aggregation at chloroform-water 
interface on attempting to recover AuNP-SPAA30K catalyst through phase 
transfer recovery (Scheme 4B) 
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redispersion respectively. Recovery Scheme 4A requires a pH change from pH 10 to pH 4, 

whereas recovery Scheme 4B includes pH change from pH 11 to pH 8. Harsh pH 

environment for the catalysts leads to minor permanent AuNP aggregation and catalytic 

activity loss. A 13% drop in LSPR peak intensity was observed on pH triggered 

aggregation/redispersion cycling without reactants (Figure S7 A), which corresponds to the 

9% catalytic activity loss observed in Figure 4.9A. 



125 
 

 

Figure 4.9. (A) Rate constants for AuNP-SPAA2K (10%) with recovery 
scheme 1A with no reactants, 4-NP only, sodium borohydride only, and with 
both reactants. (B) the same analysis for recovery scheme 1B. Dashed lines in 
(A) and (B) are for visual aid only. (C) UV-Vis spectra depicts the onset of 
aggregation with individual reaction cycles with AuNP-SPAA2K (10%) 
evidenced by LSPR peak intensity decrease and red-shift. (D) No measurable 
change in LSPR peak with AuNP-SPAA2K (50%) for 3 reaction cycles. Cycle 
1 in (C) and (D) denotes fresh catalyst. 
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Recovery schemes 4A and 4B were also conducted in the presence of NaBH4 only. 

Losses in catalytic activity were comparable to the losses during reaction (Figure 4.9A and 

4.9B). Harsh reducing agents like NaBH4 can lead to Au-sulfur bond cleavage leading to 

ligand desorption from AuNP surface causing permanent AuNP aggregation.46-47 UV-Vis 

absorbance spectroscopy of spent catalyst was conducted for 3 reaction cycles (all reactant 

present) for AuNP-SPAA2K (10%) and AuNP-SPAA2K (50%). The AuNP-SPAA2K (10%) 

LSPR peak depicted intensity reduction and a red-shifted peak was generated (~630 nm) 

(Figure 4.9C) denoting catalyst aggregation with each cycle. However, insignificant LSPR 

peak intensity loss after three reaction cycles for AuNP-SPAA2K (50%) confirmed 

insignificant AuNP aggregation (Figure 4.9D). HRTEM images of AuNP-SPAA2K (10%) 

and AuNP-SPAA30K (12%) (Figure 4.10) clearly depicts AuNP catalyst fusion to form 

worm like aggregates after three reaction cycles (not observed in case of AuNP-SPAA2K 

(50%)). AuNP catalysts either aggregate by forming larger AuNP by complete ligand 

Figure 4.10. Presence of aggregates (fused AuNPs) of (A) AuNP-SPAA2K (10%) 
and (B) AuNP-SPAA30K (12%), post 2 recovery cycles. Available surface area loss 
due to AuNP aggregation leads to catalytic activity loss. 
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desorption (surface area loss); or polymer shells interact forming cross-linked structures 

(also leading to surface passivation). Greater aggregation was observed for catalyst with 

softer polymers (low thiol content), whereas harder polymer shell catalysts (high thiol 

content polymer stabilized catalysts), consistently proved to be more robust by resisting 

NaBH4 induced aggregation. Designing an effective pH responsive colloidal AuNP 

catalyst thus encompasses a balance between achieving high reaction rates and reusability 

by careful manipulation of polymer shell softness on AuNP surface. 

4.4 Conclusion 
  

We have demonstrated the synthesis and utilization of thiolated pH responsive 

PAA-SH ligand to functionalize colloidal AuNP catalysts. AuNP-SPAA catalysts can be 

efficiently recovered and reused for multiple 4-NP reduction reaction cycles by two 

different recovery schemes: pH triggered aggregation/redispersion and pH triggered phase 

transfer to chloroform using a phase transfer agent. pH triggered phase transfer was shown 

to be a more efficient catalyst recovery, however AuNP-SPAA30K could not be successfully 

recovered through this technique. PAA-SH2K and PAA-SH30K ligands were found to be 

attached to AuNP surface in a ‘carpet-like’ conformation due to the presence of multiple 

thiol anchors on the polymer backbone. We demonstrated that catalytic activity and catalyst 

recoverability strongly depends on the stabilizing ligand softness. Larger M.W. PAA-

SH30K was shown to be softer than PAA-SH2K on AuNP surface resulting in faster reaction 

kinetics for AuNP-SPAA30K catalysts compared to analogous AuNP-SPAA2K catalysts. 

Low thiol content ligands (softer ligands) were found to be more solvated with larger shell 

thickness and AuNP catalysts demonstrated faster reaction kinetics. However, catalysts 
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with softer ligands demonstrated accelerated aggregation during reaction leading to greater 

catalytic activity loss with subsequent reaction cycles. Catalytic activity loss was attributed 

to ligand desorption mediated by sodium borohydride, leading to permanent catalyst 

aggregation. Catalytic activity loss and ligand desorption could be greatly reduced by using 

high thiol content PAA-SH stabilizer, although leading to slower reaction kinetics. These 

evidences provide means to design efficient and reusable colloidal AuNP catalysts by 

manipulating ligand shell softness and chemistry. 

 
4.5 Acknowledgements 

This work was sponsored by the National Science Foundation Grant No. CBET-

1057633. Access to NGB30m SANS was provided by the Center for High Resolution 

Neutron Scattering, a partnership between the National Institute of Standards and 

Technology and the National Science Foundation under Agreement No. DMR-1508249. 

We acknowledge the support of the National Institute of Standards and Technology, U.S. 

Department of Commerce, in providing the neutron research facilities used in this work. 

Special thanks to Dr. Elizabeth Kelley for her immense help with acquiring SANS data. 

4.6. References 

1. Brown, S. D.; Nativo, P.; Smith, J.-A.; Stirling, D.; Edwards, P. R.; Venugopal, B.; 

Flint, D. J.; Plumb, J. A.; Graham, D.; Wheate, N. J., Gold Nanoparticles for the Improved 

Anticancer Drug Delivery of the Active Component of Oxaliplatin. Journal of the 

American Chemical Society 2010, 132, 4678-4684. 



129 
 

2. Huo, S.; Jin, S.; Ma, X.; Xue, X.; Yang, K.; Kumar, A.; Wang, P. C.; Zhang, J.; Hu, 

Z.; Liang, X.-J., Ultrasmall Gold Nanoparticles as Carriers for Nucleus-Based Gene 

Therapy Due to Size-Dependent Nuclear Entry. ACS Nano 2014, 8, 5852-5862. 

3. Koch, A. M.; Reynolds, F.; Kircher, M. F.; Merkle, H. P.; Weissleder, R.; 

Josephson, L., Uptake and Metabolism of a Dual Fluorochrome Tat-Nanoparticle in Hela 

Cells. Bioconjugate Chemistry 2003, 14, 1115-1121. 

4. Kiyofumi, K.; Yuji, I.; Kunihito, K.; Tomohiro, K.; Kenji, K.; Sadahito, A., 

Magnetoresponsive on‐Demand Release of Hybrid Liposomes Formed from Fe3o4 

Nanoparticles and Thermosensitive Block Copolymers. Small 2011, 7, 1683-1689. 

5. Králik, M.; Biffis, A., Catalysis by Metal Nanoparticles Supported on Functional 

Organic Polymers. Journal of Molecular Catalysis A: Chemical 2001, 177, 113-138. 

6. Yan, N.; Zhang, J.; Yuan, Y.; Chen, G.-T.; Dyson, P. J.; Li, Z.-C.; Kou, Y., 

Thermoresponsive Polymers Based on Poly-Vinylpyrrolidone: Applications in 

Nanoparticle Catalysis. Chemical Communications 2010, 46, 1631-1633. 

7. Wunder, S.; Polzer, F.; Lu, Y.; Mei, Y.; Ballauff, M., Kinetic Analysis of Catalytic 

Reduction of 4-Nitrophenol by Metallic Nanoparticles Immobilized in Spherical 

Polyelectrolyte Brushes. The Journal of Physical Chemistry C 2010, 114, 8814-8820. 

8. Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.; Malik, M. A.; Murray, 

R. W., Electron Hopping Conductivity and Vapor Sensing Properties of Flexible Network 

Polymer Films of Metal Nanoparticles. Journal of the American Chemical Society 2002, 

124, 8958-8964. 



130 
 

9. Ofir, Y.; Samanta, B.; Rotello, V. M., Polymer and Biopolymer Mediated Self-

Assembly of Gold Nanoparticles. Chemical Society Reviews 2008, 37, 1814-1825. 

10. Yu, A.; Liang, Z.; Cho, J.; Caruso, F., Nanostructured Electrochemical Sensor 

Based on Dense Gold Nanoparticle Films. Nano Letters 2003, 3, 1203-1207. 

11. Matsui, J.; Akamatsu, K.; Hara, N.; Miyoshi, D.; Nawafune, H.; Tamaki, K.; 

Sugimoto, N., Spr Sensor Chip for Detection of Small Molecules Using Molecularly 

Imprinted Polymer with Embedded Gold Nanoparticles. Analytical Chemistry 2005, 77, 

4282-4285. 

12. Ansar, S. M.; Kitchens, C. L., Impact of Gold Nanoparticle Stabilizing Ligands on 

the Colloidal Catalytic Reduction of 4-Nitrophenol. ACS Catalysis 2016, 6, 5553-5560. 

13. Stratakis, M.; Garcia, H., Catalysis by Supported Gold Nanoparticles: Beyond 

Aerobic Oxidative Processes. Chemical Reviews 2012, 112, 4469-4506. 

14. Corma, A.; Garcia, H., Supported Gold Nanoparticles as Catalysts for Organic 

Reactions. Chemical Society Reviews 2008, 37, 2096-2126. 

15. Hui‐Hui, C.; Fang, C.; Jian, Y.; Zhao‐Xia, G., Gold‐Nanoparticle‐Decorated 

Thermoplastic Polyurethane Electrospun Fibers Prepared through a Chitosan Linkage for 

Catalytic Applications. Journal of Applied Polymer Science 2017, 134. 

16. Polshettiwar, V.; Luque, R.; Fihri, A.; Zhu, H.; Bouhrara, M.; Basset, J.-M., 

Magnetically Recoverable Nanocatalysts. Chemical Reviews 2011, 111, 3036-3075. 

17. Sankaranarayanapillai, S.; Volker, S.; R., T. W., Magnetically Separable 

Nanocatalysts: Bridges between Homogeneous and Heterogeneous Catalysis. Angewandte 

Chemie International Edition 2010, 49, 3428-3459. 



131 
 

18. Chakraborty, S.; Ansar, S. M.; Stroud, J. G.; Kitchens, C. L., Comparison of 

Colloidal Versus Supported Gold Nanoparticle Catalysis. The Journal of Physical 

Chemistry C 2018, 122, 7749-7758. 

19. Tsunoyama, H.; Sakurai, H.; Ichikuni, N.; Negishi, Y.; Tsukuda, T., Colloidal Gold 

Nanoparticles as Catalyst for Carbon−Carbon Bond Formation:  Application to Aerobic 

Homocoupling of Phenylboronic Acid in Water. Langmuir 2004, 20, 11293-11296. 

20. Zhang, Y.; Cui, X.; Shi, F.; Deng, Y., Nano-Gold Catalysis in Fine Chemical 

Synthesis. Chemical Reviews 2012, 112, 2467-2505. 

21. Wang, X.; Kawanami, H.; Islam, N. M.; Chattergee, M.; Yokoyama, T.; Ikushima, 

Y., Amphiphilic Block Copolymer-Stabilized Gold Nanoparticles for Aerobic Oxidation 

of Alcohols in Aqueous Solution. Chemical Communications 2008, 4442-4444. 

