
ABSTRACT 

ADHIKARI, PRAJESH. Developing New Multicomponent Systems: From Coatings, Gels to 
Nanofiller Composites. (Under the direction of Dr. Saad A. Khan and Dr. Orlando Rojas). 
 

The design of new materials with advanced functionality necessitates the use of 

systems consisting of two or more components, referred to as multicomponent systems. To 

fulfill demands in the industry, polymers have been used either as homopolymers or as 

copolymers, blends and composites to manufacture engineered products with improved 

performance. In this dissertation, we focus on multicomponent systems consisting of a 

random copolymer for protein capture, and nanofillers for polymer composites. 

The first research topic focuses on surface modification of inert polybutylene 

terephthalate (PBT) using a facile method that installs surface reactive groups, followed by 

copolymer adsorption that dramatically enhances non-specific biomacromolecule binding. 

PBT films and nonwoven fabrics are modified upon acid-hydrolysis of pre-adsorbed 

trimethylsilylcellulose (TMSC), which facilitates attachment of a bromine-terminated 

initiator. Random hydrophilic copolymers of poly (sodium vinyl benzene sulfonate-co-

hydroxyethyl methacrylate) (poly(SVBS-co-HEMA)) are then grafted from the surface using 

activator re-generated by electron transfer (ARGET) atom-transfer radical polymerization 

(ATRP). The copolymer architecture was studied for enhanced protein capture and release of 

adsorbed model proteins, with maximum binding observed for a copolymer with dominant 

HEMA composition. Such system was regenerated after protein adsorption by introducing 

electrolyte solutions. The modified polyester represents an attractive alternative for imparting 

protein-adsorption functionality toward advanced separations.   

The second research topic focuses on modulating the crosslinking dynamics and 

enhancing mechanical performance of aqueous photoactive poly(vinyl alcohol) derivative 



(PVA-SbQ) via network formation using cellulose nanocrystals (CNC). The resulting 

changes in the rheological behavior of PVA-SbQ show that inclusion of CNC’s above a 

critical threshold concentration between 1-1.5 wt.% results in a percolated CNC network 

before UV-exposure, corroborated using Van Gurp-Palmen and Cole-Cole plots used as 

signatures for percolation. The structure build-up after UV exposure studied using in-situ 

dynamic photo-crosslinking experiments reveals alterations in gelation kinetics and 

mechanical strength of the neat system. A steep jump in the storage modulus of fully-

crosslinked networks representative of percolation with critical threshold concentration (~1.4 

wt. %) as well as ~131% increase in storage modulus (G’) at 2.5 wt. % CNC is observed. The 

results point to the existence of favorable polymer-CNC interactions that induce a percolated 

microstructure that allows efficient stress transfer. The findings of this work can be utilized 

in the design of photocrosslinkable systems for applications requiring mechanical 

reinforcement. 

The third research topic focuses on understanding the interfacial aspects of 

multicomponent systems consisting of nanodiamonds (ND) in semi-crystalline and 

amorphous polymers to understand structure-property-function relationships. Macroscopic 

property reinforcements using ND in polymer-nanodiamond composites have been 

extensively studied. However, not much is known about the relationship between polymer-

ND interfacial energy parameters, polymer-ND interactions and final mechanical properties 

in ND-reinforced electrospun fibers. In this work, surface-energy dependent parameters such 

as wettability, work of spreading, and work of dispersion-aggregation transition of ND’s 

were used to derive a criterion for dispersion (Dc) as a hypothesized predictor of polymer-ND 

interactions and final tensile strength in electrospun poly (vinyl) alcohol (PVA), 



polyacrylonitrile (PAN), and polystyrene (PS).  The results show that shifts in glass transition 

temperature (∆Tg), used as a measure of polymer-ND interactions, show a direct correlation 

with Dc in the order of PVA > PS > PAN regardless of amorphous or semi-crystalline nature 

of the polymer. However, the final tensile strength showed a direct correlation with Dc and 

∆Tg for semi-crystalline polymers only, with amorphous polystyrene showing maximum 

reinforcement contrary to predictions made by ∆Tg, suggesting the additional role of polymer 

morphology to final tensile strength. The findings of this study could offer additional insight 

into the design of interfaces for polymer-ND fiber composites. 
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Chapter 1 Introduction and Organization 

1.1 Introduction and Motivation 

The design of new materials with advanced functionality necessitates the use of 

polymer systems consisting of two or more components, often referred to as multicomponent 

polymeric systems. To fulfill demands in the industry, polymers have been used either as 

homopolymers or as copolymers, blends, and composites to manufacture engineered products 

with improved performance that would otherwise not be realizable with individual 

components alone. Successful implementations of multicomponent systems have been shown 

in the design of coatings, adhesives, nanostructured gels, elastomers, additives and 

nanocomposites for diverse applications ranging from but not limited to marine and implants 

biofouling, protective and maintenance technology, electronics, optics, sensing, drug 

delivery, enzyme entrapments, and high-strength materials.1–3 As such, multicomponent 

systems have been at the forefront of surface and composite engineering research for 

decades. Such advances in engineered products using multicomponent systems have been 

possible in part due to revolutionary breakthroughs in polymer science, most specifically in 

the field of polymer synthesis. The discovery of ‘living’ polymerization techniques such as 

nitroxide-mediated polymerization and atom-transfer radical polymerization have enabled 

well-controlled designs of complex architectures such as block copolymers, molecular 

brushes, gradients and functional colloidal structure, with well controlled composition 

(homopolymer, block, statistical, periodic, random, gradient copolymer), topology (linear, 

branched, network, star, cyclic), and functionality (side and end functional, multifunctional, 
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telechelic) on either flat, spherical or cylindrical surfaces, allowing appropriate selection and 

design of architectures suited for desired applications.4,5   

The first class of multicomponent systems consists of copolymers, which are prepared 

using polymerization of two or more different monomers, combining different properties that 

are simultaneously desirable. The most common commercially available copolymer known 

for its impact resistance and high toughness is acrylonitrile-butadiene-styrene (ABS), which 

combines heat resistance of acrylonitrile, rigidity of styrene, and impact strength of butadiene 

often used in applications in automotive, construction and electronics.6 Block copolymers 

synthesized through sequential addition of monomers using ‘living’ polymerization 

techniques, show self-assembly properties that have enabled possibilities of generating new 

morphologies for applications in lithography, photovoltaic, electronics and targeted drug 

delivery systems.7 Similarly, random copolymers grown from surfaces using surface-initiated 

polymerization have been used in the design of responsive materials for drug delivery, 

diagnostics, and tissue engineering, smart coatings and textiles.8 In addition to copolymers, 

polymer blends, in which two different polymers are blended together with or without 

compatibilization, are unique examples of multicomponent polymeric systems. For instance, 

the commercially available high-impact polystyrene (HIPS) is an immiscible blend of 

polystyrene and polybutadiene that gives brittle polystyrene more flexibility.9 The 

immiscible blend of polyvinyl alcohol (PVA) in polyethylene terephthalate (PET), which 

generates lamellar morphology, combines barrier properties of PVA with the strength of PET 

for use as plastic bottles for carbonated beverages.19 Finally, multicomponent polymeric 

systems that have received significant attention include polymer composites, which combine 
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particulates,10 fibers,11 nanotubes,12 graphene,13 and nanocrystals14 in polymers to achieve 

property reinforcements. The use of carbon fiber-reinforced polymers to achieve low weight 

and high strength properties to improve environmental performance and cost efficiency in the 

airline industry represents one of the most successful implementations of such 

multicomponent systems.11  

The challenge in the current field of multicomponent systems, however, lies in the 

creation or use of existing fundamental knowledge in designing new multicomponent 

systems in the form of coatings, gels, and composites suited for particular application of 

interest. Chapter 2 in this dissertation focuses on using existing principles of surface-

initiated polymerization to design protein adsorption coatings with regeneration capabilities 

using facile surface chemistry on model polyester thin films and nonwovens for applications 

in protein capture systems such as biofluid filtration and wastewater treatment.  Chapter 3 

focuses on reinforcing mechanical properties of a photocrosslinkable polymer using rod-

shaped cellulose nanocrystals and using rheological measurements to probe microstructural 

changes and moduli reinforcements. Chapter 4 focuses on understanding the interfacial 

aspects of multicomponent systems consisting of nanodiamonds in either semi-crystalline or 

amorphous polymers with different surface energies to create fundamental knowledge on 

structure-property-function relationships in nanodiamond-based composite materials.  

1.2 Background 

The following sections in this Chapter provide a brief overview of some of the 

definitions and key concepts important in the design of coatings for protein adsorption, 

networks for cellulose nanocrystals-based composites, and composites using nanodiamonds, 
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with the intent of providing a broad knowledge base on key areas of research and general 

context of the major contribution of this work. The dissertation chapters, however, can be 

read independently. 

1.2.1 Protein Adsorption on Solid Substrates 

Protein adsorption is a ubiquitous and complex phenomenon, detrimental in 

numerous applications ranging from biosensors, cell adhesion, drug delivery, medical 

implants, marine biofouling, and tissue regeneration, but highly desirable in applications 

involving protein separation and purification, biofluid filtration, and wastewater treatment.15 

In case of protein adsorption systems with high protein loadings for waste-water treatment, 

controlled protein capture is beset with problems such as low capture efficiency and surface 

saturation, further manifesting in the form of higher manufacturing and operating costs 

attributed to interruptions in production cycles, clean and exchange of filter surfaces, and re-

entrainment into process streams. Similarly, the accumulation of biological organisms as 

surface deposits in marine environments results in biofouling, increasing energy 

consumptions and cleaning costs.16,17 As such, generating surfaces for either protein 

adsorption or protein passivation rests heavily on designing systems that tackle problems 

associated with cost, durability and regeneration capabilities. In addition, highly sensitive 

techniques such as quartz-crystal microbalance and surface plasmon resonance available for 

real-time monitoring of protein accumulation on flat surfaces allow for the study of capacity 

and kinetics of adsorption.   

The notoriety of proteins to stick to different substrates can be understood based on 

its fundamental structure. Proteins are amphiphilic macromolecules, consisting of a 
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hydrophobic core with hydrophilic and charged amino groups extending out of the backbone 

with multiple structure levels.18,19 The primary structure of proteins is comprised of 

positively charged (lysine), negatively charged (aspartic acid), polar (serine) and non-polar 

(alanine) amino acid residues. The combinations of these primary amino acid residues form 

secondary structures consisting of either α-helices stabilized by intramolecular hydrogen 

bonding between C=O and –NH residues, which comprises ~25% in globular proteins, or β–

sheets stabilized by intermolecular hydrogen bonding between C=O and –NH of adjacent 

chains. The folding of secondary structures forms tertiary structures, and organization of 

multiple tertiary units form quaternary structures.19 Some examples of blood plasma proteins 

include albumins, globulins, and fibrinogen, which have different size, molecular weights, 

and isoelectric points, resulting in different levels of molecular interactions. In fact, these 

molecular interaction forces generated during protein adsorption include ionic or electrostatic 

interactions, hydrogen bonding, entropically driven hydrophobic associations and hydrogen 

bonding. Protein adsorption studies have been conducted in several polymeric systems such 

as anionic (polystyrene sulfonate, poly(3-sulfopropyl) methacrylate), cationic (quaternized 

poly(dimethylaminoethyl) methacrylate), hydrophilic (poly(hydroxyethyl) methacrylate, 

polyethylene oxide), hydrophobic (polystyrene, poly(butyl)methacrylate) and zwitterionic 

polymers (poly(methacryloyloxylethyl) phosphorylcholine, poly(sulfobetaine 

methacrylate).20  

1.2.1.1 Polymer Brushes: Grafting ‘From’ vs. Grafting ‘To’  

The two most versatile approaches used to alter surface properties to create 

hydrophilic, hydrophobic, gradient or switchable surfaces include ‘grafting from’ and 
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‘grafting to’ as shown in Figure 1.1.21,22 In sharp contrast to the ‘grafting from’ approach in 

which polymerization initiating moieties called initiators are first deposited on either planar 

substrates such as silicon, highly curved surface such as nanoparticles, or cylindrical 

substrates, and monomers are added using living radical polymerization techniques such as 

nitroxide-mediated radical polymerization (NMP),23 atom-transfer radical polymerization 

(ATRP),24 reversible addition-fragmentation chain-transfer polymerization (RAFT),25 

‘grafting to’ approach relies on attachment of pre-made polymers to the substrate. In the 

‘grafting from’ approach, the nanoscale properties such as chemical composition, chain 

lengths, thickness, molecular weight, surface coverage, and conformation of the grafted 

polymers can be precisely controlled using living polymerization techniques. Such 

polymerization techniques have been the subject of numerous experimental and theoretical 

investigations, as its versatility offers a wide array of possibilities of well-controlled designs 

of complex architectures for different applications. In particular, different conformations of 

grafted polymers can be obtained by tuning the grafting density, which is a simple function 

of thickness and molecular weight of the polymer attached to the surface.26 At low grafting 

densities, tethered chains are weakly interacting in the ‘mushroom’ regime, whereas at very 

high grafting densities, tether chains ‘stretch’ away from the interface to prevent overlapping, 

forming polymer brushes.26 In particular, the potential of polymer brushes in the 

development of advanced polymer surface coatings has largely been explored since the 

introduction of the theory of polymer brushes.27 Since then numerous studies with well-

controlled polymer brushes have been used to study the effect of thickness, molecular 

weight, grafting density, swelling, surface roughness, chain flexibility, and interfacial water 
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on adsorption of different proteins such as bovine serum albumin, lysozyme, and fibrinogen 

to name a few.  

1.2.1.2 Synthesis of Polymer Brushes Using Polymerization Techniques  

With the introduction of the term ‘living polymerization’ for the first time in 1956 by 

Michael Szwarc, controlling the precise structure of polymers became possible.28 The first 

breakthrough came in 1985 when Australian chemists Rizzardo and Solomon revolutionized 

polymerization synthesis by introducing nitroxide-mediated polymerization (NMP),29 which 

offers living polymer chains that can be elaborated into complex architectures. Since then 

several living radical polymerization techniques that allow the growth of well-controlled 

macromolecules with precise nanoscale physical and chemical properties have been 

discovered, namely atom-transfer radical polymerization (ATRP) developed in 1995 by 

Sawamoto and Matyjaszewski and reversible addition-fragmentation chain-transfer (RAFT) 

developed by Moad, Rizzardo and Thang at CSIRO in 1998.24,30–32 Out of these living 

controlled polymerization techniques, ATRP is most relevant to this work and preferred 

method for systems requiring surface-initiated polymerization. Matyjaszewski successfully 

tackled the problem of very fast radical propagation rates of conventional radical 

polymerization (monomer adds to the chain length with frequency ~1ms equivalent to 1000 

monomer additions each second), by extending lifetime of propagating chain in radical 

polymerization techniques from less than a second to greater than an hour, by establishing 

equilibrium between radicals and dormant species. This technique is a versatile technique for 

polymer grafting, which utilizes transition metal complexes to mediate a dynamic 

equilibrium between dormant and active species. Metal catalysts, such as copper, in its lower 
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oxidation state abstract halogen atom from the initiator, creating active radicals that can 

participate in propagation as shown in Figure 1.2.24 The steps typically include activation of 

the initiator using copper and ligand, monomer addition and deactivation of thousand of 

chains. ATRP allows tremendous control of polymer architecture chain length, molecular 

weight, polydispersity index (PDI), composition and functionality and has been utilized to 

synthesize complex architectures such as gradient, block and star copolymers, micro-gels, 

organic-inorganic hybrids, nanostructures carbons and polymer brushes from variety of 

substrates including gold, silicon, cellulose fibers, and porous membranes. However, two 

major drawbacks associated with ‘normal’ ATRP involving the use of large quantities of 

copper catalyst and extreme sensitivity to oxygen, necessitating steps for costly purification 

steps and demanding stringent inert conditions, make normal ATRP less desirable. Since 

radical polymerizations are sensitive to oxygen and always include terminations, the 

concentration of catalysts exceeds 1000 ppm in normal. To overcome these drawbacks, 

Matyjaszewski developed a new approach called activators regenerated by electron transfer 

or ARGET-ATRP in which Cu (II) is constantly reduced to Cu (I) using affordable reducing 

agent such as ascorbic acid, phenol, sugar, hydrazine, amine, thereby limiting amount of 

copper required for polymerization from 1000’s of ppm to tens of ppm levels.33–36 In 

addition, this approach showed increased tolerance to limited amounts of oxygen and is 

applicable to diverse monomers such as styrene, methacrylate, and acrylamides, making 

ARGET-ATRP a preferred method of grafting in this work.  Since its discovery, ATRP 

catalytic systems have evolved to ppm Cu (ARGET and initiators for continuous activator 

regeneration (ICAR) in 2006 and supplemental activator and reducing agent (SARA) ATRP 
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in 2013).37,38 Irrespective of the techniques, engineering macromolecules using controllable 

techniques into complex architectures using environmentally friendly means remains at the 

forefront of the discoveries, thus enabling nanotechnology and development of new 

functional materials. In this work, we will utilize surface-initiated ATRP where the selected 

hydrophilic, hydrophobic, cationic, anionic, or zwitterion monomers are polymerized 

uniformly from the initiators immobilized on the substrate of choice to form homogenous 

polymer layers.  

1.2.1.3 Factors Affecting Protein Adsorption  

Several different parameters related to the surface, types of protein as well as the 

solution influence the extent, the kinetics, and energetics of protein adsorption on a surface. 

As such, the fundamentals of protein adsorption have been studied using bare substrates such 

as glass, metals, mica, quartz as well with modifications using self-assembled monolayers, 

silane chemistry, and polymer-grafting techniques.39,40 The amount of adsorbed proteins 

depends on the physicochemical properties of the surfaces such as surface wettability as 

hydrophobic domains preferentially add to hydrophobic sites, binding more proteins 

compared to a hydrated hydrophilic surface that generally resists protein adsorption.  The 

composition of the brush chemistry, as well as its surface potential, dictates charge 

distribution of ions in solutions and proteins, influencing the type of intermolecular forces 

governing substrate-protein interactions. Surface inhomogeneity often increases protein 

binding as non-uniform surfaces provide more domains for protein interactions, and the 

characteristics of the grafted polymer such as thickness, molecular weight, grafting density, 

chain flexibility, swelling influence the modes of protein adsorption. In addition to surface 



 
 

 
 

10 

properties, protein characteristics such as protein structure and stability of intramolecular 

bonds which dictates rates of protein unfolding, size of protein as large molecules provide 

more active sites, molecular weight, surface charge as well as protein conformation play an 

important role in adsorption behavior. Stable proteins cannot unfold to a greater extent and 

form more contact relative to unstable ones, and proteins that can unfold rapidly can form 

more surface contact quickly. In addition, crucial phenomena such as dehydration of surface 

as well as protein, structural rearrangement and conformation changes of protein as well as 

redistribution of surface charged groups upon adsorption significantly affect protein 

adsorption phenomena. For systems regulated by charged species, solution properties such as 

pH, ionic strength, buffer composition, temperature and the amount of interfacial water 

regulates protein-surface interactions.41 To understand the influence of substrate-protein-

solution characteristics on protein adsorption several experimental techniques are available 

including ellipsometry, quartz-crystal microbalance (QCM), surface plasmon resonance 

(SPR), dual polarization interferometry (DPI), neutron and X-ray reflectivity, atomic force 

microscopy (AFM), surface force apparatus (SFA), solution-depletion technique, differential 

scanning calorimeter (DSC), and nuclear magnetic resonance (NMR).42  

1.2.1.4 Thermodynamics of Protein Adsorption  

The interactions that occur concurrently between proteins, surface and solvent near 

the adsorption surface dictate the amount of adsorbed proteins.  As such, protein adsorption 

occurs spontaneously when the change in Gibbs free energy (∆Gads) of a system is negative, 

and is energetically favorable through processes causing a decrease in enthalpy (∆Hads) or an 

increase in entropy of the system (∆Sads) or when slight increase in enthalpy can be 
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compensated by a large decrease in entropy. The highly structured or compact nature of 

protein due to the presence of hydrophobic interactions as well as hydrogen bonding reduces 

its mobility as well as conformation entropy.43 However, a typical protein adsorption event 

on a hydrophobic surface process involves diffusion of protein towards the substrate and 

dehydration of the solvated layer around the protein near the substrate-polymer interface, 

which results in an increase in entropy that acts as a driving force for adsorption of protein on 

non-polar surfaces. In addition, the molecular interactions and surface forces present between 

proteins and surfaces serve as driving forces for protein adsorption mediated by secondary 

bond formation such as electrostatics, hydrogen bonding and dispersive interactions in the 

order of decreasing bond energy.44 However in hydrophilic substrates, there is no significant 

contribution of entropy to drive off the solvated layer around the protein, thereby impeding 

protein adsorption.  Finally, adsorption can take place through various modes – adsorption at 

the top layer of the brush for protein sizes higher than inter-brush distance, adsorption due to 

polymer brush compression due to the large protein size and strong adsorption, 

interpenetration of the protein into the polymer brush and subsequent protein-polymer 

complexation, and the adsorption of protein on the surface of the material post 

interpenetration without any disturbance to the polymer brushes for proteins with radii much 

smaller than inter-layer distance.45  

1.2.1.5 Nonwoven Fabrics  

Nonwoven fabrics are flat, porous, web-like structures made of individual short and 

long fibers of natural or synthetic materials bound together by either chemical, thermal or 

mechanical means.46 Using different manufacturing processes, nonwoven fabrics are 
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engineered to have unique characteristics such as large surface to volume ratio, fiber 

diameter, density, porosity, pore size distribution, and thickness, providing specific 

functionality such as absorbency, elasticity, filtration properties, liquid repellency, strength, 

flame retardancy, shock adsorption, making them useful in numerous applications in 

filtration, geotextiles medical and hygiene industry.46,47 These nonwovens can be 

manufactured economically at very high throughputs greater than 1000 ft. per min, and are 

very inexpensive making them cost effective as single-use products, as well as products 

requiring long-term durability.  Typically in a manufacturing process, nonwoven fabrics start 

as loose webs and are carded into position either mechanically in the dry laid process, using 

controlled air stream in the air laid process or transported by water in the wet laid process, 

after which fibers are fused together using resins, heat, punched with needles (needle 

punching) or meshed with high velocity water (hydro entangling) to form nonwoven fabrics 

with carefully engineered properties. Alternatively, in the meltblown and the spun bond 

process, polymer pellets are melted and extruded through a die to form filaments, which after 

extenuation using hot air forms fibers that are driven to the collector plate.47 A typical 

meltblowing process consists of an extruder that extrudes pre-heated polymer, metering 

pump that maintains desired pressure for uniform delivery of polymer to the die, and the die 

assembly consisting of air manifolds that sets the temperature of air as shown in Figure 1.3. 

The hot air stream draws the polymer starting at the die tip, fractures the polymer stream and 

creates entangled microfiber, which are subsequently cooled by secondary air. The fibers 

manufactured using this process have very high entanglements that contribute to the strength 

of the fiber and forms fine, low porosity, low orientation (isotropic) and soft fibers with 
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broad fiber diameter distribution compared to spun bond process that forms fibers with 

higher diameter, strength to weight ratio and higher degree of orientation.  By systematically 

varying polymer parameters such as polymer type (polyethylene, polypropylene polyesters, 

polycarbonates, polystyrene, polyamides and polyurethanes), molecular weight, viscosity; 

extruder conditions such as temperature and shear; hot air conditions such as temperature and 

velocity; die conditions such as temperature and air flow rate profiles; die-to-collector 

distance, ambient air and laydown conditions, nonwoven fabrics with desired fiber diameter, 

porosities and basis weight can be obtained. The intrinsic benefit associated with these fibers 

such as high surface area and high porosities that results in low-pressure drops makes them 

suitable choice for protein adsorption applications.46–49  

1.2.1.6 Research Goals  

The absence of reactive functional groups on polyester fibers limits their possibility 

for protein binding, desirable in applications such as wastewater purification and bio-

filtration. The main research goal in Chapter 2 is to modify polybutylene terephthalate 

(PBT) with surface-active groups that facilitate attachment of initiators to graft random 

hydrophilic copolymers using surface initiated polymerization techniques. The copolymer 

architecture will be studied for enhanced capture and release of model lysozyme protein, and 

the effects of pH on adsorption of lysozyme, fibrinogen and bovine serum albumin (BSA) 

will be studied. The adsorption behavior will then be interpreted in terms of the balance of 

protein-surface and protein-protein interactions.  
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1.2.2 Synthesis of Cellulose Nanocrystals and Interactions with Polymers   

Cellulose nanocrystals are cellulose-based derivatives obtained from different raw 

materials such as algae, bacteria, cotton, wood pulp, and tunicates using purification 

techniques to remove non-cellulosic biomass and modifications such as acid hydrolysis using 

sulfuric acid and hydrochloric acid to dissolve the amorphous regions, leaving behind highly 

crystalline and ordered domains called cellulose nanocrystals (see Figure 1.4). The length 

and width of resulting nanocrystals varies between 50-500 nm and 1-20 nm respectively, and 

properties such as morphology, chemistry and degree of crystallinity vary significantly 

depending on source of cellulose and purification techniques. Nonetheless, its unique 

properties such as biocompatibility, low density (1.6 g/cm3), high aspect ratio, high stiffness 

(110-220 GPa in axial direction and 10-50 GPa in transverse direction), high tensile strength 

(7.5-7.7 GPa), high thermal stability and low expansion coefficient, liquid crystalline 

properties, rheological modifiers, versatile surface functionality, combined with low 

environmental and production costs, makes CNC’s unique for applications as rheological 

modifiers, optical and barrier coatings, sensors and catalysis, textile development, and 

lightweight packaging.50,51 Since its discovery primarily in the 1990s, this material has been 

used as a valuable biocompatible commodity, and several research areas utilizing CNC has 

focused on its synthesis and isolation,50,51 interactions with different solvents,52 adsorption of 

polyelectrolytes and neutral polymers,53 rheological properties,54 self-assembly of CNC 

suspensions,55,56 surface functionalization,57 fabrication of CNC-based films,58 CNC-based 

fibers composites,59 and 3-D structures such hydrogels and aerogels.58,60 We briefly review 



 
 

 
 

15 

some previous work done on the rheological properties of CNC based systems to establish 

where Chapter 3 sits in the research spectrum. 

1.2.2.1 Interaction of CNC’s with Polymers   

Cellulose nanocrystals are unique materials which depending on the amount and 

presence of adsorbing or non-adsorbing polymers can form gels. For instance, the interaction 

of rod-shaped nanocrystalline cellulose with two water-soluble polymers, non-ionic 

hydroxyethyl cellulose (HEC) and ionic carboxymethyl cellulose (CMC) investigated using 

viscoelastic rheological measurements and isothermal titration calorimetry revealed gel 

formation with yield stresses, which was attributed to depletion flocculation due to the 

presence of non-adsorbing polymers.61 The gelation concentration was reduced after addition 

of small amounts of adsorbing polymers such as non-ionic polysaccharides which increased 

the effective volume fraction of CNC dispersions, causing gelation at much lower 

concentration.62 The interaction of two water-soluble polymers, anionic sodium polyacrylate 

(PAAS) and non-ionic polyethylene glycol (PEG) on self-assembly of commercial CNC 

suspension, studied using quartz-crystal microbalance revealed adsorption of PEG onto CNC 

most likely due to steric stabilization and hydrogen bonding between CNC’s and PEG, but 

absence of adsorption of PAAS onto CNC due to unfavorable electrostatic interactions.63 

However, studies have demonstrated that hydrogen bonding does not play an important role 

because the cellulose surface hydroxyl groups are not sufficiently acidic to form hydrogen 

bonding with oxygen in PEG dissolved in water, and the adsorption is rather entropically 

driven.64 Depletion flocculation was the primary reason for gelation behavior of semi-dilute 

CNC’s in semi-dilute un-entangled carboxymethyl cellulose solutions, whereas weak 
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depletion interactions occurred in systems with PEO after surfaces were saturated with PEO 

adsorption.53 These interactions between water-soluble polymers and cellulose nanocrystals 

can be used in the design of new systems that require mechanical reinforcement via favorable 

polymer-CNC interactions. The gelation properties can be studied using dynamic oscillatory 

rheological methods.  

 Dynamic oscillatory rheological experiments can be used to study the viscoelastic 

behavior of polymeric systems. In a typical oscillatory experiment, a sinusoidal strain (γ) is 

applied with amplitude (γo) and frequency (ω), to a sample place between plates of either 

parallel, cone or serrates geometries as shown in equation (1), and the resulting response of 

the material in the form of steady sinusoidal stress (σ) is measured using the rheometer as 

shown in equation (2).   

𝛾 =   𝛾! sin𝜔𝑡 (1) 

σ =   σ!(sin𝜔𝑡 +   𝛿) (2) 

Based on the changes in phase angle (δ), rheological behavior of a sample can be classified 

as either elastic (δ = 0), viscous (δ = 90) or viscoelastic (0 < δ < 90). The resulting response 

of the material can be represented using equation (3), where G’ is the storage modulus which 

measures the elasticity of the sample, and G” is the viscous modulus which measures the  

𝜎 =   𝜎!(G′  (𝜔)sin(𝜔𝑡)+   G"  (𝜔)  cos(𝜔𝑡))  (3) 

𝐺′ =    !!
!!
cos 𝛿 (4) 

𝐺" =    !!
!!
sin 𝛿 (5) 
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This region can be established using stress sweep experiments by applying increasing 

oscillatory strains or stresses to the sample at constant frequency, and measuring the response 

of the material is measured which shows distinct regions where moduli is independent of 

strain often referred to as the linear viscoelastic regime (LVE) and the strain at which the 

microstructure. Rheological measurements will be obtained using UV accessory on DHR-3 

as shown in Figure 1.5. 

1.2.2.2 Rheology of Cellulose Nanocrystals and Polymer-CNC Composites  

 Aqueous suspensions of CNC’s show unique concentration dependent phase behavior 

and interesting rheological properties. It is well established that CNC’s show four distinct 

phases depending on the concentration – isotropic, mixture of isotropic and liquid crystals 

(biphasic), liquid crystals and gels.54,65–68 At very dilute concentrations in the isotropic 

regime, a Newtonian plateau at low shear rates and shear thinning at high shear rates is 

observed. As the concentration increases, the dispersion consists of mixtures of isotropic and 

liquid crystal domains, resulting in a gradual increase in viscosity. Further increases in 

concentration beyond phases containing isotropic and liquid crystal domains results in pure 

liquid crystal phase identified as chiral nematic or cholesteric, and the critical concentration 

of this biphasic to liquid crystalline transition is seen as a sharp increase in low shear 

viscosity versus concentration plots.54,67 Typically shear rheology of CNC’s in the liquid 

crystal regime show a three-region viscosity profile – low shear rate regions where 

pronounced shear thinning is observed, a semi-plateau region where shear thinning is less 

pronounce, and a high shear regions where shear thinning behavior is observed but much less 

pronounced than at low shear rates. At much higher concentration, the three region-shear 
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thinning disappears and the suspension behaves like a rheological gel showing a single shear 

thinning behavior.69–73 The concentration dependent phase behavior of CNC’s can also be 

observed using polarized optical microscopy, as isotropic phase appears dark and liquid 

crystalline phase is birefringent in cross-polarized images. The relative composition of the 

isotropic and anisotropic (liquid crystalline) phases can be quantified by measuring the height 

of respective compositions. The phase behavior, however, is dependent on factors such as 

source of nanocrystals, aspect ratio,74 surface characteristics,75 degree of sulfation67 and 

amount of salt.76 

1.2.2.3 Research Goals  

The absence of control over crosslinking kinetics and mechanical integrity of 

photocrosslinkable polymers limits their use in several applications.  The main research goal 

in Chapter 3 is to utilize cellulose nanocrystals (CNC) to modulate crosslinking kinetics as 

well as enhance mechanical performance of aqueous photoactive polyvinyl alcohol 

derivative, poly (vinyl alcohol), N-methyl-4 (4’-formylstyrl) pyridinium methosulfate acetal 

(PVA-SbQ). Most specifically, the interactions between PVA-SbQ and CNC present in 

dispersions prepared using simple solution mixing will be studied using rheological 

measurements. The changes in rheological behavior of PVA-SbQ before and after exposure 

to UV will be studied, and the precise mechanism to explain any observed changes will be 

proposed.  

