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ABSTRACT 

 

 Acid oxidation of multi-walled carbon nanotubes (MWCNTs) introduced carboxylic acid 

sites onto the MWCNT surface, which permitted further functionalization.  Derivatization of 

carboxylic acid sites yielded amide-amine and amide-urea functionalized MWCNTs from 

oxidized precursors.  Conventional MWCNT characterization techniques including X-ray 

photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and Raman spectroscopy 

supported successful MWCNT functionalization.  Incorporation of MWCNTs functionalized 

with hydrogen bonding groups into a segmented polyurethane matrix led to an increase in 

mechanical properties at optimized MWCNT loadings, in contrast with non-functionalized 

MWCNTs that resulted in mechanical property decreases across all loadings.  Dynamic 

mechanical analysis (DMA) demonstrated an increase in the polyurethane-MWCNT composite 

flow temperature with increasing hydrogen bonding MWCNT incorporation, as opposed to non-

functionalized MWCNT composites which displayed no significant change in flow temperature.  

Variable temperature Fourier transform infrared spectroscopy (VT FT-IR) probed temperature-

dependent hydrogen bonding in the polyurethane-MWCNT composites and revealed a 

significant impact on composite hydrogen bonding interactions upon MWCNT incorporation, 

which was amplified in composites formed using hydrogen bonding functionalized MWCNTs. 

 Acid oxidation of carbon nanohorns (CNHs) yielded carboxylic acid functionalized 

CNHs, providing sites for further reaction with histamine to afford histamine-functionalized 

CNHs (His-CNHs).  Raman spectroscopy, XPS and TGA confirmed successful functionalization.    
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Transmission electron microscopy (TEM) demonstrated that His-CNHs efficiently complex 

quantum dots (QDs) through imidazole-Zn interactions.  Combination of His-CNHs, QDs, and a 

poly(oligo-(ethylene glycol9) methyl ether methacrylate)-block-poly(4-vinyl imidazole) 

copolymer using an interfacial complexation technique afforded stable ternary nanocomplexes 

with average hydrodynamic diameters under 100 nm.  These ternary nanocomplexes represent 

promising materials for photothermal cancer theranostics due to their size and stability. 

 The efficient reaction of 2-isocyanatoethyl methacrylate with amines afforded urea-

containing methacrylic monomers, where the amine-derived pendant groups determined the 

polymer Tg.  Reversible addition-fragmentation chain-transfer (RAFT) polymerization enabled 

the synthesis of ABA triblock copolymers with urea-containing methacrylic outer blocks and 

poly(2-ethylhexyl methacrylate) inner blocks.  These ABA triblocks copolymers displayed 

composition dependent phase-separated morphologies and desirable mechanical properties.  The 

urea-containing polymers efficiently complexed gold nanoparticles through urea-gold 

interactions.  Furthermore, urea-containing methacrylic polymers served as a useful matrix for 

incorporation of silica-coated upconverting nanoparticles, affording upconverting nanoparticle 

composite films.The novel ionene monomer N1,N2-bis(3-(dimethylamino)propyl)oxalamide 

permitted synthesis of novel oxalamide-containing ammonium ionenes.  The hydrogen bonding, 

charge density, and counter anion tuned the ionene mechanical properties.  The ionene structure 

also influenced water uptake and conductivity.  The differences in physical properties correlated 

well with the morphology observed in small-angle X-ray scattering.  The oxalamide-containing 

ionenes greatly enhance mechanical properties compared to typical ammonium ionenes, and 

further expand the library of ionene polymers. 
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Chapter 1:  Introduction 

1.1  Dissertation Overview 

Polymer-nanoparticle composite materials consist of nanoparticles complexed with 

polymers in solution or dispersed in polymer matrices.1  Nanoparticles employed in polymer 

composite systems cover a wide range of materials including inorganic nanoparticles, clay 

nanoplatelets, and carbon nanomaterials, which include fullerenes, carbon nanotubes, and 

graphene.  Formation of composites enables exploitation of desirable electrical, optical, and 

thermal nanoparticle properties in polymer systems and enhancement of polymer 

thermomechanical properties through nanoparticle reinforcement.2  Also, incorporation into 

polymer matrices offers environmental protection for nanoparticles and provides the opportunity 

for nanoparticle self-assembly.3  The wide range of desirable nanoparticle properties and extreme 

diversity of polymers allowing for tunable composite properties gives rise to a plethora of 

potential composite materials with exciting applications covering all areas of materials and 

biomedical research. 