22. Mertens, P. G. N.; Bulut, M.; Gevers, L. E. M.; Vankelecom, I. F. J.; Jacobs, P. A.; 

Vos, D. E. D., Catalytic Oxidation of 1,2-Diols to Α-Hydroxy-Carboxylates with Stabilized 

Gold Nanocolloids Combined with a Membrane-Based Catalyst Separation. Catalysis 

Letters 2005, 102, 57-61. 

23. An, M.; Cui, J.; Wang, L., Magnetic Recyclable Nanocomposite Catalysts with 

Good Dispersibility and High Catalytic Activity. The Journal of Physical Chemistry C 

2014, 118, 3062-3068. 

24. Shi, F.; Tse, M. K.; Zhou, S.; Pohl, M.-M.; Radnik, J.; Hübner, S.; Jähnisch, K.; 

Brückner, A.; Beller, M., Green and Efficient Synthesis of Sulfonamides Catalyzed by 

Nano-Ru/Fe3o4. Journal of the American Chemical Society 2009, 131, 1775-1779. 



132 
 

25. Feng, X.; Zhang, J.; Cheng, S.; Zhang, C.; Li, W.; Han, B., A New Separation 

Method: Combination of Co2 and Surfactant Aqueous Solutions. Green Chemistry 2008, 

10, 578-583. 

26. Scott, R. W. J.; Wilson, O. M.; Crooks, R. M., Synthesis, Characterization, and 

Applications of Dendrimer-Encapsulated Nanoparticles. The Journal of Physical 

Chemistry B 2005, 109, 692-704. 

27. Kanaoka, S.; Yagi, N.; Fukuyama, Y.; Aoshima, S.; Tsunoyama, H.; Tsukuda, T.; 

Sakurai, H., Thermosensitive Gold Nanoclusters Stabilized by Well-Defined Vinyl Ether 

Star Polymers:  Reusable and Durable Catalysts for Aerobic Alcohol Oxidation. Journal of 

the American Chemical Society 2007, 129, 12060-12061. 

28. Li, D.; Liu, N.; Gao, Y.; Lin, W.; Li, C., Thermosensitive Polymer Stabilized Core-

Shell Aunr@Ag Nanostructures as “Smart” Recyclable Catalyst. Journal of Nanoparticle 

Research 2017, 19, 377. 

29. Ohtani, B.; Prieto-Mahaney, O. O.; Li, D.; Abe, R., What Is Degussa (Evonik) P25? 

Crystalline Composition Analysis, Reconstruction from Isolated Pure Particles and 

Photocatalytic Activity Test. Journal of Photochemistry and Photobiology A: Chemistry 

2010, 216, 179-182. 

30. Yuan, Y.; Yan, N.; Dyson, P. J., Ph-Sensitive Gold Nanoparticle Catalysts for the 

Aerobic Oxidation of Alcohols. Inorganic Chemistry 2011, 50, 11069-11074. 

31. Li, S.; Wu, Y.; Wang, J.; Zhang, Q.; Kou, Y.; Zhang, S., Double-Responsive 

Polyampholyte as a Nanoparticle Stabilizer: Application to Reversible Dispersion of Gold 

Nanoparticles. Journal of Materials Chemistry 2010, 20, 4379-4384. 



133 
 

32. Ansar, S.; Chakraborty, S.; Kitchens, C., Ph-Responsive Mercaptoundecanoic Acid 

Functionalized Gold Nanoparticles and Applications in Catalysis. Nanomaterials 2018, 8, 

339. 

33. Ansar, S. M.; Fellows, B.; Mispireta, P.; Mefford, O. T.; Kitchens, C. L., Ph 

Triggered Recovery and Reuse of Thiolated Poly(Acrylic Acid) Functionalized Gold 

Nanoparticles with Applications in Colloidal Catalysis. Langmuir 2017, 33, 7642-7648. 

34. Frens, G., Controlled Nucleation for the Regulation of the Particle Size in 

Monodisperse Gold Suspensions. Nature Physical Science 1973, 241, 20. 

35. Freeman, R. G.; Hommer, M. B.; Grabar, K. C.; Jackson, M. A.; Natan, M. J., Ag-

Clad Au Nanoparticles:  Novel Aggregation, Optical, and Surface-Enhanced Raman 

Scattering Properties. The Journal of Physical Chemistry 1996, 100, 718-724. 

36. Glinka, C. J.; Barker, J. G.; Hammouda, B.; Krueger, S.; Moyer, J. J.; Orts, W. J., 

The 30 M Small-Angle Neutron Scattering Instruments at the National Institute of 

Standards and Technology. Journal of Applied Crystallography 1998, 31, 430-445. 

37. Kline, S., Reduction and Analysis of Sans and Usans Data Using Igor Pro. Journal 

of Applied Crystallography 2006, 39, 895-900. 

38. Wang, C.; Yan, Q.; Liu, H.-B.; Zhou, X.-H.; Xiao, S.-J., Different Edc/Nhs 

Activation Mechanisms between Paa and Pmaa Brushes and the Following Amidation 

Reactions. Langmuir 2011, 27, 12058-12068. 

39. Kuroda, K.; Ishida, T.; Haruta, M., Reduction of 4-Nitrophenol to 4-Aminophenol 

over Au Nanoparticles Deposited on Pmma. Journal of Molecular Catalysis A: Chemical 

2009, 298, 7-11. 



134 
 

40. Zhang, H.; Li, X.; Chen, G., Ionic Liquid-Facilitated Synthesis and Catalytic 

Activity of Highly Dispersed Ag Nanoclusters Supported on Tio2. Journal of Materials 

Chemistry 2009, 19, 8223-8231. 

41. Von White, G.; Kitchens, C. L., Small-Angle Neutron Scattering of Silver 

Nanoparticles in Gas-Expanded Hexane. The Journal of Physical Chemistry C 2010, 114, 

16285-16291. 

42. Von White, G.; Mohammed, F. S.; Kitchens, C. L., Small-Angle Neutron Scattering 

Investigation of Gold Nanoparticle Clustering and Ligand Structure under Antisolvent 

Conditions. The Journal of Physical Chemistry C 2011, 115, 18397-18405. 

43. Diroll, B. T.; Weigandt, K. M.; Jishkariani, D.; Cargnello, M.; Murphy, R. J.; 

Hough, L. A.; Murray, C. B.; Donnio, B., Quantifying “Softness” of Organic Coatings on 

Gold Nanoparticles Using Correlated Small-Angle X-Ray and Neutron Scattering. Nano 

Letters 2015, 15, 8008-8012. 

44. Minelli, C.; Shard, A. G., Chemical Measurements of Polyethylene Glycol Shells 

on Gold Nanoparticles in the Presence of Aggregation. Biointerphases 2016, 11, 04B306. 

45. Butter, K.; Hoell, A.; Wiedenmann, A.; Petukhov, A. V.; Vroege, G.-J., Small-

Angle Neutron and X-Ray Scattering of Dispersions of Oleic-Acid-Coated Magnetic Iron 

Particles. Journal of Applied Crystallography 2004, 37, 847-856. 

46. Perera, G. S.; Ansar, S. M.; Hu, S.; Chen, M.; Zou, S.; Pittman, C. U.; Zhang, D., 

Ligand Desorption and Desulfurization on Silver Nanoparticles Using Sodium 

Borohydride in Water. The Journal of Physical Chemistry C 2014, 118, 10509-10518. 



135 
 

47. Ansar, S. M.; Ameer, F. S.; Hu, W.; Zou, S.; Pittman, C. U.; Zhang, D., Removal 

of Molecular Adsorbates on Gold Nanoparticles Using Sodium Borohydride in Water. 

Nano Letters 2013, 13, 1226-1229. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 
 

CHAPTER FIVE 

PHOSPHOLIPID BILAYER SOFTENING DUE TO HYDROPHOBIC GOLD 

NANOPARTICLE INCLUSIONS 

[As published in Langmuir, 2018, 34 (44), pp 13416–13425) with minor revisions] 

5.1 Introduction 

 Nanoparticle (NPs) applications in conjugation with biological entities has 

increased manifold with the advent of nanoparticle drug delivery systems and liposome-

nanoparticle assemblies (LNAs) as stimuli responsive drug delivery vehicles.1-4 From an 

environmental impact standpoint, increased exposure to NPs from consumer products has 

also led to increased nanoparticle-cell membrane interactions5 resulting in NP uptake by 

endocytosis,6 attachment,7 cell membrane penetration and changes in cell membrane 

permeability.8-9 Specifically, gold nanoparticles (AuNPs) have been extensively applied 

for gene therapy,10 targeted drug delivery,11-13 contrast agents in bioimaging,14-15 

biosensors,16 hyperthermia agent17-19 and other applications. 

Cell membranes are in most cases, the first contact point between any engineered NP and 

a biological target. Cell membranes are complex systems containing a variety of lipids and 

embedded proteins which present difficulty in examining underlying biophysical 

properties. Single or multi-component lipid bilayers in the unilamellar liposomal form, 

provides a simple cell membrane model that can be used to examine NP-lipid bilayer 

interactions. Generally, NPs interact with liposomes in two ways: a) hydrophilic NPs 

adsorbed internally or externally to the bilayer inner or outer leaflet respectively,3, 9, 20-24 

or b) hydrophobic NP inclusions that reside inside the bilayer acyl core.2, 25-28 In the current 
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work, we focus on the latter, where AuNP inclusions reside in the bilayer core. Prior 

studies involving LNAs have focused on formation, stability, structural changes, and phase 

behavior associated with AuNP incorporation.25, 29, 30 Previously, we have demonstrated 

effects on structure and phase behavior of lipid bilayers with embedded stearylamine (SA) 

coated AuNPs.31 Lipid bilayer thickening was observed in addition to increase in transition 

temperature on embedding SA-AuNPs in bilayer as shown by small angle neutron 

scattering (SANS) and differential scanning calorimetry (DSC) respectively.  

From the perspective of designing efficient stimuli-responsive LNAs, it is essential to 

quantify the bio-mechanical effects brought about in the lipid bilayer due to AuNP 

inclusions. Similarly, in the context of AuNP toxicity, it is important to focus on lipid 

bilayer biomechanical parameters which dictate many biologically relevant processes. 

Membrane bending modulus is one of the most vital membrane property related to 

liposomal drug release characteristics and directly relates to permeability and bilayer phase 

behavior.32 Bending fluctuations in lipid bilayers control biological phenomena such as 

budding33, stalk formation34 and gene delivery35. Bending modulus maintenance is thus 

directly linked to a cell’s stability, proper functioning and its survival. Prior studies to 

quantify lipid bilayer bending modulus were limited to giant unilamellar vesicles (GUVs), 

when micropipette aspiration36 or flickering spectroscopy37 was utilized. Aforementioned 

methods are not feasible for measurements in the length scale of small unilamellar vesicles 

(SUVs) (< 100 nm diameter). Dynamic light scattering (DLS) can be used to study 

collective bilayer undulations and translational dynamics, however bending fluctuations of 

SUV bilayers are much smaller than length scales probed by light scattering and cannot be 
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isolated solely through DLS.38-40 Nuclear magnetic resonance (NMR) probes much smaller 

length scales than bending dynamics length scale and is suited for vibrational, rotational 

and diffusion dynamics in lipid bilayers.41-42 Solid-state NMR has been used to access the 

bending fluctuation domain, but suffers from sample geometry restrictions, sensitivity and 

lack of spatial correlations.39, 43 Invasive techniques like atomic force microscopy (AFM) 

requires supported lipid bilayers which greatly differ in mechanical properties from 

liposomal/cellular bilayer structure in solution.44 

Bending fluctuations in SUV bilayers have pico to nano second time scale and 0.1 nm to 

10 nm length scale which overlaps the time and length regimes probed by neutron spin 

echo (NSE) spectroscopy.20, 45-49 NSE is a non-invasive technique that can measure an 

ensemble average of bending dynamics providing greater statistical advantage over other 

methods. Neutrons as probes, provide greatly enhanced contrast between protonated lipids 

and deuterated solvent (D2O) to directly measure bending fluctuations. NSE spectroscopy 

has been used previously to measure bending modulus for bilayers including 

multicomponent bilayers,49-51 multi-bilayers,47 stacked bilayers in complex fluids,52 and 

mechanical properties of nanoscopic lipid domains.53 NSE has been successfully utilized 

in investigating the effects of foreign molecules and inclusions like cholesterol,54 local 

anesthetic,55 non-steroidal anti-inflammatory drugs (NSAIDs),56-57 and inorganic NPs 

attached to the outer leaflet of bilayers.20 In this work, bending modulus of LNA bilayers 

composed of zwitterionic dipalmitoylphosphatidylcholine (DPPC) and 

dipalmitoylphosphatidylglycerol (DPPG) with dodecanethiol-functionalized AuNP 

(AuNP-DDT) inclusions, has been measured through a combination of DLS and NSE. 
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Effect of AuNP size and concentration has been examined at two different lipid to 

nanoparticle (L/N) ratios in the fluid phase. LNA structures were investigated extensively 

with cryo-transmission electron microscopy (cryo-TEM) and small angle neutron 

scattering (SANS).  