1.2.3 Fundamentals of Polymer Nanocomposites  

The advances in polymer composite materials over many decades have been realized 

through the use of nanoscale fillers, often referred to as polymer nanocomposites (PNC), 
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replacing their micron-sized counterparts to enhance physical (scratch resistance, barrier 

properties, solvent transport), thermo-mechanical (stiffness, bulk modulus, toughness, 

crystallization, thermal stability), electrical (conductivity), optical (transparency) and 

rheological properties.1,77,78 In contrast to micron-size fillers that require significantly high 

loadings for property reinforcement, resulting in issues of high viscosity during polymer 

processing, nanofillers can achieve desirable properties at significantly lower loadings. This 

remarkable ability of nanofillers to reinforce polymer matrices even at low contents arises 

due to its length scale, which is typically between 0.1 to 100 nm, comparable to length scales 

of polymer, giving rise to unique nanoscale interactions that influence macroscopic 

properties.77 The concomitant increase in surface area with the reduction in particle size 

offers high volume of the interphase, regions between bulk polymer and the particle, often 

considered to be the origin of reinforcement of macroscopic properties. In fact, the properties 

of PNC’s are dominated mostly by the interphase compared to the bulk polymer at very high 

nanofiller loadings, making the interphase very significant in dictating the interactions 

between the polymer and nanofiller. However, a key challenge arises when initially well-

dispersed nanofillers start to aggregate due to strong filler-filler interactions, significantly 

altering the distribution and the amount of interface available in the nanocomposite and 

negating the benefits of nanoscale fillers.79,80 The driving force for such re-agglomeration has 

enthalpic origins primarily in the form of van der Waal’s attraction, but can be controlled 

through interfacial modifications via polymer grafting to modulate both enthalpic and 

entropic interactions.81 Nonetheless, any surface chemistry used for interface modification 

should promote high polymer wetting and interfacial adhesion to create very strong interfaces 
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that can effectively transfer load from fillers to the matrix, thereby reinforcing the properties 

of the bulk polymer. The presence of well-dispersed homogenous nanofillers is a necessary 

condition; however, it is not sufficient for the accurate prediction of macroscopic behavior of 

PNC’s, since the observed macroscopic properties is a complex function of nanofiller surface 

area, aspect ratio, loading, alignment, interface chemistry, volume of interphase, interfacial 

adhesion between particle-polymer, morphology of the host polymer as well as processing 

methods such as solvent blending, in-situ polymerization and melt-mixing.82  

While unifying theories and experimental observations to establish direct correlation 

between nanoscale properties with macroscopic reinforcement remains elusive, glass 

transition temperature (Tg) of the polymer offers insight into the nature of polymer-filler 

interactions.83 The relative shifts in Tg after nanofiller inclusions capture the effect of 

nanofillers on the polymer dynamics at the interface. The extent of favorable polymer-

nanofiller interactions dictates the direction of this shift, with attractive interfaces showing 

upward shifts in Tg and repulsive interfaces showing downward shifts in Tg, allowing for the 

possibility of correlating such shifts with aggregation behavior and polymer-filler 

interactions. These ideas tested in thin polymer films have demonstrated that Tg is a function 

of film thickness and the magnitude as well as the direction of the shift depends on the 

polymer-substrate interactions. The absence and presence of interactions were mimicked 

using free standing films, films supported on a substrate and films capped between two rigid 

walls. Interestingly, the trends in Tg shifts for model homopolymer polystyrene (PS) system 

containing untreated silica (non-wetting to PS) resembled that of free standing films, whereas 

the trends for PS containing PS-grafted silica (wetting to PS) resembled that of capped-
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surfaces, successfully establishing quantitative equivalence between thin films and 

nanocomposites.84 Similarly, measurements in both bulk and in thin films in PS-carbon 

nanotube systems showed an increase in Tg of 3oC, and similar dependence on thickness with 

Tg reduction with decreasing thickness below 45 nm.85 For systems containing particles 

grafted with polymer brushes to increase compatibility with the matrix, the wetting properties 

can be tuned by appropriately controlling the grafting density and molecular weight of 

brushes relative to that of the matrix. For PS-grafted silica particles, low molecular weight PS 

melt matrix wets the PS-grafted silica accompanied by increase in Tg, in sharp contrast to 

high molecular weight PS melt matrix that does not wet the surface of PS-grafted silica.86,87 

The reductions in Tg of 25oC attributed to non-adhering nanoparticles in poly(methyl) 

methacrylate (PMMA)-alumina composites were suppressed using PMMA-coated 

alumina.88,89 Several examples exist that establish a correlation between polymer wetting 

nanofillers surface and shifts in Tg. For example, a shift of 30oC ad 40oC was reported for 

functionalized graphene sheets in PMMA and PAN respectively at very low loadings.90 An 

increase in Tg was observed for atactic-PMMA systems containing thermally reduced 

graphene in nanocomposites processed via in-situ polymerization.91   

Previous work in the field of PNC’s have used numerous types of nanoscale fillers 

such as silica, aluminum oxide, titanium dioxide, polyhedral oligomeric silsesquioxane 

(POSS),92 layered-silicates,93 graphene,13 carbon nanotubes,12 and cellulose nanocrystals.14 

The subject of Chapter 4, however, pertains to fiber-based composite fabrication using a new 

type of carbon-based nanofiller called nanodiamonds.   
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1.2.3.1 Synthesis, Purification and Applications of Nanodiamonds   

The observation of single crystals of cubic diamond particles made by scientists from 

the Soviet Union in 1960’s in soot formed by explosion of TNT and hexogen mixtures under 

oxygen deficient conditions marked the discovery of a novel carbon-based material known as 

nanodiamonds (ND) shown in Figure 1.6. However, it was not until early 1990’s when ND’s 

emerged with great potential for wide-ranging applications in areas such as bioimaging,94–99 

chromatography,100–102 coatings and composites,103 drug delivery,104–108 electrochemistry,109–

113 and tribology.114–117 The delayed introduction was in part due to lack of suitable 

techniques to disintegrate nanodiamonds with tight core into primary particles. However, 

since then the growth in ND application areas, as well as interests in scientific community 

and industries alike, is fueled by the emergence of cheaper commercial scale production 

strategies. With advances in ND-based research, the process called detonation synthesis 

involving explosion of trinitrotoluene (TNT) and hexogen (RDX) mixture in a negative 

oxygen condition is often used in large scale and low-cost production of commercial ND’s.118 

The resulting product of a detonation event is a diamond core containing graphitic carbon 

and soot that require further purification. Acid-based oxidizing systems and air-based 

oxidizing treatments have shown to efficiently oxidize non-diamond or graphitic carbon, 

resulting in ultrafine particles with a diamond core containing carbon-oxygen functionality in 

its outer periphery.119–123 This method of detonation synthesis produces ND’s with particle 

size of roughly 4-10 nm, with narrow size distribution, spherical surface morphology, and 

strong agglomeration potential, in sharp contrast to methods employing high-pressure and 

high-temperature which yields ND’s less than 100 nm with broad size distribution, facetted 
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morphology and low agglomeration potential.124,125 The purification treatments remove the 

graphitic layers (sp2 carbon), exposing the inner domains containing sp3 hybridized carbon 

with crystalline structure with interlayer spacing of ~0.21 nm corresponding to the diamond 

phase. Nonetheless, these particles have excellent properties such as high surface area, 

thermal conductivity, diamond-like hardness, biocompatibility and low cytotoxicity, and are 

attractive to enhance a variety of commercial products. As a result, the addition of trace 

amounts of nanodiamonds to alter the thermo mechanical properties of different polymers 

has been a subject of key interest to researchers in the nanodiamond community.  

After decades of work dedicated toward synthesis, purification and isolation of ND’s, 

researches have implemented them in numerous applications. Moreover, emerging studies 

pointing toward low cytotoxicity of ND’s, in addition to their properties such as small 

particle size and dispersibility in water, have spurred their use as drug delivery vehicles, 

presenting itself as a viable alternative to other carbon-based materials with known 

toxicity.126 Simple and cheap ways to produce continuously and homogeneously fluorescent 

ND’s, combined with the stability of N-V defect on ND surface, has opened new avenues for 

ND’s as biomarkers for use in biomedicine, replacing traditional markers beset with 

problems of photoblinking and photobleaching.94–99 ND’s have also been used as anti-friction 

agents or lubricant additives and has shown to impart resistance to wear and tear of sliding 

surfaces.115–117 In addition, the exceptional diamond-like hardness, combined with its small 

particle size, has instigated research in ND based polymer fibers and coatings.103 
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1.2.3.2 Nanodiamond Deaggregation 

Despite these useful properties, however, ND’s are composed of core aggregates 

consisting of bridging interparticle bonds that are very difficult to disintegrate. For 

applications requiring well-controlled single digit particle size such as in the fabrication of 

composites using ND’s as reinforcing agents, the subject of Chapter 4 in this thesis, such 

aggregates pose significant difficulties during processing. Realizing the need to find ways to 

overcome this problem, researchers have come up with different de-aggregation strategies to 

disintegrate these tight cores including graphitization-oxidation, ultrasound and high-

dynamic pressure pulse, stirred-media milling, bead-assisted milling, bead-assisted ultrasonic 

deaggregation (BASD) and salt-assisted ultrasonic deaggregation (SAUD).  The 

graphitization-oxidation method reported by Xu et al. showed for the first time the possibility 

of breaking these extraordinarily tight aggregates by graphitizing the interlayers using heat 

treatment and oxidizing the confined graphitic layers.127,128 In this method, nanodiamonds are 

heat-treated in nitrogen and in air at high temperature, resulting in 50% particles with size 

less than 50 nm and ~1000-2000 nm. Another embodiment of the process yielded a range of 

particle sizes 5-10 nm (43%), 10-18 nm (25.2%), 1-5 nm (20.1 %), 36-60 nm (7%) and 18-36 

nm (4.7%) and requires no post-processing. Using ultrasound and high pressure pulse on a 

pyrolitic graphite surface, Vul et al. obtained ND’s with clusters between 2-3 nm and lateral 

dimensions of 10 nm on atomically smooth highly oriented pyrolitic graphite (HOPG) using 

atomic force microscopy.129 Much more practical method, however, relies on use of bead-

assisted milling techniques using ceramic, zirconia or silica based beads as milling 

agents.124,125,130–132 Krueger et al. and Edelman et al. were able to obtain particles sizes <10 
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nm using this approach; however, compromised purity due to contamination issues imparted 

by milling agents.133,134 Ozawa et al. similarly employed zirconia beads and strong acids used 

to avoid contamination. The resulting issues of contamination and generation of graphitic 

layer reported in bead-milling system was overcome by dry media assisted attrition milling, a 

milling method utilizing water soluble compounds, allowing easy removal through water 

rinsing.135 Most recently, a very attractive method called salt-assisted ultrasonic 

deaggregation (SAUD) was reported in literature, wherein deaggregation of commercially 

available carboxylated nanodiamonds is achieved using combinations of salt, water and 

nanodiamonds in a specific ratio, resulting in reduced particle sizes, and avoiding issues 

associated with contamination and intricate post-processing. A simple water rinse was able to 

remove all the de-aggregation products, thereby offering cheap, easy, accessible and 

contamination-free approach to ND de-aggregation, opening up new avenues that require 

smaller particle size such as in the fabrication of polymer-ND based composites.136  

1.2.3.3 Nanodiamond-Based Polymer Nanocomposites  

 Several implementations of ND-based composites processed in various polymers 

such as poly (vinyl) alcohol (PVA),137–139 poly (methyl) methacrylate (PMMA),140,141 poly 

(L-lactic) acid (PLLA),142–144 polyacryonitrile (PAN),145 polyethylene (PE), 146,147 and 

epoxy148–153 using solution casting, in-situ polymerization, melt compounding, compression 

molding, and electrospinning have reported remarkable increase in properties such as elastic 

modulus, tensile strength, elongation at break, toughness, hardness and glass transition 

temperature. Morimune et al. reported the success of ND-reinforcement in films of PVA, a 

biodegradable polymer, showing 186% increase in elastic modulus and 30% tensile strength 



 
 

 
 

26 

at 5 wt.% loading.139 In another study by Maitra et al., ND loadings at 0.6 wt.% improved 

elastic modulus and hardness of PVA films by 98% and 79% respectively.138 Kurkin et al. 

reported PVA-ND fiber composites with increments of ~200% in longitudinal modulus at 7 

wt.% loading.137 Similar results were reported for another biodegradable thermoplastic 

polymer, PLLA. Across different studies, the effect ND’s was to increase elastic modulus as 

well as tensile strength primarily due to increase in crystallization in PLLA. Additional 

studies of ND incorporation in polar polymers such as PMMA and PAN reveal property 

reinforcements upon addition of ND’s. In addition to polar polymers, ND’s have also been 

incorporated in non-polar, low cost polymer like PE to increase its mechanical properties. 

Incorporation of ND’s functionalized using alkylation by Jee at al. and using silanization by 

Roumeli et al. in PE show enhancement in hardness of ~458% using 11 wt.% ethylhexyl 

functionalized ND, and 17.3 % increase in toughness at 0.5 wt.% loadings respectively. 146,147 

In addition, significant deviations in glass transition temperature (Tg) relative to bulk 

polymer in ND-based polymer composites have been reported. Morimune et al. reported 

24oC increase in Tg in solution-casted films of PVA-ND,139 Protopapa et al. reported 21oC 

shifts in Tg in ND-based PMMA resins,140 Neitzel et al. and Roy et al. reported positive 

shifts of 14oC and 37 oC in Tg in epoxy-ND matrix cured using hardening agent 

respectively.149,152 These examples showing increments in mechanical properties as well as 

glass transition temperatures is indicative of ND’s potential as reinforcing agents in polymer 

matrix. This work will investigate the reinforcing effects of ND’s in fibers formed using 

electrospinning process as shown in Figure 1.7. 
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1.2.3.4 Research Goals  

 While numerous studies have provided direct evidence of nanodiamonds ability to 

reinforce bulk polymer matrices, precise understanding of structure-property-function 

relationships in relation to nanoscale aggregation, polymer-nanodiamond interactions as well 

as nanodiamond-nanodiamond interactions is non-existent. The main goal in Chapter 4 is to 

investigate the interfacial aspects of multicomponent systems consisting of nanodiamonds in 

electrospun fibers of either semi-crystalline or amorphous polymers with different surface 

energies to create fundamental knowledge on their structure-property-function relationships.  

1.3 Organization of Dissertation  

In this dissertation, we present our findings on three different types of 

multicomponent systems consisting of copolymers, composite gels, and nanodiamond-filled 

composites. Chapter 2 demonstrates successful surface modification of inert polyester thin 

films and nonwovens using atom-transfer radical polymerization (ATRP), and tests the 

efficacy of attached copolymers for capture and release of model lysozyme protein for 

applications such as wastewater treatment and bio fluid filtration of relevance to industry. 

Chapter 3 focuses on modulating gelation kinetics and mechanical strength of photocurable 

poly(vinyl alcohol) derivative through network formation using cellulose nanocrystals, and 

studies microstructural changes using rheological techniques. Chapter 4 seeks to establish 

fundamental knowledge on design principles important in the fabrication of nanodiamond-

based composite electrospun fibers made from semi-crystalline and amorphous polymers. 

Finally, Chapter 5 summarizes key results of each chapter and discusses experimental 

research that can be done in the future.  
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Figure 1.1 Grafting “From” vs. Grafting “To” Approach to Surface Modification for Protein 
Adsorption / Desorption.154 
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Figure 1.2 Aqueous ATRP route for polymer synthesis using grafting-from approach. 
(Adapted from Matyjaszewski Polymer Group, Carnegie Mellon University, 2016) 
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Figure 1.3  Schematic of meltblowing process consisting of extruder, metering pump and die 
assembly used to manufacture nonwovens.155 
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Figure 1.4 Cellulose nanocrystals extracted from forest products using acid hydrolysis. 
(Adapted from Substance, Scientific News and Innovation from ETS – New Class of 
Biomaterials: Cellulose Nanocrystals, 2014)  
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Figure 1.5 DHR-3 rheometer accessory to study in-situ UV crosslinking of photoactive 
poly(vinyl) alcohol derivative incorporating cellulose nanocrystals. (Adapted from TA 
Instruments Brochure, DE, 2015). 
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Figure 1.6 Structure of nanodiamonds showing presence of sp2 carbons on the surface and 
sp3 carbon in the inner core.156 
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Figure 1.7 Schematic of electrospinning set up used to make polymer fibers with 
nanodiamonds. (Adapted from Oxolutia, 2014) 
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Chapter 2 Polyester Modification with Random Copolymers via Surface-Initiated 

Atom Transfer Radical Polymerization: Engineering the Surface 

Architecture for Protein Capture and Release  

2.1 Abstract 

The absence of reactive functional groups on polyester fibers limits their possibility 

for protein binding, desirable in applications such as wastewater purification and bio-

filtration. We report a facile method that installs surface reactive groups on polybutylene 

terephthalate (PBT) followed by copolymer adsorption that dramatically enhanced non-

specific biomacromolecule binding. PBT nonwoven fabrics and films, the latter of which 

were used as model substrates, were modified upon acid-hydrolysis of pre-adsorbed 

trimethylsilylcellulose (TMSC), which facilitated attachment of a bromine-terminated 

initiator. Random hydrophilic copolymers of poly (sodium vinyl benzene sulfonate-co-

hydroxyethyl methacrylate) (poly(SVBS-co-HEMA)) were then grafted from the surface, 

using activator re-generated by electron transfer (ARGET) atom-transfer radical 

polymerization (ATRP). The copolymer architecture was studied for enhanced protein 

capture and release. It was found that PBT surfaces modified with the poly(SVBS-co-

HEMA) adsorbed significant amounts of model proteins and a maximum binding was found 

for a copolymer with dominant HEMA composition (20% SVBS and 80% HEMA or 2:8 

poly(SVBS-co-HEMA)). Such system was regenerated after protein adsorption by 

introducing electrolyte solutions, as shown in quartz-crystal microgravimetry experiments 

that also unveiled details about the dynamics of adsorption (capture) and regeneration 

(protein release). The adsorption of representative proteins – lysozyme, fibrinogen and 
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bovine serum albumin (BSA) – depended on the pH of the aqueous matrix, with fibrinogen 

and BSA adsorbing on the ‘wrong side’ of the isoelectric point under electrostatically 

repulsive conditions. Such adsorption behavior was interpreted in terms of the balance of 

protein-surface and protein-protein interactions. The modified polyester represents an 

attractive alternative for imparting protein-adsorption functionality toward advanced 

separations.   

2.2 Introduction 

The observation of instantaneous protein adsorption on biomaterials in different 

biological systems has triggered research, mostly to create biocompatible and protein-

resistant materials for several applications such as medical implants,1 marine fouling,2,3 

affinity chromatography,4 and biosensors.5,6 While fouling is a concern in such systems, thus 

requiring protein-passivation to reduce non-specific protein adsorption, the opposite, namely, 

controlled protein binding or capture is desirable for applications related to wastewater 

purification and bio-fluid filtration. Moreover, in cases of high protein loading, surface 

saturation results in protein build-up, making it necessary to incorporate surface regeneration 

capabilities without compromising time and cost.  

During the past decade, a significant progress has been made in the field of 

nonwovens for bio-filtration media because of their unique properties such as pore size, high 

permeability, and low-pressure drop.7 Several nonwoven filtration applications have been 

demonstrated to capture metals,8 proteins,9 and affinity ligands.10 Achieving protein 

adsorption functionality on polyester surfaces, however, remains a challenge primarily due to 

the absence of reactive surface functional groups that are otherwise needed for 
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immobilization. Some of the well-established physical methods for pre-activation of inert 

surfaces include plasma,11,12 corona discharge13,14 and ultraviolet (UV) irradiation.15,16 

However, such techniques oxidize polymer surfaces, resulting in modification of bulk 

properties, thereby affecting properties such as processability and mechanical strength of the 

parent material. Several alternative modification strategies utilizing the ester functionality 

such as hydrolysis,17,18 aminolysis,19 and enzymatic hydrolysis20 have been previously 

reported.  While these approaches induce reactive functionality (-OH, -NH2, -COOH), which 

facilitates polymer grafting, they often result in polymer degradation.  

A versatile technique for polymer grafting, atom transfer radical polymerization 

(ATRP), utilizes transition metal complexes to mediate a dynamic equilibrium between 

dormant and active species.21–23 Metal catalysts, such as copper, in its lower oxidation state 

abstract halogen atom from the initiator, creating active radicals that can participate in 

propagation.23 ATRP allows tremendous control of chain length, molecular weight, 

polydispersity index (PDI) and has been utilized to graft polymers from a variety of 

substrates including gold,24 silicon,24 cellulose fibers,25,26,27 and porous membranes.28 

However, two major drawbacks associated with ATRP involve the use of large quantities of 

copper catalyst and extreme sensitivity to oxygen, necessitating steps for costly purification 

steps and demanding stringent inert conditions. To overcome these drawbacks, activators 

regenerated by electron transfer or ARGET-ATRP have been used in which Cu (II) is 

constantly reduced to Cu (I) by using a reducing agent such as ascorbic acid, thereby limiting 

the amount of copper required for polymerization to ppm levels.29–31 In addition, this 

approach showed increased tolerance to limited amounts of oxygen and is applicable to 



 
 

 
 

53 

diverse monomers such as styrene, methacrylate, and acrylamides, making ARGET-ATRP a 

preferred method of grafting in this work.32 

In this study, the design principle focuses on invoking a simple strategy to induce 

reactive functionality on a polyester surface, such as polybutylene terephthalate (PBT), 

utilizing trimethylsilylcellulose (TMSC), followed by ARGET-ATRP to graft a hydrophilic 

random copolymer poly (sodium vinyl benzene sulfonate-co-hydroxyethyl methacrylate) 

(poly(SVBS-co-HEMA)) for protein capture and release.  The system takes advantage of 

protein adsorption capability of negatively charged poly(SVBS) segment, combined with 

excellent protein-repelling properties of poly(HEMA). Investigation of protein-adsorption 

treatments incorporates thin film deposition and modification on a gold-coated piezoelectric 

sensor to monitor mass adsorption (via quartz-crystal microgravimetry) using model proteins 

such as lysozyme, fibrinogen and bovine serum albumin (BSA). The effectiveness of the 

proposed surface modification approach for protein capture, optimum copolymer 

composition, surface regeneration capabilities, effects of pH on protein adsorption and the 

translation of the proposed method to nonwovens are revealed in this study.  

2.3 Materials and Methods 

2.3.1 Materials  

Polybutylene terephthalate (PBT) and polypropylene (PP) pellets were obtained from 

Sigma Aldrich (Allentown, PA). PBT, PP and polyethylene terephthalate (PET) nonwoven 

fabrics, manufactured in Reicofil pilot plant, were provided by the Nonwovens Institute 

(NWI, Raleigh), Silicon wafer, sulfuric acid (99.99%), hydrogen peroxide (ACS reagent, 

29.0-32.0 wt.%), hexafluoroisopropanol (HFIP, >99%), m-xylene (anhydrous, > 99%) 
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toluene (>99%), hydrochloric acid (HCl, 37%), œ-bromoisobutyryl bromide (BIBB, 98%), 

triethylamine (TEA, >99%), 4-dimethylaminopyridine (DMAP, >99%). Sodium 4-vinyl-

benzene sulfonate (SVBS, >90%), 2-hydroxyethylmethacryalate (HEMA, < 50ppm 

monomethyl ether hydroquinone inhibitor, > 99%), copper (II) bromide (CuBr2, 99%), L-

ascorbic acid (99%), methanol (99.8%) was purchased from Sigma Aldrich (Allentown, 

USA) and used without further purification. Trimethylsilylcellulose (TMSC) was provided 

by Aalto University, Espoo, Finland. Lysozyme (lyophilized powder, protein >90%), 

fibrinogen from human plasma (50-70% protein) and bovine serum albumin (BSA, 

BioReagent for molecular biology), phosphate buffer powder, phosphate buffer saline 

powder (pH 7.4 for preparing 1L solutions), and sodium chloride (99%, ACS reagent) were 

purchased from Sigma Aldrich and used as received. Gold-coated sensors (5MHz) were used 

as received from Q-Sense.   

2.3.2 Preparation of PBT Thin Films by Spin Coating 

 Initially, gold-coated sensors were immersed in Piranha solution (sulfuric 

acid/hydrogen peroxide = 7:3 (v/v)) (Caution: Piranha solution reacts violently with organic 

materials and should be handled carefully) for 2-5 minutes at room temperature. Thereafter, 

the sensors were thoroughly rinsed with Milli-Q water and dried completely under flow of 

nitrogen. Once the substrates were cleaned, they were placed under UV irradiation for 30 

minutes just before use. PBT (0.16 wt.%) in hexafluoroisopropanol was spun coated (3000 

rpm, 20 seconds) on the gold-coated quartz crystal. The solution was prepared by mixing 10 

mg of PBT pellets in 6 mg HFIP in a small vial and allowing it to dissolve for 24 hours33. 

Once dissolution was complete, 50µL of the solution was dispensed on the substrate placed 
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on the spin coater. Infrared lamp was used to maintain the temperature of the rotor head at 

25oC. The spin-coated quartz crystals were then placed in an oven at 80oC for 2 hours to 

remove the residual solvent.  

2.3.3 Preparation of Hydroxyl-Terminated PBT Surfaces 

Trimethylsilylcellulose, a non-polar derivative of cellulose, was deposited on spin-

coated substrates by adsorption of 1mg/mL solution of TMSC in toluene. The substrates were 

incubated in a vial containing TMSC for three hours and were placed in an oven at 80oC for 

30 minutes to remove the residual solvent. After deposition, the substrates were subjected to 

vapor phase hydrolysis in which 10% hydrochloric acid was placed at the bottom of a 

desiccator and samples were exposed to acid vapor for 15 minutes under vacuum. The 

samples were then ready for use in further steps.   

2.3.4 Synthesis of Initiator-Functionalized Surfaces 

ATRP initiator was immobilized by reaction of BIBB with hydroxyl groups on the 

surface obtained after acid hydrolysis. Substrates were placed in a flask thoroughly degassed 

using nitrogen for 15 minutes before solution containing BIBB (60 µL), TEA (76.4 µL), and 

a catalytic amount of DMAP in THF (20 mL) was added. The reaction was allowed to 

proceed for 1 h in ice, and was allowed to proceed further for 15 h at room temperature. 

Thereafter, the immobilized substrate was thoroughly washed in THF and placed in THF for 

5 min. This was followed by thorough DI water rinse to remove residual reactants and side 

products. The samples were then thoroughly dried using nitrogen flow.  

2.3.5 ARGET-ATRP using SVBS and HEMA 

The poly(SVBS-co-HEMA) modified surfaces were prepared via surface initiated 



 
 

 
 

56 

ARGET-ATRP of SVBS and HEMA grafted from bromine-terminated surface. The reaction 

solution was prepared by dissolving SVBS (0.45 g, 2.2 mmol), HEMA (1.15 g, 8.8 mmol), 

bipyridine (7.7 mg), CuBr2 (1.6 mg), and ascorbic acid (0.02 g) into a mixture of methanol (7 

mL) and water (6 mL). Bromine-terminated surfaces were immersed into the reaction 

solution for 2 h at room temperature. Finally, the surfaces were removed from the solution, 

rinsed with abundant Milli-Q water and anhydrous methanol to remove unreacted monomers 

and physically adsorbed polymers, and then dried under a nitrogen flow to achieve 

poly(SVBS-co-HEMA) surfaces. For nonwoven fabrics, PBT with a basis weight of 100 

g/cm2 were cut into 2cm-by-2cm grid and were cleaned by sonication in acetone for 10 

minutes, followed by rinsing in copious amounts of water, and subsequently placed in oven 

at 50oC for 30 minutes. After pre-treatment, the surface modification was performed using 

the same procedure for thin films). 

2.3.6 Protein Adsorption 

Real-time QCM measurements were performed using Q-sense E4 system 

(Gothenburg, Sweden) using gold-coated sensors of 1cm2 area. Sensors were mounted in the 

chamber and calibrated using air. A stable baseline signal was obtained after running water 

(Milli Q) and buffer solutions at 25 °C. Adsorption experiments were conducted by running 

protein solutions at a flow rate of 50 µL/min until saturation. Finally, protein solution was 

exchanged with buffer to remove any unbound or loosely bound proteins. Change in resonant 

frequency (Δf) with time was recorded. The Sauerbrey equation was used to calculate the 

solvated protein mass using the corresponding frequency shifts, which assumes adsorption as 

a rigid layer: 
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Δm = −C Δf
n

  (1) 

Where m is the solvated protein mass, C is the mass sensitivity constant (17.7 ng cm-2 Hz-1 

for 5 MHz crystals), and n is the overtone number. For studies on pH effects, the Voigt model 

was used to fit raw data using QTools which allowed the calculation of the layer mass and 

thickness. Fluid density and viscosity was assumed at 1000 kg/m3 and 0.001 kg/m-s 

respectively and layer density was assumed to be 1300 g/cm3 for all proteins. Protein 

adsorption on nonwoven fabrics was obtained using UV-VIS spectrophotometer. 2 cm by 2 

cm nonwoven samples were immersed in a fixed concentration of protein/buffer solution for 

different times. The amount of protein captured on the surface was calculated using the 

absorbance of protein in the residual solution (Equation 2).  

         Δmads =
Ci −Cf

mn

     (2) 

where Δmads is the mass of adsorbed protein (mg/g), Ci is the initial protein concentration 

(mg/ml), Cf is the final protein concentration (mg/ml), and mn is the mass of nonwoven fabric 

(g).  

2.3.7 Surface Characterization  

The thickness of spin-coated PBT layer on silica substrate was measured using 

spectroscopic ellipsometry (J.A. Woollam Co., Inc., model M-2000V) at an incidence angle 

of 60oC and wavelength varying between 400 nm to 700 nm. The thickness of PBT on silica 

was extracted using Cauchy model. The reported values and error are averages taken over 

three measurements at different regions within the sample. Changes in the wettability of 

modified surfaces were measured using static water contact angles (WCA) using a contact 
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angle goniometer (SEO Phoenix 300) at room temperature. Milli-Q water with approximately 

50 µL drop volume was used. All measurements for static WCA were obtained after the drop 

stabilized on the surface. Reported values of WCA were obtained using average of five 

independent measurements. The characterization of grafting on PBT nonwovens was 

performed by X-ray photoelectron spectroscopy. Data was obtained on Specs XPS using Mg 

source with energy of 1253.6 eV. Casa-XPS was used to calibrate C1s spectrum to 285.0 eV, 

to determine peak areas and to calculate the elemental composition. The surface morphology 

of thin films was studied using atomic force microscopy and PBT nonwoven was studied 

using scanning electron microscopy (SEM, Phenom G2 system). Nonwovens were mounted 

on stubs by means of a double-sided adhesive carbon tape. A thin layer gold was sputtered 

onto the sample prior to SEM analysis. 

2.4 Results and Discussion 

2.4.1 Preparation and Characterization of Polyester and PP Thin Films and Surfaces 

Grafted with poly(SVBS-co-HEMA).  

Polybutylene terephthalate (PBT) was chosen as model polyester for surface 

modification. However, the versatility of the surface modification chemistry allows its 

application to other substrates such as polyethylene terephthalate (PET) and polypropylene 

(PP). PBT thin films were prepared using spin coating procedure reported in literature.33 The 

ellipsometry thickness of spin-coated PBT and wettability measured using static water 

contact angle (WCA) are shown in Figure A.1. The thickness of PBT layer on Si-surface 

ranged from approximately 17 ± 2 nm to 25 ± 5 nm for 0.10 wt.% and 0.16 wt.% PBT 

respectively. The change in surface wettability was evident since the contact angles increased 
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from 40 o ± 3o for bare Si to 55 o ± 1o for 0.10% solution to 64 o ± 7 o after coating from a 

0.16% solution. The surface morphology of PBT-spin coated surfaces examined using AFM 

revealed a homogeneous surface with RMS roughness of 1.4 ± 0.4 nm. PBT flat surfaces 

prepared using 0.16 wt.% solution were used for subsequent experiments.  