    Typically, composite property optimization relies on effective polymer-nanoparticle 

interactions which reduce nanoparticle aggregation and maximize polymer-nanoparticle 

interfacial adhesion.  Therefore, integration of efficient polymer-nanoparticle intermolecular 

interactions into nanocomposite design is essential to maximize nanoparticle dispersion or allow 

for self-assembly.  Incorporation of chemical functionality capable of intermolecular interactions 

with nanoparticles in polymer structures combined with complimentary nanoparticle surface 

functionalization ensures compatibilization of nanoparticles with polymers which may originally 

exhibit chemical incompatibility.4  This basic necessity of nanoparticle-polymer 
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compatibilization continues to represent one of the most important areas of polymer 

nanocomposite research.  Novel polymer structures and nanoparticle functionalizations expand 

the library of materials for high-performance nanocomposites.  In this dissertation we explore 

several novel nanoparticle functionalizations and polymer structures that afford efficient 

polymer-nanoparticle interactions enabling nanocomposite formation. 

Carbon nanotubes (CNTs) represent a promising and intensively researched class of 

materials for use in nanocomposites.  The unique electrical, thermal, and mechanical properties 

of CNTs offer many opportunities in nanocomposite design.5  CNTs enable mechanical 

reinforcement of polymer matrices when proper functionalization facilitates thorough dispersion 

and effective polymer-CNT interactions.6  Here, acid oxidation of multi-walled carbon nanotubes 

(MWCNTs) introduced carboxylic acid sites that permitted further functionalization to form 

amide-amine and amide-urea functionalized MWCNTs.  Incorporation of hydrogen bonding 

functionalized MWCNTs provided mechanical enhancement of a segmented polyurethane matrix 

at optimized loadings.  In contrast, non-functionalized MWCNTs reduced composite mechanical 

properties at all loadings.  This is attributed to thorough dispersion and efficient polymer-

MWCNT interactions in functionalized MWCNT composites, as opposed to the non-

functionalized MWCNTs which aggregate heavily due to their hydrophobic surface and interact 

poorly with the polyurethane matrix.  We further investigated the temperature-dependent 

properties of these polyurethane-MWCNT composites utilizing dynamic mechanical analysis 

(DMA) and variable temperature Fourier transform infrared spectroscopy (VT FT-IR).  DMA 

demonstrated an increase in composite flow temperature with increasing loading of 

functionalized MWCNTs, in contrast with non-functionalized MWCNTs which did not 

significantly affect composite flow temperature.  VT FT-IR revealed a profound effect of 



3 

 

MWCNT incorporation on hydrogen bonding in the polyurethane composites, which was 

intensified in the functionalized MWCNT composites.  These results show that the hydrogen 

bonding functionalized MWCNTs disperse more thoroughly and interact more effectively with 

polymer chains in polyurethane-MWCNT composites compared to non-functionalized 

MWCNTs. 

Carbon nanohorns (CNHs) represent promising nanocarbon materials for biomedical 

applications due to their size, shape, and lack of toxic metal catalysts.7  CNHs offer extensive 

opportunities for surface functionalizations that enable complexation with polymers and 

inorganic nanoparticles.  Here, we investigate the stabilization of CNH-quantum dot (QD) 

nanocomplexes with a water-soluble diblock copolymer that contains a colloidally stabilizing 

poly(oligo-(ethylene glycol9) methyl ether methacrylate) block and a QD-complexing poly(4-

vinyl imidazole) block synthesized using reversible addition-fragmentation chain-transfer (RAFT) 

polymerization.  Synthesis of histamine functionalized CNHS (His-CNHs) enabled efficient 

CNH-QD complexation through imidazole-QD interactions.  Combination of the diblock 

copolymer, CNHs, and QDs through an interfacial complexation yielded stable ternary 

nanocomplexes with sizes desirable for cellular uptake.  These ternary nanocomplexes represent 

promising candidates for photothermal cancer theranostics. 

  Incorporation of urea groups into polymers facilitates polymer-gold nanoparticle 

complexation through urea-gold interactions.8  These efficient urea-gold interactions provide the 

opportunity for gold nanoparticle dispersion and self-assembly in urea-containing polymers.  