5.2 Results and Discussion 

5.2.1 AuNP Synthesis and LNA formation.  

 Hydrophobic dodecanethiol-functionalized AuNPs (DDT-AuNPs) were 

synthesized with average core diameters of 3.0 ± 0.6 nm and 5.5 ± 1.5 nm (henceforth 

referred to as 3 nm AuNP and 5 nm AuNP), as determined by TEM (Figure 5.1). The AuNP 

diameters correspond to a size smaller and larger than the average bilayer thickness for 

fluid phase DPPC/DPPG bilayers (≈ 3.8 nm). 
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LNAs were synthesized for both particle sizes at a theoretical lipid to NP (L/N) ratio of 

7500:1 (low AuNP conc.) and 5000:1 (high AuNP conc.). LNAs obtained after final 

extrusion through 100 nm diameter pore size membrane were stable and remained 

dispersed for weeks without any visible sedimentation or aggregation. Pure liposomes (no 

AuNPs) exhibited a characteristic bluish hue after extrusion and LNA dispersions were 

dark brown. 

Figure 5.1. TEM images of (A) 3 nm AuNP and (B) 5.5 nm AuNP. Distribution 
of particle size for (C) 3 nm AuNP and (D) 5 nm AuNP. Errors represent one 
standard deviation from mean diameter. 
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 A key result often excluded in prior LNA research is the AuNP inclusion efficiency 

based on AuNP size. This was accomplished by drying stable LNA aliquots and extracting 

the AuNP inclusions in toluene. A two tailed t-test (95% confidence level) of particle size 

distributions from TEM images demonstrates no significant difference between 3 nm 

diameter AuNP inclusions (3.0 ± 0.8 nm for low concentration and 3.0 ± 0.9 nm for high 

concentration) and actual 3 nm diameter AuNP (3.0 ± 0.6 nm). Hence, this depicts 

successful inclusion of the entire AuNP size range in LNA bilayers. The 5 nm AuNP (5.5 

nm ± 1.6 nm) however, showed successful incorporation of smaller AuNPs only (3.8 nm 

± 1.2 nm for low concentration and 3.7 nm ± 1.1 nm for high concentration) in the bilayer, 

which are statistically different. LNAs formed with 5 nm AuNPs are henceforth referred 

to as 3.8 nm AuNP LNAs and results have been summarized in Table 1. Theoretical studies 

previously conducted with CdSe quantum dots in DOPC bilayers showed a threshold 

diameter of 6.5 nm below which CdSe quantum dot bilayer inclusion is successful, and 

above which lipid stabilized micelle structures were formed.58 Similarly, a threshold 

(AuNP + DDT) diameter was observed, above which AuNPs are preferentially stabilized 

by lipid monolayers or form aggregates. The post-extrusion LNA L/N ratio was determined 

from elemental gold and phosphorus concentrations measured by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES). TEM and ICP-OES analysis of AuNPs 

inclusions and LNAs are summarized in Table 1. The AuNP concentration is lower than 

theoretical for all LNAs, due to AuNP aggregation and loss during hydration and extrusion. 

The 3 nm AuNP has a loading efficiency of 77% and 68% for the low and high 

concentrations respectively. The 5 nm AuNP loading efficiency was much lower (43% and 



142 
 

42% for high and low 5 nm AuNP concentrations respectively) due to additional large 

AuNP exclusion from lipid bilayers. Assuming a homogeneous AuNP distribution in all 

LNAs, AuNP inclusion concentration can also be estimated as AuNP per LNA as shown 

in Table 1. However, discussions in the following section will show that depicting AuNP 

inclusion concentrations in AuNP per LNA terms is a crude average. 

 

5.2.2 Cryo-TEM Characterization of LNAs.  

 Formation of stable SUVs with AuNP inclusions in the bilayer core was visualized 

by cryo-TEM imaging of LNAs (Figure 5.2). Analysis of pure liposomes (no AuNP), 

showed presence of unilamellar liposomes only (average diameter 85 ± 24 nm) with no 

multilamellar liposomes (> 1000 pure liposomes analyzed).  The AuNP distribution in 

LNAs was not homogeneous, as similarly observed previously30. The LNAs were either 

partially loaded with isolated AuNPs (Figure 5.2C and 5.2F), partially loaded with small 

Table 5.1. Summary of AuNP inclusions in LNAs and actual AuNP loading in 
lipid bilayers. 

a
measured by TEM analysis of AuNPs extracted from stable 

LNAs. 
b
measured by ICP-OES analysis of stable LNAs. Errors in diameter 

represent one standard deviation from the mean. 
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AuNP clusters (Figure 5.2D and 5.2E), completely loaded with AuNPs (Figure 5.2C and 

5.2E) or apparently bare (henceforth mentioned as bare liposomes, observed in the 

background, out of focus, in Figure 5.2B, C and E). Clusters containing a few AuNPs were 

observed in bilayers for all LNAs (Figure 5.2E). On statistical analysis of all LNA cryo-

TEM images (> 500 liposomes counted), LNAs with AuNP clusters and apparent bare 

liposomes were the most prevalent liposomes at > 80%. Figure 5.2E shows an LNA 

completely packed with AuNPs but demonstrates a homogenous NP distribution in the 

bilayer. Interestingly, cryo-TEM shows that LNAs with completely packed bilayers had 

greater sphericity and smaller average diameter (for example, 52 ± 31 nm for 3.8 nm LNA 

(high) compared to the bare LNAs (87 ± 14 nm) or LNAs with small AuNP clusters (89 ± 

21 nm) in the same sample. Similar observations have been made previously with iron 

oxide NPs in DSPC liposomes27 and CdSe NPs in polymersomes.59 Figure 5.2D shows the 

presence of larger AuNPs and possible AuNP aggregates in the lipid bilayer. Position of 

these aggregates/large AuNPs could not be judged with certainty through cryo-TEM. Some 

disc shaped/rod/worm like AuNP clusters were also observed at high AuNPs loadings 

(Figure 5.2B).  
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 AuNP distribution in LNAs is attributed to non-homogeneous mixing in bilayers 

due to cluster generation during AuNP-lipid bilayer thin film formation. Stable 

incorporation of hydrophobic AuNPs in lipid bilayers while maintaining structural integrity 

occurs by unzipping of lipid bilayers and AuNP insertion. Unzipping of bilayer by an 

isolated AuNP is an energy intensive process, thus AuNPs form clusters to reduce 

generated void spaces in the bilayers during LNA sample preparation.30, 58, 60 We envision 

three distinct regions in the dry AuNP-lipid film during LNA preparation: 1) bilayer 

regions with  large AuNP clusters, 2) bilayer regions with small AuNP clusters and 3) 

apparently bare lipid bilayer regions/isolated AuNPs in bilayer. LNAs with fully packed 

Figure 5.2. Cryo-TEM images showing (A) pure liposomes; 3 nm AuNP LNAs: 
(B) high (C) low; 5 nm AuNP LNAs: (D) high and (E) low; (F) shows isolated 
AuNP in LNAs. Arrows in (C) denote partially packed LNAs; Arrow in (B) shows 
existence of possible disc/rod/worm like AuNP aggregates. Arrow in (D) shows 
presence of large AuNP aggregates and large AuNPs. Arrow in (E) depicts small 
AuNP clusters in lipid bilayer. 



145 
 

AuNPs would be generated from region 1, where a single cluster can form a low curvature 

LNA itself. The detachment of bilayers containing AuNP clusters occurs at the interface 

with region 3 (devoid of AuNP), during hydration or the successive extrusion cycles. LNAs 

with small AuNP clusters are formed from region 2 (AuNP clusters are not large enough 

to form fully packed LNAs on their own due to high curvature limitations). Additionally, 

due to clustering, isolated AuNP inclusions in LNAs (Figure 5.2F) were rarely observed.  

5.2.3 Bilayer Thickness from SANS.  

 The average bilayer thickness was determined by small angle neutron scattering 

(SANS) spanning temperature ranges from 40 oC to 60 oC for the pure liposomes and all 

LNAs in D2O (solvent). SANS spectra were collected over a q range of 0.003 Å-1 ≤ q ≤ 

0.523 Å-1 and bilayer thickness was determined by fitting the scattering data to a spherical 

vesicle model61 over a q range of 0.02 Å-1 ≤ q ≤ 0.523 Å-1 as shown in Figure 5.3. SANS 

provides an ensemble averaged bilayer thickness for all liposomes and LNAs.  The 

measured bilayer thickness should be interpreted qualitatively only due to the presence of 

various AuNP distributions in the bilayer. An increase in bilayer thickness was observed 

for all liposomes on transitioning from fluid phase to gel phase as observed previously31, 

62-64, which is attributed to greater lipid ordering below transition temperature. Pure 

liposome bilayer thickness increased from 3.8 nm (60oC) to 4.3 nm (40oC) across the 

transition temperature of 41oC (Figure 5.3B). Changes in bilayer thickness for LNAs with 

low and high concentrations of 3 nm AuNP was not significantly different from pure 

liposomes. However, 3.8 nm AuNP LNAs showed an increase in bilayer thickness 

compared to pure liposomes at both concentrations as evidenced by the SANS spectra shift 
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towards low-q for 3.8 nm AuNP LNAs. Cryo-TEM image analysis demonstrated that 

completely packed LNAs were smaller in size than the LNAs with AuNP clusters and bare 

liposomes in the same sample. In addition, statistical analysis of cryo-TEM images yielded 

a > 80% population of LNAs with small AuNP clusters and bare liposomes. To obtain a 

true statistical analysis of the sample population, SANS spectra were analyzed in the 

intermediate to low q regime. No distinguishing features were observed between spectra 

obtained from pure liposomes and LNAs in the low and intermediate q regime. The 

spherical vesicle model fit was extended to intermediate and low q regime and yielded 

similar overall diameters for pure liposomes and LNAs (≈ 90 nm mean liposome diameter). 

Unlike statistical analysis of cryo-TEM images which is subjected to imaging biases, 

SANS demonstrates the prevalence of LNAs with small AuNP clusters and bare liposomes 

with a negligible population of completely packed smaller liposomes. However, analyzing 

LNA size distribution through SANS should be approached with caution due to 

investigation of a limited low-q region. 
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5.2.4 Dynamic Light Scattering.  