Direct modification of polyester surfaces presents a unique challenge due to the lack 

of reactive groups on the surface. Therefore, two different approaches to graft copolymer of 

SVBS and HEMA, capable of enhancing non-specific protein capture using a ‘grafting 

from’ technique, were considered as illustrated in Figure 2.1. The first approach (Method 1) 

relied on an anchoring layer containing TMSC on which the initiator is immobilized, 

whereas the second approach (Method 2) employed direct immobilization of initiator on the 

surface of PBT. For both approaches, the immobilized initiator served as the anchoring point 

for covalent linkage of poly(SVBS-co-HEMA). Successful surface modification of PBT thin 

films using Method 1 was confirmed using static WCA, shown in Figure 2.2a. TMSC layer 

on top of spin-coated PBT layer obtained after immersion in TMSC/toluene solution (1 

mg/ml) for three hours increased the static WCA from 72 o ± 2° for neat PBT to 87 o ± 4°, 

resulting in a surface with lower wettability due to methyl groups on TMSC, relative to 

PBT.  

Upon acid hydrolysis, TMSC coated surface turned hydrophilic with WCA of 39 o ± 

3°. This is attributed to the regeneration of cellulose surface after exposure to acid vapor. 

Furthermore, attachment of the bromine-terminated initiator increased the wettability of the 

multilayer substrate, decreasing the contact angle from 39 o ± 3° to 29 o ± 3°. The versatility 

of this technique in rendering hydrophobic surfaces hydrophilic was successfully 
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demonstrated by using PP surfaces (Figure A.2). PP thin films fabricated using methods 

reported previously33 with average roughness of 1.27 nm and WCA of ca. 116° showed 

substantial changes in wettability. After TMSC adsorption, the WCA decreased to ca. 92o 

and subsequent hydrolysis decreased the WCA further to ca. 57o. The reduction in 

hydrophobicity, combined with the presence of hydroxyl-terminated surfaces, facilitated 

attachment of initiator and grafting of copolymers. Furthermore, the effectiveness of this 

approach was extended to PP, PET and PBT nonwoven fabrics using WCA measurements. 

WCA reported for nonwoven fabrics, however, can be only taken as a qualitative assessment 

of the wettability since it is influenced by the surface roughness and other factors. As shown 

in Figure A.3, the adsorption of TMSC layer results in a slight increase in WCA for all 

nonwovens, i.e. WCA changed from 122 o to 124 o for PBT, 108 o to 137 o for PET and 133 o 

to 140 o for PP. After acid hydrolysis, the WCA changed significantly for PBT and PET 

from 124 o and 137 o to less than 20 o and wicking respectively. For the PP nonwoven, 

however, the acid hydrolysis resulted in a minor decrease in WCA, from 140o to 128o, which 

is due to extremely inert nature of PP nonwoven fabrics. However, upon grafting pure poly 

(HEMA) on the surface of nonwovens, all samples showed wicking behavior, suggesting the 

expected effect of poly (HEMA). This was further validated using ATR-FTIR (Figure A.4). 

Pure PP shows asymmetric –CH2 stretches at 2870 cm-1 and symmetric – CH2 stretches at 

2840 cm-1. The signals at 2970 cm-1 and 2910 cm-1 correspond to asymmetric and symmetric 

stretches of methyl groups (– CH3), whereas the signals at 1370 cm-1and 1460 cm-1 

correspond to bending vibrations of – CH3 and – CH2 respectively. After grafting of poly 

(HEMA), signature of C=O appear close to 1730 cm-1, showing the possibility of grafting 
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poly (HEMA) on nonwoven fabrics. Since hydrophobicity is useful for protein capture due 

to hydrophobic interactions and hydrophilic nature of hydroxyl-terminated surface is a key 

requirement to graft poly(SVBS-co-HEMA), we chose PBT as the most ideal substrate for 

subsequent work. The design principle of this work is based on combining the protein 

affinity properties of (poly(SVBS)), together with protein-repellant function of (poly 

(HEMA)). Thus, PBT was decorated on the surface with copolymers of SVBS and HEMA 

for non-specific protein capture and surface regeneration (protein release). PBT films on 

QCM-D quartz crystals were used to understand the effects of the grafting method, 

copolymer composition, pH and ionic strength on adsorption of lysozyme, BSA and 

fibrinogen and the optimized platform was replicated for PBT nonwovens to demonstrate 

capture of lysozyme. 

The two approaches were compared using spin coated PBT (from 0.16 wt.% solution) 

on 5 MHz QCM-D crystal grafted with 8:2 poly(SVBS-co-HEMA). The adsorption of 

lysozyme resulted in frequency shifts corresponding to increase in ‘solvated mass’ dictated 

by Sauerbrey equation for a rigid layer (Equation 1). The solvated protein mass measured by 

QCM accounts the contributions from hydration shell around protein, solvent trapped within 

protein and solvent residing at the protein-substrate interface.26 Figure 2.2b shows QCM 

adsorption profiles for three distinct surfaces – control PBT, PBT grafted with 8:2 

poly(SVBS-co-HEMA), using Method 1 (with TMSC), and PBT grafted with 8:2 

poly(SVBS-co-HEMA) grafted with Method 2 (without TMSC). Sauerbrey mass extracted 

from QCM adsorption profile is tabulated in Table 2.1. Accordingly, PBT adsorbed the least 

amount of solvated lysozyme at 230 ng/cm2 compared to PBT modified with Method 1, 
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which adsorbed 661 ng/cm2. PBT modified with Method 2 absorbed 260 ng/cm2 solvated that 

is slightly higher than the value for the control PBT. The low values of adsorption obtained 

using Method 2, relative to Method 1, is attributed to the absence of an anchoring layer, 

which resulted in initiators deposited on the PBT substrate. The amount of solvated lysozyme 

adsorbed on bare PBT (230 ng/cm2) is within the range of lysozyme monolayer on a flat 

surface at sufficiently high surface coverage.34 In addition, the concentration in the solution 

was sufficiently high to observe mass above that estimated for a monolayer coverage. 

However, this mass incorporates contributions from the solvent, suggesting that PBT 

adsorbed less than a monolayer of lysozyme. For hydrophilic polymers such as PEO and 

PAA, approximately 40-50% comprised of water1. Assuming similar values for solvation for 

PBT, the amount of protein bound on PBT is ~138 ng/cm2, significantly lower than a 

monolayer. The surface coverage of lysozyme on PBT, calculated using a density of 0.65 

mg/ml reported in literature, corresponded to approximately 3.5 nm.   

The results further indicate two distinct kinetic regimes – fast adsorption upon protein 

injection (t < 10 minutes) followed by slow adsorption (10 min < t < 60 min). The initial 

rapid adsorption takes place in ~3 minutes, followed by slow adsorption until ~60 minutes, as 

the adsorption approaches equilibrium. The removal of unbound or loosely bound proteins 

after buffer rinse is a direct evidence of reversible binding, suggesting weak binding affinity 

with grafted poly(SVBS-co-HEMA). For pure PBT, 77 ng/cm2 (~33%) of adsorbed lysozyme 

was desorbed, whereas for PBT modified with Method 1, 277 ng/cm2 (~42%) was desorbed. 

About 65 ng/cm2 (~25%) was desorbed when buffer was passed through PBT modified with 

Method 2. The larger desorption for 8:2 SVBS:HEMA surfaces can be explained by the fact 
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that 20% HEMA is a protein repellant. Despite the large desorption, however, PBT modified 

with Method 1 absorbed 384 ng/cm2 of solvated lysozyme, significantly higher than bare 

PBT (153 ng/cm2) or PBT modified with Method 2 (195 ng/cm2). Combined together, the 

results suggest that the proposed approach for surface modification induces much larger 

protein adsorption compared to unmodified PBT, providing a new platform to enhance 

protein capture. We further proceed by modifying PBT using Method 1 in subsequent 

experiments.  

2.4.2 Effect of Copolymer Composition on Lysozyme Adsorption 

The copolymer ratio in poly(SVBS-co-HEMA) is expected to play a significant role 

in the extent of lysozyme adsorption.  SVBS segments aid in protein adsorption via 

electrostatic interactions, while HEMA segment should hinder protein adsorption, offering 

capabilities of protein adsorption and surface regeneration through SVBS and HEMA 

segments, respectively. In addition to copolymer composition, grafting density, thickness and 

conformation of polymer brushes dictate the final adsorption properties. For instance, 

proteins can penetrate grafted copolymers at low grafting density, whereas protein stays on 

the surface for densely grafted copolymers. In this study, we assumed a constant grafting 

density and polymer brush thickness using the same initiator-to-monomer ratio and a 

constant reaction time of two hours. Therefore, poly(SVBS-co-HEMA) of varying 

compositions were synthesized using ARGET-ATRP with a constant initiator to monomer 

ratio and grafting time of two hours. The total monomer in the reaction solution was fixed at 

11 mmol and each monomer concentration was varied to achieve copolymers with SVBS: 

HEMA ratios of 10:0 (homopolymer of SVBS), 8:2 (20% HEMA), 5:5 (50% HEMA), 2:8 
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(80% HEMA) and 0:10 (homopolymer of HEMA). The grafting of copolymers with different 

ratios onto PBT thin films induced different changes in wettability of the substrate. Surfaces 

with SVBS homopolymer and copolymer containing 20% and 50% HEMA completely 

wicked the surface, suggesting a highly hydrophilic surface. When HEMA composition in 

the copolymer was increased to 80%, the surface registered a WCA of 18° ± 3°, which 

further increased to 36° ± 4° for the case of HEMA homopolymer (Figure 2.3a). Pure SVBS 

is highly polar and hydrophilic relative to pure HEMA; therefore, SVBS homopolymer 

completely wicks the surface. The increase in HEMA segment, which is less hydrophilic than 

SVBS, lowered the wettability and increased the WCA. Nonetheless, the distinct changes in 

wettability of the substrate are expected to play a key role in determining protein-binding 

capacity.  

Figure 2.3b shows the adsorption profiles of poly(SVBS-co-HEMA) of varying ratios 

grafted on gold-coated QCM sensors. The profiles were obtained by injecting lysozyme with 

a bulk solution concentration of 1 mg/ml in PBS at pH 7.4. Different parameters extracted 

from raw isotherm are tabulated in Table 2.2. The adsorption profiles revealed a fast initial 

adsorption, which accounted for over half the absorbed solvated lysozyme, followed by a 

slow adsorption over 60 minutes. The adsorption of lysozyme on pure SVBS surface induced 

the lowest frequency shift, 62.4 Hz, corresponding to solvated lysozyme of 368 ng/cm2 

(Table 2.2). Upon increasing HEMA content to 20%, the frequency change increased to 94 

Hz which is equivalent to 556 ng/cm2 of solvated lysozyme.  Further increase in HEMA 

content to 50% showed a similar trend in higher frequency change (162.3 Hz), equivalent to 

solvated lysozyme of 957 ng/cm2. The maximum change in frequency (443.5 Hz) and 
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corresponding solvated lysozyme mass of 2617 ng/cm2 was induced upon increasing HEMA 

content to 80%. This particular observation of increased lysozyme binding with increasing 

HEMA content could be explained using combination of electrostatic interactions, which 

reduced with increased HEMA content, and changes in surface wettability. The presence of 

more HEMA makes the surface relatively less hydrophilic. Furthermore, prior to rinsing with 

buffer at 60 minutes, lysozyme adsorption reached near equilibrium for surfaces with 0%, 

20% and 50% HEMA, whereas for surface with 80% HEMA, lysozyme adsorption exhibited 

a slow kinetics and took much longer to reach equilibrium. After 60 minutes, the adsorption 

of lysozyme on 80% HEMA surfaces was still increasing.  

The raw adsorption isotherms also revealed the binding kinetics and strength for 

lysozyme onto different poly(SVBS-co-HEMA) surfaces. The change in the first derivative 

of the QCM frequency during lysozyme adsorption (δ(Δf)/δt) revealed the initial adsorption 

kinetics. Figure A.5 shows a plot of δ(Δf)/δt which primarily reveals two stages in the 

process: a rapid stage taking place in less than 6 minutes, followed by a slower dynamics 

stage saturation or buffer rinse, depending on the composition of the copolymer. SVBS 

homopolymer showed the fastest kinetics, with initial adsorption taking place in ca. 4.6 min. 

For 8:2, 5:5 and 2:8 surfaces, the peak adsorption took place at 5.1 min, 5.6 min and 5.8 min, 

respectively. For all surfaces, a steep profile in protein adsorption occurred within 6 minutes 

after injection and slowed down thereafter, until the buffer was introduced at 60 min. This 

can take as the possible contribution of multi-layer adsorption or re-conformation. We 

speculate that at the initial stage the positively charged lysozyme bound very quickly because 
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of the large number of available proteins and sites available in the copolymer. The saturation 

of binding sites caused then slowed lysozyme uptake rates due to fewer sites availability. 

The binding affinity of lysozyme to different copolymer surfaces could be established 

by rinsing the system with buffer after 60 min. The resulting desorption isotherms revealed 

reversible lysozyme binding occurring in two distinct stages. The first stage of desorption 

displayed a fast kinetics relative to the second stage; it was most prominent in the surface 

containing 80% HEMA. This can be explained by the loss of weakly bound proteins from the 

top of the adsorbed layer. After desorption of the topmost adsorbed molecules, the exposed 

inner proteins began to desorb, at a slower rates. The total amount of bound protein, as 

measured at the end of the desorption process, varied with composition. For surfaces 

containing 0, 20, 50 and 80% HEMA, the total bound protein that remained was 305, 435, 

453, and 556 ng/cm2, respectively. These results point to the possibility of using the weak 

binding strength of lysozyme on 2:8 SVBS: HEMA surfaces for the purpose of regeneration 

of coating on PBT films, as discussed in the next section. 

2.4.3 Regeneration of Lysozyme Adsorbed on poly(SVBS-co-HEMA)-modified Surfaces 

In order to decouple the effect of electrostatic contributions in lysozyme adsorption, 

the adsorption dynamics of this protein at bulk concentration of 1 mg/ml and pH 7.4 was 

further tested in 10 mM phosphate buffer (PB) (without Na+) and PBS (150 mM Na+  

present). The electrostatic contribution in lysozyme binding could be probed by changing the 

background solution used. This would allow reversible protein binding simply by introducing 

a salt-containing solution. Figure 2.4a shows real-time lysozyme adsorption on 8:2 

poly(SVBS-co-HEMA) surfaces in PB and PBS. The kinetics of lysozyme adsorption on 



 
 

 
 

67 

PBS showed two distinct time scales, as noted in the earlier section – a fast adsorption at 

short times (∆f of -30 Hz in ~10 min), followed by slow adsorption (total ∆f of -60 Hz after 

~60 min). It can be assumed that the positively charged protein the negatively charged 

(sulfonated) surface rapidly, and the existing adsorbed protein further limited the driving 

force for adsorption, due to electrostatically repulsive patches within lysozyme. However, for 

adsorption in PB at early times, lysozyme adsorbed instantaneously and the frequency shift 

accounted for nearly 90% of adsorbed protein (∆f of -130 Hz in ~10 min). Compared to the 

case of PBS background solution, the sulfonated segments attached to the substrate in the 

presence of PB had fewer Na+ counterions around them to neutralize the negative domains 

that show high affinity to lysozyme, which contains additional Na+. The adsorption rate 

slowed down eventually, comparable to that in PBS with negligible additions to the existing 

layer. This is primarily due to the lack of Na+ ions impeding the interaction of protein in 

solution with both the surface as well as the pre-adsorbed protein layer. Furthermore, 

exchanging protein solution with respective buffers at 60 min resulted in relatively higher 

desorption in PBS compared to PB. The presence of Na+ counter ions resulted in a more 

(electrostatically) repulsive condition, allowing easier desorption of the bound proteins. This 

provided a direct evidence of the role of electrostatics in lysozyme binding. 

One of the most important implications of desorption upon exposure to PB and PBS 

is the potential for regenerating the poly(SVBS-co-HEMA) surface by exposure to these 

buffers. By introducing combinations of PB and PBS at the end of lysozyme adsorption from 

PB, the original surface, without any protein, was successfully regenerated. As shown in 

Figure 2.4b, adsorption of lysozyme on 2:8 poly(SVBS-co-HEMA) surfaces in PB showed a 
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rapid adsorption similar to that in PBS (∆f of -700 Hz in ~10 min), but much higher mass 

adsorbed (approximately five time more in frequency change). QCM-D mass gives 

contributions of solvent, and the presence of larger amount of HEMA leads to higher water 

coupling and thus larger sensed mass. The effects of water, however, cannot be decoupled. 

Adsorption of lysozyme tested for PB for a layer of the pure, antifouling poly(HEMA), 

showed minor frequency changes. If water swelling contributed to frequency change, pure 

poly(HEMA) should have adsorbed significant amounts of water. This suggests that a 

tailored composition of the pre-adsorbed layer, in terms of sulfonated and HEMA monomers, 

may result in systems with the right balance of protein adsorption (capture) and repellency 

(regeneration).   

2.4.4 Effects of pH on Protein Adsorption 

In addition to polymer composition, solution properties such as pH,34–37 ionic 

strength, buffer type38 as well as type of proteins, significantly influence protein-substrate 

and protein-protein interactions.39–41 Adsorption studies using 2:8 poly(SVBS-co-HEMA) 

surfaces prepared using fixed initiator-to-monomer ratio and reaction time can be useful to 

inquire into the effects of pH on the adsorption lysozyme (14 kDa, pI = 11.1, 4 nm x 3 nm x 

3 nm), fibrinogen (340 kDa, pI = 5.5, 47 nm x 5 nm x 5 nm) and BSA (66 kDa, pI = 4.8, 7 

nm x 4 nm x 4 nm).42 Figure 2.5 shows QCM-D adsorption profiles for these proteins on 2:8 

poly(SVBS-co-HEMA) at pH 7 and pH 4 in 10 mM PB (without salt). Figures A.6 and A.7 

show corresponding changes in mass and thickness calculated using the Voigt model. For 

each protein, the normalized frequency changes showed significant dependence on overtone 

number (n = 3, 5 and 7), validating the utility of the Voigt approximation for soft, highly 
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dissipative films. The pH-dependent adsorption for the three proteins (lysozyme, fibrinogen 

and BSA) on poly(SVBS-co-HEMA) is discussed individually using the Sauerbrey QCM 

mass plotted in Figure 2.5 c and d.   

The adsorption isotherm of lysozyme on 2:8 poly(SVBS-co-HEMA) at pH 7.0 and 

pH 4.0 showed two steps: an fast adsorption followed by slowed dynamics, as shown in 

Figure 2.5 a and b. For adsorption at pH 7.0, fast adsorption happened between 0 < t < 20 

min followed by a slower kinetics or even an increase in frequency, occurring from (20 < t < 

140 min). This second stage took much longer, suggesting water expulsion from the interface 

and conformational changes of the adsorbed proteins. For adsorption at pH 4.0, the initial, 

fast adsorption stage took place in less than 2 min and the slower stage with increased 

frequency took place between (5 < t < 70 min). The smaller amount of solvated lysozyme 

(~980 ng/cm2) captured at pH 4.0, compared to ~1900 ng/cm2 at pH 7.0, accounts for 

differences in equilibration time, since lower adsorption at lower pH drives the system much 

faster relative to that at high pH. Rinsing with buffer revealed information on the binding 

strength of lysozyme. At pH 7, the introduction of buffer resulted in desorption of ~1400 

ng/cm2 lysozyme, which corresponds to the release of ~74% of the initial, solvated mass. The 

permanent solvated mass on the surface after desorption was ~500 ng/cm2. This is in sharp 

contrast to desorption of ~160 ng/cm2 lysozyme at pH 4.0, which accounts for desorption of 

only ~16% of the initial proteins, leaving ~820 ng/cm2 of solvated lysozyme on the surface. 

These results clearly reveal the effect of pH on lysozyme adsorption and desorption on 

poly(SVBS-co-HEMA) surfaces and in a manner consistent with findings for other systems 

in the literature.35,36 
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The initial higher adsorption of lysozyme (1900 ng/cm2) at pH 7.0 compared to ~980 

ng/cm2 at pH 4.0 can be rationalized by considering the role of protein-protein electrostatic 

interactions. At both pH values, lysozyme is positively charged (pI of 11.1) and adsorption 

takes places due to favorable protein-substrate electrostatic interactions. SVBS segments are 

charged and form quenched brushes, with negative charges across all pH.43 Assuming that 

the charged SVBS shows weak dependence on pH, the adsorption should be more favorable 

at a pH further away from the pI such that like charges interact. Lysozyme has a higher net 

positive charge at pH 4.0 compared to pH 7.0. Should protein-substrate interactions become 

the dominant mode of protein adsorption, adsorption at pH 4.0 should be higher than at pH 

7.0, yet the adsorption profiles revealed lower capacity and faster equilibration at pH 4.0. An 

explanation for this observation includes two possibilities: first, the surface charge on the 

brushes decrease as pH is decreased, thereby compensating for the increased protein charge 

and leading to a less adsorption. This would imply that protein-substrate interactions are 

dominant. However, desorption profiles revealed that binding strength of lysozyme at pH 7.0 

was much lower. This could be explained if protein-protein interactions were dominant. As 

more and more lysozyme is reversibly bound to the surface, multilayers could be formed, 

which are held together by weak electrostatic or hydrophobic effects, with some repulsive 

interactions existing between neighboring lysozyme molecules. If one assumes that the 

copolymer attached to the substrate prevents lysozyme molecules to penetrate, the initial and 

final adsorption at pH 7.0, for side-on configuration, correspond, to 8 and 3 close-pack 

layers, respectively.34–37 Similarly, the initial and final adsorption at pH 4.0 corresponds to 5 

and 4 layers, respectively. However, desorption at pH 4.0 revealed only 18% wet mass loss, 
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corresponding to a loss of a single monolayer and suggesting that lysozyme was adsorbed not 

only on the surface, but also within the polymer brushes. Similar conclusion could be 

achieved if one assumes 50% solvated water mass for lysozyme.44,45 Finally, after desorption, 

which eliminates contributions of protein-protein interactions in a multilayer adsorption, the 

remaining wet mass of lysozyme adsorbed was higher at pH 4.0 compared to pH 7.0. By 

isolating contributions of protein-substrate interactions, the differences in adsorption amounts 

reveal a favorable electrostatically interaction between lysozyme and poly(SVBS-co-

HEMA). 

Figure 2.5 a and b shows the frequency changes when poly(SVBS-co-HEMA) surface 

was exposed to fibrinogen. The introduction of fibrinogen solution resulted in an immediate 

frequency shift for pH 7.0 (0 min < t < 20 min), followed by slow adsorption between (20 

min < t < 130 min). The second stage adsorption process took much longer and the system 

did not reach equilibrium, even after 130 min. The initial adsorption accounted for ~4131 

ng/cm2 solvated mass of fibrinogen. Upon exchanging the protein solution with PB, gradual 

desorption of 674 ng/cm2, corresponding to ~16%, took place. This left behind 3,458 ng/cm2 

as calculated by using Sauerbrey equation, which underestimates the adsorbed mass. Using 

the adsorption profile, information on mass and thickness variations was extracted using 

Voigt viscoelastic modeling. Using this model, the initial adsorption of fibrinogen was 

significant, ~13,000 ng/cm2, much higher than that predicted by Sauerbrey approximation, 

but showed a mass loss of~14%, very similar to that predicted by Sauerbrey. The initial rapid 

adsorption event resulted in adsorption of ~60 nm fibrinogen, which gradually increased until 

~90 nm.  Most interestingly, the adsorption of fibrinogen at pH 7.0 took place even at the 
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wrong side of pI (pI = 5.5). At this pH, fibrinogen has a net negative charge, which offers 

electrostatically repulsive conditions for adsorption on sulfonated surfaces. This observation 

has been reported in prior literature.46–50 The adsorbed fibrinogen mass was significantly 

higher than that calculated from a closed-pack protein monolayer, which corresponds to 240 

ng/cm2 for a side-on orientation and to 2260 ng/cm2 for an end-on orientation.51–53  

In contrast to adsorption events at pH 7.0, adsorption mass, time scales of adsorption 

as well as desorption events differed significantly. The initial drop in frequency leveled off 

between 20-30 min followed by further decrease in frequency although at a much slower 

rate. While the adsorption of fibrinogen at pH 7.0 did not reach equilibrium after 130 min, 

the adsorption at pH 4.0 was close to equilibrium around 60 min. This is primarily because at 

pH 7.0 the wet mass of adsorbed fibrinogen was ~4131 ng/cm2 compared to 2988 ng/cm2 

adsorbed for pH 4.0. The smaller amount of fibrinogen captured at lower pH accounts for 

differences in equilibration time, since lower adsorption at lower pH drove the system much 

faster relative to higher pH. The exposure of poly(SVBS-co-HEMA) surfaces to PB after 

fibrinogen adsorption resulted in desorption of ~80 mg (~2.67%) with net irreversible 

fibrinogen binding of ~2908 ng/cm2. 

QCM-D analysis for adsorption of BSA on poly(SVBS-co-HEMA) surfaces showed 

negligible frequency changes upon injection of 1 mg/ml BSA solution at pH 7.0. This is in 

sharp contrast to results of adsorption at pH 4.0, where frequency changes showed a rapid 

decrease at early times of the experiment. A temporary desorption event occurred after early 

saturation, followed by further adsorption of BSA at a much slower time scale. Further 

exchanging the protein solution with PB at the end of 65 min, resulted in negligible 
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desorption. The solvated mass calculated using Voigt model after 65 min adsorption and that 

after rinsing with buffer corresponded to 3300 ng/cm2 and 2990 ng/cm2, respectively, which 

accounts for 9% protein desorption. However, the solvated mass after adsorption and rinsing 

corresponded to 79 ng/cm2 and 0.24 ng/cm2, respectively, suggesting ~100% desorption of 

BSA at pH 7. Clearly, pH dependence of BSA adsorption on poly(SVBS-co-HEMA) is 

corroborated by two key trends: higher adsorption and higher retention of BSA at pH 4 

relative to pH 7. This is because changing pH further away from the isoelectric point of BSA 

(pI 4.7), where zero net-charge condition exists, induced higher charges in BSA. This 

promoted protein-protein repulsive interactions in the adsorption process. This particular 

observation of reduced protein adsorption at pH values away from the isoelectric point was 

apparent for lysozyme as well as fibrinogen. This is further corroborated by desorption 

events, which were more pronounced at pH 7 (~100% loss) compared to pH 4 (12% loss). 

Due to the presence of high protein-protein repulsive interactions at pH 7, BSA can be 

assumed to be loosely held within the adsorbed layer. Introducing buffer resulted in loss of 

these loosely held proteins at pH 7.0, whereas the loss was negligible at pH 4.0, due to 

relatively less electrostatically repulsive conditions within the adsorbed layer. This trend was 

reported previously for BSA adsorption on hydrophilic silica substrate, which was highest at 

pH 5.0 compared to pH 3 and 7.54  Compared to lysozyme and fibrinogen, the affinity of the 

surfaces to BSA was minimal. Using Voigt thickness model and the dimensions of BSA (14 

nm in major axis and 4 nm in minor axis, cross-section area of ~56 nm2)54,55 and assuming a 

densely grafted copolymer surface, quantitative information about the size scale of adsorbed 

BSA can be determined. For a layer density of 1.3 g/cm3, the thickness of adsorbed BSA 
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layer at pH 4.0 (3330 ng/cm2 to 2990 ng/cm2) and pH 7.0 (79 ng/cm2 to 0.24 ng/cm2) are ~26 

to 23 nm and less than 1 nm, respectively. The representative thickness of ~24 nm is above 

each of the two axial dimensions of BSA, confirming the ability of poly(SVBS-co-HEMA) to 

adsorb BSA.   

2.4.5 Protein Adsorption on Nonwoven Fabrics 

Polybutylene terephthalate nonwoven fabrics (PBT-NF) were prepared using 

meltblowing technology at different air flow rates, resulting in different average fiber 

diameter and basis weight. Fabrics with basis weight of 18 grams per m2 were chosen for this 

work. The chemical composition of poly(SVBS-co-HEMA) copolymer grafted from the 

surface of PBT was assessed by XPS, which probes a depth of ~10 nm. Figure 2.6a shows 

survey scans for PBT-NF and PBT-NF grafted with poly(SVBS-co-HEMA) copolymer for 

different reaction times (2 and 8 h). For the reference PBT-NF, the scans revealed two 

distinct signals, corresponding to carbon at 285 eV and oxygen at 532 eV. The calculation of 

the area under the curves indicated surface concentrations of 73% carbon and 27 % oxygen, 

very close to theoretical concentration of 75% carbon and 25% oxygen calculated from the 

number of atoms present in the repeat unit of the polymer. The growth of poly(SVBS-co-

HEMA) resulted in signals at 1072.2 eV and 168.7 eV, corresponding to sodium and sulfur, 

respectively, providing strong evidence for the presence of the copolymer on the surface. 

However, the concentrations of sodium and sulfur on the surface showed very weak 

dependence on the reaction time. For PBT-NF grafted for 2 h, sodium and sulfur contents 

were 2.6 % and 2.2 %, respectively, compared to PBT-NF grafted for 8 h, which showed 

sodium and sulfur contents of 3.4% and 2.6 %, respectively (Figure 2.6b). The increase in 
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O/C ratios from 0.36 for PBT-NF to 0.49 and 0.52 for PBT-NF grafted for 2 and 8 h 

corroborates successful grafting of the copolymer. Qualitative changes in surface 

hydrophilicity of PBT-NF were tested using sessile drop experiments. A drop of water on the 

surface of PBT-NF sat atop with a water contact angle (WCA) of ~102o and rolled off the 

surface, revealing its hydrophobic nature. Deposition of TMSC made the PBT-NF more 

hydrophobic, with WCA of ~112o, and subsequent hydrolysis rendered the PBT-NF 

hydrophilic, with significant reduction in WCA to ~43o. After immobilization of 2:8 

poly(SVBS-co-HEMA), the modified PBT-NF showed a wicking behavior further showing 

its hydrophilicity (Figure A.8). The morphology of the fabrics shown in Figure 2.7 reveal no 

significant changes in average fiber diameter, from ~10 µm for PBT nonwoven fabric to ~11 

µm for PBT post hydrolysis, which further increases to ~22 µm for PBT grafted with 2:8 

poly(SVBS-co-HEMA).  

Static binding of lysozyme on the reference and grafted nonwoven fabric were 

studied by incubating the fabrics in lysozyme solution (0.3 mg/ml in 10 mM PBS at pH 7.4) 

for times ranging between 2 to 22 h as shown in Figure 2.8. The copolymer was grafted on 

the fabric using three different grafting times, namely, 2, 6 and 8 hours. For all fabrics, 

protein adsorption took place rapidly, on very short time scales, and adsorption reached 

saturation after 22 h. The reference, unmodified fabric immersed for 2, 6 and 22 h showed 

adsorption amounts equivalent to 1.2 ± 0.8, 1.1 ± 0.45 and 1.2 ± 0.32 mg lysozyme per gram 

of fabric, respectively. The results indicate negligible dependence on immersion time. 

Similar trends were observed for fabrics grafted with poly(SVBS-co-HEMA) for different 

reaction times. While longer immersion times did not improve protein capture, longer 
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grafting times resulted in higher lysozyme adsorbed mass. For grafting times of 2, 6 and 8 

hours, the amount of lysozyme adsorbed increased from 1.2 ± 0.8 (reference fabric) to 7 mg, 

7.5 mg and 8.9 mg ± 0.7 mg lysozyme per gram of fabric, respectively. Therefore, lysozyme 

adsorption on PBT nonwoven fabrics was clearly enhanced by modification with 2:8 

poly(SVBS-co-HEMA). 