Here, the facile reaction of 2-isocyanatoetheyl methacrylate with amines afforded urea-

containing methacrylic monomers, where the pendent amine-derived structures affected physical 

properties in the resulting polymers.  RAFT polymerization enabled the synthesis of ABA 
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triblock copolymers with urea-containing outer blocks and low Tg poly(2-ethylhexyl 

methacrylate) inner blocks.  These triblock copolymers displayed promising composition 

dependent mechanical properties and phase separation.  Also, they effectively complexed gold 

nanoparticles through urea-gold interactions.  The high levels of urea hydrogen bonding also 

provided a suitable matrix for silica-coated nanoparticle incorporation.  Dispersion of silica-

coated rare-earth doped NaYF4 nanoparticles in urea-containing methacrylic polymers afforded 

upconverting nanocomposite films. 

Ammonium ionenes contain positive charges in every repeat unit, leading to ionic 

conductivity and, typically, poor mechanical properties.9  Ammonium ionenes with bromide 

counterions exhibit brittle mechanical properties and also readily absorb water at ambient 

conditions, limiting their usefulness in mechanically demanding applications.  Here, N1,N2-

bis(3-(dimethylamino)propyl)oxalamide, a novel ditertiary amine monomer, enabled the 

synthesis of ammonium ionenes containing the multi-dentate hydrogen bonding oxalamide group.  

Oxalamide-containing ammonium ionenes displayed improved mechanical properties compared 

to ammonium ionene controls, where the charge density, oxalamide concentration, and 

counteranions determined the mechanical properties and water sorption.  The polymer structure 

also influenced ionic conductivity determined using impedance spectroscopy and polymer 

morphology determined using small-angle X-ray scattering.  The oxalamide-containing ionenes 

exhibit a significant improvement in mechanical properties over traditional ammonium ionenes, 

and offer opportunities for polymer matrices in nanocomposites with ionic or hydrogen bonding 

nanoparticles and nanocarbon materials. 
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Chapter 2:  Self-Assembly Strategies for Block Copolymer Nanocomposites 

 

David L. Inglefield Jr.a and Timothy E. Longab 
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Virginia Tech, Blacksburg, VA 24061 

2.1  Abstract 

Nanocomposite materials continually attract intense interest from researchers across 

diverse disciplines due to their ability to combine the desirable properties of nanoparticles and 

host polymers through proper synthetic design.  Employment of block copolymers greatly 

expands the utility of nanocomposite systems, and offers unique opportunities in the bottom-up 

approach to self-assembly of nanoparticle arrays with nanoscale order.  State-of-the-art polymer 

synthesis techniques enable precise control of block copolymer structure and composition.  

These techniques provide tunable and well-defined phase-separated morphologies that serve as 

templates for nanoparticle self-assembly.  Enthalpic compatibilization with block copolymer 

phases allows for the selective assembly of nanoparticles into specific phases, with nanoscale 

order provided by the block copolymer morphology.  This review explores self-assembly 

strategies in block copolymer nanocomposites, with attention given to underlying 

thermodynamic considerations.  Illustrative examples and recent developments in the field are 

discussed, highlighting the synthetic techniques that afford enthalpically favorable interactions 

between block copolymer phases and nanoparticles. 
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2.2  Introduction 

Nanoparticles (NPs) continue to attract extensive academic and commercial interest due 

to their unique electrical, optical, mechanical, and catalytic properties imparted by their small 

size and the ability to precisely control NP shape and composition.1-4  These unique properties 

and their tunability make NP research one of the fastest growing and most promising fields in 

nanotechnology, with potential applications in electronics, photovoltaics, optics, and medicine.5-8  

The combination of NPs with polymers into nanocomposite materials increases NP efficacy, as 

polymers offer environmental protection, increased mechanical integrity, and the possibility of 

NP self-assembly.9  Rational design of nanocomposite materials involves tailored interactions 

towards improving NP dispersibility, which results in the retention of unique NP properties and 

possible enhancement of polymeric properties in the composite material, such as improved 

thermal and mechanical properties.10-12  Block copolymers (BCPs) prove particularly promising 

for nanocomposite applications due to their tunable chemical, mechanical, and morphological 

properties.13,14  The ability for BCPs to self-assemble into phase separated morphologies allows 

NPs to assemble into specific nanoscale domains with defined patterns, spacing, and long-range 

order. 