Overall liposome motion can be classified into liposome translational motion due to 

diffusion and shape fluctuation motions (bending, etc.). Translational motion can be 

effectively measured at the appropriate q range using DLS which yields the exponentially 

decaying autocorrelation function g2 (t) 65: 

𝑏𝑏 2(𝑠𝑠) = 𝐵𝐵 +  𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 (−2𝛤𝛤𝑇𝑇𝑠𝑠)        (1) 

where B is the autocorrelation baseline at infinite delay, β is the correlation function 

amplitude and decay rate ΓT is related to diffusion constant (DT) as: 

𝛤𝛤𝑇𝑇 = 𝐷𝐷𝑇𝑇𝑞𝑞2          (2) 

Pure liposome and LNA hydrodynamic radius (Rh) can be directly calculated from the 

Stokes-Einstein equation: 

 𝑅𝑅ℎ = 𝑘𝑘𝐵𝐵𝑇𝑇
6𝜋𝜋𝜋𝜋𝐷𝐷𝑇𝑇

,           (3) 

Figure 5.3. (A) SANS curves for pure liposomes and LNAs in fluid phase (60 
o
C); 

curves have been offset by amounts mentioned in the plot for visual clarity. (B) 
Bilayer thickness calculated from SANS data at different temperatures. Error bars 
represent one standard deviation from the mean. Dashed lines are for visual aid 
only. 
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where T is the temperature, kB is the Boltzmann constant and η is the viscosity of D2O 

(function of temperature). Autocorrelation curves demonstrates nearly identical decay 

pattern at 25 oC for pure liposomes and LNAs (Figure 5.4). Decay curve is described by a 

single exponential decay which confirms a narrow LNA size distribution. This further 

corroborates our assumption that smaller, completely-packed LNAs are a negligible 

population. LNAs are primarily similar in size as pure liposomes. Diffusion coefficients 

obtained from fitting the autocorrelation curve to Equation 1 and 2, depicts similar DT at 

25 oC (0.47 Å2 ns-1 for pure liposomes vs ~0.44 Å2 ns-1 and 0.43 Å2 ns-1 for 3 nm AuNP 

LNAs and 3.8 nm AuNP LNAs respectively). DT corresponds to a hydrodynamic radii of 

~ (40, 44 and 45) nm for pure liposomes, 3 nm AuNP LNAs and 3.8 nm AuNP LNAs 

respectively based on Equation 3 (Figure 5.4). DT has been measured at very dilute lipid 

concentrations through DLS at 25 oC. Accurate determination of DT at NSE concentrations 

cannot be investigated through DLS and actual DT  lies between 0 < DT (Actual) < DT (DLS). 

Similarly, DT at various temperatures have been estimated based on Equation 3 and solvent 

viscosity changes and does not represent diffusion coefficients accurately, existing at 

temperature and concentration conditions during NSE experiments. 
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5.2.5 NSE Measurements of Bilayer Bending Modulus.  

NSE was used to measure normalized intermediate scattering functions (ISF) I(q, t)/I(q, 0) 

(q and t represent wave vector and Fourier time, respectively) over a q range of 0.039 Å-1 

to 0.1 Å-1 and Fourier time up to 100 ns with neutron wavelengths of 8 Å and 11 Å. For 

pure membrane undulations (assuming no translational diffusion), Zilman-Granek (ZG) 

model66 for single membrane fluctuations describes the bending fluctuations in a 

membrane as: 

𝐼𝐼(𝑞𝑞,𝑡𝑡)
𝐼𝐼(𝑞𝑞,0) = exp [−(𝛤𝛤𝑏𝑏𝑠𝑠)

2
3]                       (4) 

where Γb is the bending relaxation rate given by: 

𝛤𝛤𝑏𝑏 = 0.025𝛾𝛾 �𝑘𝑘𝐵𝐵𝑇𝑇
𝜅𝜅�
�
1
2 �𝑘𝑘𝐵𝐵𝑇𝑇

𝜋𝜋
� 𝑞𝑞3 =  𝛤𝛤𝑍𝑍𝑍𝑍𝑞𝑞3             (5) 

where �̃�𝜅 is the effective bending modulus, η is the solvent viscosity (D2O viscosity as a 

function of temperature in this work), kB is the Boltzmann constant, T is the temperature 

Figure 5.4. (A) Curves depict autocorrelation functions for pure liposomes 
(black square), 3 nm AuNP LNAs (high) (red circles) and 3.8 nm AuNP LNAs 
(high) (blue triangle). (B) Diffusion coefficient and hydrodynamic radius as 
obtained from DLS experiments at 25

o
C in D2O solvent.  
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and 𝛾𝛾 approaches unity when �̃�𝜅 ≫ 𝑏𝑏𝐵𝐵𝑇𝑇. On incorporating intermonolayer frictions67-68 into 

the ZG model as proposed by Watson and Brown,69 the effective bending modulus �̃�𝜅, can 

be substituted by intrinsic bending modulus κ, given by �̃�𝜅 = 𝜅𝜅 + 2ℎ2𝑏𝑏𝑚𝑚 where h is the 

height of neutral surface from bilayer mid-plane and km is the monolayer area 

compressibility modulus. km is further depicted as 𝑏𝑏𝑚𝑚 = 12𝜅𝜅𝑚𝑚/ℎ𝑠𝑠2 , where 𝜅𝜅𝑚𝑚 is the 

monolayer bending modulus and monolayer hydrocarbon thickness is denoted as hc.70 As 

discussed in an earlier paper71, monolayer bending modulus can be expressed as bilayer 

bending modulus as 𝜅𝜅𝑚𝑚 = 𝜅𝜅/2, which yields �̃�𝜅 = 𝜅𝜅(1 + 48 � ℎ
2ℎ𝑐𝑐
�
2

), and an assumption of 

h/2hc = 0.5 to consider the neutral surface is at the hydrophobic-hydrophilic interface leads 

to �̃�𝜅 = 13𝜅𝜅. Equation 5 has thus been used in the following form to calculate the intrinsic 

bending modulus: 

𝛤𝛤𝑏𝑏 = 0.0069 �𝑘𝑘𝐵𝐵𝑇𝑇
𝜅𝜅
�
1
2 (𝑘𝑘𝐵𝐵𝑇𝑇

𝜋𝜋
)𝑞𝑞3 =  𝛤𝛤𝑍𝑍𝑍𝑍𝑞𝑞3             (6) 

Figure 5.5A shows a typical NSE decay curve for 3 nm AuNP LNAs (high) when no 

translation diffusion is taken into account. NSE decay curves are fit to Equation 4 to yield 

a bending decay rate which demonstrates a q3 dependence in the whole q range. 
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Figure 5.5B shows a direct comparison of AuNP inclusion effect (3 nm AuNP high conc.) 

on the DPPC/DPPG lipid bilayer I(q, t)/I(q, 0) at two q values at 60 oC. AuNP inclusions 

lead to slightly larger relaxation rates (slightly faster relaxation of bilayer bending) 

compared to pure liposomes, which is a clear indication of membrane softening according 

to ZG theory. NSE yields an ensemble average bending moduli for all LNAs (fully packed 

LNAs, partially packed LNAs, and vacant liposomes) and should be qualitatively 

interpreted with respect to pure liposome bending modulus. Figure 5.6 shows the bending 

modulus calculated for all LNAs above the bilayer transition temperature (summarized in 

Table 2). The bending modulus measured for the pure lipid bilayer in the current work at 

60 oC (≈ 14.7 kBT) is comparable to the bending modulus obtained for pure DPPC bilayer 

Figure 5.5. Typical normalized intermediate scattering function (ISF) at 
different q for 3 nm AuNP LNAs (high) at 60 

o
C for (A) No translational 

diffusion assumed; solid lines are fit to Equation 4. (B) Effect on ISF due to 3 
nm AuNP inclusions (high) relative to pure liposomes at 60 

o
C (No diffusion, 

solid lines fit to Equation 4). Errors in all figures represent one standard 
deviation from the mean. 
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(≈ 9.5 kBT) at 60 oC previously by NSE51 and low angle X-ray spectroscopy (≈ 16.3 kBT).72 

The bending modulus is an order of magnitude higher at temperatures near and below the 

transition temperature (Figure 5.6 inset). This is expected as bilayer stiffening occurs due 

to greater lipid ordering in the gel phase than in fluid phase.51, 71, 73 3 nm AuNP LNAs 

(high) show an average 15% reduction in bending modulus relative to pure liposomes in 

the fluid phase. Change in bending modulus was insignificant for 3 nm AuNP LNAs (low) 

in the fluid phase. 3.8 nm AuNP LNAs however, shows ca. 15% bending modulus 

reduction at both low and high AuNP loadings in the fluid phase. No bending modulus 

hysteresis was observed on reheating the 3 nm AuNP LNAs (high) from gel phase to fluid 

phase, thus ruling out any hysteresis on membrane elastic properties upon phase transition. 

NSE decay data must also be analyzed by taking translational diffusion into account. 

However, incorporating diffusion contributions as measured through DLS (at extremely 

dilute lipid concentrations) does not present an accurate analysis of the NSE data. This 

account has been presented in detail in Figure 5.7. Figure 5.7 depicts similar membrane 

softening as observed in Figure 5.6. On accounting for DT, membrane softening in 3 nm 

AuNP LNAs (low) is also resolved. Bending moduli depicted in Table 2 (in parenthesis) 

demonstrates an extreme value, absolute value lies between the two extreme cases as 

summarized in Table 2. 
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Figure 5.6. Intrinsic bending moduli κ of pure DPPC/DPPG liposomes and 
LNAs assuming no diffusion contribution to NSE decay. Inset shows bending 
moduli over fluid and gel phase. Dashed lines are for visual aid only. Error bars 
represent one standard deviation from the mean. 
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 NSE findings demonstrate both AuNP concentration and AuNP size have a 

significant impact on lipid bilayer bending modulus. However, the impact of AuNP 

diameter in bending modulus reduction appears more prominent as seen in case of 3.8 nm 

AuNP LNAs. A qualitative assessment of the bilayer area compressibility modulus (KA) 

with AuNP inclusions was conducted, based on SANS thickness measurements and 

bending modulus obtained from NSE. Bilayer bending results in compression and 

stretching of the lipid leaflets and can be described as a thin elastic sheet model relating κ 

and KA.74 Bending modulus κ is directly proportional to area compressibility modulus KA 

as: 

𝐾𝐾𝐴𝐴 =  𝛽𝛽𝜅𝜅/(2ℎ𝑠𝑠)2      (8) 

Figure 5.7. (A) Typical intermediate scattering function for 3 nm AuNP LNA 
(high) at 60 

o
C. Solid lines are fit to Equation S8 assuming DT derived from DLS 

measurements. (B) Intrinsic bending moduli κ of pure DPPC/DPPG liposomes 
and LNAs assuming diffusion contribution (determined from DLS) to NSE 
decay. Dashed lines are for visual aid only. Error bars represent one standard 
deviation from the mean. 
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where hc is the monolayer thickness and β is a coupling constant that depends upon the 

degree of coupling between the two monolayers. β ranges from 12 (strong coupling 

between monolayer leaflets) to 48 (no coupling and leaflets can slide freely).75-76 Increase 

in hydrophobic thickness and reduction in bending modulus implies a drastic reduction in 

bilayer compressibility modulus KA for LNAs from Eq. 8. Definitive quantification of KA 

was not undertaken due to insufficient knowledge about the change in β in the presence of 

inclusions. Decrease in KA is a clear indicator of an increase in thickness fluctuation 

dynamics49 in lipid bilayer which plays a pivotal role in membrane protein functioning77 

and enzyme catalysis78. Thickness fluctuation dynamics measurement with AuNP 

inclusions in tail deuterated lipid bilayers is a potentially interesting study to quantify 

thickness fluctuation dynamics, amplitude and membrane visco-elastic properties.49, 71, 79 

 

Table 5.2. Bilayer thickness (d) measured from SANS data and bending 
modulus (κ) at 60 

o
C obtained from NSE measurements (values in 

parenthesis depict bending modulus when translational decay contributions 
are applied). Errors represent one standard deviation from mean. 
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Decrease in bilayer bending modulus (decrease in area compressibility modulus) with 

AuNP inclusions can be explained based on contribution from multiple possible factors. It 

has been previously shown that bending modulus is directly related to bilayer thickness.80-

81 However, in the present case, the average bilayer thickening is a result of membrane 

unzipping to situate the AuNP/ AuNP cluster inclusion in the bilayer core. However, 

coupling between monolayers should be severely compromised on introducing isolated 

AuNP inclusions or cluster inclusions. Additionally, theoretical80 and X-ray diffraction82 

studies on surfactant lamellas have demonstrated dramatic decreases in  bending modulus 

with increasing area per molecule (bulkier head groups for surfactants). Increased area per 

molecule directly implies a less confined chain and smaller loss of conformational entropy 

during lamellar bending. Similarly, total bilayer volume in the vicinity of AuNP and AuNP 

cluster inclusion is greatly increased, but number of lipids in the specific volume remains 

constant. Thus, increase in bilayer volume can be compensated only through stretching and 

conformation change of lipid tails, in other words increasing the area per lipid. Previous 

researchers64, 83 have well documented the phenomena of increasing area per lipid with 

increasing temperature (transition from gel to fluid phase). The AuNP inclusions can thus 

be envisioned to generate higher local fluidity compared to the bulk bilayer leading to an 

average bilayer softening. It has been shown previously, that small alkyl chain additives at 

relatively low mole fractions can cause substantial reduction in bending modulus.80-81 

AuNP inclusions in the present research is functionalized with small alkyl chain 

dodecanethiol, which might substantially contribute towards disrupting conformational 

packing, leading to membrane softening. 
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5.3 Conclusion 

 An investigation into effects of hydrophobic AuNP inclusions on lipid bilayer 

bending modulus was conducted through NSE spectroscopy. AuNPs with average 

diameters of ~ 3 nm and ~ 5.5 nm were embedded into DPPC/DPPG lipid bilayers. It was 

observed that AuNPs above a particular threshold diameter were not included in the 

DPPC/DPPG lipid bilayer, resulting in decreased loading efficiency for larger AuNPs. 