2.5 Conclusions 

Modification of inert polyester substrates for protein immobilization presents 

challenges and existing physical and chemical methods are harsh or result in degradation. In 

this work, polyester was successfully modified by activating the surface with trimethyl 

cellulose followed by vapor-phase acid-hydrolysis, which generated reactive hydroxyl 

groups. This facilitated copolymer grafting via ARGET-ATRP. We found that PBT, became 

hydrophilic after activation and, upon copolymer attachment, it adsorbed higher amounts of 

lysozyme compared to unmodified PBT. The grafted copolymer containing 20% SVBS and 

80% HEMA (2:8 poly(SVBS-co-HEMA)) displayed a maximum adsorption capacity. The 

2:8 poly(SVBS-co-HEMA) surfaces were regenerated after lysozyme adsorption by 

introducing combinations of different electrolyte solutions at pH 7.4, as shown by 

experiments with quartz-crystal microgravimetry. The adsorption of various proteins – 

lysozyme, fibrinogen and bovine serum albumin – showed strong pH dependence, with 

fibrinogen and BSA adsorbing on the ‘wrong side’ of the isoelectric point under 

electrostatically repulsive conditions. The pH-dependent behavior is due to repulsive protein-

protein interactions, which is more pronounced further away from the isoelectric point. The 

proposed surface modification was translated to PBT nonwoven fabrics, which showed 
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lysozyme binding capacity of up to ~9 mg/g fabric, remarkably higher compared to 

unmodified PBT nonwovens. The proposed approach is an attractive alternative for imparting 

protein-adsorption functionality on polyesters.  
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Figure 2.1 Schematic illustration of preparation of poly(SVBS-co-HEMA) on PBT using 
two different methods: Method 1 employs TMSC as an anchoring layer before initiator 
immobilization and Method 2 immobilizes initiator directly on PBT substrates.  
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Figure 2.2 (a) Changes in wettability of PBT on Si-wafer upon surface modification, and (b) 
real-time adsorption of lysozyme (5 mg/ml in 10 mM PBS (with 150 mM Na+) at pH 7.4) on 
three different surfaces – PBT, PBT-g-poly(SVBS-co-HEMA) (8:2) (Method 1) and PBT-g-
poly(SVBS-co-HEMA) (8:2) (Method 2). At 10 minutes, lysozyme solution in PBS (10 mM 
with 150 mM Na+) was injected into the system and at 60 minutes the system was rinsed with 
same buffer. 
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Table 2-1 Adsorption parameters of lysozyme (5 mg/ml in 10 mM PBS at pH 7.4) on control 
PBT thin films, and poly(SVBS-co-HEMA) 8:2 grafted on PBT using method 1 (with 
TMSC) and method 2 (without TMSC) 

 
Method -Δfads 

(Hz) 
*Δmads 
(ng/cm2) 

-Δfdes 
(Hz) 

Δmdes 
(ng/cm2) 

-Δftotal 
(Hz) 

Δmtotal 
(ng/cm2) 

Desorption 
(%) 

- 39 230 13 77 26 153 33 
TMSC 112 661 47 277 65 384 42 
no TMSC 44 260 11 65 33 195 25 

 
*All masses correspond to Sauerbrey mass for rigid layer derived using third overtone  
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Figure 2.3 (a) The effect of SVBS:HEMA copolymer ratio on the wettability of grafted 
surfaces, (b) Real-time adsorption of lysozyme (1 mg/ml in 10 mM PBS at pH 7.4) on 
surfaces with different ratios of SVBS: HEMA. 
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Table 2-2 Adsorption parameters of lysozyme (1 mg/ml in 10 mM PBS at pH 7.4) on PBT 
for various copolymer ratio (SVBS: HEMA) in poly(SVBS-co-HEMA) 

 
(SVBS: 
HEMA) 

-Δfads  
(Hz) 

Δmads 
(ng/cm2) 

-Δfdes 
(Hz) 

Δmdes 
(ng/cm2) 

-Δftotal 
(Hz) 

Δmtotal 
(ng/cm2) 

Desorption 
(%)  

10:0 (0 % 
HEMA) 62.41 368 10.77 64 51.64 305 17 
8:2 (20% 
HEMA) 94.29 556 20.6 122 73.69 435 22 
5:5 (50% 
HEMA) 162.28 957 85.52 505 76.76 453 53 
2:8 (80% 
HEMA) 443.5 2617 349.2 2061 94.27 556 79 

 
*All masses correspond to Sauerbrey mass for rigid layer derived using third overtone  
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Figure 2.4 (a) Lysozyme adsorption on 8:2 poly (SVBS-co-HEMA) from bulk concentration 
of 1 mg/ml in 10 mM PB and PBS at pH 7.4. Desorption of lysozyme was achieved using 
respective buffers, and (b) lysozyme adsorption on 2:8 poly (SVBS-co-HEMA) from bulk 
concentration of 1 mg/ml in 10 mM PB, followed by desorption using PB and PBS showing 
surface regeneration capability. 
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Figure 2.5 Effect of pH on adsorption of BSA, fibrinogen and lysozyme (1 mg/ml in 10 mM 
PB): (a) adsorption of BSA, fibrinogen and lysozyme at pH 7.0 and (b) at pH 4.0. Adsorption 
experiments were performed on 2:8 poly(SVBS-co-HEMA) surfaces grafted for 2 h. 
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Figure 2.6 (a) XPS scans for PBT nonwoven fabric (reference) and PBT grafted with 2:8 
poly(SVBS-co-HEMA) for different times (2 and 8 hours), and (b) elemental composition 
showing presence of sodium and sulfur after grafting PBT with 2:8 poly(SVBS-co-HEMA), 
confirming the presence of the copolymer. 
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Figure 2.7 (a) Morphology of PBT nonwoven fabric (A), PBT nonwoven fabric after 
treatment with TMSC followed by hydrolysis (B) and PBT nonwoven fabric after grafting 
2:8 poly(SVBS-co-HEMA) (C). 
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Figure 2.8 Effect of ATRP grafting and immersion time on adsorption of lysozyme (0.3 
mg/ml in 10 mM PBS at pH 7.4) on PBT nonwoven fabric modified with 2:8 poly(SVBS-co-
HEMA). 
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Chapter 3 Modulating Gelation Kinetics and Mechanical Properties of Photocurable 

Poly(vinyl alcohol) Derivative through Network Formation Using 

Cellulose Nanocrystals 

3.1 Abstract 

The absence of control over crosslinking kinetics and mechanical integrity of 

photocrosslinkable polymers limits their use in several applications.  We report a simple 

technique utilizing cellulose nanocrystals (CNC) to modulate crosslinking kinetics as well as 

enhance mechanical performance of aqueous photoactive polyvinyl alcohol derivative, poly 

(vinyl alcohol), N-methyl-4 (4’-formylstyrl) pyridinium methosulfate acetal (PVA-SbQ). The 

interactions between PVA-SbQ and CNC present in dispersions prepared using simple 

solution mixing facilitated network formation. The resulting changes in rheological behavior 

of PVA-SbQ were studied before and after exposure to UV at a fixed intensity of 10 

mW/cm2. We found that inclusion of CNC’s above a critical threshold concentration between 

1-1.5 wt.% results in a percolated CNC network before UV-exposure, further corroborated 

using Van Gurp Palmen and Cole-Cole plots as signatures for percolation. The structure 

build-up after UV exposure studied using in-situ dynamic photo-crosslinking experiments 

reveals alterations in gelation kinetics and mechanical strength of neat systems. The 

crossover times of storage (G’) and loss moduli (G”) increased with CNC content less than 

1.5 wt.% but dramatically reduced above 1.5 wt.%. A steep jump in the storage modulus of 

fully-crosslinked networks representative of percolation with critical threshold concentration 

(~1.4 wt.%) as well as ~131% increase in storage modulus (G’) at 2.5 wt.% CNC was 

observed. The results point to the existence of microstructural changes wherein the polymer-
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CNC interactions induce a percolated microstructure that allows efficient stress transfer. The 

induced percolation mechanism can be utilized in the design of photocrosslinkable systems 

for applications requiring mechanical reinforcement.  

3.2 Introduction 

The formation of three-dimensional networks of crosslinked polymers for 

applications such as coatings,1 adhesives,2 tissue engineering,3,4 and 3-D printing5–9 has been 

realized through the use of synthetic polymers such as polyvinyl (alcohol) (PVA),10,11 poly 

(ethylene oxide) (PEO)12 and poly (acrylic acid) (PAA)13–15 as well as natural biopolymers 

such as cellulose,16,17 chitosan18 and alginates.19 These networks are typically formed using 

physical crosslinking via the use of ionic interactions and hydrogen bonding, and chemical 

crosslinking approaches using free radical and photo-polymerization techniques.20 Typically, 

photocrosslinkable systems consist of monomers, oligomers, and photoinitiators that undergo 

series of radical generation and monomer addition in the presence of UV light to form highly 

insoluble and infusible interconnected 3-D architectures.21,22 However, polymers with 

inherent photosensitivity are attractive additions to the library of photocrosslinkable 

polymers. These possess light-sensitive photocrosslinkable moieties that undergo 

intermolecular crosslinking upon exposure to light, forming interconnected networks in the 

process.. One such commercially available, water-soluble, photocrosslinkable polymer of 

interest to us is PVA-SbQ, synthesized via substitution of pendant hydroxyl groups on the 

PVA backbone with photoactive styrlpyridinium (SbQ) moiety, which is sensitive to UV 

emitting light, acting as crosslinkable domains.23–25 While negating the need for external 

photoinitiators, oligomers and monomers, the addition of modest amounts of SbQ ranging 
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between 0.1 to 4 mol% to the PVA backbone offers very high photosensitivity relative to 

conventional photoresists,23–25 simultaneously maintaining physical and chemical 

characteristics of PVA such as biocompatibility and water resistance.26 The precise 

mechanism of crosslinking was contested until high-resolution spectral analyses undertaken 

to probe precise nature of photo crosslinking mechanism revealed a blue shift in the 

absorption spectra to ~325 nm, referred to as the H-band, arising due to intramolecular H-

aggregation even in dilute solutions.27–29 The photo dimerization of the double bonds in the 

presence of UV emitting light at ~365 nm produces a three-dimensional structure that 

partially swells but does not disassociate in aqueous solutions.  PVA-SbQ has been used for 

immobilization of enzymes,30,31 cell entrapment,32 crosslinkers in systems containing 

hyaluronic acid to enhance mechanical properties,33 photopolymer emulsions for screen-

printing, and bio printable ink formulation.27 However, these systems are often limited by 

weak mechanical performance, and further require implementations of strategies to reinforce 

their mechanical properties.  

Several strategies have been utilized to increase the strength of crosslinked networks, 

including the inclusion of nanoparticles,34–37 double-network formation38 and use of 

interpenetrating networks.39,40 Herein, we report use of biodegradable, rod-like cellulose 

nanocrystals (CNC) to achieve mechanical reinforcement via percolation mechanism. 

Cellulose nanocrystals are unique materials, which can form gels depending on the amount 

and presence of adsorbing or non-adsorbing polymers. For instance, the interaction of rod-

shaped nanocrystalline cellulose with two water-soluble polymers, non-ionic hydroxyethyl 

cellulose (HEC) and ionic carboxymethyl cellulose (CMC) investigated using viscoelastic 
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rheological measurements and isothermal titration calorimetry revealed gel-like structures 

with yield stresses, which was attributed to depletion flocculation due to the presence of non-

adsorbing polymers.41 The gelation concentration was reduced after addition of small 

amounts of adsorbing polymers such as non-ionic polysaccharides which increased the 

effective volume fraction of CNC dispersions, causing gelation at much lower 

concentration.42 The interaction of two water-soluble polymers, anionic sodium polyacrylate 

(PAAS) and non-ionic polyethylene glycol (PEG) on self-assembly of commercial CNC 

suspension, studied using quartz-crystal microbalance revealed adsorption of PEG onto CNC 

most likely due to steric stabilization and hydrogen bonding between CNC’s and PEG, but no 

adsorption of PAAS onto CNC due to unfavorable electrostatic interactions.43 However, 

studies have demonstrated that hydrogen bonding does not play an important role because the 

cellulose surface hydroxyl groups are not sufficiently acidic to form hydrogen bonds with 

oxygen in aqueous PEG, and the adsorption is rather entropically driven.44 Depletion 

flocculation was the primary reason for gelation behavior of semi-dilute CNC’s in semi-

dilute un-entangled carboxymethyl cellulose solutions, whereas weak depletion interactions 

occurred in systems with PEO after surfaces were saturated with PEO adsorption.45 These 

interactions between water-soluble polymers and cellulose nanocrystals can be used in the 

design of new systems that require mechanical reinforcement via favorable polymer-CNC 

interactions. 

To improve the weak mechanical performance associated with traditional 

photopolymer crosslinking, we utilize rigid, rod-like cellulose nanocrystals that form sample 

spanning networks above a critical concentration. By combining negatively charged CNC 
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with positively charged PVA-SbQ, networks with high elastic moduli can be obtained. The 

presence of negatively charged CNC in salt-free aqueous solutions of positively charged 

PVA-SbQ induces favorable electrostatics, forming percolated microstructures beyond a 

critical concentration, above which the host polymer no longer dominates rheological 

properties, and improves systems that are limited by weak mechanical performance. This 

study aids in the development of photo-curable polymers, simultaneously exhibiting 

controllable kinetics and mechanical properties, for potential applications in hydrogels, UV-

based gel spinning, and 3D printing.  

3.3 Materials and Methods  

3.3.1 Materials  

Poly (vinyl alcohol), N-methyl-4 (4’-formylstyrl) pyridinium methosulfate acetal 

((PVA-SbQ), MW ~ 45,000 g/mol and 4.1 mol % SbQ content, 13.3 wt.% in water, 

Polysciences Inc., Warrington, PA) and cellulose nanocrystals ((CNC), length of 100 nm, 

width of 5 nm, University of Maine Process Development Center, U.S.A) were used as 

received. Prior to preparing solutions, CNC powder was dried in a vacuum oven for 2 days at 

120oC. 

3.3.2 Preparation of PVA-SbQ/CNC Solutions 

5 wt.% homogeneous stock solution of well dispersed CNC’s in deionized water was 

prepared by adding deionized water to the CNC’s, and vortex mixing for 1-2 minutes to 

break down large aggregates. After vortex mixing the aqueous CNC solution was sonicated 

in a bath sonicator (8510 Branson, U.S.A) for 4 hours. Following sonication, which produced 

a homogeneous dispersion of CNC’s, the solution was further vortex mixed to ensure a 
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homogenous suspension which was stored in a refrigerator at 4 °C to hinder particle settling. 

After 30 days, there was no evidence of CNC’s settling in the stock solution. Aqueous 

solutions of PVA-SbQ with well-dispersed CNC’s were made by diluting the stock 

concentrations of aqueous CNC and PVA-SbQ to the desired levels. The PVA-SbQ/CNC 

solutions were then vortex-mixed for 30 seconds. Afterwards, the vials were wrapped in 

aluminum foil to prevent trace UV light exposure and placed on a stir plate for 6 hours. 

Following stirring, the PVA-SbQ/CNC solutions were sonicated for 1 hour. All solutions 

were stored in a refrigerator at 4 °C. Samples were taken out of the refrigerator and stirred for 

40 minutes prior to any experiments. All experiments were completed within 7 days after 

sample preparation. To prevent temperature-induced artifacts such as aggregation, heating 

and reverse esterification, sonication was performed using an ice-bath.  

3.3.3 Rheological Measurements and Characterization 

All rheological experiments were performed on a stress-controlled Discovery Hybrid 

Rheometer-2 manufactured by TA Instruments (New Castle, DE). A 20 mm aluminum 

parallel-plate was selected as the top geometry. A UV photo-curing attachment with a 

transparent, acrylic bottom plate was used to administer controlled dosages of UV light 

(λ=365 nm) to each sample and collect in-situ data during photo-crosslinking. UV radiometer 

(Silver Line) was used to calibrate the intensity of UV light before each experiment. Samples 

were exposed to UV light with an intensity of 10 mW/cm2 at the beginning of each time 

sweep, and the UV light was turned off at the end of each time sweep. The frequency of 

dynamic oscillation fixed (10 rad/s) throughout each time sweep. The photo-crosslinking 

reaction was found to proceed much faster at lower intensities with a smaller gap, which can 
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be attributed to the exponential decay of observed intensity through the sample1 (i.e. I (x) = Io 

e-αx where I is the observed intensity, Io is the applied intensity, α is the decay factor and x is 

the material thickness). A gap of 500 microns was set for all experiments because it is the 

lower limit of the acceptable gap range (specified by TA instruments) for 20 mm parallel 

plate geometry. Before conducting dynamic experiments, stress sweeps were performed to 

ensure that the parameters selected for each solution would be within their corresponding 

linear viscoelastic regimes. To ensure consistency across samples, measurements were 

performed after pre-shearing samples at 10 rad/s for 10 s and equilibration time of 10 s. 

Particle size and zeta potential of cellulose nanocrystals with and without PVA-SbQ were 

obtained using a zeta potential analyzer (Zeta2000, Malvern Instruments, U.S.A.) equipped 

with a 4.0 mW He-Ne laser (λ=633 nm). Reported values are average of six independent 

measurements. Entanglement concentration regime of PVA-SbQ was confirmed by 

electrospinning solutions of PVA-SbQ ranging between 1-10 wt.%. The solutions in a syringe 

were loaded in a syringe pump (Model No. 2345) that set the flow rate at 0.5 ml/h. A high 

voltage power supply (Model No. 1721) was used to impart voltage of 15 kV at the needle 

tip. The fibers were collected on aluminum foil-wrapped grounded stationary collector plate 

10-15 cm away from the needle tip. The experiments were carried out at room temperature 

(20-25oC) and relative humidity 20-30%. The morphology of resulting nanofibers was 

investigated under scanning electron microscope (FEI Verios 460L). Nanofibers were pressed 

on a carbon tape fixed to the sample holder, sputtered coated with ~ 7 nm layer of Pd before 

imaging. 
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3.4 Results and Discussion 

Understanding of precise mechanism by which CNC’s alter rheological behavior of 

PVA-SbQ relies first on the determination of whether salt-free aqueous solutions of PVA-

SbQ behaves rheologically as a neutral polymer or as a polyelectrolyte, and then on the 

determination of its entanglement regime using simple steady shear rheology combined with 

scaling principles based on neutral polymers and polyelectrolytes. In semi-dilute unentangled 

and semi-dilute entangled regime for neutral polymer, viscosity scales with concentration to 

the 2 and 4.7 power respectively, in sharp contrast to polyelectrolytes for which viscosity 

scales with concentration to 0.5 and 1.5 power, suggesting weak concentration dependence 

on viscosity for polyelectrolytes compared to neutral polymer.46–50 Figure 3.1a shows the 

concentration effect of salt-free aqueous solutions of PVA-SbQ on the shear rheology across 

three decades of shear rate (100-103 s-1), often used to find entanglement concentration. At 

low concentration (< 2 wt.%), the viscosity of PVA-SbQ resembles that close to water (10-3 

Pa-s) and the effect of increasing concentration to 10 wt.% is to increase the viscosity by 

three decades (close to 0.5 Pa-s). However, the viscosity curves, despite the addition of PVA-

SbQ, maintain their Newtonian behavior irrespective of polymer concentration.   

Typically, shear thinning of polymer solutions is more pronounced in highly 

concentrated systems or melts compared to dilute solution; however, PVA-SbQ is 

rheologically unique because, at shear rates lower than 1 s-1, there is evidence of a lack of or 

minor shear thinning and a plateau at higher shears rates. Since measurements at low shear 

rates to obtain zero-shear rate viscosity were experimentally inaccessible due to inadequate 

signals from the sample, the viscosity at higher accessible shear rates was used to obtain 
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specific viscosity.  The log-log plot of specific viscosity versus polymer concentration to 

determine the entanglement concentration (Figure 3.1b) reveals slopes of 2.2 and 4.9 in 

excellent agreement with scaling relationships proposed by Dobyrn for neutral polymers, as 

opposed to those for polyelectrolytes, in semi-dilute unentangled and semi-dilute entangled 

regime51. The neutral polymer type behavior could be explained by the low amount (4.1 

mol%) of charged N-methyl-4(4’-formylstyrl) pyridinium methosulfate acetal group, which 

is not sufficient to impart a polyelectrolyte character. The entanglement concentration (Ce) 

for PVA-SbQ is determined at 4.8 wt.%, and corroborated using electrospinning, showing 

beaded fibers for concentrations less than 5 wt.% compared to smooth, uniform, bead-free 

fibers obtained at concentrations above critical entanglement concentration (6 wt.%.).  

The physical properties and surface characteristics of CNC used in this work have 

been characterized thoroughly in the previous literature.43 Atomic force microscopy 

measurements reveal an aspect ratio of 41±14 nm, very close to manufacturers values 

between 30-40 nm.43 Bath sonication, which breaks the aggregates, is used to prepare dilute 

dispersions of these rod-like particles (< 1 wt.%) to understand its aggregation state and 

contributions to viscosity. At low concentrations (<1 wt.%), sonication was able to make a 

homogeneous dispersion. The hydrodynamic characteristics of 0.1 wt.% CNC’s obtained 

using dynamic light scattering measurements shown in Table 3.1 reveal hydrodynamic size 

~91 nm and a zeta potential of -42.8 due to negative charges on the surface. The theoretical 

hydrodynamic radius, calculated using combinations of Stokes-Einstein and Kirkwood and 

Riseman,52 for CNC’s of length 150-200 nm and aspect ratio of 30-40 is between 22.1 and 

27.1 nm, suggesting that CNC’s are not individually dispersed but shows appreciable 
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aggregation. In addition, dispersions of 0.5 wt.% CNC’s reveal hydrodynamic size of ~70 nm 

and much a higher zeta potential of -53.6, suggesting that addition of CNC’s did not increase 

the extent of flocculation, instead added additional negative charges facilitating further 

stabilization due to electrostatic repulsion. This addition increases the conductivity from 0.04 

mS/cm to 0.08 mS/cm and from 0.08 mS/cm to 0.13 mS/cm for dispersions containing 0.1 

wt.% and 0.5 wt.% CNC’s respectively.  

Furthermore, contributions of CNC’s to viscosity in the dilute regime can be used to 

determine their aspect ratio, which otherwise is typically determined using microscopy 

techniques. The steady-shear rheological behavior of dispersions containing rod-like 

structures such as CNC’s is predominantly influenced by stresses related to the suspending 

medium as well as the particle. In very dilute dispersions, where colloidal interactions can be 

neglected, the contribution to viscosity is a consequence of the balance between Brownian 

and hydrodynamic forces, and additional particle properties such as particle size, particle 

shape, particle size distribution, particle stiffness and particle deformability - its tendency to 

align into ordered phase under shear flow. Assuming dispersions contain homogeneous, 

cylindrical, stiff rod-like structures, the intrinsic viscosity of CNC’s, which is approximately 

~40 ml/g determined using Huggins plot shown in Figure 3.2a, is predominantly due to extra 

energy dissipation arising from non-spherical nature of particles.53 Simha’s equation, which 

captures the effect of particle shape on intrinsic viscosity, combined with the experimental 

value of intrinsic viscosity reveals an axial ratio of the ellipsoid (aspect ratio) of ~25 nm.54,55  

The interaction between dilute CNC’s and PVA-SbQ was further studied using 

scattering experiments and visual representative images.  The hydrodynamic size and zeta 
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potential of the initial dispersion of 0.1 wt.% CNC increased from ~91 nm and -42.8 mV 

respectively to ~349 nm and 22.2 mV upon addition of 100 µM aqueous solutions containing 

PVA-SbQ. The increase in hydrodynamic size and a positive zeta potential implies the 

presence of excess PVA-SbQ forming attractive electrostatics resulting in an aggregated 

structure, confirmed visually in representative images shown in Figure B.1.  The influence of 

100 mM NaCl was much milder than 100 µM PVA-SbQ, resulting in zeta potential of -17.9 

mV indicating much higher stability in NaCl compared to PVA-SbQ as shown in 

representative images, with NaCl systems showing less aggregation (Note: size 

measurements could not be calculated due to excess aggregation). The addition of 100 mM 

NaCl followed by 100 µM PVA-SbQ results in unstable dispersions, appearing as dense 

white opaque dispersion indicative of larger particle size. Similarly, for dispersions 

containing 0.5 wt.% CNC, the initial hydrodynamic size and zeta potential of increased from 

~70 nm and -53.6 mV to ~150 nm and -33.5 mV respectively after addition of 100 µM PVA-

SbQ as shown in Table 3.1. The addition of 100 mM NaCl resulted in reduced destabilization 

relative to PVA-SbQ, resulting in zeta potential of -26.7 very similar to observations made 

for 0.1 wt.%. These quantitative observations are further verified qualitatively using 

representing images, which show subsequent destabilization after addition of NaCl followed 

by PVA-SbQ.  

We further proceed to examine the rheological behavior of CNC’s as an extension of 

previous work done by several researchers. Representative images of dispersions of CNC’s 

between 0.1 wt.% and 10 wt.% are shown in Figure B.2, with dispersions less than 6 wt.% 

showing liquid-like characteristics, and gel-like characteristics at concentrations higher than 
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6.7 wt.%. Figure 3.2b shows aspects of the concentration effect of CNC’s on the shear 

rheology across five decades of shear rate (10-2-102 s-1). The most prominent features for 1-3 

wt.% CNC include a small Newtonian plateau for 1 wt.%, which disappears at higher 

concentrations, steep shear-thinning region at low shear rates, with a short plateau at medium 

shear rate (~1 s-1), and further shear-thinning region at higher shear rates, but less steeper, 

commonly attributed to lyotropic polymer liquid crystals. The appearance of plateau region 

at medium shear rates, however, becomes less pronounced for 6.7 wt.% and slopes of shear 

thinning regions at low and high shear rates become similar. This behavior has been the 

subject of many previous rheological studies and has been attributed to gel formation, which 

impedes the formation of chiral-nematic ordered phases.53,56,57 The precise nature of the 

plateau region and its dependence on experimental parameters is beyond the scope of this 

paper. The concentration of CNC’s to form PVA-SbQ composites will be limited to less than 

3 wt.% where it exhibits solution-like behavior.  

With the entanglement concentration of PVA-SbQ established at 4.8 wt.%, and 

solution-like behavior observed for CNC at less than 3 wt.%, rheological measurements with 

varying amounts of CNC’s less than 3 wt.% were used to study the influence of CNC on the 

microstructure and later on the photo-crosslinking dynamics of salt-free aqueous solutions of 

PVA-SbQ (6 wt.%). The effect of CNC’s on microstructure can be first understood via 

simple shear rheology by measuring stresses in response to imposed shear rates. As shown in 

Figure 3.3, the presence of low concentration CNC in aqueous solution of PVA-SbQ (6 

wt.%) shows a Newtonian behavior, with visible deviations arising at concentrations around 

1.5 wt.%, showing non-linear behavior. This non-linear behavior is fitted using Herschel-
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Bulkley model containing three adjustable parameters including yield stress (τo), the 

consistency index parameter (K), and flow behavior index (n). The fitting results, tabulated in 

Table 3.2, reveal an absence of apparent yield stress for concentrations below 1.5 wt.%, with 

yield stresses varying between 0.01 Pa to 0.06 Pa. Similarly, across the CNC concentration 

range below 1.5 wt.%, the consistency index varies between 0.04 – 0.36 Pa-sn, and flow 

behavior index varies between 0.998 to 0.771 suggestive of initial Newtonian behavior 

followed by shear thinning behavior in the presence of CNC’s. Above 1.5 wt.% CNC, 

however, a measurable increase in yield stress of 1.14 Pa for 1.8 wt.% CNC is observed, 

which further increases to 8.61 Pa for systems containing 2.1 wt.% CNC. Therefore, at a 

threshold concentration of 1.5 wt.%, the system showed high shear thinning behavior (n = 

0.572 and 0.455) with measurable yield stresses. Furthermore, shear stress measurements as a 

function of concentration also reveal the presence of transition concentration (~1.5 wt.%), at 

which the initial lack of dependence of shear stress on concentration changes drastically, as 

shear stresses in the material rise exponentially.  

The storage modulus (G’) and loss modulus (G”), as well as complex viscosity, as 

functions of frequency for neat PVA-SbQ and PVA-SbQ containing varying amounts of 

CNC’s, are shown in Figure 3.4. The viscoelastic behavior of salt-free aqueous solutions of 6 

wt.% PVA-SbQ shown in Figure 3.4a reveals a response typical of polymers in the terminal 

regime with G’~ω2 and G”~ ω. Liquid-like behavior is observed at low frequencies as G” is 

greater than G’, with the transition from liquid-like to solid-like occurring at ~1.5 rad/s 

corresponding to a relaxation time of ~0.7 seconds, followed by solid-like behavior at higher 

frequencies as G’ is greater than G”. The addition of 1 wt.% CNC changes the slope of G’ in 
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the terminal regime from 2 to 1.43, suggesting a much smaller frequency dependence due to 

the formation of solid microstructure that imparts resistance to deformation at low 

frequencies. The slope shows remarkable decrease to 0.50 for systems containing 1.5 wt.% 

CNC, and a further increase in CNC’s causes progressive decrease in slopes, eventually 

scaling with G’~ ω0.21 for maximum CNC loading of 3 wt.%. The addition of CNC’s results 

in favorable polymer-CNC interactions forming gel-like interconnected structures, and 

absence of G’ and G” crossover indicative of structures with infinite relaxation times. In 

addition, the complex viscosity plots shown in Figure 3.4b reveals a long plateau at low 

frequencies for neat PVA-SbQ with minor shear thinning occurring at higher frequencies. 

Addition of 1 wt.% CNC results in an order of magnitude increase in complex viscosity from 

~10-1 Pa-s to ~1 Pa-s, while still showing a zero shear plateau at lower frequencies and minor 

shear thinning at higher frequencies.  

The complex viscosity of CNC incorporated systems also corroborate the frequency 

sweep results - a relatively flat Newtonian behavior exhibited by PVA-SbQ shows dramatic 

shear-thinning behavior after addition of CNC’s at and above 1.5 wt.% as the viscosity is no 

longer dominated by the host polymer alone, but by the presence of attractive polymer-CNC 

and CNC-CNC interactions. At low shear rates, viscosity increases across 2 decades, relative 

to neat systems, to ~20 Pa-s after incorporation of 1.5 wt.% CNC, which further increases to 

greater than ~1000 Pa-s at 0.1 rad/s for maximum loading of 3 wt.% CNC. The shear 

thinning behavior in the presence of CNC’s, which is attributed to the alignment of CNC’s at 

higher frequencies, becomes more pronounced as evident from the increase in the slope of 

shear-thinning region from -0.14 for neat PVA-SbQ up to -0.79 for CNC-loaded PVA-SbQ. 
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As η*~ ωn-1, the relaxation exponent extracted from the slope is consistent with values 

obtained from frequency sweeps near the gel point as shown in Table 3.3. The combined 

results suggest a transformation in the liquid-like structure of PVA-SbQ to interconnected 

networks, often seen in filled polymer nanocomposites containing carbon nanotubes,58–61 

further explaining the presence of a yield stress observed under steady-shear experiments.   

While the presence of yield stress during liquid-solid transition points to the existence 

of interconnected structures, further analysis is necessary to confirm the precise nature of 

microstructure. The effect of nanofillers such as CNC’s on the polymer dynamics and the 

extent of network formation can be studied by probing changes in rheological parameters 

such as G’, G” and phase angles (δ) at low frequencies or frequency equivalent parameter 

such as complex modulus (G*). Two important plots, very sensitive to the formation of inter-

connected structures in systems containing nanofillers in both polymeric solutions and melts 

and obtained using dynamic viscoelastic measurements, are often used as signatures for 

identification of a rheological percolation threshold, namely, van Gurp-Palmen plot and 

Cole-Cole. The van Gurp-Palmen plot shows the dependence of phase angle on complex 

modulus (|G*|), with a decrease in phase angle below 45o used as the criteria for percolation, 

which is the threshold filler concentration at which transition from liquid-like to solid-like 

microstructure takes place. The Cole-Cole plot shows the dependence of storage modulus 

(G’) on loss modulus (G”), with deviations from the original slope of systems without 

nanofillers representative of formation of interconnected networks. This technique has been 

used in prior literature, most notably in polymer melts systems of PLA/CNC,62,63 

HDPE/Octamethyl-POSS,64 and carbon nanotube-based composites.65 Using these plots 
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together, rheological percolation threshold of CNC’s, i.e. critical concentration that results in 

a percolated network, can be estimated. Figure 5a shows van-Gurp Palmen plots for the 

systems with varying amounts of CNC. It is clear that for aqueous PVA-SbQ without and 

with 1 wt.% CNC’s, the phase angle starts out at ~90o indicating the dominance of viscous 

behavior at low frequencies and approaches ~60o at high frequencies, much higher than 45o, 

which is the threshold phase angle for percolation, suggesting lack of percolated network. 