Selective self-assembly of NPs into specific BCP phases relies on favorable enthalpic 

interactions between the NPs and a specific phase.15  Tailored NP functionalization with a 

compatibilizing ligand or polymer (or intrinsic NP-polymer interactions) achieve favorable NP-

polymer interactions that enable self-assembly.  When properly designed, self-assembled BCP-

NP composites reflect thermodynamically favorable systems with long-range order that retain 

desirable properties of NPs and polymers.  Such composite systems aim to generate emergent 
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properties, where the regular nanoscale arrangement of NPs leads to new or synergistic 

properties.  This area of self-assembled BCP nanocomposites represents a rapidly growing and 

diverse field of research at the interface of polymer synthesis, polymer morphology, nanoparticle 

design, and applied nanotechnology. 

This review focuses on self-assembly strategies of pre-formed NPs, including carbon 

nanomaterials, in BCP films through intermolecular interactions.  A brief introduction to BCP 

morphology as it relates to NP assembly is presented in addition to a general overview of 

thermodynamic effects on the generation and study of self-assembled nanocomposites.  A 

discussion of illustrative examples of nanoparticle self-assembly in BCPs from the literature 

follows, including both inorganic nanoparticles and the less explored area of carbon 

nanomaterials.  A special focus is given to the enthalpic compatibilization required for self-

assembly achieved through tailored intermolecular interactions.  This review is limited to 

applications in BCP films, not solution or dispersed systems which exemplify another exciting 

area of BCP-NP self-assembly and is reviewed elsewhere and continues to develop.16-18 

2.3  Block Copolymer Morphologies 

BCPs represent an extremely important and versatile class of materials, possessing a high 

degree of tunability in their thermal, mechanical, and morphological properties.19  BCPs combine 

desirable properties of different polymers into one material, and proper design enables new and 

exciting copolymer properties.  Nanoscale and microscale phase separation in block and 

segmented copolymers lead to physical and mechanical properties difficult to achieve in 

homopolymers, such as elastomeric mechanical behavior and tunable transport properties.20-22  A 

variety of controlled polymerizations, including atom-transfer radical-polymerization (ATRP), 
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nitroxide-mediated radical polymerization (NMP), reversible addition-fragmentation chain-

transfer polymerization (RAFT), living anionic polymerization, and living cationic 

polymerization yield well-defined BCPs with correct synthetic design.23-27  The synthesis of 

well-defined BCPs using these techniques allows precise control of block lengths and narrow 

polydispersity indices (PDIs).  These factors facilitate BCP self-assembly, as increases in PDI 

profoundly impact self-assembled morphologies.28-30  The more predictable and less complicated 

self-assembled morphology behavior of diblock copolymers make them the most thoroughly 

studied, although the variety of possible block structures include triblocks, pentablocks, and 

beyond.   Step-growth polymerizations yield segmented copolymers also capable of self-

assembly into distinct phases.31 

2.3.1 Idealized Diblock Copolymer Equilibrium Morphologies 

Although a thorough discussion of BCP morphologies falls outside the scope of this 

review, understanding the fundamentals of BCP self-assembly is essential for employing BCPs 

as templates for NP self-assembly.  The phase separation of BCPs to form nanoscale and 

microscale domains arises from chemically distinct and enthalpically incompatible polymer 

species being covalently bonded to form a single macromolecular chain.  In the absence of 

covalent connection, macroscale phase separation occurs.  The covalent attachment of the blocks 

into a BCP structure prevents macroscale phase separation, leading to phase separation on the 

nano- and mesoscale.  Minimization of the enthalpically unfavorable mixing of the incompatible 

polymer blocks and the entropically unfavorable stretching of the polymer chains induced by the 

incompatible chain segments stretching away from each other determines the resultant phase-

separated morphology.32 
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The equilibrium morphology of BCPs governed by the minimization of the entropy and 

enthalpy in the system depends on the chemical compatibility of the blocks, the degree of 

polymerization of each block, and the BCP composition (volume fraction of each block).19  The 

Flory-Huggins interaction parameter χ represents the compatibility between the blocks, which 

depends on the polymer structures.  Most χ values between polymers are small and positive, 

where positive values indicate repulsion between the phases and negative values indicate that 

mixing is energetically favorable.19  The segregation product, χN, determines the degree of phase 

separation, where N is the total degree of polymerization of both blocks.  The χN value and 

volume fraction of each block determine the resultant morphology.33 

 

Figure 2.1.  Diblock copolymer morphologies: A.) Phase diagram of an idealized diblock 

copolymer as predicted by self-consistent mean-field theory. B.) Experimental phase 

diagram of poly(isoprene-b-styrene) diblock copolymers. C.) Schematic depiction of ideal 

diblock copolymer morphologies, determined by the volume fraction of each block.  