Non-homogeneous lipid and AuNP mixing during dry film formation leads to apparently 

bare, partially packed and completely packed LNAs. Average LNA bilayer thickening was 

observed depending on size and concentration of AuNP inclusions. On investigating LNA 

membrane dynamics with NSE spectroscopy, a general membrane softening was observed 

relative to pure liposomes which manifested in the form of reduced bending modulus. 

AuNP concentration and AuNP size were both factors in determining magnitude of 

membrane softening. On considering translational contribution to NSE decay, similar 

bilayer softening trends are retained. Our experimental results qualitatively point towards 

a decrease in area compressibility modulus and subsequently an increased thickness 

fluctuation dynamics. We demonstrate NSE to be a crucial tool in determining inclusion 

effects on membrane dynamics and mechanical properties. These studies have potential 

implications for membrane biophysical characterization and designing innovative drug 

delivery vehicles. 

5.4. Experimental Methods 

5.4.1 Materials. 
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 Hydrogen tetrachloroaurate (HAuCl4.3H2O, 99.9% purity), dodecanethiol (<95%), 

sodium borohydride (98%), HPLC grade ethanol, chloroform and toluene, hydrochloric 

acid (37%, 12 mol/L, extra pure), nitric acid (69% to 71%, extra pure) and hydrogen 

peroxide (mass fraction of 30%) were purchased from Sigma Aldrich. 

Tetraoctylammoniumbromide (99.35%) was purchased from Chem-Impex Int’l Inc. Lipids 

were purchased from Avanti Polar Lipids as dry powder. Deuterated water (D2O, 99.9%) 

was purchased from Cambridge Isotope Laboratories. Concentration standard for gold, 

sulfur and phosphorus were purchased from Sigma Aldrich (TraceCERT 1 g/L Au in HCl, 

TraceCERT, 1 g/L S in H2O and TraceCERT 1 g/L P in H2O). Chemicals were used without 

any further purifications. 

5.4.2 AuNP-DDT synthesis. 

 Dodecanethiol (DDT) functionalized AuNPs were prepared through Brust-Schiffrin 

method.84 DDT to Au precursor ratio was varied and reaction was conducted in presence 

of equal volumes of aqueous and organic solvent to obtain narrow diameter range. In a 

typical synthesis based on 50 mg total Au mass, 99 mg HAuCl4.3H2O (49.5 mg Au) was 

dissolved in 400 mL double distilled water. 1.388 g phase transfer agent 

tetraoctylammoniumbromide (TOAB) was dissolved in 400 mL of toluene. Vigorous 

mixing by magnetic stirring for 30 mins transferred gold completely into toluene as 

evidenced by the aqueous phase becoming colorless and toluene phase becoming bright 

orange. Aqueous phase was not discarded. 3 nm AuNPs required addition of 51 mg 

dodecanethiol to the mixture and was stirred vigorously for an hour. The toluene phase at 

this point turns cloudy white. Similarly, 5 nm AuNPs require addition of 17 mg 
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dodecanethiol to the mixture which creates a pale orange emulsion. To both the above 

solutions, 96 mg of aqueous sodium borohydride (2 mL) was added rapidly and left to 

vigorously stir for 12 hours. Aqueous phase was discarded thereafter and volume of AuNPs 

in toluene was reduced to 5 mL by evaporating toluene under a nitrogen stream. 200 mL 

of methanol was added to AuNP dispersion in toluene to precipitate AuNPs selectively. 

AuNPs were centrifuged at 14500 rpm for 30 mins and supernatant containing the excess 

reactants were discarded. Precipitated AuNPs were redispersed in 5 mL toluene and 

washing step was repeated three times. Final redispersion of AuNP was in chloroform 

instead of toluene. Supernatant from the final wash cycle was dried and digested in 

presence of hydrogen peroxide and nitric acid and analyzed through ICP-OES. Supernatant 

contained undetectable amounts of sulfur, which shows presence of insignificant amounts 

of excess DDT. 

5.4.3 Determination of gold and phosphorus concentration 

Concentrations of gold and phosphorus in LNAs were determined using ICP-OES on a 

Perkin Elmer Optima 3100RL ICP-OES. An aliquot of LNA was dried and microwave 

digested in concentrated freshly prepared aqua regia and diluted 20 fold in deionized water 

post digestion. Au concentration was similarly determined for DDT-AuNP. Standards were 

used at similar acid concentrations. 

5.4.4 Transmission electron microscopy (TEM) 

 TEM images of AuNPs were obtained on a Hitachi 7600 TEM with an accelerating 

voltage of 120 kV. 100 µL of as-prepared AuNPs in toluene was diluted 100 fold in toluene 

and 10 µL of this AuNP dispersion was drop cast on a 300-mesh Formvar coated copper 
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TEM grid (Electron Microscopy Science) and allowed to dry overnight in a dessicator. 

ImageJ was used to obtain a size distribution histogram by following regular size analysis 

protocols. Dried LNAs were redispersed in toluene and imaged similarly to measure 

embedded AuNP diameter. 

5.4.5 Preparation of Lipid-Nanoparticle Assemblies 

 Liposomes comprising of 85:15 molar ratio of DPPC: DPPG was prepared by thin 

film hydration of lipids by D2O and subsequent extrusion through polycarbonate 

membranes (pore size 400 nm, 200 nm and 100 nm). DPPC and DPPG lipids (100 mg 

total) were dissolved in 2 mL of HPLC grade chloroform and dried under nitrogen stream 

to form a dry film on a round bottom flask followed by vacuum drying for 12 hours. To 

generate LNAs, requisite volume of AuNPs in chloroform was added with lipids and 

subsequently dried. Dry lipid films were hydrated with 1 mL D2O at 60oC for 1 hour under 

intermittent mechanical agitation. Resulting solution was extruded subsequently through 

400 nm, 200 nm and 100 nm polycarbonate (PC) membrane 10, 10 and 41 times 

respectively at 60oC to obtain a dispersion of LNAs. Aggregates observed during post-

hydration were removed during successive extrusion through PC membrane. LNA 

dispersions were stored constantly at 60 oC in a Peltier type heat box to maintain bilayer 

fluidity and avoid any irreversible effects on bilayer due to repeated cooling and heating 

induced hysteresis. Final LNAs were diluted to 5 mL in D2O to yield ~20 mg/mL 

concentration of lipid. 

5.4.6 Cryo-TEM Imaging of LNAs 
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 LNA imaging was conducted by depositing 5 µL of LNA on a Quantifoil grid with 

2 µm lacy carbon holes (Electron Microscopy Sciences). The grids were vitrified in liquid 

ethane using a Vitrobot (FEI Co.) Vitrified grids were transferred and stored in liquid 

nitrogen until imaging. Imaging was performed on a liquid nitrogen cooled stage (Model 

915, Gatan Inc, Pleasanton, CA) at 200 kV using a JEOL JEM-2100F Transmission 

Electron Microscope (Peabody, MA). 

5.4.7 Small Angle Neutron Scattering. 

 SANS experiments were conducted on NGB 10 m SANS at National Institute of 

Standards and Technology Center for Neutron Research (Gaithersburg, MD, USA). 1 mL 

of 20 mg/mL lipids in D2O was loaded into a titanium cell with quartz windows with 1 mm 

path length while maintaining solution temperature above transition temperature. 

Measurements were carried out at temperatures of (60, 55, 50, 43, 42, 41 and 40) o C. 

Temperature was controlled with a circulating water bath around sample cells with an 

accuracy of ± 0.1 oC.  

5.4.8 Neutron Spin Echo (NSE) Spectroscopy. 

 NSE experiments were conducted on NGA CHRNS neutron spin echo (NSE) 

spectrometer instrument at NIST Center for Neutron Research (NCNR, Gaithersburg, 

MD). Measurements were conducted at 5 different temperatures, 38 oC (gel phase), 41 oC 

(transition temperature), (50, 55 and 60) oC (fluid phase). Incident neutron wavelength of 

0.8 nm and 1.1 nm were selected by a velocity selector having a wavelength resolution of 

≈18%. Polarizers and analyzers were used to measure the polarization of the neutron before 

and after passing through a sample. Measurement were obtained with a wave vector range 
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spanning 0.039 Å-1 ≤ q ≤ 0.1 Å-1 and time range of 0.65 ns ≤ t ≤ 100 ns. A titanium NCNR-

standard sample cell with quartz windows with path length of 2 mm was used to load LNAs 

at ≈ 20 mg/mL lipid concentration in D2O. Charcoal was used to obtain instrumental 

resolution and D2O was used to collect background scattering. Temperature was controlled 

with a circulating water bath around sample cells with an accuracy of ± 0.1 oC. Correction 

for resolution and background and reduction of spin echo data was conducted on DAVE85 

software package. 

5.4.9 Dynamic Light Scattering 

 DLS experiments were conducted on a Wyatt Dawn Helios II multi-angle light 

scattering instrument using 658 nm wavelength laser. LNA samples in D2O (pure 

liposomes, 3 nm AuNP LNA (high) and 3.8 nm AuNP LNA (high)) used in NSE 

experiments at 20 mg/mL were diluted to ~0.25 mg/mL for DLS experiments. DLS data 

was acquired in batch mode using a 20 mL scintillation vial adapter at ambient 

temperatures (~25 oC). Intensity correlation functions g2 (t) was regularized in the ASTRA 

software package. 
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATIONS 

6.1 Summary and Conclusions 

In this dissertation, we have successfully developed a robust colloidal AuNP 

catalyst platform based on pH-responsive polymers. Chapter 1 introduces the concept of 

gold nanoparticle based catalysis and describes a brief literature review of seminal works 

in this field. Primarily, we have discussed the classes of AuNP catalysts, the advantages 

and disadvantages of each class of catalysts and common AuNP synthesis techniques. 

Chapter 2 elucidates the advantages of employing colloidal catalysts over oxide 

supported catalysts through the development of a technique to characterize both catalyst 

classes (supported and colloidal) with a common toolset. It highlights an organothiol 

adsorption based method in aqueous media to quantify available surface area in both 
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supported and colloidal catalysts. This facilitates direct comparison of catalytic activity 

normalized to available surface area. We show that on a per gold mass basis, colloidal 

catalysts demonstrate greater catalytic activity compared to supported catalysts. On the 

other hand, when catalytic activity is normalized to available surface area, it was found that 

supported catalysts show higher activity due to the synergistic support effect towards 

AuNP catalytic activity. Induction time phenomena arising during the model reaction was 

investigated in detail in this work. 