The high phase angles demonstrate a liquid-like structure, which corroborates previous 

observations made through frequency sweep data. However, upon addition of 1.5 wt.% CNC, 

a clear difference in microstructure relative to neat polymer is noted due to a drastic 

reduction in phase angle, which stays below 45o and shows a steep decline from 400 to 350, 

with decreasing complex moduli from 35 Pa to 10 Pa before rising again up to 400 below 6 

Pa, indicating that CNC particles are percolated in aqueous PVA-SbQ solutions with a 

threshold value between 1 and 1.5 wt.%. The presence of yield stress of 1.14 Pa observed for 

1.8 wt.% CNC loading discussed earlier could be attributed to the resulting percolated 

network. This percolation range, however, is higher than those reported in previous literature 

for CNC-based systems, suggesting some aggregation. The percolation concentration of 0.88 

wt.% was reported for systems containing microcrystalline cellulose with aspect ratio of 10-

15 mixed in polyurethane.66 Similarly, percolation was observed at 0.68 wt.% for CNC with 

aspect ratio of 6 ± 2 nm, and at 3 wt.% for spray freeze-dried CNC’s with aspect ratio of 

11±5 nm for PLA-CNC based composites.62,63 

The percolation threshold range was further verified using Cole-Cole plot which plots 

G’ as a function of G”. In the case of a homogenous polymer system, the logarithmic plot of 
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G’ vs. G” at low frequencies should yield a slope of 2, since at low frequencies G’ ~ ω2 and 

G” ~ ω and ratio of the exponents at low frequencies equals 2. The extent of deviation from 

the standard slope, with decrease in slopes representative of heterogeneity in the system, 

often used as a measure of network formation. Figure 5b shows Cole-Cole plot for various 

concentrations of CNC’s added to neat PVA-SbQ. For neat PVA-SbQ, the plot yields a slope 

of 2, and G’ is lower than G” at low frequencies in agreement with viscoelastic behavior of 

polymer solutions. The addition of 1 wt.% CNC shifts the curve toward higher G” indicating 

the dominance of viscous behavior, but G’ is significantly lower than G”, consistent with 

frequency sweep and van Gurp-Palmen plots. However, at loadings of 1.5 wt.% CNC and 

higher, G’ is higher than G” which is accompanied by changes in the slopes, pointing to the 

existence of a percolated network. The slope (which corresponds to the ratio of G’ and G”) 

decreases to 1.3 for 1.5 wt.% CNC, and to 1.04 for loadings of 2 wt.%.  Further additions of 

CNC’s result in higher slopes corresponding to 1.24 and 1.23 for 2.5 wt.% and 3 wt.% CNC 

respectively, still large deviations from aqueous polymer behavior. This behavior is further 

corroborated using Cole-Cole plot of imaginary viscosity (η”) versus real viscosity (η’), 

which should reveal a smooth, semi-circular shape for homogeneous systems, with any 

upward inflections indicating immiscibility or yield behavior.64,65 As shown in Figure B.3 

(inset), neat PVA-SbQ and PVA-SbQ with 1 wt.% CNC shows an arc typical for 

homogeneous systems. However, further increases to 1.5 wt.% and higher show an upward 

inflection suggesting yield behavior possibly due to a percolated structure. In addition, the 

critical concentration of gelation can be further calculated using Winter-Chambon’s criterion, 

which states that tan(δ) as a function of gelation parameters such as time, temperature and 



 
 

 
 

111 

concentration are frequency independent at the gel point.21,22,67,68 Accordingly, the critical 

gelation concentration close to 1.5 wt.% was determined based on the frequency 

independence of tan δ at the gel point as shown in Figure B.4. 

After formation of percolated network using CNC’s above a threshold concentration, 

PVA-SbQ was crosslinked using UV light of fixed intensity at 10 mW/cm2 as shown in 

Figure 3.6. The crosslinking kinetics of PVA-SbQ in the presence of CNC’s was studied 

using small amplitude dynamic oscillatory experiment. Initially, stress sweep was used to 

determine the linear viscoelastic region, and material responses to small stress (1 Pa) were 

measured in this regime. The variations in the microstructure of neat polymer after UV 

exposure at different times were first studied using frequency sweeps using stress (1 Pa) in 

the LVE to preserve the microstructure. Figure 3.7a shows the elastic (G’) and viscous 

moduli (G”) as a function of frequency for two different exposure times. Prior to UV 

exposure, frequency sweep of neat PVA-SbQ reveals a response typical to polymers in the 

terminal regime with both storage and loss moduli showing frequency dependence as G’ ~ 

ω2.08 and G” ~ ω1.03, and G” much higher than G’ at low frequencies indicating solution-like 

characteristics. After 900 s of UV exposure, elastic and viscous moduli scaled as G’ ~ ω1.26 

and G” ~ ω0.9, showing a much smaller dependence on frequency and reduced relaxation time 

from ~ 0.5 s before UV-exposure to ~ 0.1 s. However, G’ is still lower than G” suggesting 

solution-like characteristics, but the initial slope of G’ relative to G” of 1.99 decreases to 1.42 

after 900 s, suggesting incipient structure formation (Figure 3.7b). Since elastic and viscous 

moduli exhibit different power-law behavior with respect to frequency, the microstructure 

formed after 900 s is well below the critical instant of gelation, referred to as the gel point. 
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When the sample was exposed to UV for 3600 s, however, frequency sweep reveals a 

response typical to a material past its gel point – the transition from a viscous liquid to a 

system containing gel resulting due to clusters which connect into sample-spanning network. 

While frequency sweeps reveal the presence of highly-crosslinked gel-like microstructure 

after 3600 s, they are inadequate to determine the critical instant of gelation, which occurs 

between 900 s and 3600 s.  In addition, the strength of the network after 60 minutes of UV 

exposure as indicated by G’ which exceeds 103 Pa. As shown in Figure 3.7b’, the increment 

across three decades of moduli is due to the crosslinking reaction between the hydrophobes 

in PVA-SbQ, which forms a gel after 3600 s of UV exposure.  In addition, with the 

increasing exposure time, the initial Newtonian behavior with viscosity ~0.04 Pa-s increases 

by an order of magnitude to ~0.4 Pa-s after 900 s, and eventually exceeds 104 Pa-s at low 

frequencies after 3600 s exposure. At low frequencies, the gel also shows a shear thinning 

behavior with a slope of -0.99 which corresponds to relaxation exponent (n) ~0.01, which is 

consistent with the slope of 0.006 from frequency sweeps at 3600 s. The precise mechanism 

of crosslinking has been the subject of numerous prior studies.  

Alternatively, the kinetics of the sol-gel transition as well as the time at which the 

crossover takes place can be studied by following elastic and viscous moduli as a function of 

UV exposure time at a constant frequency. Figure 3.8a shows the time evolution of G’ and 

G” at a frequency of 10 rad/s for PVA-SbQ systems containing CNC’s up to 2.1 wt.% 

exposed to UV for 3600 s. For neat PVA-SbQ, the liquid-like behavior dominates the initial 

microstructure as G” is higher than G’ at the onset of UV exposure. During UV exposure, 

both moduli start to increase, with G’ increasing at a faster rate relative to G”, eventually 
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crossing over at around ~ 909 ± 84s, beyond which G’ is higher than G” for ~2000 seconds. 

Similar trends are visible at the onset of UV exposure for systems containing CNC’s less than 

1.5 wt.% (raw data not shown) with no significant changes in the crossover time as shown in 

Figure 3.8b. In fact, the crossover times between 1200 s to 1400 s for CNC’s below 1.5 wt.% 

was higher than that relative to neat PVA-SbQ. 

The addition of 1.8 wt.% CNC shows similar trends, with G” higher than G’ initially, 

eventually crossing over before G’ builds up and exceeds G”; however, the crossover time is 

significantly reduced (~151 s at 1.8 wt.% relative to neat ~900 s for PVA-SbQ).  Finally, the 

addition of 2.1 wt.% results in G’ much higher than G” and lack of a cross-over. While the 

crossover G’ and G” does not reveal the gel point, the effects of CNC’s on the microstructure 

is evident. As the system is exposed to continuous UV past the gel point, the microstructure 

starts to build up with G’ several orders of magnitude higher than G”. The presence of yield 

stress, as well as percolation mechanism, after addition of CNC’s implies a potential effect on 

the final mechanical strength of composites relative to PVA-SbQ. As shown in Figure 3.9, the 

elastic moduli after UV exposure for 3600 s are fairly independent of CNC concentration 

below 1.5 wt.%, fluctuating between 3500 Pa to 4500 Pa with no visible trends. However, a 

sharp increase in moduli is observed at CNC concentration higher than 1.5 wt.%. The moduli 

increases to ~ 6389 Pa for systems containing 1.8 wt.% CNC, followed by subsequent 

increases to ~7181 Pa and 8607 Pa for loadings of 2.1 wt.% and 2.5 wt.% CNC respectively. 

At maximum loading, the increase corresponds to approximately 131% suggesting the 

reinforcing effect of CNC’s.  

The sharp transition occurs when finite CNC’s transitions to a new state, driven by 
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particle-particle interactions upon increasing volume fraction of these rod-like particles, 

resulting in a new state where the clusters span the entire network. The growing 

interconnected network adds to the elasticity and ability to transmit stresses across the 

system, showing up as a sharp increase in shear modulus. The microstructure formed, 

therefore, resembles a percolated network that forms at a critical concentration, which can be 

calculated by fitting the experimental data for storage modulus of CNC-filled PVA-SbQ after 

UV exposure using a percolation model shown in Equation (1), where, 𝑚 is the mass of 

cellulose nanocrystals, 𝑚! is the percolation mass fraction and β is an exponent at 

percolation.66, 69,70  

      𝐺’   ∝    (𝑚 −𝑚!)!    (1) 

As shown in Figure 3.9a inset, critical percolation concentration occurs at 1.41 wt.% very 

similar to the threshold for systems without UV. Finally, the presence of dense crosslinked 

network via percolation and photo-crosslinking was verified using frequency sweeps shown 

in Figure 3.9b. For neat as well as filled systems, G’ and G” show frequency independence, 

suggesting that the final microstructure is a fully crosslinked gel.   

3.5 Conclusions 

 Weak mechanical performance associated with photocrosslinkable polymer 

necessitates strategies to reinforce their mechanical properties. In this work, we report a 

simple technique using cellulose nanocrystals (CNC’s) that induce favorable electrostatic 

interactions to modulate crosslinking kinetics as well as to enhance mechanical performance 

of aqueous photoactive polyvinyl alcohol derivative, poly (vinyl alcohol), N-methyl-4 (4’-

formylstyrl) pyridinium methosulfate acetal (PVA-SbQ). Steady-shear rheological 
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measurements of PVA-SbQ shows characteristics similar to neutral polymers and 

entanglement at ~4.8 wt.%. Low concentration CNC rheology, combined with Simha’s 

equation for non-spherical particles, reveals aspect ratio of ~27. The presence of low 

concentration CNC in aqueous solutions of PVA-SbQ (6 wt.%) shows Newtonian behavior, 

with visible deviations arising at concentrations around 1.5 wt.%, showing non-linear 

behavior with yield stresses. This was attributed to the percolation network formed by 

CNC’s, confirmed using van Gurp-Palmen and Cole-Cole plots often used as signatures for 

identification of a rheological percolation threshold. Finally, PVA-SbQ photo crosslinked 

using UV exposure at 10 mW/cm2 for 3600 s in the presence of CNC’s reveal shifts in G’ and 

G” crossover as well as final elastic modulus (G’), which shows a sharp increase at 1.4 wt.% 

estimated as the rheological percolation concentration. The final increase in moduli using 2.5 

wt.% CNC was approximately 131% confirming the reinforcing effect of CNC’s.  
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Figure 3.1 (a) Steady shear viscosity of neat PVA-SbQ at different concentrations, and (b) 
specific viscosity of PVA-SbQ at different concentrations used to estimate entanglement 
concentration.   



 
 

 
 

117 

 

 

Figure 3.2 (a) Huggins plot showing specific viscosity vs. CNC concentration to determine 
aspect ratio of cellulose nanocrystals (using this method the aspect ratio of CNC is ~24), and 
(b) steady shear viscosity of cellulose nanocrystals at different concentrations 
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Table 3-1 Hydrodynamic size, zeta potential and conductivity of 0.1 wt.% and 0.5 wt. % 
CNC suspension in water and 100 µm PVA-SbQ Solution. Dispersions were prepared using 
bath sonication for 1 hour. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  CNC (0.1 wt. %)  
Dispersed In 

CNC (0.5 wt. %)  
Dispersed In 

  DI Water PVA-SbQ  DI Water PVA-SbQ  
Size (nm) 90.7 ± 0.4 348.7 ± 6.2 69.8 ± 0.7 149.7 ± 1.7 

 PDI 0.27 ± 0.01 0.49 ± 0.02 0.54 ± 0.01     0.4 ± 0.01 
Zeta Potential (mV) -42.8 ± 2.2 22.2 ± 1.6 -53.6 ± 4.9 -33.5 ± 0.3 

Mobility  (V) -3.4 ± 0.2 -1.7 ± 0.1 4.2 ± 0.4 2.6 ± 0.03 
Conductivity  mS /cm 0.04 ± 0.002 0.08 ± 0.002 0.08 ± 0.002 0.13 ± 0.005 
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Figure 3.3 Shear stress as a function of shear rate for PVA-SbQ (6 wt. %) with different 
CNC concentration between 0 wt. % and 2.1 wt. % (for 0.3 wt. % increments).   
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Table 3-2 Herschel-Bulkley parameters (yield stress, consistency index and flow-behavior 
index) of PVA-SbQ (6 wt. %) containing different amounts of CNC. 

CNC (wt. %) τo (Pa) K (Pa.sn) n R2 
0 0.06 0.04 0.998 0.999 
0.3 
0.6 
0.9 
1.2 
1.5 
1.8 
2.1 

0.06 
0.01 
0.02 
0.02 
0.05 
1.14 
8.61 

0.05 
0.14 
0.16 
0.17 
0.36 
1.81 
5.88 

0.987 
0.859 
0.862 
0.852 
0.771 
0.572 
0.455 

0.999 
0.999 
0.999 
0.999 
0.999 
0.997 
0.992 
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Figure 3.4 (a) Storage and loss modulus (G’ and G”) and (b) complex viscosity vs. 
frequency, for neat PVA-SbQ and PVA-SbQ containing CNC’s up to 3 wt.% using stress of 
1 Pa. 
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Table 3-3 Slopes of G’ and complex viscosity and relaxation exponent for neat PVA-SbQ 
and PVA-SbQ with CNC’s at different concentrations. 

CNC (wt. %) Slope of G’  Slope of η*  n R2 
0 2.02 -0.14 - 0.999 
1.0	   1.43	   -0.03	   -‐	   0.999	  
1.5 0.50 -0.50 0.49 0.999 
2.0 0.37 -0.65 0.35 0.999 
2.5 0.23 -0.85 0.15 0.995 
3.0 0.21 -0.79 0.21 0.992 
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Figure 3.5 (a) van Gurp-Palmen plot (δ vs. |G*|), and (b) Cole-Cole plot (G’ vs. G”) for 
aqueous PVA-SbQ with varying CNC’s used to observe percolation behavior. 
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Figure 3.6 The design principle used to modulate mechanical strength via network formation 
using cellulose nanocrystals. Percolated network was first achieved by adding negatively 
charged CNC and further crosslinked using UV exposure to obtain densely interconnected 
structure. 
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Figure 3.7 (a) Frequency sweep for PVA-SbQ (6 wt. %) using UV intensity of 10 W/cm2, 
and (b) changes in slope (G’ vs. G”) and complex viscosity as a function of frequency after 
different exposure times (t = 0 seconds, t = 900 seconds and t = 3600 seconds). 
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Figure 3.8 (a) Time sweeps for PVA-SbQ (6 wt. %) using UV intensity of 10 W/cm2, and (b) 
G’, G” crossover for different CNC concentrations. 
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Figure 3.9 (a) Average storage modulus of PVA-SbQ (6 wt. %) for different CNC 
concentrations (wt. %), and (b) frequency sweep of PVA-SbQ (6 wt. %) with different CNC 
contents after UV exposure for 1 h at 10 mW/cm2. 
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Chapter 4 Nanodiamond-Reinforced Electrospun Fibers: Understanding the Role of 

Interfacial Interactions on Mechanical Properties 

4.1 Abstract  

Macroscopic property reinforcements using nanodiamonds (ND’s) in polymer-

nanodiamond composites (PNC) have been extensively studied. However, not much is 

known about the relationship between polymer-ND interfacial energy parameters, polymer-

ND interactions and final mechanical properties in ND-reinforced electrospun fibers. In this 

work, surface-energy dependent parameters such as wettability, work of spreading, and work 

of dispersion-aggregation transition of ND’s were used to derive a criterion for dispersion 

(Dc) as a hypothesized predictor of polymer-ND interactions and final tensile strength in 

electrospun poly (vinyl) alcohol (PVA), polyacrylonitrile (PAN), and polystyrene (PS).  We 

found that shifts in glass transition temperature (∆Tg), used as a measure of polymer-ND 

interactions, showed a direct correlation with Dc in the order of PVA > PS > PAN regardless 

of amorphous or semi-crystalline nature of the polymer. However, the final tensile strength 

showed a direct correlation with Dc and ∆Tg for semi-crystalline polymers only, with 

amorphous polystyrene showing maximum reinforcement contrary to predictions made by 

∆Tg, suggesting the additional role of polymer morphology to final tensile strength. The 

findings of this study could offer additional insight into the design of interfaces for polymer-

ND fiber composites. 
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4.2 Introduction 

Since their discovery by the Soviet Union in 1960’s, and renewed interest in early 

2000’s,1 nanodiamonds (ND’s) have emerged as a new type of carbon-based nanomaterial 

with potential for wide-ranging applications in bioimaging,2–7 chromatography,8–10 coatings 

and composites,11 drug delivery,12–16 electrochemistry,17–21 and tribology.22–25 Detonation 

synthesis using an explosive mixture of trinitrotoluene (TNT) and hexogen (RDX) in a 

negative oxygen condition is used in the large-scale and low-cost production of commercial 

ND’s.26 The resulting product of a detonation event is a diamond core containing graphitic 

carbon and soot that require further purification. Acid-based oxidizing systems and air-based 

oxidizing treatments oxidize non-diamond or graphitic carbon, resulting in ultrafine particles 

with a diamond core containing carbon-oxygen functionality in its outer periphery.27–31 This 

method of detonation synthesis produces ND’s with particle size of roughly 4-10 nm with 

narrow size distribution, spherical surface morphology, and strong agglomeration potential, 

in sharp contrast to methods employing high-pressure and high-temperature which yields 

ND’s less than 100 nm with broad size distribution, facetted morphology and low 

agglomeration potential.32,33 

After decades of work dedicated toward synthesis, purification, and isolation of ND’s, 

researchers have implemented them in numerous applications. Several emerging studies 

pointing toward low cytotoxicity of ND’s, in addition to their properties such as small 

particle size and dispersibility in water, have spurred their use as drug delivery vehicles, 

presenting itself as a viable alternative to other carbon-based materials with known toxicity.34 

Simple and cheap ways to produce continuously and homogeneously fluorescent ND’s, 
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combined with the stability of N-V defect on ND surface, has opened new avenues for ND’s 

as biomarkers for use in biomedicine, replacing traditional markers beset with problems of 

photoblinking and photobleaching.2–7 ND’s have also been used as anti-friction agents or 

lubricant additives and has shown to impart resistance to wear and tear of sliding surfaces.23–

25 In addition, the exceptional diamond-like hardness, combined with its small particle size, 

has instigated research in ND-based polymer fibers and coatings.11 

Despite these useful properties, however, ND’s are composed of core aggregates 

consisting of bridging interparticle bonds that are very difficult to disintegrate. For 

applications requiring well-controlled single digit particle size such as in the fabrication of 

composites using ND’s as reinforcing agents, such aggregates pose significant difficulties 

during processing. Realizing the need to find ways to overcome this problem, researchers 

have reported different strategies to disintegrate these tight cores using heat treatment and 

oxidizing the confined graphitic layers,35,36 ultrasound and high-pressure pulse,37 bead-

assisted milling techniques using ceramic, zirconia or silica-based beads as milling 

agents.32,33,38–40 Most recently, particle size reduction without contamination using salt-

assisted ultrasonic deaggregation was reported, opening up opportunities for applications that 

require small particle size such as in the fabrication of polymer-ND based composites.41 

Several implementations of ND-based composites processed in various polymers such as 

poly (vinyl) alcohol (PVA),42–44 poly (methyl) methacrylate (PMMA),45,46 poly (L-lactic) 

acid (PLLA),47–49 polyacrylonitrile (PAN),50 and polyethylene (PE) 51,52 using solution 

casting, in-situ polymerization, melt compounding, compression molding, and 
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electrospinning have reported remarkable increase in properties such as elastic modulus, 

tensile strength, elongation at break, toughness, hardness and glass transition temperature.  

Despite a large number of studies on ND-based composites successfully showing its 

reinforcing potential, correlation of bulk mechanical properties such as tensile strength to 

interfacial energy between polymer and ND, however, is non-existent. Central to the need for 

understanding the interfacial energetics of ND-based composites is the unknown effect of 

variations in the source of ND’s subjected to various purification steps, resulting in subtle 

variations in particle size and functionality, which manifests into different extents of 

reinforcing even within the same polymer matrix under identical processing conditions. 

Realizing that fundamental understanding of interfacial energy parameters of commercial 

ND’s can aid in the development of a standardized method, allowing successful engineering 

of ND-based composites, we present an approach that relies on using surface energy of 

polymer and ND to understand the role of interfacial energy parameters on polymer-ND 

interactions, measured using shifts in glass transition temperature (Tg) and the final tensile 

properties. Using different semi- crystalline and amorphous host polymers with varying 

polarities – polyvinyl alcohol (PVA), polyacrylonitrile (PAN) and polystyrene (PS) - we 

examine the role of wettability, work of spreading and work associated with the aggregation-

dispersion transition on polymer-ND interactions and tensile strength of electrospun 

polymer-ND composite fibers. Fundamental understanding of interfacial energy parameters 

could provide a critical path forward in the design of successful strategies to create ND-based 

composites with reinforced properties.  
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4.3 Materials and Methods 

4.3.1 Materials 

  Poly (vinyl alcohol) (PVA) under trade name of MW 10-98 (molecular weight 

~61kDa, 98% hydrolyzed, Sigma Aldrich), polyacryonitrile (PAN) (molecular weight 

~150,000 g/mol, Scientific Polymer Products, NY) and polystyrene (PS) (typical Mw 230,000 

and Mn 140,000, Sigma Aldrich) was used as received. Detonation nanodiamond (DND) 

functionalized with carboxylic acid groups (0.6 wt. % ash content, zeta potential -45 mV) 

with high colloidal stability in water was purchased from Adamas Nanotechnologies Brilliant 

Diamond Solutions (Raleigh, NC, USA) and used without further purification. 

Dimethylsulfoxide (anhydrous, >99%, Sigma Aldrich), dimethylformamide (anhydrous, 

99.8%, Sigma Aldrich), dimethylacetamide (anhydrous, 99.8%, Sigma Aldrich), acetonitrile 

(anhydrous, 99.8%, Sigma Aldrich), acryonitrile (> 99% contains 35-45 ppm monomethyl 

ether hydroquinone as inhibitor), acetone (AR, >99.5%, Sigma Aldrich), methanol 

(anhydrous, 99.8%, Sigma Aldrich), ethanol (99.8%, Sigma Aldrich), chloroform 

(anhydrous, >99%, Sigma Aldrich), methylene chloride (for high resolution gas 

chromatography, Fisher Scientific), 1-methyl-2-pyrrolidinone (99% ACS Reagent, Sigma 

Aldrich), tetrahydrofuran (minimum 99%, Sigma Aldrich), toluene, hexane (for HPLC 

>95%, Sigma Aldrich), cyclohexane (anhydrous, 99.5%, Sigma Aldrich), ethyl acetate 

(Certified ACS, Fisher Scientific), acetic anhydride (99% ACS,), sodium hydroxide (NaOH, 

1.0 M, Fluka) ( and sodium chloride (NaCl) (99+% A.C.S Reagent, Sigma Aldrich) were 

purchased and used as received.  

 



 
 

 
 

141 

4.3.2 Nanodiamond Dispersion and Ultrasonic Deaggregation 

Carboxylated nanodiamond (c-ND) dispersions (1 wt.%) in different solvents were 

prepared using sonication for 1 hour using an ultrasonic bath (Fisher Scientific, 2.8 L). c-ND 

used for nanocomposite fabrication was obtained using salt-assisted ultrasonic deaggregation 

(SAUD) technique following procedures reported by Turcheniuk et al. with minor 

modifications.41 Briefly, c-ND (0.25 g) was added to sodium chloride (10 g) followed by 

deionized water (5 ml) in a scintillation vial. The contents were subjected to ultrasonication 

under ice-bath to prevent water evaporation using Branson S-450 digital sonifier (power 

400W, amplitude 30% and duty cycle 50%) using 1/8” tapered microtip and flat tip for 100 

minutes. Thereafter, the contents were emptied in centrifuge tubes and washed with water (2 

x 50 ml) and centrifuged at 4000 rpm for 10 minutes (Centrifuge 5702, Eppendorf). The 

supernatant was discarded and c-ND particles were re-suspended in water and centrifuged 

second time at 12000 rpm for 1 hour.  The supernatant was discarded and the particles were 

dried in air for 3 days. Dry de-aggregated c-ND will be referred to as SAUD c-ND for 

characterization and any reference to c-ND hereon refers to SAUD c-ND. 

4.3.3 Electrospinning Polymers with Nanodiamonds 

PVA, PAN and PS nanofibers with different c-ND loadings (0.1 wt. %, 0.5 wt. %, 1 

wt. % and 2 wt. %) were fabricated using electrospinning setup consisting of a stationary 

collector. Polymer/c-ND solutions were sonicated for 15 minutes prior to loading in a syringe 

with a needle attachment (0.3 mm diameter). The syringe was loaded in syringe pump 

(Model No. 2345) that controlled the flow rate between 0.5-1 ml per hour. A high voltage 

supply power (Model No. 1721) was used to impart voltage between 15-25 kV at the needle 
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tip. The fibers were collected in an aluminum foil wrapped on grounded stationary collector 

plate placed 10-15 cm away from the needle tip. The experiments were carried out at room 

temperature (20-25oC) and relative humidity between 20-40%. The fibers were collected post 

spinning and placed in a vacuum oven for 3 hour to remove moisture and then placed in a 

desiccator with silica gels.  

4.3.4 Characterization 

Particle size and zeta potential of c-ND and SAUD c-ND were obtained using a zeta 

potential analyzer (Zeta2000, Malvern Instruments, U.S.A.) equipped with a 4.0 mW He-Ne 

laser (λ=633 nm). Dynamic light scattering (DLS) measurements were carried out on 

dispersions (0.1 wt.% and 1.0 wt.%) loaded onto dip-cell at room temperature. Dispersions of 

c-ND at 0.1 wt.% and 1.0 wt.% were diluted using 1mM NaCl solution and reported zeta 

potential was determined from an average of 5 measurements. To determine surface 

carboxylic group acid content, conductometric titration was performed using procedures 

employed for TEMPO-oxidized cellulose containing carboxylic acids groups.53 Briefly, c-

ND (3 wt. %) was dispersed in 100 ml water and initial pH was recorded. Hydrochloric (0.1 

M), sodium chloride (10 mM) was added to protonate c-ND. 0.04 M of NaOH was used and 

the volume of NaOH and pH were recorded. The amount of carboxylic acid (mmol/g) on the 

surface was determined using n = c x v / m, where n is number of moles of carboxylic acid 

groups, c is concentration of NaOH (mol/L), v is volume of NaOH (mL) and m is mass of c-

ND (g). FTIR analysis of composition of surface groups on raw ND and c-ND was 

performed using Thermo Nicolet iN10 infrared microscope. Approximately, 1 mg of 

nanodiamond was mixed with 300 mg potassium bromide (KBr) to form a pellet. The spectra 
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were collected using a 2 cm
 
resolution and 64 continuous scans. The surface elemental 

composition of ND’s was analyzed using XPS. Data were obtained on Specs XPS using Mg 

source with an energy of 1253.6 eV. XPSPeak41 was used to calibrate C1s spectrum to 285.0 

eV, determine peak areas and to calculate the elemental composition. The surface energy of 

c-ND was calculated using Washburn equation using dynamic contact angle analyzer (Cahn, 

U.S.A). Approximately 1 g of c-ND particles were packed in 4.9 mm glass tubing with a 

rigid porous base and left overnight to saturate in the vapor of test liquid. Thereafter, wicking 

experiments were performed using different probe solvents (hexane, diiodomethane, 

dimethylformamide, ethylene glycol and water). Increase in weight due to rising liquid was 

followed until a stable weight gain was achieved after ~10-15 minutes. Reported values of 

surface energies were obtained using an average of five independent measurements. The 

effect of c-ND loadings on the morphology of polymer fibers was studied using field 

emission scanning electron microscopy (FEI Verios 460L). Samples were cut from nanofiber 

mats and fixed on a carbon tape mounted on a stub before applying a gold-palladium (Au-Pd) 

coating of ~7 nm using a sputter-coating unit. Imaging of coated fibers was done using an 

accelerating voltage of 5 kV; current between 50 pA to 200 pA and a working distance of 6 

mm. Cross-section images were obtained using tilt angles between 20o-30o. Thermal 

properties of c-ND and polymer fiber c-ND composites were characterized using differential 

scanning calorimeter (DSC) (Q2000, TA Instruments, USA). A heating rate of 10oC per min 

was used under nitrogen flow from ~40oC to 300oC. Thermal degradation of fiber composites 

was investigated using TGA (Q200, Texas Instruments, USA) under helium flow rate of 100 

mL/min. Approximately 10 mg of sample was placed in a platinum pan and was heated to 
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110oC at 20oC/min. After isothermal heating at 110oC for 30 minutes, a scan rate of 5oC/min 

was used to further heat the sample from 110oC to 900oC. The samples were then cooled 

back to room temperature. Tensile testing of nanofiber specimens to obtain stress-strain 

curves were carried out at room temperature on a dynamic mechanical analyzer (RSA-G2, 

TA Instruments, USA) with extension rates between 0.15 mm/min to 0.30 mm/min 

depending on the polymer. Thick nanofiber mats cut into rectangular strips 15 mm in length, 

5 mm in width, and a similar thickness between 0.60 mm to 0.70 mm were loaded with gauge 

gap of 5 mm. All reported values are average of at least five measurements.  

4.4 Results and Discussion  

4.4.1 Dispersion of Nanodiamond in Different Solvents  

Carboxylated nanodiamond (c-ND) was dispersed in 18 different solvents with 

different dispersive, polar and hydrogen-bonding components of Hildebrand solubility 

parameters - water, dimethylsulfoxide (DMSO), dimethylformamide (DMF), 

dimethylacetamide (DMAc) acetonitrile, acrylonitrile, acetone, methanol, ethanol, 

chloroform, dichloromethane (DCM), N-methyl-2-pyrrolidone (NMP), tetrahydrofuran 

(THF), toluene, hexane, cyclohexane, ethyl acetate and acetic anhydride (see Table C.1 for 

solvent properties). Figure C.1 shows representative images of dispersions of c-ND in 

different solvents immediately post sonication, after 1 day and after 10 days. Dispersions 

after 10 days were labeled as stable such as those in water, DMF, and DMAc; moderately 

stable such as in acetone, methanol, and ethanol; less stable in acryonitrile and acetonitrile 

and unstable in solvents such as THF and hexane based on visual differences in color of the 

colloidal suspension, with dispersions in water labeled as the most stable. To understand the 
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dispersion behavior, dispersion maps for different components of solubility parameter was 

plotted as shown in Figure C.2 (a)-(c). As shown in Figure C.2a, which relates dispersion 

state to dispersive component and polar component of solvent solubility parameter, c-ND 

dispersions were unstable until a critical polarity is reached (δp ~7 MPa1/2 for the solvents 

used in this study), and is independent of the dispersive component of the solubility 

parameter of the solvents, δd, which varies between 14.7 MPa1/2 to 18.4 MPa1/2. This 

indicates negligible contributions of non-polar nature of solvent to stabilization of c-ND. 