Reprinted with permission from reference 19. 

 

Figure 2.1 illustrates predicted behavior of an idealized diblock copolymer using 

simulation and its comparison to experimental observations.  Figure 2.1A shows the theoretical 
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predictions of a diblock copolymer phase diagram as a function of χN and the volume fraction of 

each block.  Figure 2.1C illustrates the predicted morphologies, which transition from 

spherical(S), to cylindrical(C), to gyroid(G), to lamellar(L) as the volume fraction of each block 

is altered, with lamellar representing the favored morphology in symmetrical compositions.  

Figure 2.1B shows how experimental results from a model system, poly(isoprene-b-styrene), 

differs from the theoretical predictions, while retaining a high degree of similarity.  The 

asymmetry and the new, metastable perforated layer (PL) phases are examples of differences 

between ideal theoretical simulations and empirical observations.34  There are several articles 

and reviews that thoroughly discuss the self-assembly behavior of BCPs.19,32,33,35 

These various morphologies represent different templates for the self-assembly of NPs, 

providing unique spatial arrangement possibilities for NPs that selectively assemble in one phase.  

Understanding the phase separation behavior and morphology of BCPs is crucial to proper 

design and implementation of high performance BCP nanocomposites.  Altering the BCP 

structure and composition not only affects the physical properties of BCP films, but also their 

morphology which proves critically important for NP self-assembly.  In addition to the spatial 

organization, the BCP composition will affect the interparticle distance in self-assembled NP 

nanocomposites, as block length affects domain size in phase-separated BCPs.36  The synthetic 

techniques that afford well-defined BCPs enable phase-separated systems with predictable and 

reproducible order, as variation in block composition and polydispersity greatly affect BCP 

morphology.28  In addition, the processing of BCPs for NP self-assembly requires thorough 

investigation to determine if an obtained morphology is in equilibrium and if the equilibrium 

morphology is desirable for the intended application. 
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2.3.2 More Complex BCP Morphological Possibilities 

In addition to the idealized diblock copolymer morphologies discussed above, more 

complex morphologies are possible with added BCP complexity.  In general, ABA triblock 

systems are more complex and less predictable than analogous AB diblocks.  However, ABA 

triblock copolymers typically have improved mechanical properties when compared to analogous 

AB diblocks due to enhanced physical crosslinking.37,38  This tradeoff between mechanical 

properties and morphological predictability requires optimization in each system.  The ABA 

triblock systems are still only capable of two distinct phases. 

Vastly increased morphological complexity arises when three incompatible polymers are 

combined into a single macromolecule, as occurs in ABC triblocks, ABCBA pentablocks, and 

ABC miktoarm star polymers.  The formed morphologies depend on the factors discussed earlier, 

as well as the polymer topology and relative χ parameters of the different blocks.  Many 

investigations in the past two decades focus on the fundamental behavior and application of 

three-phase BCPs in films and micellar systems.39-42  There are also several reviews that explore 

the synthesis and morphology of these three-phase BCP systems.43-45  Since research has focused 

mainly on diblock copolymers for NP self-assembly, three-phase systems represent an important 

future avenue for NP self-assembly.  These three-phase systems greatly expand the complexity 

and diversity of available BCP morphologies.  In the future, these systems may be employed to 

increase the geometric possibilities and functional capabilities of self-assembled nanocomposites. 

2.4  Thermodynamic Factors in Self-Assembled Nanocomposites 

In analogy to the factors in BCP self-assembly discussed above, the thermodynamic 

minimization of free energy determines the equilibrium self-assembled state of NPs in BCP 
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templates.  The main factors that contribute to the self-assembly behavior of NPs in a BCP 

include the chemical compatibility of the NP with each block, the size of the NPs, and the 

processing conditions.  The affinity for a nanoparticle P with a given domain X in a block 

copolymer system is represented by the Flory-Huggins interaction parameter χPX, which defines 

the enthalpic compatibility of a NP and a BCP phase, analogous to the χ parameters which define 

the affinity of polymer blocks.15  For a NP to selectively incorporate into a specific phase, it is 

expected that the χ value for the NP and that phase must be lower than the χ value for the NP and 

any other phase.  This requirement of enthalpic compatibilization for NP assembly into a specific 

BCP phase creates the need for tailored NP-polymer interactions, which is a focus of this review. 