After demonstrating greater catalytic activity of colloidal AuNP on a gold mass 

basis, Chapter 3 focusses on solving the major issue plaguing colloidal catalysts: catalyst 

recovery. To facilitate catalyst recovery, a robust pH-responsive small molecule 

functionalized AuNP catalyst platform was developed which could be recovered from 

reaction products through two pH triggered recovery methods. MUA functionalized 

colloidal AuNPs were found to be robust and pH responsive with efficient recovery through 

pH triggered aggregation/redispersion and pH triggered phase transfer to organic solvent 

mediated by a phase transfer agent octadecylamine. However, small molecules such as 

MUA demonstrate high packing density on AuNP surface leading to complete surface 

passivation, thus rendering AuNP catalytically inactive. On using partial MUA surface 

coverage on AuNP, catalytic activity could be retained, however colloidal stability and 

recovery is greatly compromised. 

Consequently, Chapter 4 focusses on developing a recoverable catalyst platform 

which ameliorates the issues elucidated in Chapter 3. We developed a pH-responsive 

thiolated polymer functionalized AuNP catalysts (AuNP-SPAA), which possesses similar 
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pH triggered recovery properties as AuNP-MUA, while being catalytically very active due 

to the low packing density of long chain length polymeric ligands. AuNP-SPAA catalytic 

activity could be retained for up to 5 reaction cycles by manipulating the polymer 

functionality and altering the polymer softness. We demonstrated how conformation, 

packing density and polymer shell solvation affects AuNP-SPAA catalytic activity. 

Chapter 5 focuses on a different field of research pertaining to gold nanoparticles. 

Here, we have focused on studying potential biomechanical effects of gold nanoparticle 

inclusions on lipid bilayers. The goal of this study was two-fold: (a) investigate membrane 

dynamics in presence of AuNP inclusions to elucidate potential toxic effects on cell 

membranes through membrane rupture, etc. (b) measure bilayer properties to characterize 

lipid-nanoparticle assemblies (LNAs) for application as stimuli-responsive drug-delivery 

vehicles. We demonstrated through neutron spin echo spectroscopy that, lipid bilayers with 

AuNP inclusions were significantly softer than nascent lipid bilayers. Membrane softening 

has direct implications on membrane functionality as various biological phenomena are 

controlled by membrane biomechanical properties such as membrane bending modulus, 

membrane viscosity and membrane thickness fluctuation dynamics. 

6.2 Recommendations 

6.2.1 Supported AuNP catalysts 

 In Chapter 2, we have demonstrated a successful technique to directly compare 

colloidal and supported AuNPs with a common toolset. I suggest that future work be 

extended to AuNP supported on other metal oxide supports and carbonaceous supports 
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such as charcoal, graphite, CNT, etc. We have conducted preliminary experiments with 

AuNPs on alumina, ceria, MgO and ZnO (Figure 6.1) where 2-MBI adsorption technique 

could be applied successfully (Figure 6.2). I suggest utilizing metal oxide supports of 

similar size range and directly comparing the AuNP catalytic activity as a means to 

measure support effects on catalysis. This study can easily be extended to other supports 

such as mesophase materials and MOFs and might present an interesting research avenue. 

AuNP supported on silica could not be produced by this method as the Point of Zero Charge 

(PZC) on silica occurs at highly acidic pH where colloidal AuNPs are not stable. However, 

other methods like synthesizing AuNP in presence of silica could be adopted for possible 

successful impregnation. MnO2 is another potential oxide support, however MnO2 used in 

this work were similar sized as AuNPs. I would suggest employing larger MnO2 particle 

size as support to enhance AuNP immobilization and ease of catalyst recovery through 

centrifugation based separation. Surprisingly we couldn’t find the PZC of Zirconia which 

is also a potential metal oxide support for AuNP.  
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6.2.2 Recoverable colloidal AuNP catalysts. 

 In Chapter 3 and 4, we demonstrate catalysts which can be recovered via pH 

triggered recovery schemes. We show that PAA can be functionalized with thiol moieties 

Figure 6.1. Supported catalysts formed by immobilizing 5 nm AuNP on 
metal oxides. 

Figure 6.2. Typical 2-MBI adsorption profiles for AuNP-Metal oxide 
catalysts depicting preferential adsorption on AuNP (2-MBI was found to 
adsorb on MgO). 
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to make them suitable ligands for AuNP stabilization. However, such catalysts suffered 

loss of catalysis due to reducing agent induced ligand desorption and catalyst aggregation. 

Reducing agents are commonly required for carrying out reduction reactions such as 4-

nitropenol reduction reaction which has been primarily investigated in this work. I would 

suggest investigating catalyst efficacy in other gold catalyzed reactions (such as CO 

oxidation, glycerol oxidation and carbon-carbon coupling reactions) as mentioned in this 

review1 on gold nanoparticle catalysts.  

 We have also found that electrostatics in the AuNP polymer shell plays a vital role 

in controlling the catalytic activity during 4-nitrophenol reduction. We have observed 

catalytic activity enhancement when amine moieties are introduced into the PAA backbone 

in addition to thiols. This phenomena should be deeply investigated and should include a 

thorough investigation of EDC/NHS chemistry during the reaction. Proper polymer 

characterization through ATR-FTIR and H-NMR (2D if possible) should be conducted. 

Other methods of quantifying the amine and thiol content of the polymer can be based on 

colorimetric assays such as TNBS assay for primary amines and Ellman’s reagent for thiol 

groups. Other general suggestion to harness the electrostatics would be to functionalize 

amine-containing polymers with thiol groups such as chitosan, polyimines, etc using 

similar chemical synthesis approaches. Salt concentration and interaction of charges with 

the polymer shell should be thoroughly investigated to normalize the reaction rates for 

correct comparison. 
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Figure 6.3. Ligand structure and Zeta Potential (ζ) of functionalized AuNPs 
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 To investigate other approaches to recoverable catalysts, we have explored biphasic 

catalysts as a suitable approach. Here, hydrophobic thiolated polymer (such as polystyrene-

thiol or polylactide-thiol) are used to functionalize AuNPs to render them as stable colloids 

in organic medium such as toluene, chloroform, etc. These organic phase catalysts can be 

used to conduct aqueous phase reactions as a vigorously mixed bi-phase. Catalyst 

Figure 6.4. (A) and (B) Pseudo first order rate constants depicts reaction rate 
enhancement on incorporating amines in the polymer backbone. (C) Depicts 
effect of salt and buffer on the reaction rates for 4-NP reduction due to 
electrostatic effects and charge screening. (D) and (E) depicts effects of buffer 
concentration where reaction rate enhancement is observed on increasing PBS 
concentration. 
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separation occurs from the aqueous product medium by phase separation after the agitation 

is rescinded (Figure 6.7). Reaction rate heavily depends on catalyst concentration, sodium 

borohydride concentration, agitation rate and organic-aqueous phase volume ratio. AuNP-

Cit functionalization with SPS occurs without any aggregation or loss in AuNP (Figure 6.5 

A-D). Preliminary SANS data suggests that shell thickness and shell solvation is dependent 

on ligand molecular weight (Figure 6.6). We have however, observed substantial 

aggregation during 4-NP reduction reaction (possibly due to sodium borohydride mediated 

ligand desorption) in addition to permanent coating of glass/Teflon reaction vessels during 

agitation. This renders these catalysts non-catalytic after 2-3 cycles. A thorough 

investigation into this phenomena can result in an efficient catalyst system for aqueous 

based reactions. As mentioned earlier, this system could also be utilized for other reaction 

systems (oxidation, carbon-carbon coupling, etc) which does not employ harsh reducing 

agent or sources of hydrogen. Thiol-poly-L-lactide can be potentially used as ligand to 

investigate stereo-selective reactions with AuNP catalysts. 
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Figure 6.5. (A) and (B) depicts AuNP-SPS (5 kDa) TEM micrograph and LSPR 
with size distribution (inset). (C) and (D) depicts the same analysis for AuNP-
SPS (11 kDa). (E) shows the summary of core diameters and inter-particle 
distance and ligand chain length calculated from TEM images in the non-
solvated conditions. 
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Figure 6.6. Small Angle Neutron Scattering profiles of (A) AuNP-SPS (5 kDa) 
and (B) AuNP-SPS (11 kDa) depicting core-shell form factor. (C) summarizes 
ligand chain length as determined from core-shell fitting to the SANS scattering 
data. Shell solvation is similarly calculated as in Chapter 4 of this dissertation. 
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Figure 6.7. Image depicts complete 4-NP 
reduction using different volume ratios of 
catalyst phase to reactant phase. 
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In chapter 5, we have successfully showed bilayer softening as a result of AuNP 

inclusions in lipid bilayers. This study should be extended further to study effects of AuNP 

inclusions on membrane properties such as membrane viscosity and thickness fluctuation 

dynamics through neutron spin echo spectroscopy. For these studies, hydrogenated lipids 

have to be replaced with tail deuterated lipids to measure the thickness fluctuation 

dynamics through neutron spin echo spectroscopy. In addition, we have conducted some 

preliminary investigation on AuNP inclusion efficiency by producing LNAs with a range 

Figure 6.8. (A) and (B) shows time resolved UV-Vis spectroscopy 
based reaction progress tracking for 4-NP reduction reaction by NaBH4. 
(C) Slope of the pseudo-first order reaction kinetics data fit gives the 
rate constant for the reactions. Error bars are standard deviation from 
the mean based on two individual measurements.  
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of AuNP core diameters and functionalized with ligands of different chain lengths. A 

through TEM (including cryo-TEM) and ICP-OES based investigation of AuNP inclusions 

efficiency in pure/mixed/cholesterol/PEGylated lipid bilayers needs to be carried out to 

understand nanoparticle inclusion and aggregation in bilayers. 
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Appendix A 

Structural Analysis of Ultra-Pure Low-Polydispersity Lignin Fractions Derived from 

Continuous Flow Hot Acid Purification Process. 

[Manuscript in preparation for ACS Macro Letters] 

A.1 Introduction, Results and Discussions 

 Lignocellulosic biomass valorization into usable chemicals, materials and fuel 

sources is a major focus of integrated biorefineries.1-4  Lignin forms a major component 

(15-30% dry weight) of biomass in addition to cellulose and hemicellulose.5 Biomass 

deconstruction to efficiently extract lignin has been a challenge, leading to lignin being 

considered a low value by-product of the cellulose recovery process. Currently, >99% 

lignin generated is used as fuel in the paper and pulp industry to recover energy required 

in the process.6-7 Abundance of lignin in nature and its high aromatic content renders it as 

a suitable alternative precursor for fine chemical industries which currently uses petroleum 

sources. Lignin recovery from biomass has seen increasing advancement in recent years 

including commercialization of LignoForce SystemTM, LignoBoostTM and Sequential 

Liquid-Lignin Recovery Process (SLRP)TM to name a few.8-10 Lignin derived from these 

technologies are relatively clean and contains a fraction of the ash and sodium initially 

present in the original black liquor sources. Relatively low impurity lignin has been 

successfully employed in low value applications such as resins, polyurethane foams and 

clean biofuels.11 However, for lignin applications for high-value products as carbon fiber 

precursors, lignin must be ultra-clean (< 100 ppm Na and metal content for automotive 

applications).12-13 In addition to impurities, wide molecular weight distribution leads to low 
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strength fiber, not suitable for commercialization. Due to its natural abundance and 

constant output from the paper and pulp industry, lignin-based carbon fibers can be 

inexpensive if ultra-clean narrow molecular weight lignins can be extracted from lignin 

sources. 