Despite the polarity, however, c-ND formed unstable dispersions in DMSO. To probe the 

potential influence of hydrogen bonding component of the solubility parameter of the solvent 

(δh), dispersion state was related to hydrogen bonding component and polar component of 

solvent solubility parameter in Figure C.2b. As such, hydrogen-bonding parameter had no 

direct correlation with the dispersion behavior. Previous work on the rheology of ND’s in 

mineral oil further corroborates the influence of polarity in final ND dispersions.54 The 

polarity of a solvent aided in the dissociation of surface carboxylic acid groups into 

corresponding ions, increasing the conductivity and pH and further electrostatically 

stabilizing the system. Figure C.2c showed no correlation between hydrogen bonding ability 

and dispersive nature of the solvent, strongly indicating the influence of solvent polarity in 

forming stable c-ND dispersions. 

4.4.2 Characterization of c-ND (as is) vs. SAUD c-ND 

The stability of dispersions of c-ND in water was tested using DLS. The dispersions 

are opaque and brown, suggesting the presence of particles with sizes capable of scattering 

light (see Figure C.3). The dispersions were left to settle for 10 days and particle size and 
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visual appearance were reported.  The c-ND particles in the dispersions aggregate over time, 

with visible particle settling at the bottom of the vial; however, the particle size remains 

unchanged within the sample suggesting stable dispersion. In contrast to dispersions 

containing 0.1 wt. % c-ND with particle size ~90 nm, dispersions containing 1 wt. % c-ND 

showed more visible aggregation and higher particle size ~100 nm. Polymer-ND fiber 

composites made with ~100 nm c-ND formed visible aggregates at 2 wt.% loading and no 

reinforcement in mechanical properties, hence smaller particle size was achieved using salt-

assisted ultrasonic deaggregation (SAUD) using procedures reported earlier with minor 

modifications.41 Briefly, c-ND was mixed with NaCl and water and ultrasonicated using a 

flat tip and a microtip. The particle size recovered after drying c-ND was considerably lower 

than c-ND and is referred to as SAUD c-ND.  The flat tip sonication resulted in a smaller 

particle size compared to those achieved with microtip (Figure C.4), which could be 

attributed to the difference in energy imparted by tips. After recovering SAUD c-ND, surface 

characterization was performed using FTIR, XPS and conductometric titration to ascertain 

any changes in surface functionality. FTIR spectrum in Figure 4.1a for c-ND and SAUD c-

ND showed no changes, with both c-ND and SAUD c-ND showing a broad peak between 

3000 cm-1 and 3700 cm-1 due to -OH stretching and additional peaks at 1625 cm-1 due to –

OH bending groups. The peaks at 1730 cm-1 were due to the presence of C=O stretching 

arising due to carboxylic acid groups on the surface. XPS survey scans in Figure 4.1b shows 

c-ND to be predominantly carbon (86.7%), with some oxygen (13.3%) due to the presence of 

surface acid groups. After deaggregation, SAUD c-ND had similar atomic content – 84.3 % 

carbon and 12.9% oxygen. A trace amount of sodium (~1.7%) due to the presence of salt and 
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nitrogen (~1.2%) was seen. The amount of carboxylic acid present in SAUD c-ND was 

approximately ~0.05 mmol/g compared to 0.06 mmol/g for c-ND, obtained using 

conductometric titration data in Figure C.5, suggesting minor changes in surface 

functionality. Slight reduction in carboxylic acid content could be due to trace sodium ions, 

which is also reflected in zeta potential of c-ND (-53.3 mV) and SAUD c-ND (-48.8 mV). 

The difference could be a result of a modest amount of Na+ interacting with free carboxylic 

acid groups. Any reference to c-ND from here on refers to SAUD c-ND. 

4.4.3 Nanodiamond Surface Energy  

In the determination of surface free energy of a solid (in this case c-ND), the 

experimental inaccessibility of energetics associated with the solid-vapor interface (𝛾!") and 

solid-liquid interface (𝛾!") in Young’s equation has spurred development of methods to 

measure them indirectly. A unifying theory for determination of 𝛾!" and 𝛾!" do not exist; 

however, pioneering work by Zisman and Fowkes,55,56 further extended by Owens-Wendt, 

and van Oss are well-accepted approaches.57,58 Such approaches rely on measurements of 

contact angle on solid surfaces using solvents with different dispersive and polar surface 

energies. The two most important but competing theoretical models include theory of surface 

tension components (STC) pioneered by Fowkes and EOS (equation of state) approach based 

on macroscopic thermodynamics proposed by Neumann.59–61 While both these approaches 

require measurement of contact angles on solid surfaces, theory of STC relies on resolving 

𝛾!"  into contributions from dispersive and polar intermolecular forces, making 𝛾!" a function 

of type and magnitude of intermolecular forces (van der Waal’s, hydrogen bonding, 

electrostatics) operating between interfaces, compared to EQS that eliminates the 
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components and identifies 𝛾!" as a function of total surface tension of solid and liquid 

phases, i.e. 𝛾!" = 𝑓  (𝛾!" , 𝛾!"). This allows a simultaneous solution of Young’s equation 

combined with model equations to determine the two unknowns (𝛾!") and (𝛾!").59 Although 

Neumann has shown the existence of identical contact angles on the solid surface of liquids 

with same total liquid surface tension, and independence of magnitude of dispersive 

components,60 Graf et al. demonstrated the failure of EOS approach in Langmuir wetting 

configuration.62 The reader is directed to previous work describing limitations of EOS 

approach.63 Therefore, among all the models present in literature, the Owens-Wendt 

(modified Fowkes) model, which requires equilibrium contact angle of probe liquids, was 

considered most appropriate for this work in the determination of surface energy of c-ND’s.  

The equilibrium contact angle of a probe liquid on a smooth, homogeneous solid c-ND 

surface is given by Young’s equation as follows:  

𝛾!𝑐𝑜𝑠𝜃 +   𝛾!/!" = 𝛾!"  (1) 

where, γ is the surface energy of the probe liquid (𝛾!), c-ND (𝛾!"), liquid-ND interface 

(𝛾!/!") and θ is the equilibrium contact angle between the liquid phase and the solid phase 

(c-ND). Using STC theory, surface energy of liquid and c-ND is resolved into respective 

polar and dispersive components shown in equations (2) and (3)  

𝛾! = 𝛾!! + 𝛾!!  (2) 

𝛾!" = 𝛾!"! + 𝛾!"!  (3) 

where, 𝛾!! is the dispersive component of surface energy and 𝛾!! is the polar component of 

surface energy of the liquid; 𝛾!"!   is the dispersive component of surface energy and 𝛾!"!  is 
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the polar component of surface energy of ND’s. To calculate 𝛾!/!", we invoke Dupree 

equation that results in equation (4), where 𝑊!/!" is the work of adhesion between liquid and 

c-ND.  

𝛾!/!" =   𝛾!   + 𝛾!" −𝑊!/!"         (4) 

Substitution of equation (4) in equation (1), combined with Fowkes equation based on the 

geometric mean allows calculation of work of adhesion between the wetting species and 

solid surfaces (liquid and c-ND or polymer and c-ND for composites) as shown in equation 

(5).  

𝑊!/!" =   𝛾! 1+ 𝑐𝑜𝑠𝜃 = 2  [ 𝛾!!𝛾!"! +    𝛾!!𝛾!"!  ]     (5) 

This can be further rearranged in the form of equation (6) typical of a straight line, where the 

square of the slope and intercept gives 𝛾!"! and 𝛾!"! respectively. Equation (6) requires 

wetting angles of probe liquids on the surface of c-ND’s.  

!! !!!"#$   
!   !!!  

=      𝛾!"!     
!!!

!!!
 + 𝛾!"!       (6) 

However, accurate determination of surface energies using equilibrium contact angles 

of liquids on powder and porous materials is challenging. Several authors employed 

goniometer techniques such as sessile drop, captive bubble, or titled plate, as well as 

Wilhelmy plate methods,64–67 on pellets and films to measure surface energies of graphene 

and cellulose nanocrystals powders. For example, Wang et al. and Kozbial et al. used 

graphene films prepared using filtration and chemical vapor deposition (CVD) graphene 

respectively, and obtained surface energies using Neumann and Fowkes model.68,69 

Similarly, surface energies of cellulose nanocrystals pellets and spun-coated lignin films 
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were calculated using Owens-Wendt model.70,71 However, they are inaccurate due to surface 

roughness, inhomogeneity, liquid penetration in pores and swelling effects. Additional 

techniques such as gel trapping, inverse gas chromatography, and thin-layer wicking 

technique using Washburn and modified Washburn equation have been used previously for 

measuring contact angles on sub-micrometer silica particles, cellulose nanofibrils and 

commercial nanopowders of silica respectively.72–77 Barber et al. measured surface energy of 

carbon nanotubes by attaching them to atomic force microscopy cantilever and measuring the 

force between nanotubes and probe liquids.78 Among these methods, thin-layer wicking 

technique based on measuring rates of liquid penetration into porous c-ND’s loaded on a thin 

vertical column, combined with Washburn method in equation (7) was selected to calculate 

surface energy of ND’s. 

𝑚! = !!!

!  
    𝛾!𝑐𝑜𝑠𝜃(𝑡)          (7) 

Here, m is the mass of the liquid uptake at time t, C is the capillary factor within the 

powder packing, ρ is the density of the probe liquid, η is the viscosity of the probe liquid and 

𝛾! is the surface energy of the probe liquid. The geometric factor C is obtained through 

wicking experiments using low surface energy probe liquid, such as hexane, that completely 

wets the particles. Mathematically, the wetting of solid particles by low surface energy liquid 

yields 𝑐𝑜𝑠𝜃 of 1. Similar wicking experiments using three different probe liquids with known 

polar and dispersive energy – diiodomethane (γd = 50.8 mJ/m2 and γp = 0 mJ/m2), DMF (γd = 

25.2 mJ/m2 and γp = 11.3 mJ/m2), and water (γd = 21.8 mJ/m2 and γp = 51.0) – was 

performed and surface energy components of SAUD c-ND’s was determined using Owens-
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Wendt plot. The contact angles on c-ND were 77.51o ± 2.73 o for water, 62.84 ± 3.17 o for 

DMF and 45.60 o ± 4.34 o for diiodomethane. c-ND is slightly hydrophilic as suggested by 

the wetting angle measurements obtained using Washburn method. This observation is in 

agreement with XPS results showing the presence of surface carboxylic groups resulting in 

its hydrophilicity. In the Owens-Wendt plot shown in Figure 4.2a, the slope of the line is 

related to the polar component of the surface energy of c-ND and the intercept is related to 

the dispersive component of the surface energy. The total surface energy of c-ND was 

determined to be 36.6 ± 7.5 mJ/m2, with a dispersive surface energy of 33.5 ± 6.9 mJ/m2 and 

polar surface energy of 3.1 ± 2.9 mJ/m2. 

4.4.4 Theoretical Basis 

The relatively low polar component compared to the dispersive component surface 

energy of SAUD c-ND’s used in this work will significantly determine the overall 

performance of composites in terms of wetting of ND’s on the polymer, polymer-ND 

adhesion strength and driving force for re-aggregation. This influence on polymer-ND 

interaction can be related to shifts in glass transition temperature and final mechanical 

properties of the resulting electrospun fiber composites. Stockelhuber et al. first studied the 

influence of surface energy of fillers such as carbon blacks, silica, organoclays and carbon 

nanotubes, and established thermodynamic predictors such as dispersibility, compatibility, 

and interfacial adhesion energies, as well as driving force for aggregation of filler, with 

different rubber polymers.79 Natarajan et al. utilized the preceding work by Stockelhuber et 

al. and proposed a unifying hypothesis relating thermodynamic predictors to shifts in glass 

transition temperature, a property related to the polymer-filler interface.80 We utilize these 
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concepts based on surface energy to calculate critical parameters important for ND-based 

composite fabrication. These parameters include polymer- ND compatibility, wettability, 

spreading coefficient, and work associated with the dispersion-aggregation transition. 

Combining these parameters together generates a parameter (Dc), which we use as the 

criterion for dispersion.  

4.4.4.1 Compatibility of Nanodiamond with Polymer  

The compatibility of ND in a polymer is obtained using the change in free energy of 

mixing ND’s in a polymer, which is the difference between the interfacial energy of polymer-

ND interface and the initial surface energy of ND surface as shown in equation (8).  

∆𝐺!"# =   𝛾!/!"    − 𝛾!" = −𝛾!𝑐𝑜𝑠𝜃        (8) 

where, γ is the surface energy of the polymer (𝛾!), and polymer-ND interface (𝛾!/!") and θ 

is the equilibrium contact angle between the polymer phase and the c-ND phase. Rearranging 

and combining with equation (4) and Fowkes model gives equation (9), in which ∆G < 0 

implies thermodynamic compatibility of ND with the polymer. 

∆𝐺!"# = 𝛾!   −𝑊!/!" = 𝛾!   −   2   𝛾!!𝛾!"!     +    𝛾!
!𝛾!"

!         (9) 

where, 𝛾!! is the dispersive component of surface energy and 𝛾!
!is the polar component of 

surface energy of the polymer and 𝑊!/!" is the work of adhesion between polymer and c-

ND. 

4.4.4.2 Wettability  

A critical parameter required for c-ND’s to make a good composite is its ability to wet 

the polymer. Assuming c-ND is the wetting species on the surface of the polymer, and using 
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combinations of Young and Dupree equations, we get equation (10).  

𝛾!"(1+ 𝑐𝑜𝑠𝜃) =   2   𝛾!!𝛾!!!     +    𝛾!
!𝛾!"

!     (10) 

Re-arranging equation (10) results in equation (11), which shows the effect of 

polymer-ND interaction (work of adhesion) and ND-ND interaction (work of cohesion) on 

the wettability of ND on the polymer surface. The ratio of work of adhesion and cohesion is 

defined as the wettability that determines the extent to which ND’s wet the polymer surface.  

𝑐𝑜𝑠𝜃 = −1+   2  
!!
!!!"

!     !   !!
!!!"

!   

!!"
! !!"

!     !   !!"
! !!"

!
= −1+ 2   !!/!"

!!"/!"
     (11) 

4.4.4.3 Work of Spreading Polymer on Nanodiamonds  

The equilibrium wetting of the ND-surface by a polymer is governed by the work of 

spreading shown in equation (12). If the work of spreading is greater than zero (𝑊! > 0), the 

polymer droplet wets the ND surface, and when 𝑊! < 0, polymer droplets with well-defined 

contact angle are formed.  

𝑊! =   𝑊!/!" −𝑊!!   (12) 

Combined with Dupree equation, and Fowkes model we obtain equation (13),  

 

𝑊!  = 2   𝛾!!𝛾!"! + 𝛾!
!𝛾!"

!    − 2   𝛾!!𝛾!! + 𝛾!
!𝛾!

!              (13) 

 

4.4.4.4 Work Associated with Dispersion-Aggregation Transition (∆WDIS-AGG) 

To understand how ND aggregation is influenced by the presence of surrounding 

polymer, we define two distinct states of ND’s – well dispersed and aggregated. The 
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idealized model assumes ND’s to be quasi-spherical and each sphere denoting a cluster of 

smaller particles as well as polymers representing spherical blobs. This allows us to define 

work associated with the dispersion-aggregation transition (∆WDIS-AGG) as the difference 

between work of aggregation (WAGG) and work of dispersion (WDIS). For interaction of two 

ND units with N surrounding blobs (P), the total work associated with dispersion can be 

written as Equation 14, where WP/ND denotes work associated with the polymer-ND 

interaction.  

𝑊!"#  =−2𝑁  (𝑊!/!") (14) 

Once the system reaches an aggregated state over time with two ND’s approaching together, 

displacing n polymer blobs in the process, the total work associated with aggregation can be 

written as Equation 15, where WPP denotes work associated with polymer-polymer 

interaction, and WND/ND denotes work associated with ND-ND interaction. 

𝑊!""   =  −2  (𝑁 − 𝑛)  𝑊!/!" − 𝑛  𝑊!! − 𝑛  𝑊!"/!" (15) 

Therefore, the work associated with the dispersion-aggregation transition (∆WDIS-AGG) can be 

calculated as the difference between equation (15) and equation (14), which yields equation 

(16) and (17). To calculate ∆WDIS-AGG associated with the particular polymer, WPP, WP/ND and 

WND/ND are first determined using combinations of Young’s equation, Dupree equation and 

surface energy models available in literature discussed earlier. 

∆𝑊!"#!!""   =  −2  (𝑁 − 𝑛)  𝑊!/!" − 𝑛  𝑊!! − 𝑛  𝑊!"/!" − (−2𝑁  𝑊!/!") (16) 

∆𝑊!"#!!""   =  𝑛  (𝑊!!  +   𝑊!"/!" − 2  𝑊!/!") (17) 

The interfacial energetics associated with the aggregated state (𝛾!!!") can be taken 

as the sum of the energetics of creation of polymer interface (𝛾!) and ND interface (𝛾!") 
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followed by adhesion of polymer-ND interface (𝑊!/!"). Mathematically, this can be 

captured using the Dupree equation as shown in equation (18). Combining this equation with 

Young’s equation shown in equation 1, results in equations (19) and (20), which is used to 

calculate work associated with polymer-polymer, polymer-ND and ND-ND interactions.  

𝛾!/!"   =     
!
!
𝑊!! +

!
!
𝑊!!/!" −𝑊!/!" = 𝛾! +   𝛾!" −𝑊!/!"     (18) 

𝛾!  𝑐𝑜𝑠𝜃  +   𝛾!/!" =       𝛾!"     (19) 

𝑊!/!"       =     𝛾!(1+ 𝑐𝑜𝑠𝜃)     (20) 

Equation (20) necessitates equilibrium contact angle of polymer on ND surface. Since direct 

measurements of contact angle of polymer on the surface of ND is not feasible, we invoked 

Fowkes model for surface energies, where, 𝛾!! is the dispersive component and 𝛾!
! is the 

polar component of polymer surface energy, resulting in equation (21). 

∆𝑊!"#!!"" =   2   𝛾!! − 𝛾!"!   
!
+ 2   𝛾!

! − 𝛾!"
!   

!

 (21) 

4.4.4.5 Criterion for Dispersion of Nanodiamonds in Polymers 

An important implication of equation (17) is that the work associated with dispersion-

aggregation transition has to be minimized (∆𝑊!"#!!""  < 0) for complete dispersion of ND 

in the polymer. As such, the following condition has to be satisfied 

    (  𝑊!! +𝑊!"/!" − 2𝑊!/!")   <   0  

 

We further define a criterion for dispersion (Dc) as shown in equations (22) and (23).   

𝐷! =   𝑊!/!" −
!
!
(𝑊!! +𝑊!"/!") (22) 

𝐷! =   2   𝛾!!𝛾!"! + 𝛾!
!𝛾!"

!    – (𝛾!! + 𝛾!
!)− (  𝛾!"! +  𝛾!"

! ) (23) 
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Therefore, a positive Dc implies complete dispersion of ND’s in the polymer matrix since 

polymer-ND interactions overcome combinations of polymer-polymer and ND-ND 

interaction, and negative Dc implies incomplete dispersion of ND’s in the polymer matrix 

since polymer-polymer and ND-ND interactions overcome the effect of polymer-ND 

interactions.  

We begin by evaluating the compatibility of c-ND with different polymers using 

change in free energies associated with mixing c-ND into the polymers. Equation (9), 

combined with the surface energies of polymers available in literature (see Table C.2) and 

surface energy of c-ND’s derived using Owens-Wendt model shown in Figure 4.2a, is used to 

calculate thermodynamic energy of mixing to compare compatibility of ND’s in two semi-

crystalline polymers (PVA and PAN) and amorphous PS. It was found that introducing c-ND’s 

into these polymers leads to negative free energies of mixing, the effect being most 

pronounced for PVA and least for PAN. As shown in Figure 4.2b, thermodynamics favors the 

formation of c-ND-based polymer composites for PVA, PAN and PS as evident from negative 

∆𝑮𝒎𝒊𝒙 values of -36.2 mJ/m2, -32.3 mJ/m2 and -35.5 mJ/m2 respectively, making c-ND’s 

compatible with all polymers used in this study.  

In addition to compatibility, good dispersion of c-ND within the polymer plays a 

crucial role in enhancing polymer-ND interactions relative to ND-ND interactions. These 

interactions between polymer-ND and ND-ND can be quantitatively assessed by work of 

adhesion between polymer–ND, and work of cohesion between ND-ND. The relative ratio 

between work of adhesion to work of cohesion referred as the wettability is a quantitative 

measure of c-ND’s preference to wet the polymer surface, assuming ND’s is the wetting 
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species. The work of adhesion for PVA, PAN, and PS corresponds to 80.1 mJ/m2, 81.9 mJ/m2 

and 77.5 mJ/m2 respectively as shown in Figure 4.2b. For each of these polymers, the work of 

adhesion exceeds the work of cohesion between ND’s, which is 73.2 mJ/m2. This means 

wettability is greater than 1 for all polymers - 1.09 for PVA, 1.12 for PAN and 1.06 for PS. 

Note that wettability greater than 1 implies values for 𝑐𝑜𝑠𝜃 greater than 1, which is not 

physically realizable, but nonetheless, implies a fully wetted surface and 𝜃 of 0o. This implies 

that c-ND’s prefer to wet the surface of all polymers.  

Once c-ND’s wet the polymer surface, polymers ideally have to spread across the c-

ND surface if polymer-ND interactions dominate. The energies involved in this process of 

polymers spreading across c-ND are captured using work of spreading (Ws). Complete 

wetting of polymer on c-ND results in positive Ws, whereas partial wetting of polymer on c-

ND results in negative Ws. The work of spreading shown in Figure 4.3a and tabulated in 

Table 4.1 are negative for all polymer combinations. This suggests that wetting of the c-ND 

surface by the polymer is an unfavorable process, a direct consequence of mismatch in 

surface energies. PVA has a negative Ws of -7.7 mJ/m2, compared to -17.4 mJ/m2 for PAN 

and -6.6 mJ/m2 for PS. This implies that the ability of polymers to wet the c-ND surface 

increases in the order of PAN < PVA < PS. Therefore, initially c-ND likes to wet the surface, 

but polymers do not like to spread on the surface. The phenomenon of c-ND wetting the 

polymer, and polymer spreading across the ND-surface takes place initially upon addition of 

c-ND into the polymer. However, over time c-ND may show an affinity to itself more than 

the polymer, causing the system to move to an aggregated state. Indeed, the driving force for 

this transition to take place is captured by (∆𝑾𝑫𝑰𝑺!𝑨𝑮𝑮). The mathematical formulation based 
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on equation 17 implies that the driving force of re-aggregation pronounced for systems that 

have disparate surface energies, i.e. the more mismatch in dispersive and polar surface energy 

components of polymer relative to the filler, the higher the driving force for aggregation. As 

shown in Figure 4.3a, the driving force of c-ND aggregation is considerably higher for PAN 

compared to PS and PVA. c-ND in PVA has a driving force of 0.88 mJ/m2, which is the 

lowest among the polymers, possibly due to the presence of hydrogen bonding with the 

polymer. To that end, c-ND aggregation should be more pronounced in PAN due to higher 

deviation in surface energies, especially the polar component which is 14.7 mJ/m2 relative to 

polar component of nanodiamond of only 3.1 mJ/m2. The disparity in polarity contributes in 

large part to higher driving force for aggregation in the order PVA < PS < PAN. In the above 

discussion, however, there is no correlation between wettability, spreading coefficient and 

work associated with dispersion-aggregation transition. The simultaneous effect of all these 

mechanisms taking place from the initial dispersed state to the final aggregated state, 

therefore, can be captured using Dc, the criterion for dispersion. As shown in Figure 4.3b, Dc 

for PVA, PAN and PS is -0.4 mJ/m2, -4.3 mJ/m2 and -1.2 mJ/m2 respectively. This implies 

that ND composites in PVA are favorable relative to PS and least favorable for PAN. Note 

that a negative value of  Dc imposes limitations in polymer-ND interactions, suggesting that 

the system leans towards aggregated state. This is particularly true for fillers without tailored 

surface functionalization. 
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4.4.5 Effect of Nanodiamond on Glass Transition Temperature of Polymer Fiber 

Composites 

In the presence of nanofillers, polymers may undergo changes in interphase properties 

due to favorable polymer-filler interactions that aid in the reinforcement of mechanical, 

thermal, or electrical properties and thus improve polymer functionality. Most specifically, 

polymer mobility can be altered in the presence of polymer-filler interactions, resulting in 

either depression or enhancement of polymer mobility due to attractive or repulsive polymer-

filler interactions respectively. By measuring shifts in glass transition temperature (Tg), 

nanofiller-induced perturbation in polymer mobility can be captured experimentally, with 

positive and negative shifts in Tg implying an attractive or repulsive interaction between 

polymer-filler respectively. Ramanathan et al. reported increments in Tg of over 40oC for 

PAN and ~30oC for PMMA using functionalized graphene sheets at 1 wt.% and 0.05 wt.% 

respectively, with modulus and tensile strength showing similar trends.81 Experiments by 

Chen et al. using PS-grafted nanoparticles in PS observed Tg dependence on grafting density 

and ratio of matrix to grafted polymer molecular weight.82 Additional studies using graphene 

in PMMA matrix, which show enhancement in Tg have further corroborated the use of such 

measurements as a measure of strength of polymer-filler interaction.83 This study, therefore, 

utilize the shifts in Tg of polymer composites measured using DSC to quantitatively infer the 

presence of attractive or repulsive interfacial interactions between polymer and c-ND. Figure 

4.4a shows the effect of c-ND loadings on Tg on PVA, PAN and PS used in this study, and 

Figure 4.4b shows deviations of Tg from the pure polymer, ∆Tg, derived using the same data. 

Table 4.2 shows quantitative results including Tg obtained using DSC for the polymers and 
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their composites with c-ND. Reported values of Tg represent inflection points extracted from 

DSC isotherms. Representative images of electrospun fiber composites are shown in Figure 

C.6 and the conditions of electrospinning are shown in Table C.3. 

Pure PVA nanofibers exhibit Tg of 78.3o C ± 0.4oC, which is very close to values 

reported in the literature. Incorporating c-ND into PVA nanofibers causes a positive shift in 

Tg for all c-ND loadings up to 2 wt. % used in this study.  The inclusion of very low amounts 

of c-ND (0.1 wt.%) results in a modest positive shift to 79.5 oC ± 0.5 o C, an increase in 1.2 o 

C ± 0.3oC in comparison to pure PVA. Addition of c-ND up to 1 wt. % shows an increasing 

trend, with maximum positive shift occurring at 1 wt. %. The largest shift to 82.6 o C ± 1.3o C, 

which is a 4.3 ± 0.5oC increase in Tg was observed at 1 wt.% loading. This result points to the 

fact that increasing amounts of c-ND hinders the mobility of PVA chains, possibly due to 

favorable interactions between –OH group on PVA backbone with –COOH groups on c-ND 

surface. Thus, the increase in Tg of composite fibers relative to pure implies presence of 

strong favorable interfacial interactions between the two phases. Upon further addition of c-

ND to 2 wt. %, positive shifts are maintained; however, ∆Tg starts to saturate. A positive ∆Tg 

of 4.1 ± 0.5oC, which is higher than Tg of pure PVA but less than that for 1 wt. % loading, is 

observed at 2 wt. % loading. The saturation could be an influence of particle crowding which 

favors interaction of c-ND with its neighbors, diminishing the likelihood of favorable 

interactions with polymer causing Tg to saturate. Similar analysis is extended to PS composite 

fibers to understand the role of c-ND. Similar trends were observed when c-ND is loaded into 

PS matrix, with loadings up to 2 wt. % causing positive ∆Tg. However, in contrast to PVA, 

increase in Tg for PS composite fibers did not saturate even up to maximum loading of 2 wt. 
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%.  Furthermore, the magnitude of ∆Tg for PS is significantly smaller than that of PVA. The 

addition of 0.5 wt. % c-ND resulted in a modest increase of 0.7oC ± 0.1oC from 103.6oC ± 

0.1o C to 104.3o C ± 0.1o C which could be well within standard errors of the instrument. 

However, the shift in ∆Tg corresponds to 0.97oC ± 0.2o C and 1.97oC ± 0.2o C at loadings of 1 

wt. % and 2 wt. % c-ND respectively, which are statistically significant. The upper limit of c-

ND loading was capped to study reinforcement properties at low loadings. The reported 

values suggest some influence of c-ND on the mobility of PS. The smaller positive shift in 

∆Tg for PS (~2oC) compared to that of PVA (~4oC) could be a result of weaker hydrophobic 

interactions relative to hydrogen bonding interactions. While hydrophobic interactions do 

retard the polymer mobility, it does so to a much lesser extent than hydrogen bonding 

interactions. In contrast to PVA, however, at higher loadings of 2 wt. %, ∆Tg does not 

saturate. This could be explained using the micron-sized PS fibers and amorphous nature of 

PS compared to PVA nanofibers, where more particles can be accommodated without 

necessarily exerting an influence on the neighboring particles or hindering crystallinity. 

Finally, the effect of c-ND loading on Tg was also monitored for PAN c-ND nanofiber 

composites. Pure PAN has a Tg of 100.5oC ± 0.1o C. In contrast to both PVA and PS, 

however, PAN does not show Tg increments at loadings less than 1 wt.%, but shows a 

maximum change of 1.1oC ± 0.3o C at that loading. Further increase in c-ND loading results 

in a negative shift of -1.1 oC ± 0.2o C in ∆Tg suggesting an unfavorable repulsive interaction 

between PAN nanofiber and c-ND. The maximum positive shifts in Tg (∆Tg, max) align well 

with predictions made by Dc  as shown in Figure 4.5. Higher values of Dc result in greater 
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shifts in Tg (oC) in the order PVA > PS > PAN, suggesting a correlation between adhesion 

parameters and ∆Tg. 

4.4.6 Correlation between Glass Transition Temperature and Tensile Strength  

The correlation between maximum shifts in Tg (∆Tg, max) with increasing Dc, which 

indicates a reduction of polymer mobility on c-ND surface and favorable polymer-ND 

interactions, and tensile strength is studied using stress-strain graphs of polymer-ND fiber 

specimens with different c-ND loadings. Figure C.7 shows stress-strain graphs of PVA 

nanofibers and with different c-ND loadings up to 2 wt. %. The average values of tensile 

strength and elongation at break extracted from stress-strain graphs are tabulated in Table 

4.3. As shown in Figure C.7, PVA nanofibers undergo elastic deformation for low strains (< 

5%), and the addition of c-ND increases the stiffness of the polymer captured by the elastic 

modulus. After elastic deformation, the nanofibers start to yield and undergo further 

elongation, which results in fiber alignment, followed by fiber rupture. Incorporation of 0.5 

wt.% c-ND results in an increase of tensile strength from 2.97 ± 0.10 MPa to 4.46 ± 0.42 

MPa corresponding to an increase of 50.2%, which further increases at a loading of 1 wt.% 

to 4.64 ± 0.08 MPa corresponding to an increase in 56.3% relative to PVA nanofibers. At 

much higher loadings up to 2 wt. %, however, the tensile strength goes down to 3.48 ± 0.13 

MPa, resulting in the least gain in tensile strength of 17.3%. Despite the increase in tensile 

strength, increase in c-ND loadings reduces elongation at break, with a maximum reduction 

of ~65% seen for 2 wt. % loadings. This could be a consequence of c-ND particles hindering 

the semi-crystalline structure of PVA. Indeed, the crystallinity of PVA, obtained using DSC, 

decreases with c-ND loadings (see Figure C.8).  
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Similar analysis is repeated for PAN and PS (see Figures C.9 and C.10). Stress-strain 

curves for PS with different c-ND loadings show initial elastic deformation in the low-strain 

region (0-5 MPa) and immediate yielding without fiber elongation observed for PVA 

nanofibers at higher stress. The tensile strength in the range of 0.38-1.08 MPa for PS is much 

lower than that of PVA ranging between 2.97-3.48 MPa. Much weaker PS nanofibers, 

therefore, shows prolonged yielding since they are softer relative to PVA and does not yield 

immediately. Compared to pure PS nanofibers, the maximum tensile strength of c-ND 

increases by ~180% for 2 wt. % loading. This enhancement in tensile strength, much higher 

than those in PVA, could be a result of efficient stress transfer in PS due to its amorphous 

nature compared to PVA.  In addition, very low elongation (10.4 %) of PS nanofibers is 

slightly improved with 0.5 wt. % c-ND, but the addition of 2 wt. % c-ND increases 

elongation at break to by ~90%. The same analysis is repeated for PAN, with stress-strain 

curves very similar to that of PS. The tensile strength of PAN nanofibers between 1.74 MPa 

and 0.98 MPa is much higher than that of PS but still lower than that of PVA. Unlike the 

increase in tensile strength seen for PVA and PS, the addition of c-ND results in the 

reduction of tensile strength in PAN. The initial tensile strength of PAN nanofibers of 1.74 ± 

0.07 MPa decreased by ~27% with c-ND loadings of 1 wt.%, possibly due to weaker 

interfacial strength in PAN compared to PVA and PS. 