The following equation expresses the overall self-assembly process of NPs in BCPs in 

terms of free energy change: 

 

where ΔHNP-polymer defines the enthalpic contribution from the NP-polymer interactions 

(as determined by the NP surface chemistry), ΔScon denotes the change in conformational entropy 

of polymer chains induced by NP incorporation, and ΔStrans represents the entropic contribution 

of the number of physical arrangements of the NPs (the overall level of order of NPs in the 

nanocomposite).46 

Conceptually, the goal of NP self-assembly in BCPs is to maximize the specific long- 

range order of the NPs in the composite system, which is represented by the ΔStrans contribution 

in the above equation.  The NP size determines how the BCP chains conform to accommodate 

the NPs, which corresponds to the ΔScon term in the above equation.  Usually the NP size is fixed 

to provide the desirable NP properties which are often size dependent.2  Therefore, the enthalpic 
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contribution of the NP-polymer interactions, ΔHNP-polymer, is the most readily accessible 

parameter to alter through synthetic design to obtain well-ordered BCP-NP nanocomposites.  

Also, the processing conditions that determine how closely a nanocomposite resembles the 

thermodynamically favored equilibrium as opposed to a kinetically trapped state represent 

extremely important and tunable variables in nanocomposite design.  Researchers must consider 

all of these factors when designing nanocomposites to achieve the desired nanostructure and 

properties. 

The size-dependent assembly of silica and gold NPs in a symmetric poly(styrene-b-

ethylene propylene) (PS-b-PEP) copolymer serves as an illustrative example of the interplay of 

thermodynamic effects on nanocomposite formation.  Bockstaller et al. demonstrated that 

organization of similarly compatibilized gold and silica NPs in the PS-b-PEP BCP was 

dependent on the size of the NP (Figure 2.2).47  In this study, both types of particles were 

prepared using aliphatic surface functionalization, compatibilizing the NPs with the PEP phase.  

Assuming equal enthalpic interactions between the different types of NPs and PEP, the observed 

behavior indicates the importance of entropic contributions to NP self-assembly. When 

composites were formed with smaller gold NPs (diameters ~ 4 nm), the NPs assembled at the 

domain interface.  When larger SiO2 NPs (diameters ~ 22 nm) were used, they assembled in the 

center of the PEP phases.  Intriguingly, when a ternary nanocomposite was prepared, site 

selective assembly of each type of NP was conserved.  Since equal enthalpic interactions were 

assumed, this size-dependent assembly behavior was explained by the conformational entropy 

change of the polymer chains and NP translational entropy.  For the larger NPs, the 

conformational entropic penalty due to polymer chains stretching to accommodate the NPs 

dominates, so the NPs become sequestered in the center of the PEP to minimize this 
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conformational entropic penalty.  For the smaller gold NPs, the decrease in conformational 

entropy is outweighed by the NP translational entropy.  These experimental results agree well 

with theoretical simulations which predict entropically controlled assembly of NPs based on their 

size relative to BCP phases.48,49 

 

Figure 2.2.  Bright field transmission electron microscopy (TEM) micrograph of ternary 

PS-PEP + Au NPs + SiO2 NPs nanocomposite film with inorganic volume fraction = 0.02.  

Gold NPs appear as dark spots at the interface of the PS and PEP domains, and SiO2 NPs 

reside in the center of the PEP domains.  Inset: Schematic of particle distribution (size 

proportions altered for clarity).  Reprinted from reference 47. 

2.5  Inorganic Nanoparticle Self-Assembly Strategies in Block Copolymers 

The majority of investigations into NP self-assembly in BCPs focus on inorganic 

nanoparticles (typically metal, metal oxide, or silica NPs).  Various inorganic NPs display 

exceptional electrical, optical, thermal, and catalytic properties that make them promising 

candidates for nanocomposite applications.1,3,4,6,7  Using pre-formed NPs utilizing established 

synthetic techniques in nanocomposites allows for precise control of the NP structure and 

resulting properties, which are size, shape, and composition dependent.15  This contrasts with the 

in-situ “nanoreactor” approach that forms NPs in selected BCP domains from loaded precursors, 
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which leads to reduced synthetic precision in NP formation.  Furthermore, the well understood 

surface modification techniques of metal and silica NPs allow for many compatibilization 

possibilities with BCPs.50  Typical strategies to self-assemble inorganic NPs in BCPs include 

utilizing compatibilizing surface ligands, grafted polymers, and independent self-assembling 

supramolecular additives.  As with any BCP system, the processing conditions and techniques of 

nanocomposites determine the final nanocomposite structure and properties. 