To ameliorate the issues of impurities and wide MW distribution, we have utilized 

a novel Aqueous Lignin Purification with Hot Acids (ALPHA) process,14-16 where lignin 

was initially extracted through the SLRPTM process10 from softwood black liquor and 

subsequently, fractionated and purified by the continuous Aqueous Lignin Purification 

using Hot Acids (ALPHA) process (schematic depicted in Figure A.1A). ALPHA is based 

on ternary phase behavior of lignin-acetic acid (AcOH)-water (H2O) systems (Figure 

A.1B), which decides the appropriate process operating conditions for generating effective 

liquid-liquid equilibrium (LLE). Moreover, AcOH strength can be altered to yield lignin 

fractions of increasing MW and relatively narrower distribution in the bottom phase. In 

addition, ALPHA produces highly solvated lignin-rich bottom phase which leads to 

subsequent advantages in direct processability. 
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Lignin investigated in the current work were recovered from a softwood black 

liquor (Kappa number 25, 42 wt% solid content), by the SLRP process described 

elsewhere.10 Recovered lignin was found to be 99% via Klason method17 and contained 

1% ash (determined by combustion). Water content in the recovered lignin ranged from 

30-45 % depending on ambient conditions. AcOH/H2O ratios ranging from 15/85 to 70/30 

has been previously shown to be the region of interest to generate stable liquid-liquid 

equilibrium in the ALPHA process.16 AcOH concentrations outside the region leads to 

solid lignin (lower AcOH concentration) or single liquid phase (higher AcOH 

concentration). Continuous ALPHA process was operated at two AcOH/H2O ratios to 

generate increasingly high molecular weight ultra-pure lignin fractions from the SLRP 

Figure A.1. (A) Schematic of continuous-flow ALPHA process. (B) Ternary 
phase behavior for lignin with aqueous one phase solvent. (C) Molecular weight 
distribution of feed and fractionated lignins. 
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recovered lignin feed. At 56/44 AcOH/H2O ratio, 50 wt% lignin was recovered into the 

solvent phase whereas the remaining lignin was extracted into the lignin rich bottom phase 

(denoted as higher MW lignin fraction, MW ~ 14 kDa). Similarly, on using a stronger acid 

solution at 67/33 AcOH/H2O ratio, 90 wt% of the lignin was extracted into the solvent 

phase whereas only 10 wt% lignin resided in the bottom lignin rich phase (denoted as 

highest MW lignin fraction, MW ~ 29 kDa). GPC chromatograms of the ALPHA feed 

lignin, higher MW and highest MW lignin fraction have been shown in Figure A.1C. 

Increase in lignin MW in the lignin-rich phase can be attributed to the AcOH strength in 

the solvent-rich phase, leading to dissolution of increasing MW lignin in the solvent rich 

phase. Consequently, only very high MW lignin fractions remains as residue in the lignin 

rich phase leading to the overall increase in number average MW, Mn. Table 1 summarizes 

the lignin fraction properties generated from the ALPHA process. Metal and ash content 

in the fractionated lignins were significantly lower than commercially available lignins 

(ash content two order of magnitude lower than commercial softwood Kraft lignin and 

cleaner than the best Organosolv lignins). 

 

Table A1. Characterization summary of lignin feed and fractions derived 
from the ALPHA process. Errors are one standard deviation based on 
triplicate measurements. 
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Recently, Ogale et al. have employed ultra-clean fractionated lignin generated from 

the ALPHA process by Thies et al.18 Lignin fractions (higher and highest MW) in solution 

were produced continuously by the ALPHA process and were directly fed to a dry spinning 

apparatus. Carbon fibers spun from the highest MW lignin fractions demonstrated the 

highest tensile strength ever reported (~ 1.4 GPa, 40% stronger than any lignin-based 

carbon fibers). CF tensile modulus was also shown to increase with lignin MW (~74 GPa 

for clean feed and ~87 and 98 GPa for higher and highest MW fractions). Investigation by 

Raman spectroscopy showed that increasing lignin MW led to carbon fibers with higher 

graphitic content and enhanced carbon layer formation with lower disorder. In addition, X-

ray diffraction demonstrated a consistent decrease in d-spacing between graphitic layer 

planes with increasing lignin precursor MW. This study thus indicated that in addition to 

lignin purity, molecular weight and lignin solution structure plays a crucial role in 

determining CF properties when CF processing parameters are fixed. 

 To elucidate the role of lignin MW and structure in solution in determining CF 

tensile properties, it is crucial to accurately characterize the lignin fractions generated 

through ALPHA. Lignin MW in solution has been conventionally studied by size exclusion 

chromatography (such as gel permeation chromatography, GPC).19 However, lignin 

interacts through hydrogen bonding and π-π interactions leading to the presence of 

aggregates as well single molecules in solution.20-23 In addition, GPC utilizes linear 

polystyrene/polyethylene glycol as standards for universal calibration. Neither are 

comparable structurally to the polydisperse, highly-branched lignin structure, which leads 

to lignin MW misrepresentation.19 Standard-independent Multi-Angle Laser Light 
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Scattering (MALLS) is an absolute technique to determine MW. However MALLS 

involves issues with absorption, fluorescence and is heavily dependent on accurate 

refractive index increment (dn/dc) measurement.21 Small angle X-ray and neutron 

scattering techniques (SAXS and SANS) provides a standard-independent technique to 

investigate structural information on a large length scale. Although intense synchrotron-

based X-ray sources can provide a simple tool to characterize lignin structure, the contrast 

between lignin and the solvent is often insufficient to derive meaningful information from 

the scattering profiles, even on increasing electron densities on lignin molecules intentional 

(through halogenation, etc.).24 SANS however, provides large contrast between the 

hydrogenated lignin molecules/aggregates and deuterated solvents, due to the large 

difference in neutron scattering cross sections of deuterium and hydrogen atoms. SANS 

has been previously used to characterize lignin from various sources and in different 

deuterated solvents such as DMSO, THF and D2O.24-27  

In the current work, SANS was conducted on lignin samples dissolved in alkaline 

D2O solvent (pH modified to 12 by NaOH) which yielded good miscibility and high 

contrast between hydrogenated lignin molecules and background solvent. Lignin sample 

concentration for feed lignin and two lignin fractions ranged from 20-125 mg/mL. 

Scattering data was not acquired for lignin concentration below 20 mg/mL due to large 

counting times and poor statistics in addition to substantial incoherent scattering.  Absolute 

molecular weights of lignin feed and lignin fractions were determined through Zimm 

analysis of the scattering data. In the low q region, scattering intensity from lignin solution 

in D2O/NaOH can be approximated as: 
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𝐾𝐾𝑠𝑠
𝐼𝐼(𝑞𝑞) = 1

𝑀𝑀𝑤𝑤
∗  �1 + 𝑅𝑅𝑔𝑔2𝑞𝑞2

3
�+ 2𝐴𝐴2𝑐𝑐              (1) 

where 𝐾𝐾 = 𝛥𝛥𝜌𝜌2

𝑁𝑁𝐴𝐴𝑙𝑙𝑠𝑠𝑙𝑙𝑔𝑔𝑙𝑙𝑙𝑙𝑙𝑙
2  denotes the contrast factor. Δρ represents the scattering length density 

difference between the lignin macromolecules and the solvent, dlignin is the lignin density 

(1.35 g/mL), NA is the Avogadro’s number, Rg is the radius of gyration at infinite dilution 

and A2 is the second virial coefficient. Figure A.2A depicts a typical Zimm plot where 

Kc/I(q) has been plotted as a function of q2 for highest MW lignin fraction at different 

concentrations. Zimm plot slopes at different concentrations directly yields an approximate 

radius of gyration Rg at infinite dilution (Figure A.2C). No clear dependence of Rg on lignin 

concentration was observed for every sample investigated, however Rg for fractionated 

lignin samples (~25 Å) were found to be marginally higher than feed lignin (~21 Å). On 

extrapolating the data to the limiting condition q→0 and infinite dilution, Mw and second 

virial coefficient A2 can be obtained from the intercept and slope of plot in Figure A.2B. 

Absolute MW and A2 has been summarized in Figure A.2D. Positive values of A2 depicts 

complete lignin miscibility in D2O/NaOH solvent. Molecular weights estimated from 

Zimm analysis are significantly higher (for example, 39 kDa for highest MW fraction) than 

number average molecular weights estimated through GPC using PEG standards (~29 kDa 

for highest MW). This is a common observation on characterizing highly branched and 

compact lignin’s molecular weight against PEG or polystyrene standards. Standards used 

in GPC analysis have been shown to exist as highly coiled polymer nanoparticles, leading 

to lignin MW weight underestimation.28 However, Zimm analysis measures the standard 

independent absolute MW providing a closer approximation to the actual lignin MW. It 
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should however be noted that Zimm analysis was conducted on a small range of 

concentration in the current work, thus rendering MW and A2, approximations at best. 

 
  

Typical SANS spectra for highest MW lignin fraction for concentration ranging 

from 20-125 mg/mL has been depicted in Figure A.3A. Low-q upturn observed in all 

scattering profiles suggests presence of aggregates at all concentrations. High and 

intermediate q region represents scattering from individual lignin macromolecules. 

Figure A.2.  (A) Typical Zimm plot of Lignin feed in NaOH / D2O in low q region 

(0.03 < q < 0.14 Å
-1

). Solid lines depicts linear fits to data. (B) Under q → 0, MW 
and second virial coefficient A2 is obtained by assuming infinitely dilute 
concentration. Dashed line depicts linear fit to data. (C) Radius of gyration of 
feed and lignin fractions obtained from Zimm plots. (D) Zimm analysis summary 
for feed and lignin fractions. 
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Standard Kratky plots were generated (Figure A.3B) from the scattering data for all lignin 

samples by plotting I(q)q2 versus q to gauge the possible lignin macromolecular structure. 

Linear increase of the Kratky plots at high q is an indication of elongated rod-like structure 

as opposed to Gaussian-coil structures. Lignin feed and both lignin fractions demonstrate 

similar Kratky profile which depicts lignin macromolecules with similar structures, 

irrespective of lignin MW. Figure A.3B depicts a peak at the intermediate to low q region 

which increases with concentration, indicating association of lignin macromolecules into 

aggregate structures over a large length scale. 

 

 The low q region in the scattering profile represents scattering from large lignin 

aggregates in solution. Large aggregate structures was analyzed by fitting low q scattering 

data to a unified power law Rg model (shown with dashed black lines in Figure A.4A) 

which was proposed by Beaucage et al.29-31. Radius of gyration obtained from low q data 

fit is summarized in Figure A.4B. Power law exponent in the low q region ranged from ~ 

Figure A.3. (A) Scattering profile for highest MW lignin fraction. (B) Typical 
Kratky plots of scattering data for highest MW lignin fraction. Linearly increasing 
nature of the plot at high q values indicate presence of elongated structures. Error 
bars have been removed for optical clarity. 
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2.8-3.0 and demonstrates scattering from large fractal network structures formed by 

elongated sub-units. Aggregate structures were observed to be more compact at higher 

concentrations as evidenced by the decreasing Rg with concentration (Figure A.4B). The 

phenomenon of contracting aggregate size with concentration can be attributed to lignin 

aggregates being expanded at low concentration, whereas at high concentrations, inter-

penetrating lignin aggregates leads to an overall size decrease. Similar observations have 

been made by previous researchers27 with different lignin and polymer32 systems. Average 

aggregate size in the lowest concentration regime yields the truest size. Surprisingly, no 

significant differences were observed in the aggregate Rg for the lignin feed and 

fractionated lignin demonstrating similar nature and shape of aggregates in solution.   
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Due to the demonstrated elongated nature of the lignin macromolecules from 

Kratky analysis, high q scattering data were fit to a cylindrical ellipsoidal form factors. 