High polymer-filler interfacial strength, a consequence of good interfacial bonding, 

dictate stress transfers efficiency in nanocomposites. Therefore, some of the most important 

mechanical properties such as tensile strength, elastic modulus, elongation at break, and 

fracture toughness of nanocomposites are governed by the interfacial strength between the 
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polymer matrix and the reinforcing phase. Unlike in fiber-based composites, for which fiber 

pullout technique is used to measure interfacial strengths experimentally, direct and precise 

measurements of the interfacial strength are difficult for ND-based composites, necessitating 

the use of models that can be fit to experimental data to extract interaction parameters. 

Several models in the literature, with assumptions of zero polymer-filler interfacial adhesion, 

and very strong matrix-filler interfacial adhesion have been used to predict the strength of 

composite materials. In particular, an empirical model shown in equation 24, consisting of an 

interaction parameter (B) characterizing the interfacial interaction, thickness and strength of 

composites is used to fit the experimental data.  

𝜎! =   𝜎!
!!!!

!!!.!!!
exp(𝐵𝜙!)  (24) 

In equation 24, 𝜎! is the tensile strength of the composite, 𝜎!  is the tensile strength of 

the polymer, 𝜙! is the volume fraction of the filler and B is the strength of interfacial 

interaction or capacity of stress transfer related to thickness and area of interphase.84,85 The 

first term physically represents a decrease in cross-section area for stress-transfer due to the 

addition of reinforcing phase and the second term accounts for the increase in strength of 

nanocomposites due to interfacial adhesion between the polymer and reinforcing phase. The 

normalized tensile strength as a function of c-ND volume fraction for PVA, PAN and PS are 

shown in Figure 4.6a. It can be seen that PVA and PS have higher tensile strength while 

PAN have lower tensile strength than the pure polymer with the addition of c-ND. The most 

significant improvement in tensile strength is seen in the order of PS > PVA > PAN. The 

inclusion of very low amounts of c-ND (0.5 wt.%, 0.16 vol.%) in PVA results in a positive 
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shift in the normalized tensile strength to 1.50, with maximum tensile strength increase of 

56% occurring at 1 wt.% (0.32 vol.) as shown in Table 4.4. This trend mimics trends shown 

in shifts in Tg, which showed maximum positive shift (∆Tg) of 4.3oC at 1 wt. % loading, 

establishing a correlation between tensile strength and shifts in Tg. However, increase in c-

ND loading to 2 wt. % results in normalized tensile strength of 1.17, which is lower than that 

at 1 wt. % loading, but still higher than the pure PVA. This shows that tensile strength of the 

composite fibers starts to decrease at loadings higher than 1 wt. %. At high loadings, the 

interactions between PVA and c-ND is saturated as predicted by shifts in Tg, and further 

additions will have negligible influence on polymer-filler interactions.  

In sharp contrast to increase in tensile strengths upon addition of c-ND in PVA, PAN 

shows no tensile strength reinforcements as shown by normalized values of tensile strength, 

which are all less than unity at any c-ND loading. At maximum loadings of 2 wt. %, PAN 

shows an approximate reduction of 44% in tensile strength, suggesting negative effects of c-

ND. Correlating this to shifts in Tg, we find that PAN did not interact well with c-ND and no 

significant enhancement was seen. In addition, the interaction parameter of 2.2 for PAN is 

less than that for PVA and is purely dominated by a decrease in cross-section area due to the 

addition of fillers, suggesting that interfacial adhesion is negligible (Figure 4.6b). This is a 

direct consequence of mismatch in surface energies, which enhances driving force of 

aggregation of c-ND in PAN, thereby showing detrimental effects on the final composite 

tensile strength. The dependence of c-ND loading on normalized tensile strength as well as 

the interaction parameter for PS is significantly different from that of PVA. For PS, the 

increase in tensile strength occurs at even low contents and the trend does not reverse at high 
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loadings unlike those seen in PVA. The addition of 0.5 wt. % c-ND on PS results in a 52% 

increase in tensile strength, which goes up to 250% for 1.0 wt. % and 284% for 2.0 wt. % 

respectively. The interaction parameter of 4.8 for PS is higher compared to 3.2 for PVA.  

4.5 Conclusions 

Development of nanocomposites with enhanced properties necessitates the use of 

model filler as well as fundamental understanding of polymer-filler interactions at the 

nanoscale. Nanodiamonds (ND’s) have emerged as a novel class of nanofillers, however, the 

propensity of ND’s to aggregate in solution as well as in polymers presents significant 

challenges during processing of ND-based fibers composites. As such, understanding the 

interfacial energetics associated with polymer-ND composites to promote dispersion and 

enhance ND-polymer wetting at the nanoscale is an essential prerequisite in designing 

polymer-ND composite fibers with reinforced mechanical properties. In this work, we 

studied the aggregation behavior of carboxylated-ND (c-ND) in various solvents and 

polymers with varying polarities. Dispersion of c-ND in 18 different solvents revealed a 

dependence on the polar component of solvent solubility parameter, with stable to 

moderately stable dispersions observed in solvents with polar component of the solubility 

parameter of ~7 MPa1/2. The c-ND’s ~100 nm in size were de-aggregated into smaller 

particles using salt-assisted ultrasonic deaggregation (SAUD), with a flat tip and microtip 

giving c-ND’s with a primary particle size of ~20-30 nm and ~60 nm respectively. Wicking 

technique, combined with Washburn equation, was used to calculate surface energy of c-ND 

of 33.5 ± 6.9 mJ/m2 for dispersive component and 3.1 ± 2.9 mJ/m2 for polar component.  
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c-ND between 20-30 nm were used to make electrospun fiber composites in two 

semi-crystalline polymers poly(vinyl alcohol) (PVA) and polyacrylonitrile (PAN) and 

amorphous polystyrene (PS). Different parameters such as wettability, work of spreading, 

and work of dispersion-aggregation transition, calculation using the surface energy of c-ND 

and polymers, were used to derive a criterion for dispersion (Dc) as a predictor of final tensile 

properties of polymer-ND fiber composites. We found that shifts in glass transition 

temperature (∆Tg), used as a measure of polymer-ND interactions, showed a direct 

correlation with Dc in the order of PVA > PS > PAN. However, the final tensile strength 

showed a direct correlation with Dc and ∆Tg for semi-crystalline polymers only, with 

amorphous polystyrene showing maximum reinforcement contrary to predictions made by 

∆Tg, suggesting contributions of crystallinity to final tensile strength. The findings of this 

study could offer additional insight into the design of interfaces for polymer-ND fiber 

composites.  
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Figure 4.1 (a) FTIR spectrum and (b) XPS scan for c-ND and SAUD c-ND showing changes 
in surface composition after deaggregation. SAUD c-ND shows minor amounts of sodium 
(Na) and nitrogen (N). 
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Figure 4.2 (a) Owens-Wendt plot used to calculate the surface energy of c-ND, and 
(b)∆G!"#, work of adhesion (WP/ND), and work of cohesion (WND/ND) for c-ND mixed in two 
semi-crystalline polymers  (PVA, PAN) and amorphous polymer (PS). 
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Figure 4.3 (a) Work of spreading, work of dispersion-aggregation transition, and (b) 
dispersion criterion for c-ND in PVA, PAN and PS derived using surface energies.   



 
 

 
 

171 

Table 4-1 Summary of relevant adhesion parameters in understanding dispersion-
aggregation behavior of ND’s in different polymers extracted from data shown in Figure 4.2 
and 4.3 

 
Polymers 

 
∆𝐆𝐦𝐢𝐱 
(mJ/m2) 

𝐖𝐏/𝐍𝐃 
(mJ/m2) 

𝐖𝐍𝐃/𝐍𝐃 
(mJ/m2) 

𝐖𝐏/𝐍𝐃
/  𝐖𝐍𝐃/𝐍𝐃 

 

𝐖𝐬 
(mJ/m2) 

∆𝐖𝐃𝐈𝐒!𝐀𝐆𝐆 
(mJ/m2) 

Dc 
(mJ/m2) 

PVA -36.2 80.1 73.2 1.09 -7.7 0.88 -0.4 
PAN -32.3 81.9 73.2 1.12 -17.4 2.29 -4.3 
PS -35.5 77.5 73.2 1.06 -6.6 8.63 -1.2 

 
∆𝐆𝐦𝐢𝐱: Gibbs energy of mixing c-ND in polymers 
𝐖𝐏/𝐍𝐃: work of polymer-ND interaction (work of adhesion)  
𝐖𝐍𝐃/𝐍𝐃: work of ND-ND interaction (work of cohesion) 
𝐖𝐏/𝐍𝐃/  𝐖𝐍𝐃/𝐍𝐃: wettability  
𝐖𝐬: work of spreading   
∆𝐖𝐃𝐈𝐒!𝐀𝐆𝐆: work of dispersion-aggregation transition (driving force)  
Dc: dispersion criterion  
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Figure 4.4 (a) The effect of c-ND loadings on glass transition temperature (Tg) of PVA, PAN 
and PS electrospun fibers, and (b) the change in glass transition temperature (∆Tg) post c-ND 
addition relative to nanofibers without c-ND. 
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Table 4-2 Glass transition temperature (Tg) and relative shift in glass transition temperature 
(∆Tg) of electrospun polymer fibers with varying c-ND loadings  
 

 PVA 
ND (wt. %) Tg (oC) ∆Tg (oC) 

0 78.3 ± 0.4 - 
0.1 79.5 ± 0.5 1.2 ± 0.3 
0.5 80.6 ± 0.6 2.3 ± 0.6 
1.0 82.6 ± 1.3 4.3 ± 0.5 
2.0 82.4 ± 1.1 4.1 ± 0.5 

 
 PAN 

ND (wt. %) Tg (oC) ∆Tg (oC) 
0 100.5 ± 0.1 - 

0.1 100.7 ± 0.3 0.2 ± 0.3 
0.5 100.7 ± 0.1 0.2 ± 0.1 
1.0 101.6 ± 0.5 1.1 ± 0.3 
2.0 99.4 ± 0.2 -1.1 ± 0.2 

 
 PS 

ND (wt. %) Tg (oC) ∆Tg (oC) 
0 103.6 ± 0.1 - 

0.1 104.0 ± 0.1 0.4 ± 0.2  
0.5 104.3 ± 0.1 0.7 ± 0.1 
1.0 104.6 ± 0.2 0.97 ± 0.2 
2.0 105.6 ± 0.1 1.98 ± 0.2 
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Figure 4.5 Plot showing maximum change in glass transition temperature of electrospun 
fibers containing c-ND as a function of criteria for dispersion (Dc).  Higher values of (Dc) 
result in greater shifts in Tg (oC) in the order PVA > PS > PAN. 
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Figure 4.6 (a) Normalized tensile strength as a function of SAUD c-ND loadings (vol. %) 
and (b) adhesion parameter (B) as a function of SAUD c-ND loadings derived by fitting 
experimental data to Pukanszky model. 
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Table 4-3 Tensile strength (σ) and elongation at break (ε) of polymer nanofibers with 
different c-ND loadings, obtained using stress-strain data shown in Figures C.7-C.9.  
 

 
 PVA 

ND (wt. %) σ (MPa) ε (%) 
0 2.97 ± 0.10 126.2 ± 19.4 

0.5 4.46 ± 0.42 99.3 ± 8.6 
1.0 4.64 ± 0.08 77.1 ± 12.1 
2.0 3.48 ± 0.13 44.8 ± 6.3 

 
 PAN 

ND (wt. %) σ (MPa) ε (%) 
0 1.74 ± 0.07  18.9 ± 6.4 

0.5 1.28 ± 0.29 13.9 ± 5.1 
1.0 1.27  ± 0.20 9.42 ± 2.1 
2.0 0.98 ± 0.18 9.37 ± 0.6 

 
 PS 

ND (wt. %) σ (MPa) ε (%) 
0 0.38 ± 0.13 10.4 ± 6.1  

0.5 0.58 ± 0.12 18.0 ± 6.6  
1.0 0.95 ± 0.35 17.3 ± 2.6 
2.0 1.08 ± 0.13 19.7 ± 3.7 
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Table 4-4 Shifts in glass transition temperature (∆Tg), normalized tensile strength and 
Pukanszky interaction parameter of polymer nanofibers with different c-ND loadings.  
 

 PVA 
ND (wt. %) ∆Tg (oC) σc / σm B 

0 0 1 3.2 
0.5 2.3 ± 0.6 1.50 
1 4.3 ± 0.5 1.56 
2 4.1± 0.5 1.17 

 
 PAN 
ND (wt. %) ∆Tg (oC) σc / σm B 

0 0 1 2.2 
0.5 0.2 ± 0.3 0.74 
1 1.1 ± 0.1 0.73 
2 -1.1 ± 0.3 0.56 

 
 

 PS 
ND (wt. %) ∆Tg (oC) σc / σm B  

0 0 1 4.8 
0.5 0.7 ± 0.1 1.52 
1 0.97 ± 0.2 2.5 
2 1.98 ± 0.2 2.84 
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Chapter 5 Conclusions and Future Outlook  

5.1 Conclusions 

In this dissertation, we successfully designed new multicomponent systems in the 

form of copolymers as surface coatings for protein capture, modulated gelation kinetics and 

mechanical strength of photocrosslinkable polymer via network formation using cellulose 

nanocrystals and investigated the interfacial aspects of polymeric systems consisting of 

nanodiamonds in electrospun fibers of either semi-crystalline or amorphous polymers with 

different surface energies to create fundamental knowledge on their structure-property-

function relationships. The main conclusions of each chapter are as follows:   

Chapter 2. Modification of model polyester thin films and nonwoven fabrics for 

protein immobilization is desirable in applications such as wastewater purification and 

biofiltration, yet challenging due to lack of reactive functional groups, thus limiting their 

possibility for protein binding. In this Chapter, polyester was successfully modified with 

trimethyl cellulose followed by vapor-phase acid-hydrolysis, which generated reactive 

hydroxyl groups. This facilitated grafting of random hydrophilic copolymers of poly (sodium 

vinyl benzene sulfonate-co-hydroxyethyl methacrylate) (poly(SVBS-co-HEMA)) using 

activator re-generated by electron transfer (ARGET) atom-transfer radical polymerization 

(ATRP). The copolymer architecture was studied for enhanced protein capture and release. It 

was found that PBT surfaces modified with the poly(SVBS-co-HEMA) adsorbed significant 

amounts of model proteins and a maximum binding was found for a copolymer with 

dominant HEMA composition (20% SVBS and 80% HEMA or 2:8 poly(SVBS-co-HEMA)). 

Such system was regenerated after protein adsorption by introducing electrolyte solutions, as 
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shown in quartz-crystal microgravimetry experiments that also unveiled details about the 

dynamics of adsorption (capture) and regeneration (protein release). The adsorption of 

representative proteins – lysozyme, fibrinogen and bovine serum albumin (BSA) – depended 

on the pH of the aqueous matrix, with fibrinogen and BSA adsorbing on the ‘wrong side’ of 

the isoelectric point under electrostatically repulsive conditions. Such adsorption behavior 

was interpreted in terms of the balance of protein-surface and protein-protein interactions. 

The modified polyester represents an attractive alternative for imparting protein-adsorption 

functionality toward advanced separations.   

Chapter 3.  Weak mechanical performance associated with photocrosslinkable 

polymer necessitates strategies to reinforce their mechanical properties. In this Chapter, a 

simple technique using cellulose nanocrystals (CNC’s) that induces favorable electrostatic 

interactions was used to modulate the crosslinking kinetics as well as to enhance the 

mechanical performance of aqueous photoactive polyvinyl alcohol derivative, poly (vinyl 

alcohol), N-methyl-4 (4’-formylstyrl) pyridinium methosulfate acetal (PVA-SbQ). The 

resulting changes in the rheological behavior of PVA-SbQ were studied before and after 

exposure to UV at a fixed intensity of 10 mW/cm2. Steady-shear rheological measurements 

of PVA-SbQ showed characteristics similar to neutral polymers and entanglement at ~4.8 

wt.%. Low concentration CNC rheology, combined with Simha’s equation for non-spherical 

particles, revealed an aspect ratio of ~27. The presence of low concentration CNC in aqueous 

solutions of PVA-SbQ (6 wt.%) showed Newtonian behavior, with visible deviations arising 

at concentrations around 1.5 wt.%, showing non-linear behavior with yield stresses as the 

interactions between PVA-SbQ and CNC present in dispersions prepared using simple 
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solution mixing facilitated network formation. The inclusion of CNC’s above a critical 

threshold concentration between 1-1.5 wt.% formed a percolated CNC network before UV-

exposure, further corroborated using Van Gurp Palmen and Cole-Cole plots used as 

signatures for percolation. The structure build-up after UV exposure studied using in-situ 

dynamic photo-crosslinking experiments revealed alterations in gelation kinetics and 

mechanical strength of neat systems. The crossover times of storage (G’) and loss moduli 

(G”) increased with CNC’s less than 1.5 wt.% but dramatically reduced above 1.5 wt.%. A 

steep jump in the storage modulus of fully-crosslinked networks representative of percolation 

with critical threshold concentration (~1.4 wt.%) as well as ~131% increase in storage 

modulus (G’) at 2.5 wt.% CNC was observed. The results point to the existence of 

microstructural changes wherein the polymer-CNC interactions induced a percolated 

microstructure that allows efficient stress transfer. The induced percolation mechanism can 

be utilized in the design of photocrosslinkable systems for applications requiring mechanical 

reinforcement.  

Chapter 4.  Nanodiamonds (ND’s) have emerged as a novel class of nanofillers, 

however, the propensity of ND’s to aggregate in solution as well as in polymers presents 

significant challenges during processing of ND-based fibers composites. As such, 

understanding the interfacial energetics associated with polymer-ND composites to promote 

dispersion and enhance ND-polymer wetting at the nanoscale is an essential prerequisite in 

designing polymer-ND composite fibers with reinforced mechanical properties. While 

macroscopic property reinforcements using nanodiamonds (ND’s) in polymer-nanodiamond 

composites (PNC) have been extensively studied, not much is known about the relationship 
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between polymer-ND interfacial energy parameters, polymer-ND interactions and final 

mechanical properties in ND-reinforced electrospun fibers. In this Chapter, surface-energy 

dependent parameters such as wettability, work of spreading, and work of dispersion-

aggregation transition of ND’s were used to derive a criterion for dispersion (Dc) as a 

hypothesized predictor of polymer-ND interactions and final tensile strength in electrospun 

poly (vinyl) alcohol (PVA), polyacrylonitrile (PAN), and polystyrene (PS).  We found that 

shifts in glass transition temperature (∆Tg), used as a measure of polymer-ND interactions, 

showed a direct correlation with Dc in the order of PVA > PS > PAN regardless of 

amorphous or semi-crystalline nature of the polymer. However, the final tensile strength 

showed a direct correlation with Dc and ∆Tg for semi-crystalline polymers only, with 

amorphous polystyrene showing maximum reinforcement contrary to predictions made by 

∆Tg, suggesting the additional role of polymer morphology to final tensile strength. The 

findings of this study could offer additional insight into the design of interfaces for polymer-

ND fiber composites. 

5.2 Future Work and Recommendations 

 The following sections discuss some key ideas that can be explored as part of future 

work and highlight some limitations associated with current approaches if applicable. The 

recommendations can be used as a starting point for designing systems with better 

functionality.  

5.2.1 Photoinduced Grafting of Copolymer on Nonwoven Fabrics 

While successful implementation of a facile cellulose chemistry to impart protein 

capture functionality was demonstrated in Chapter 2, the proposed approach can be further 
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improved by using copolymers that make the system more versatile by using industrially 

scalable techniques, introducing ‘dry’ measurement techniques, and by establishing 

comparisons to benchmarks in the industry. The poly(SVBS-co-HEMA) copolymer shown in 

Figure 2.1 was specifically designed to study protein adsorption using lysozyme as a model 

protein. The high isoelectric point of lysozyme (pH 11), which implies a net positive charge 

for pH values less than 11, facilitates adsorption on negatively charged surfaces due to 

favorable electrostatic conditions. However, this particular chemistry is not robust enough to 

ensure high adsorption capacity for proteins under unfavorable electrostatic conditions such 

as bovine serum albumin (BSA) at pH 7.4, which is used as the ‘gold standard’ in the 

industry for comparing different protein-capture systems. In addition, surface-initiated 

polymerization technique which is ‘grafting from’ technique utilized herein is not ideal to 

maximize protein adsorption since it forms surfaces with high grafting density, that 

eliminates primary and secondary modes of protein adsorption. Also, the polymerization 

technique is not scalable for industrial production primarily due to large amounts of copper 

involved in the atom transfer radical polymerization (ATRP) process. The limitations in the 

current approach, therefore, need to be addressed to develop nonwoven fabrics with high 

non-specific BSA capture efficiency using controllable surface chemistries involving 

scalable and robust grafting techniques capable of reducing time and cost of scale-up 

technology. Therefore, better chemistry and scalable approaches are necessary for the design 

of robust coatings for protein adsorption.  

The most viable approach to tackling the problem is to devise a system that is capable 

of non-specific protein capture via ‘grafting to’ technique by using pre-made copolymers 
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capable of capturing proteins via electrostatic as well as hydrophobic interactions. The most 

suitable end functionalities that will impart electrostatic and hydrophobic properties 

necessary for protein adsorption are shown in Figure 5.1. The motivation for using sulfonated 

functionality (SO3
-) in the form of  (poly (3-sulfopropyl methacrylate) (3-PSPMA)) comes 

from results reported in Chapter 2 showing adsorption of ~10 mg lysozyme per gram of PBT 

nonwoven via electrostatic interactions. Similarly, the presence of a positive charge in the 

quaternary structure in quaternized poly (dimethylaminoethyl) methacrylate will facilitate 

adsorption of negatively charged protein such as BSA at pH 7.4. In addition, the presence of 

permanent charge in the system will make the system pH independent and highly versatile. 

Finally, the alkyl chain in poly (butyl methacrylate) (PBMA) will facilitate protein 

adsorption via hydrophobic interactions. Figure 5.2a shows proposed route of synthesis and 

grafting of copolymer onto nonwoven substrate. Free-radical copolymerization is used to 

make copolymers with varying compositions and attached to the substrate in the presence of 

benzophenone and UV light as shown in Figure 5.2b. Benzophenone in the presence of UV 

abstracts a hydrogen atom from the polymer as well as the substrate as shown in Figure 5.2c, 

forming a dense crosslinked network.1    

Some preliminary results on the synthesis and characterization of P(DMAEMA-co-

BMA) copolymer, as well as on UV-induced surface grafting of copolymer using 

benzophenone on PBT nonwovens are reported. 

5.2.1.1 Materials and Methods 

PBT nonwoven with a basis weight of 20 g/m2 manufactured using meltblown 

technology was provided by Nonwovens Institute (NCSU, Raleigh). 2-(Dimethylamino) 
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ethyl methacrylate (DMAEMA, containing 700-1000 ppm monomethyl ether hydroquinone 

as inhibitor, 98%) and butyl methacrylate (BMA, 99%, containing 10 ppm monomethyl ether 

hydroquinone as inhibitor) were purchased from Sigma-Aldrich (Allentown, PA). Inhibitors 

in the monomers, DMAEMA and BMA, were removed using a pre-packed inhibitor column 

removal purchased from Sigma Aldrich prior to use (Allentown, PA). 2,2’-Azobis (2-

methylpropionitrile) (AIBN), Toluene (anhydrous, 99.8%), dimethylacetamide, 

tetrahydrofuran (anhydrous, >99.9%, inhibitor-free), dichloromethane (HPLC grade, 99.9%), 

methanol (anhydrous, 99.8%), petroleum ether, hexanes (anhydrous, 95%) and 

benzophenone were purchased from Sigma Aldrich and used as received.  

A stock solution of AIBN was first prepared by dissolving re-crystallized AIBN (3.12 

mg/ml) in toluene for 30 minutes. In a schlenk flask, thoroughly rinsed with acetone and 

dried in an oven, AIBN (620 µl) was added followed by monomers DMAEMA (1.3 ml) and 

BMA (1.3 ml) to prepare 50:50 poly (BMA-co-DMAEMA). Following initiator and 

monomer addition, reaction solvent toluene was added to flask slowly washing the contents 

on the sides of the flask. Next, three freeze-pump-thaw cycles were performed to conduct the 

reaction in an inert atmosphere. In a typical cycle, the contents of the flask were immersed in 

liquid nitrogen until the contents were frozen, followed by pulling vacuum. The frozen 

contents of the flask were then immersed in a crystallization dish containing tap water until 

all the contents were completely thawed.  Following three freeze-pump-thaw cycles, free-

radical polymerization reaction was carried out for 20 hours at 75oC. At the end of 20 hours, 

the solvent was removed using Rotovap at 60oC and pressures <100 mbar, until most of the 

toluene was removed. The remaining viscous product with trace amounts of toluene was re-
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dissolved in THF and the dissolved solution was added drop-wise to ~90 ml petroleum ether. 

Precipitation in petroleum ether resulted in a bright white-colored product, which was re-

dissolved in minimum amounts of THF and precipitated again.  The choice of product 

dissolution and precipitation solvent for homopolymers, and copolymers of BMA and 

DMAEMA are listed in Table 5.1.  

Fourier-transform infrared spectroscopy (FTIR) spectra of poly (BMA), 1:1 poly 

(BMA-co-DMAEMA) and poly (DMAEMA) were performed using Thermo Nicolet iN10 

infrared microscope operating in the range 4000-500 cm-1 range. Samples were prepared by 

mixing ~5 mg of polymer with ~495 mg potassium bromide (KBr) to form a pellet. The 

spectra were collected using a 2 cm
 

resolution and 64 continuous scans. The surface 

elemental composition of the synthesized polymers was analyzed using XPS. Data were 

obtained on Specs XPS (AIF, NCSU) using Mg source with energy of 1253.6 eV, and 

XPSPeak41 was used to calibrate C1s spectrum to 285.0 eV, determine peak areas and to 

calculate the elemental composition. 1H NMR spectra of polymers were recorded on a Varian 

Mercury 400 spectrometer equipped with 5mm Pulse-Field Gradient (PFG) auto-switchable 

4-nuclei (1H, 13C 19F, 31P), operating at 400 MHz. Samples were prepared by dissolving ~5 

mg of polymers in 0.5 ml of deuterated solvent and chemical shifts were recorded in ppm.  

PBT nonwoven fabrics were thoroughly rinsed with methanol and dried at 40oC 

before use. Then, the fabrics were cut into 1 cm by 1 cm and pre-weighed samples were 

dipped into a solution of methanol to increase wettability. Thereafter, the samples were 

immersed in 0.01 wt.% benzophenone (BP) solutions in toluene and completely soaked for 

10 seconds followed by drying with nitrogen. Samples soaked in benzophenone were placed 
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in a petri dish and was exposed to UV light with a wavelength at 365 nm and intensity 

varying between 10-30 mW/cm2. The distance between nonwoven samples and UV light was 

kept constant at around 5 mm, and the reaction was carried out for times ranging between 10-

30 minutes. After the reaction, the nonwoven fabric was thoroughly rinsed in methanol to get 

rid of the unreacted polymer solution and allowed to dry in vacuum at 40o overnight. The 

nonwoven fabrics were then weighed to calculate the degree of copolymer grafting using the 

expression shown in Equation (1).  

𝐷𝑒𝑔𝑟𝑒𝑒  𝑜𝑓  𝐶𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟  𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔   = !!!!!

!!
  𝑥  100  %    (1) 

Here, Wi is the initial weight of PBT nonwoven and Wf is the final weight of PBT nonwoven 

after co-polymer grafting.  

The effect of benzophenone-induced polymer/copolymer attachment on the 

morphology of PBT nonwovens fabrics was studied using field emission scanning electron 

microscopy (FEI Verios 460L). Samples (1 cm by 1 cm) cut from polymer-grafted nonwoven 

mats and fixed on a carbon tape mounted on a stub before applying a gold-palladium (Au-Pd) 

coating of ~7 nm using a sputter-coating unit. Imaging of coated fabrics was done using an 

accelerating voltage of 5 kV and a working distance of 6 mm.  

5.2.1.2 Results and Discussion 

Homopolymers of PBMA and PDMAEMA and copolymers of 1:1 and 3:1 P(BMA-

co-DMAEMA) were synthesized using free-radical copolymerization in toluene at 75oC. 

PBMA and PDMAEMA homopolymers were obtained by direct precipitation in cold 

methanol and hexanes respectively, and 1:1 P(BMA-co-DMAEMA) product was obtained 

after direct precipitation in cold petroleum ether. Precipitation solvents were chosen based on 
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visual appearance of the color of the precipitate. In the case of 3:1 P(BMA-co-DMAEMA), 

no suitable solvent was found that could precipitate the copolymer out of solution; therefore, 

any relevant characterization was performed in toluene solution (see Table 5.1). The 

functional groups on the synthesized polymer were characterized using FTIR as shown in 

Figure 5.3, which contains spectra of homopolymers PBMA, PDMAEMA and 1:1 copolymer 

of P(BMA-co-DMAEMA). For all polymers, well-defined bands at ~1730 cm-1 attributed to 

the stretching of C=O groups, distinct bands between 1150 cm-1 to 1250 cm-1 due to C-O-C 

stretching, bands at ~2997 cm-1 and 2950 cm-1 due to stretching vibration of C-H in CH3 and 

CH2 respectively, as well as adsorption bands between 3100 cm-1 to 3700 cm-1 and ~1640 

cm-1 attributed to stretching and bending vibrations of –OH bonds due to adsorbed moisture 

are visible. The two sharp bands at ~2800 cm-1 and 2770 cm-1 due to the presence of –N 

(CH3) 2 for PDMAEMA, which is absent from PBMA, clearly shows that the synthesized 

macromolecule is PDMAEMA. The distinct feature corresponding to -N(CH3)2 in 

PDMAEMA which is absent in PBMA, appears in the spectra for 1:1 P(BMA-co-

DMAEMA), but at much lower intensity suggesting the presence of smaller amounts of 

DMAEMA in the copolymer.  

The chemical structures of PBMA, PDMAEMA, and 1:1 P(BMA-co-DMAEMA) 

were also verified using 1H NMR spectroscopy, which shows distinct proton signals due to 

unique proton environments along the polymer backbone as shown in Figure 5.4. The 

characteristic signal corresponding to (-O-CH2) for PBMA, labeled H2 is observed at 3.89 

ppm, distinguishes itself from characteristic signal corresponding to (-O-CH2) for 

PDMAEMA labeled H’2 observed at 4.02 ppm. Both experimental chemical shifts for H2 



 
 

 
 

198 

environments are close to the predicted theoretical shifts, which correspond to 4.0 ppm and 

4.2 ppm for PBMA and PDMAEMA respectively. The characteristic peak separating PBMA 

and PDMAEMA, however, is proton labeled H3 and H’3 which is present in PDMAEMA at 

much higher chemical shifts (~2.54 ppm) compared to PBMA at 1.58 ppm. The signal 

corresponding to (-CH2) in PBMA at ~1.36 ppm (H4) is also distinct relative to PDMAEMA 

with signals corresponding to (-CH3) occurring at 2.54 ppm. For homopolymer 1:1 P(BMA-

co-DMAEMA), proton environments corresponding to PDMAEMA (H’2, H’3, and H’4) 

missing in bulk PBMA, and proton environments corresponding to PBMA (H2, H3, and H4) 

missing in bulk PDMAEMA, both appear suggesting the presence of both PBMA and 

PDMAEMA in the copolymer. In addition, the chemical composition of PBMA, 

PDMAEMA, 1:1 P(BMA-co-DMAEMA) and 3:1 (PBMA-co-DMAEMA) synthesized in 

this work was assessed by XPS. Survey scans for each polymer are shown in Figure 5.5, and 

theoretical values, calculated using the number of carbon, oxygen and nitrogen atoms on a 

repeat unit of a polymer backbone, and experimental values atomic content are listed in Table 

5.2. Survey scans for all polymers reveal combinations of ionization peaks for carbon at 285 

eV, nitrogen at 398 eV and oxygen at 531 eV and nitrogen. The corresponding atomic content 

for PBMA is 77.2 % carbon and 22.8 % oxygen, which compares very well to theoretical 

values. Similar conclusions are made for 1:1 P(BMA-co-DMAEMA) with 70.9 % carbon, 

23.2 % oxygen and 4.5 % nitrogen, 3:1 P(BMA-co-DMAEMA) with 76.8 % carbon, 22.2 % 

oxygen and 1.05 % nitrogen, and PDMAEMA with 70.1 % carbon, 20.5 % oxygen and 2.9 % 

nitrogen obtained using XPS, closely matching theoretical predictions. All the evidence 

combined suggests successful synthesis of polymers and copolymers of interest for protein 
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adsorption.   

Next, the synthesized polymers were grafted onto PBT nonwoven fabrics in the 

presence of benzophenone. Briefly, pre-cut and cleaned fabrics were immersed for 2 minutes 

in THF containing 100 mg/ml of the polymer of interest and 10 wt.% BP and were exposed 

to UV light with intensities ranging between 10-30 mW/cm2 for 5 minutes. XPS spectra of 

pristine PBT and PBT grafted with copolymers shown in Figure 5.6 reveal changes in 

elemental composition relative to PBT after copolymer grafting. PBT shows carbon content 

of 74.2% and oxygen content of 25.8%, which is close to theoretical values corresponding to 

75% for carbon and 25% for oxygen. Grafting of PBT with PBMA changes carbon content to 

79.4% and oxygen content to 20.6%. The reduction in oxygen content is due to the presence 

of PBMA without oxygen-containing functionalities. Further grafting of PBT with 1:1 

P(BMA-co-DMAEMA) showed the presence of 2.7% nitrogen due to the presence of 

PDMAEMA. The surface morphology of PBT nonwoven fabrics before and after grafting of 

PBMA and 1:1 P(BMA-co-DMAEMA) under different UV intensity was studied using SEM 

and representative images are shown in Figure 5.7.  Neat PBT shows a uniform, smooth 

surface with an average diameter of 8.1 ± 1.4 microns, open pore structure, and fused fibers. 

After UV induced grafting of PBMA using UV intensity of 3 J/cm2, the diameter increases to 

8.6 ± 2.1 microns very similar to blank PBT; however, ‘web’ like layers of polymers between 

fibers were clearly visible instead of open porous structure suggesting some compromise in 

the porous structure. Further grafting the same concentration of BP/PBMA at higher UV 

intensity 9 J/cm2 validated the formation of web-like morphology. Unlike grafting of PBMA 

at higher UV intensity, grafting of 1:1 P(BMA-co-DMAEMA) under same conditions did not 
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yield morphology with web-like structures, suggesting a difference in the extent of grafting 

of PBMA compared to 1:1 P(BMA-co-DMAEMA). 

The dependence of the degree of grafting for PBMA and 1:1 P(BMA-co-DMAEMA) 

on the UV intensity corroborated film formation seen under SEM. As the UV intensity was 

increased from 3 to 9 J/cm2, the degree of grafting increased from 25% to 50.3%, confirming 

that the web like formation was due to higher amounts of polymer grafted onto the surface. 

Similarly, the degree of grafting increased from 12% to 52% as UV intensity increased from 

3 J/cm2 to 18 J/cm2 for 1:1 P(BMA-co-DMAEMA). This also confirms that higher intensity 

is required for 1:1 poly (BMA-co-DMAEMA) to achieve similar degrees of grafting of 

PBMA. However, the concentration needs to be optimized in order to protect the open 

structure of blank PBT nonwoven fabrics.  
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Figure 5.1 (a) Proposed chemistry for development of PBT nonwovens with high non-
specific protein capture efficiency consisting of poly (2-dimethylaminoethyl methacrylate) 
(PDMAEMA), poly(butyl) methacrylate (PBMA) and poly(3-sulfopropyl) methacrylate, and 
(b) positively charged segment obtained after quaternization of PDMAEMA, which allows 
capture of proteins  with negative charges. 
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Figure 5.2 (a) Free-radical polymerization synthesis route for the fabrication of P(BMA-co-
DMAEMA) copolymer using AIBN and suitable solvent at 75oC, (b) strategy for attachment 
of copolymer to nonwoven substrate using UV-induced crosslinking in the presence of 
benzophenone, and (c) mechanism of crosslinking in the presence of benzophenone, showing 
hydrogen abstraction from polymer and attachment to the substrate. 

 
 



 
 

 
 

203 

Table 5-1 Free-radical polymerization synthesis conditions for homopolymers and 
copolymers of poly (butylmethacrylate) (PBMA) and poly (dimethylaminoethyl) 
methacrylate (PDMAEMA) at 75oC 

(Co) Polymers Solvent Dissolved In Precipitated In 
PBMA Toluene - Cold methanol 

1:1 P (BMA-co-DMAEMA) Toluene THF Cold petroleum ether 
3:1 P (BMA-co-DMAEMA) Toluene Toluene Recovered as solution 

PDMAEMA DMAc* Dichloromethane Hexanes 
*DMAc – dimethylacetamide 
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Figure 5.3 FTIR-spectra of homopolymers of PBMA, PDMAEMA and 1:1 P (BMA-co-
DMAEMA) synthesized using free-radical copolymerization. 
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Figure 5.4 Comparison of NMR spectra of homopolymer of PBMA, PDMAEMA and 1:1 
(theoretical ratio) P (BMA-co-DMAEMA) synthesized using free-radical copolymerization. 
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Figure 5.5 XPS-spectra of homopolymer of PBMA, PDMAEMA, 1:1 and 3:1 P(BMA-co-
DMAEMA) synthesized using free-radical copolymerization. 
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Table 5-2 Theoretical and experimental atomic content (%) for homopolymers of PBMA and 
PDMAEMA, and copolymers with 1:1 and 3:1 P(BMA-co-DMAEMA). 

 
Polymer Theoretical Value (%) Experimental Value (%) 

 C O  N   C O  N  
PBMA 75 25 - 77.2 22.8 - 

1:1 71.1 23.7 5.2 70.9 23.2 4.5 
3:1 72.2 24.3 2.7 76.8 22.2 1.05 

PDMAEMA 67.6 22.5 9.9 60.1 20.5 2.9 
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Figure 5.6 XPS-spectra of neat PBT nonwoven fabric (20 g/m2 basis weight) and fabric 
grafted with PBMA and 1:1 P(BMA-co-DMAEMA) showing successful attachment of 
copolymer using UV crosslinking in the presence of benzophenone.   
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Table 5-3 Element content (%) of carbon, nitrogen and oxygen for PBT nonwoven fabric (as 
is) and nonwoven fabrics grated with PBMA and 1:1 P(BMA-co-DMAEMA). 

 
Substrate (Nonwoven) C (%) O (%)  N (%) 

PBT 74.2 25.8 - 
PBT-g-PBMA 79.4 20.6 - 

PBT-g-P (BMA-co-DMAEMA) 1:1 78.7 18.7 2.7 
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Figure 5.7 SEM images showing morphology of (A) neat PBT nonwoven fabrics, (B) 
grafted with PBMA using UV intensity of 3 J/cm2, (C) grafted with PBMA using UV 
intensity of 9 J/cm2, and (D) grafted with 1:1 P(BMA-co-DMAEMA) using UV intensity of 
9 J/cm2. 
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Figure 5.8 Degree of grafting of PBMA and 1:1 P(BMA-co-DMAEMA) on PBT nonwoven 
fabric. PBT nonwoven fabric (20 g/m2) was immersed in THF containing 100 mg/ml of 
polymer of interest and 10 wt.% benzophenone, and samples exposed to UV 10-30 mW/cm2 
for 5 minutes. Samples were then rinsed in THF overnight to dissolve unreacted polymer and 
benzophenone, followed by rinsing in water and drying in oven to constant weight. 
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5.2.2 Modulating Gelation Kinetics and Mechanical Strength of PVA-SbQ  

 Some key recommendations to improve the current experimental work reported in 

Chapter 3 to modulate the gelation kinetics and mechanical strength using cellulose 

nanocrystals are:   

• Chapter 3 focused primarily on modulating the gelation kinetics and mechanical 

strength using native CNC’s without appropriate functionalization. To create better 

compatibility with the photocrosslinkable polymer (PVA-SbQ), CNC’s can be 

functionalized using PVA-SbQ or poly (vinyl alcohol) PVA, which might lead to 

better dispersion and higher reinforcement. In addition, high intensity ultrasonication 

could be used to achieve better dispersion of CNC’s. 

• While the CNC’s used are commercially available and have been characterized in the 

previous literature, further characterization of length scales of CNC’s can be 

performed using atomic force microscopy (AFM), and transmission electron 

microscopy (TEM) to compare the aspect ratio obtained using rheology.   

• There is no direct evidence suggestion any adsorption of PVA-SbQ on the surface of 

CNC’s. The extent of and rate of adsorption of PVA-SbQ on CNC’s can, therefore, 

be studied using quartz-crystal microbalance (QCM). This allows us to quantify how 

much PVA-SbQ gets adsorbed onto CNC if any. 

• The presence of hydrophobic and electrostatic interactions between PVA-SbQ and 

CNC can be confirmed using isothermal calorimetry (ITC) studies.  

• Additional stress relaxation experiments can be done to probe the effect on the 

microstructure and its potential for recovery.  
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5.2.3 Nanodiamond-Reinforced Electrospun Fibers 

 Some key recommendations to improve the current experimental work reported in 

Chapter 4 to understand the dispersion state of ND’s in different solvents and the structure-

property-function relationship of nanodiamond based polymer composites are:   

• In the study of nanodiamond dispersions in different solvents, the maximum 

concentration that can be dispersed in any solvent can be quantitatively measured 

using UV absorbance, as nanodiamonds are known to absorb UV. This allows 

accurate calculations of maximum concentration of nanodiamonds (Cmax) that can be 

dispersed in any solvent. Cmax can be further correlated with different components of 

solvent solubility parameter.  

• The precise mechanism for nanodiamond deaggregation can be further explored since 

the use of a flat tip and microtip played a significant role in the size of nanodiamonds 

obtained after de-aggregation.  

• Several other charged moieties such as polyelectrolytes or surfactants could be used 

in the deaggregation process to explore other milling agents that might be suitable for 

deaggregation.  

• For the polymer-ND composites, additional studies need to be done using amorphous 

polymers such as poly(methyl) methacrylate to prove the hypothesis that 

nanodiamonds indeed form better composites with amorphous polymers.  

• One of the most important limitations of this work is the accuracy of the 

nanodiamond surface energy measurements. To improve the accuracy, highly 
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sensitive and advanced analytical instruments such as inverse gas chromatography 

(IGC) can be used to calculate surface energy of nanodiamonds.  

• Nanodiamonds can be functionalized with the matrix polymer for better 

compatibilization and subsequent reduction in aggregation behavior. For example, 

carboxylated nanodiamonds can be modified with PVA to form composites in PVA. 

By activating the carboxylic acid groups using carbodiimide chemistry, PVA can be 

successfully attached to the nanodiamonds.  

• To understand fundamental aspects of nanodiamond aggregation and its effect on 

glass transition temperature and mechanical properties, the composites can be studied 

in thin films instead of nanofibers.   

• To measure the interaction forces between nanodiamonds and polymers of interest, 

surface force apparatus or atomic force microscopy (AFM) can be utilized. AFM tip 

can be modified using thiol-terminated polymers creating well-defined polymer 

brushes and their interaction forces with nanodiamonds can be measured.  
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Appendix A Supplemental Information for Chapter 2 

 

 
Figure A.1 Spin-coating PBT thin films onto silicon substrate using different PBT 
concentrations (0.10 wt.% and 0.16 wt.%) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) - 
(left) thickness and corresponding contact angles for the PBT-coated surfaces, and (right) 
AFM images of spin-coated surface. 
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Figure A.2 AFM images of PP thin films on silicon substrate and corresponding changes in 
contact angle upon using TMSC as an anchoring layer and subsequent acid hydrolysis. 
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Figure A.3 (a) The effect of surface modification on apparent contact angle for different 
nonwoven fabrics (PBT, PET and PP). Grafting of pure poly (HEMA) creates super 
hydrophilic nonwovens that are stable for 3 months in water.  
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Figure A.4 FTIR spectra of polypropylene nonwoven fabric after different surface 
modification steps. The grafting of pure poly (HEMA) was confirmed by peak at ~1730 cm-1 
indicative of strong C=O stretching vibration. 
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Figure A.5 First derivative of frequency changes for different surfaces showing rate of 
lysozyme adsorption on different poly (SVBS-co-HEMA) surfaces. 
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Figure A.6 Thickness of protein layer (1 mg/ml in PB at pH 7.0) adsorbed on the surface of 
2:8 poly (SVBS-co-HEMA) calculated using Voigt model. 
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Figure A.7 Thickness of protein layer (1 mg/ml in PB at pH 4.0) adsorbed on the surface of 
2:8 poly (SVBS-co-HEMA) calculated using Voigt model. 
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Figure A.8 Changes in apparent wettability of PBT nonwoven fabric in different steps of 
surface modification. Grafting of 2:8 poly (SVBS-co-HEMA) completely wicks the surface. 
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Appendix B Supplemental Information for Chapter 3 

 

 
 
Figure B.1 Representative digital images of (A) CNC (0.1 wt.%) and CNC (0.1 wt.%) with 
PVA-SbQ (100 µM), (B) CNC (0.1 wt.%) with NaCl (100 mM, 5.84 mg/ml) and CNC (0.1 
wt.%) with PVA-SbQ (100 µM) / NaCl (100 mM, 5.84 mg/ml); (C) CNC (0.5 wt.%) and 
CNC (0.5 wt.%) with PVA-SbQ (100 µM) and (D) CNC (0.5 wt.%) with NaCl (100 mM, 
5.84 mg/ml) and CNC (0.5 wt.%) with PVA-SbQ (100 µM) / NaCl (100 mM, 5.84 mg/ml). 
All CNC suspensions shown above were prepared using bath sonication for 1 hour. CNC 
dispersion turns cloudy upon addition of PVA-SbQ as well as sodium chloride. CNC 
dispersions containing PVA-SbQ show some aggregation whereas dispersions containing 
both PVA-SbQ and sodium chloride show intense aggregation. 
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Figure B.2 Representative digital images of CNC’s at different weight percent dispersed in 
water after sonication for 4 hours (Branson 1510). Concentrations below 6 wt. % show 
solution-like behavior whereas concentrations above 6 wt. % show gel-like behavior. 
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Figure B.3 Cole-Cole plot showing the relationship between real (η’) and imaginary parts of 
complex viscosity (η”) for PVA-SbQ with different CNC concentrations. The inset shows 
data for neat PVA-SbQ, and PVA-SbQ with 0.5 wt. % and 1 wt. % CNC not visible in the 
original plot.  
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Figure B.4 Determination of gel-point concentration using frequency independence of tan δ 
based on Winter-Chambon criterion. 
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Appendix C Supplemental Information for Chapter 4 

Table C-1 Solubility parameters of different solvents used to disperse nanodiamonds 

Solvent  δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) 
Water 15.5 16.0 42.3 
DMSO 18.4 16.4 10.2 
DMF  17.4 13.7 11.3 

Dimethylacetamide 16.8 11.5 10.2 
Acetonitrile  15.3 18.0 6.1 
Acrylonitrile  16.0 12.8 0.8 

Acetone  15.5 10.4 7.0 
Methanol 15.1 12.3 22.3 
Ethanol 14.7 12.3 22.3 

Dichloromethane 18.2 6.30 6.1 
Chloroform 17.8 3.10 5.7 

N-methyl-2-pyrolidone  18.0 12.3 7.2 
Tetrahydrofuran (THF) 16.8 5.70 8.0 

Toluene  18.0 1.40 2.0 
Hexane 14.9 0 0 

Cyclohexane 16.8 0 0.2 
Ethyl Acetate 15.8 5.3 7.2 

Acetic Anhydride 16.0 11.7 10.2 
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Figure C.1 Dispersion of carboxylated nanodiamonds (c-ND) in 18 different solvents 
immediately post-sonication, after 1 day and 10 days. Dispersion stability was labeled stable, 
moderately stable, less stable and unstable based on the visual differences in color of 
colloidal solution - most stable in water, DMF, and DMAc; moderately stable in acetone, 
methanol, and ethanol; less stable in acryonitrile and acetonitrile; and unstable in DMSO. 
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Figure C.2 Dispersion map for c-ND dispersed in different solvents, showing stable 
dispersions (triangles), moderately stable dispersions (squares), less stable dispersions (light 
squares) and unstable dispersions (circles) - (a) dispersive solubility parameter vs. polar 
solubility parameter  (b) hydrogen bonding solubility parameter vs. polar solubility parameter 
and (c) hydrogen bonding solubility vs. dispersive solubility parameter. 
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Figure C.3 Particle size distribution for (a) ND-COOH (0.1 wt. %) and (b) ND-COOH (1.0 
wt. %) post sonication and after 1 day, 7 days and 10 days. Digital images show ND-COOH 
at different times after initial sonication. Inset shows particle settling at the bottom of the 
vial. 
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Figure C.4 Salt-Assisted Ultrasonic Deaggregation (SAUD) technique was employed to 
obtain c-ND (labeled ND-COOH in the plot) with smaller particle size. Branson Sonifier S-
450 with a flat tip (a) and micro tip (b) was used for ultrasonic deaggregation. DLS 
measurements were obtained for c-ND (as-received) and SAUD c-ND for 0.1 wt. % and 1.0 
wt. % using refractive index of 1.427 and viscosity of 0.899 mPa-s. The data shown above 
are an average of 5 measurements. 
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Figure C.5 Conductometric titration curves for c-ND and SAUD c-ND showing similar 
amounts of surface carboxylic acid groups, confirming no significant functionality changes 
upon deaggregation. 
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Table C-2 Dispersive and polar components of total surface energy of polymers 
 

Polymers γd(MPa1/2) γp (MPa1/2) γt (MPa1/2) 
Poly (vinyl) Alcohol 38.8 5.1 43.9 

Polyacrylonitrile 35.0 14.7 49.7 
Polystyrene 41.2 0.8 42 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

236 

Table C-3 Electrospinning conditions for PVA (MW 10-98, 15 wt.%) in water, PAN (8 
wt.%) in DMF and PS (30 wt.%) in DMF and with different SAUD c-ND loadings (0.1 
wt.%, 0.5 wt.%, 1.0 wt.% and 2.0 wt.%) 

 
Polymers Voltage 

(kV) 
DCD 
(cm) 

Flow 
Rate 

(ml/h) 

Temperature  
(oC) 

Humidity 
(%) 

PVA (15 wt. %) 20 15 0.5 23-25 25-40 
PVA (15 wt. %) + 

SAUD-ND (0.1 wt. %) 
20 15 0.5 23-25 25-40 

PVA (15 wt. %) + 
SAUD-ND (0.5 wt. %) 

20 15 0.5 23-25 25-40 

PVA (15 wt. %) + 
SAUD-ND (1.0 wt. %) 

25  15 0.5 23-25 25-40 

PVA (15 wt. %) + 
SAUD-ND (2.0 wt. %) 

25 15 0.3* 23-25 25-40 

 
 Voltage 

(kV) 
DCD 
(cm) 

Flow 
Rate 

(ml/h) 

Temperature  
(oC) 

Humidity 
(%) 

PS (30 wt. %) 15 15 0.5 23-25 25-40 
PS (30 wt. %) +  

SAUD-ND (0.1 wt. %) 
15.6 15 0.5 23.4 36 

PS (30 wt. %) +  
SAUD-ND (0.5 wt. %) 

15.2 15 0.5 23.6 44 

PS (30 wt. %) +  
SAUD-ND (1.0 wt. %) 

17.5 15 0.5 22.6 38-43 

PS (30 wt. %) +  
SAUD-ND (2.0 wt. %) 

17.4 15 0.5 24 41 

 
 Voltage 

(kV) 
DCD 
(cm) 

Flow 
Rate 

(ml/h) 

Temperature  
(oC) 

Humidity 
(%) 

PAN (8 wt. %) 15 10 1 23-25 25-40 
PAN (8 wt. %) +  

SAUD-ND (0.1 wt. %) 
15 10 1 23-25 25-40 

PAN (8 wt. %) +  
SAUD-ND (0.5 wt. %) 

15 10 1 23-25 25-40 

PAN (8 wt. %) +  
SAUD-ND (1.0 wt. %) 

15 10 1 23-25 25-40 

PAN (8 wt. %) +  
SAUD-ND (2.0 wt. %) 

15-16.5 10 1 23-25 25-40 
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Figure C.6 Electrospinning solution containing (a) polyvinyl alcohol (MW 10-98, 15 wt. %), 
and (b) polyvinyl alcohol (MW 10-98, 15 wt. %) with SAUD c-ND (2 wt. %) showing the 
effect of SAUD c-ND on appearance of solution. Electrospun fiber mats are shown in (c) 
showing the effect of c-ND on color of electrospun mats indicative of aggregation. 
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Figure C.7 (a) Stress-strain plot for poly(vinyl alcohol) (PVA) nanofibers with different 
SAUD c-ND loadings between 0.1 wt.% to 2 wt.% and (b) tensile strength and elongation at 
break at different SAUD c-ND extracted from data in (a). 
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Figure C.8 The effect of ND’s on crystallinity of PVA nanofibers calculated using DSC.  
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Figure C.9 (a) Stress-strain plot for polyacrylonitrile (PAN) nanofibers with different SAUD 
c-ND loadings between 0.1 wt.% to 2 wt.% and (b) tensile strength and elongation at break at 
different SAUD c-ND extracted from data in (a). 
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Figure C.10 Stress-strain plot for polystyrene (PS) nanofibers with different SAUD c-ND 
loadings between 0.1 wt.% to 2 wt.% and (b) tensile strength and elongation at break at 
different SAUD c-ND extracted from data in (a). 
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Morphology of Polymer-ND Composite Nanofibers 

Fiber mats of PVA, PAN, and PS containing c-ND were obtained after 

electrospinning homogenous mixtures of polymer and c-ND dispersions in water (for PVA) 

and DMF (for PAN and PS). By increasing the concentration of each polymer, bead-free 

uniform fibers with smooth surfaces were first obtained at 15 wt. % for PVA, 8 wt. % for 

PAN and 30 wt. % for PS. The concentration of c-ND in polymers was then varied to obtain 

nanofibers with c-ND loadings between 0.1 wt. % to 2 wt. %. Figure C.11 shows typical 

SEM image of electrospun fiber mats with and without c-ND’s. For the case of c-ND loaded 

fibers, representative images at the maximum loading of 2 wt. % are shown. PVA solution at 

15 wt. % yielded bead-free fibers with a diameter of 187.9 ± 55 nm.  Similarly, fibers 

containing c-ND at 0.1 wt. % and 0.5 wt. % yielded homogeneous fibers at the same voltage, 

since no considerable increase in viscosity was seen. However, higher voltages were 

necessary for c-ND loadings of 1 wt. % and 2 wt. % to get uniform, bead-free (see Table C.3 

for experimental parameters), possibly due to interactions between PVA and ND. Similarly, 

higher voltages were used to spin higher c-ND loadings in PS relative to PS fibers, but c-ND 

loaded PAN fibers were electrospun at voltages similar to PAN.   The inclusion of 2 wt. % 

ND resulted in uniform PVA nanofibers with an average diameter of 360 ± 111 nm, 

significantly higher compared to c-ND-free nanofibers. Similar trends in diameter increase 

were seen for both PS and PAN, with diameters increasing from 1.7 ± 0.3 µm to 2.7 ± 0.7 

µm for PS and 346 ± 69 nm to 430± 168 nm for PAN. In addition, a simple morphological 

analysis carried out on samples also indicates qualitative differences in the distribution of c-

ND within the fibers. Note that quantification of cluster sizes using SEM is extremely 
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difficult, nonetheless, aggregation phenomena are observable. c-ND’s appear as visible 

aggregates at 2 wt.% loading for PVA and PAN, and appears as white patches for PS, due to 

its nanometer size on a micron-sized fiber. The aggregates on PAN suggest that dispersions 

may not be homogeneously dispersed. Figure C.12 shows cross-section images also reveal 

the presence of ND’s within the fibers. Figure C.13 shows TEM images of electrospun fibers 

of PVA, PS and PAN containing 2 wt. % c-ND. While quantitative information such as size 

and number density of aggregates cannot be obtained, qualitative differences suggest 

aggregation behavior in the order of PVA > PS > PAN as predicted by the criterion of 

dispersion (Dc). 
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Figure C.11 (a-f) SEM images of electrospun fibers containing ND: (a) PVA (15 wt. %) and 
(b) PVA (15 wt.%) with SAUD c-ND (2 wt.%); (c) PS (30 wt.%) and (d) PS (30 wt.%) with 
SAUD c-ND (2 wt.%); (e) PAN (8 wt.%) and (f) PAN (8 wt.%) with SAUD c-ND (2 wt.%). 
Uniform nanofibers were produced at different polymer concentrations. Electrospinning 
conditions are shown in Table C.3.  
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Figure C.12 (a-f) Cross-section images of electrospun fiber composites containing SAUD c-
ND: (a) PVA (15 wt.%) and (b) PVA (15 wt.%) with SAUD c-ND (2 wt.%); (c) PS (30 
wt.%) and (d) PS (30 wt.%) with SAUD c-ND (2 wt.%); (e) PAN (8 wt.%) and (f) PAN (8 
wt.%) with SAUD c-ND (2 wt.%). Uniform nanofibers were produced at these polymer 
concentrations. 
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Figure C.13 Morphology of electrospun fibers showing aggregation behavior of ND’s in (a) 
PVA, (b) PAN and (c) PS. Figures (a’, b’,c’) and (a”, b”, c”) shown images at different 
magnifications.   
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Thermal Stability of Polymer-ND Fiber Composites 

TGA thermograms for weight loss and their first-order derivatives reveal 

temperatures for maximum weight loss (Tmax), decomposition temperatures (Td), and residual 

weight for c-ND and c-ND loaded polymers (PVA, PS, and PAN). TGA was performed 

under a nitrogen environment to prevent any mass loss due to c-ND oxidation. Figure C.14a 

shows very high thermal stability up to 700oC for c-ND in PVA, resulting in only ~10% of 

weight loss.  The addition of c-ND at 0.1 and 0.5 wt. % shows negligible changes in Td of 

~225oC as well as residual weight for PVA. At higher loadings of 1 wt. % and 2 wt. % c-ND, 

the increase in Td becomes more pronounced and results in higher residual weight. 

Thermograms for the first-order derivative show three distinct regimes in the range between 

200-400oC, with maximum weight loss temperatures for PVA nanofibers at 260oC 

(beginning of pyrolysis), followed by 300oC and 360oC (Figure C.14b).  Table C.4 shows 

different transition temperatures obtained from TGA.  

The production of carbon nanofibers from PAN precursors typically involves three 

steps: stabilization using oxygen through cyclization and dehydrogenation reactions at 200-

300oC to form a stable ladder structure that can be processed at high temperature, 

carbonization at high temperature (~1000oC) under inert gas to facilitate removal of non-

carbon contents, and graphitization at 2000oC. TGA thermograms for PAN as shown in 

Figure C.15 performed from 40oC to 800oC reveal four distinct stages of weight loss, with 

initial loss starting at temperatures less than 150oC, then further loss between 250oC to 350oC 

followed by loss between 350oC to 425oC, finally showing a monotonous drop in weight up 

to 800oC with a total weight loss of 72%. ~8.5 wt. % loss pure PAN nanofiber at 



 
 

 
 

248 

temperatures less than 150oC is due to the removal of surface-bound water and residual 

solvents. However, the composite fibers show lower weight loss in this region - 4.5% loss at 

0.1 wt.%, 3.75% loss at 0.5 wt.%, 3.5 % loss at 1.0 wt.% and 4.25% loss at 2.0 wt.%. The 

initial onset of degradation, which occurs at 268oC for PAN nanofibers, increases with the 

addition of c-ND with a maximum increase of ~22oC occurring at 2 wt.% loading and lower 

weight loss, suggesting enhanced stability after ND addition. However, it appears the 

cyclization temperature increase from 273.4oC to 294.2oC, and the presence of ND’s retards 

the release of reaction products. Compared to pure PAN which showed a total loss of 72% at 

800oC, only 65% and 54% loss in weight was observed for PAN containing ND’s at 1 wt.% 

and 2 wt.% respectively, further showing increased stability of nanofibers in the presence of 

ND’s.  

Weight loss and corresponding derivative curves for PS between 300-350oC shown in 

Figure C.16 reveal the effect of c-ND on PS nanofibers.  The onset of polymer degradation is 

significantly retarded by the presence of c-ND with increments of 20oC upon addition of 2 

wt.% c-ND from ~350oC for pure PS to ~370oC for PS loaded with c-ND (2 wt.%). The 

derivative weight loss shows that upon addition of c-ND, maximum weight loss shifts to a 

higher temperature and the kinetics of degradation is significantly altered. For control PS, the 

maximum weight loss occurs at 382.5oC, which shifts to 390oC for c-ND loading of 0.1 wt. 

% c-ND with negligible changes in the kinetics of degradation. Further increasing c-ND 

loading to 0.5 wt. %, shifts temperatures to 398oC with some retarded kinetics. This effect of 

c-ND is significantly pronounced for 1 and 2 wt. % c-ND loadings, considerably shifting to 
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higher temperatures and dampening the rate of weight loss. There was a significant 

enhancement in the thermal degradation temperature after incorporation of c-ND. 
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Figure C.14 (a) Weight loss (%) and (b) derivative weight loss of PVA nanofibers with 
different SAUD c-ND loadings between 0.1 wt.% and 2.0 wt.%. 



 
 

 
 

251 

 

 
 
Figure C.15 (a) Weight loss (%) and (b) derivative weight loss of PAN nanofibers with 
different SAUD c-ND loadings between 0.1 wt.% and 2.0 wt.%. 
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Figure C.16 (a) Weight loss (%) and (b) derivative weight loss of PS nanofibers with 
different SAUD c-ND loadings between 0.1 wt.% and 2.0 wt.%.  
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Table C-4 Parameters extracted from TGA graph of polymer-ND fiber composites showing 
decomposition temperature (Td) and temperatures of maximum weight loss (Tmax). 
 

ND (wt. %) PVA 
 Td  (oC) Tmax, 1  

(oC) 
Tmax, 2  
(oC) 

Tmax, 3   
(oC) 

0 231.3 265.8 - 363.8 
0.1  238.2 267.5 - 362.7 
0.5 231.5 260.9 - 363.2 
1.0 239.1 262.9 299.7 365.8 
2.0 233.4 257.2 299.7 365.9 

 
 

ND (wt. %) PAN 
 Td  (oC) Tmax, 1   

(oC) 
Tmax, 2   
(oC) 

0 268 273.4 405.4 
0.1  277.1 281.3 399.6 
0.5 280.2 287.7 401.8 
1.0 281.2 292.0 397.5 
2.0 289.9 294.2 - 

 
 

ND (wt. %) PS  
 Td  (oC) Tmax  (oC) 
0 349.8 389.6 

0.1  360.3 392.8 
0.5 364.1 395.5 
1.0 370.3 398.7 
2.0 367.2 400.9 

 
 

 
 

 