Cylindrical and ellipsoidal models have similar scattering profiles and were both 

investigated simultaneously. High q oscillations usually observed for cylindrical and 

ellipsoidal entities were masked by the incoherent background scattering and 

polydispersity for all samples. Cylindrical model fits to scattering profiles are shown in 

Figure A.4. (A) Scattering profile fit to cylindrical form factor (solid lines) in the 
intermediate to high q region and unified power law fit in the low q region (black 
dashed lines). (B) Depicts radius of gyration of lignin fractal aggregate structure 
obtained from low q unified power law fit. Dashed lines are for visual guidance only. 
(C) and (D) shows cylinder radius and length obtained from fitting scattering data to 
cylindrical form factor. Dashed lines are for visual guidance only. All errors are one 
standard deviation from the mean. 
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Figure A.4A (solid lines) for lignin feed and lignin fractions yielding cylinder radius and 

length as structural parameters (Figure A.4C and D respectively). Surprisingly, no 

significant change in the lignin cylindrical radii were observed between the lignin feed, 

higher MW and highest MW lignin fractions. Moreover, no correlations were observed 

between cylinder radius and lignin concentration in solution. However, a significant 

increase in cylinder lengths were observed (Figure 4D) when higher MW lignin and highest 

MW lignin were compared to the feed lignin units. Highest MW lignin fractions 

demonstrated a ~51 Å average length (~43 Å higher MW lignin fraction) compared to ~37 

Å for the lignin feed. Similarly, scattering data fit to ellipsoidal model yields polar radius 

(minor axis) and the equatorial radius (major axis) which are analogous to radius and half 

the length of cylinders respectively. Similar observations were made from the elliptical 

model fit, where no significant differences were observed in the polar radius between lignin 

feed and fractionated lignin. However, a significant increase in equatorial radius of 

ellipsoids were observed (highest MW lignin fraction depicting an average ~33 Å 

equatorial radius compared to ~20 Å for lignin feed). The overall decreasing trend in 

ellipsoid equatorial radius  with concentration can be attributed to lignin molecular 

crowding at higher concentrations as observed by previous researchers.25 It is noteworthy 

to mention, that SANS measures an ensemble average of a vast population of lignin 

macromolecules. Increase in average lignin macromolecule dimension with MW depicts 

an increase in population of high MW lignin only. The lignin population should still be 

treated as a polydisperse system containing all lignin MW. In addition, intermolecular 

lignin interaction are weaker in dilute solutions and structure parameters obtained from 
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dilute lignin samples (for example 50 mg/mL) describes the structure more accurately. It 

should be noted that lignin structure in alkaline media (pH ~12 D2O) is highly swollen due 

to hydroxyl group ionization, which leads to increased lignin average size compared to 

lignin at neutral pH.33 

 The present study depicts simultaneous lignin purification and fractionation 

into higher and highest MW fractions. The solution structure of lignin feed and lignin 

fractions have been investigated through small angle neutron scattering. We show that 

lignin macromolecules are elongated rigid rod-like structures in solution and sub-unit 

lengths directly correlate with the lignin MW. Cylindrical and ellipsoidal form factor data 

fitting yields longer lignin sub-unit length for highest MW lignin fraction. Lignin, at all 

concentrations exists as dense fractal aggregate structures which are comprised of 

elongated sub-units. Lignin feed and fraction MW were determined through a Zimm 

analysis of scattering data. Lignin MW obtained from Zimm analysis were significantly 

higher than number average MW determined through GPC. Carbon fibers derived 

increasing lignin MW precursors depicts large increase in tensile strength and tensile 

modulus. We hypothesize that high MW lignin structure and elongated shape affects the 

lignin macromolecules alignment and packing directly during processing. Lignin solution 

behavior is different from lignin structure and alignment during CF processing in the 

presence of shear, tension and solvent choice. Further investigation of lignin 

macromolecules packing and alignment during various shear conditions and under tension 

during fiber processing should be undertaken to further explain the role of lignin MW in 

determining carbon fiber strength. Systematic investigation of these properties can lead to 
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achieving high tensile strength and modulus requirements for high value industrial 

applications at a fraction of the current precursor cost.  
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Appendix B 

Liposome-nanoparticle assembly characterization through fluorescent techniques: 
Overview  
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B.1 Liposome leakage assay 

Liposome leakage assay is a useful technique to study changes in lipid bilayer 

properties such as permeability, phase transition temperature, etc. In extension to 

investigating these properties, leakage assays can be utilized in quantify effects of 

nanoparticle, peptides, biomolecules, etc. interactions with lipid bilayer. Liposomes 

containing a concentrated (self-quenched) fluorophore (such as fluorescein, calcein, etc.) 

is allowed to release its content to the extra-liposomal fluid where it undergoes dilution. 

On dilution, the fluorophore regains it fluorescence which can be quantified through a 

fluorescence spectrometer. 

 We have primarily focused on investigating similar liposomes as mentioned in 

Chapter 5 (DPPC and DPPC/DPPG lipid bilayers) with 3 nm AuNP inclusions at 

different concentrations. Effect of hydrophilic AuNPs interacting with the lipid bilaer 

outer leaflet was investigated by adding an aliquot of AuNP colloid to the liposome 

dispersion and measuring the % leakage vs. time/temperature. Percent Leakage (% 

Leakage) was calculated based on: 

% 𝐿𝐿𝑒𝑒𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏𝑒𝑒 =
𝐼𝐼(𝑠𝑠) − 𝐼𝐼0

𝐼𝐼(𝑚𝑚𝑠𝑠𝑒𝑒) − 𝐼𝐼0
 

Where I(t) = fluorescence intensity at time t 
 I(0)= fluorescence intensity at time t=0 
 I(max)= fluorescence intensity post liposome lysis by surfactant. 
 
 
B.2 DPH Anisotropy 
 
Isotropic samples excited by linearly polarized light emit highly polarized light. Polarized 

emission relaxation occurs due to fluorophore rotational diffusion leading to fluorescence 
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depolarization. The decay times and final anisotropies yield information about 

fluorophore order and steric restrictions. Diphenylhexatriene (DPH) fluorophore in 

aqueous solution are quenched by polar water molecules demonstrating low fluorescence. 

DPH fluorescence in hydrophobic environment is much greater. 

 

 

 

Anisotropy depends on the ratio of the polarized light to the total light intensity. IVV is the 

intensity with excitation and emission polarizers mounted vertically, IHH is for excitation 

and emission polarizers mounted horizontally, IHV and IVH also follows the same pattern 

of polarizers as the names suggest. This basic setup is called the L-format and is shown in 

Figure below. 

 

Figure B.1. (A) DPH molecule and (B) Orientation of DPH molecules 
in the hydrophobic lipid bilayer. Reproduced with permission from 
https://doi.org/10.1016/j.chemphyslip.2013.11.009 

https://doi.org/10.1016/j.chemphyslip.2013.11.009
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Anisotropy <r> is defined as 

< 𝑟𝑟 > =
𝐼𝐼𝑉𝑉𝑉𝑉 − 𝐺𝐺 ∗ 𝐼𝐼𝑉𝑉𝑉𝑉

𝐼𝐼𝑉𝑉𝑉𝑉 + 2 ∗ 𝐺𝐺 ∗ 𝐼𝐼𝑉𝑉𝑉𝑉
 

Where g is the G factor, 

𝐺𝐺 =
𝐼𝐼𝑉𝑉𝑉𝑉
𝐼𝐼𝑉𝑉𝑉𝑉

 

Conversion between <r> and polarization P is, 

𝑃𝑃 =
3 < 𝑟𝑟 >

2+< 𝑟𝑟 >
 

Anisotropy provides information on molecular size and shape and local viscosities of a 

fluorophore environment. A lipid membrane undergoing phase transition shows typical 

DPH anisotropy plots as shown in Figure. With increase in temperature and lipid bilayer 

Figure B.2. L-format fluorescence 
polarization. Vertical (V) and Horizontal 
(H) orientations of each polarizer are 
shown. 
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fluidization, rotational relaxation of DPH molecules in the bilayer leads to a sharp drop in 

anisotropy. 

 

B.3. Laurdan Dye Assay 
 

 
 
 
Laurdan (fluorophore) Generalized Polarization (GP) is used to study the phenomenon of 

dipolar relaxation. Polarity changes are detected by shifts in Laurdan emission spectrum. 

Change in GP values indicate phase behavior of lipid bilayer. The fluorescent 

naphthalene moiety in the laurdan molecule possesses a dipole moment due to a partial 

Figure B.3. Typical heating and cooling curve demonstrating 
DPH anisotropy in pure DPPC liposomes. 

6-Dodecanoyl-2-
Dimethylaminonaphthalene 
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charge separation between the 2-dimethyl amino and 6-carbonyl residue. This dipole 

moment increases upon excitation and may cause reorientation of the surrounding solvent 

dipoles. The energy required for solvent reorientation decreases the excited state energy 

of the Laurdan molecule which is reflected in a continuous red shift of the probe emission 

spectrum. The application of the spectral shift of Laurdan is the study of the lipid 

bilayers. The hydrophobic tail of the fatty acid allows solubilization of the probe within 

the bilayer locating the fluorescent moiety towards the aqueous environment. When the 

lipids are in gel phase, the emission maximum of laurdan is centered at 440nm and when 

the lipids are in liquid crystalline phase the emission is at 490nm. This spectral shift is 

due to the dipolar relaxation of the laurdan in the lipidic environment. The origin of the 

dipolar relaxation has been attributed to a few water molecules present in the bilayer at 

the level of the glycerol backbone, where the laurdan naphthalene moiety resides. The 

concentration and MD of these water molecules is a function of the phospholipid phase 

state, and water reorientation along the probe excited state occurs only in the liquid 

crystalline state. 



214 
 

 
 
Maximum emission wavelength shift of laurdan can be quantified by GP (Generalized 

polarization) which is defined as, 

𝐺𝐺𝑃𝑃 =
𝐼𝐼440 − 𝐼𝐼490
𝐼𝐼440 + 𝐼𝐼490

 

 
Measurements are done in conventional fluorometer using excitation wavelength 340-360 

nm and recording intensities at 440 nm and 490 nm. Laurdan is dissolved in either 

ethanol or DMSO and added to the liposomes at Laurdan: lipid molar ratio of 1:100 to 

1:300. The most common lipid model systems used in this type of measurements are 

SUVs, LUVs and MLVs. 

 

 

Figure B.4. Naphthalene moiety of Laurdan locates in the 
membrane at the level of the glycerol backbone of the 
phospholipids. The rearrangement of few water 
molecules (black dots) localized around the Laurdan 
dipole (arrows) will be responsible for the red shift 
observed in different phases. 
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Appendix C 

Data Analysis Resources 

C.1 Small Angle Neutron Scattering (SANS) data models and analysis 

All SANS data analysis and models have been discussed in Supplementary Informations 

of the corresponding publications. SANS raw data was reduced using NCNR macros on 

IgorPro. All details can be found here: 

https://www.ncnr.nist.gov/programs/sans/data/red_anal.html. Fitting reduced data with 

models was carried out in SasView software package (http://www.sasview.org/). Details 

of all models used in this work can be additionally found here: 

http://www.sasview.org/docs/user/index.html 

C.2 Neutron Spin Echo data reduction and analysis. 

NSE data was reduced using the inelastic scattering data reduction tool provided by NIST 

called DAVE (Data Analysis and Visualization Environment). All details can be found 

here: https://www.ncnr.nist.gov/dave/ and 

https://www.ncnr.nist.gov/dave/documentation/nse_reduction_manual.pdf. 

 

 

 

 

 

 

 

https://www.ncnr.nist.gov/programs/sans/data/red_anal.html
http://www.sasview.org/
https://www.ncnr.nist.gov/dave/
https://www.ncnr.nist.gov/dave/documentation/nse_reduction_manual.pdf
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Appendix D 

Permissions to reproduce texts and figures 

Permission to reproduce Figure 1.3 A. 
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Permissions were received to reproduce selected figures, texts and full content for 

Chapter 1, 2 and 3. All documentations are listed in this Appendix C. 
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Permission to reproduce Figure A.1A and A.1B from  
DOI: 10.1021/acssuschemeng.8b02697 
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Permission to reproduce Figure B.1 from 
https://doi.org/10.1016/j.chemphyslip.2013.11.009:

 

https://doi.org/10.1016/j.chemphyslip.2013.11.009
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