In an example of employing tailored surface ligands, Warren and coworkers 

demonstrated the self-assembly of Pt NPs in a poly(isoprene-b-dimethylaminoethyl 

methacrylate) (PI-b-PDMAEMA) BCP with the goal of forming ordered mesoporous materials 

with high conductivities for fuel cell electrodes and related applications (Figure 2.3).51  They 

employed anionic polymerization to yield well-defined PI-b-PDMAEMA with narrow 

polydispersity, and used a hydrophilic ionic liquid surface ligand to compatibilize Pt NPs with 

the PDMAEMA block.  They showed that aging in boiling water tuned the surface 

functionalized NP hydrophilicity to an optimal level by reducing the number of ligands per NP.  

Using these optimized NPs in a high weight fraction, they obtained nanocomposites with an 

inverse hexagonal morphology with hydrophilic NPs and PDMAEMA forming the continuous 

phase which was ordered with annealing (Figure 2.3E and 2.3F).  The formed morphology 

depended on the volume fraction of the combined hydrophilic components (NPs and 

PDMAEMA) and they demonstrated formation of lamellar morphologies by adjusting this 

volume fraction.  Using a rapid pyrolysis technique, they converted the polymer phases of these 

ordered composites to amorphous carbon which coated the platinum and preserved the platinum 

order.  They additionally demonstrated the high conductivity of these ordered mesoporous Pt-C 
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composites and showed that selective etching removed the amorphous carbon to yield a 

mesoporous inverse hexagonal Pt structure, all from BCP templated self-assembly. 

 

Figure 2.3.  Ordered mesoporous materials from metal NP-BCP self-assembly: A.) 

Chemical structure of ionic liquid NP surface ligand imparting moderate hydrophilicity.  

B.) True-scale model of ligand coated Pt NPs.  C.)  PI-b-PDMAEMA BCP structure with 

hydrophobic poly(isoprene) blocks and hydrophilic poly(DMAEMA) blocks.  D.)  Model of 

NP-BCP self-assembly with inverse hexagonal morphology.  E.) TEM image of annealed 

inverse hexagonal hybrid.  F.)  Higher magnification TEM image of E. showing individual 

Pt NPs (Inset: convergent-beam electron diffraction pattern from a single Pt NP, 

demonstrating its crystallinity.  Figure adapted from reference 51. 

 

Employing a NP-grafted polymer compatibilization strategy, Xu et al. investigated the 

self-assembly behavior of poly(styrene-b-methyl methacrylate) (PS-b-PMMA) with PMMA-

grafted magnetite (Fe3O4) NPs (Figure 2.4).52  Using well-defined PS-b-PMMA with narrow 

PDI and approximately equal volume fractions, they systematically probed the obtained 

morphologies of BCP nanocomposites as a function of NP concentration and grafted PMMA 

molecular weight.  Surface-initiated ATRP afforded PMMA-grafted magnetite NPs with PMMA 
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molecular weights of 2.7, 13.3, and 35.7 kg/mol (named Fe3O4-2.7K, Fe3O4-13.3K, and Fe3O4-

35.7K, respectively) with narrow PDIs and equivalent grafting densities.  The surface 

functionalization with PMMA led to selective NP incorporation into the PMMA phase of the 

BCP.  The grafted PMMA molecular weight, NP concentration, and annealing conditions greatly 

affected the NP distribution and nanocomposite morphology.  Figure 2.4 illustrates the effect of 

PMMA graft molecular weight and NP concentration on the nanocomposite morphology with 

similar annealing conditions.  The low graft molecular weight Fe3O4-2.7K NPs at 1 wt% 

displayed highly individualized and selective incorporation into the PMMA phase of a well-

ordered lamellar morphology (Figure 2.4A).  Increasing Fe3O4-2.7K concentration to 4 wt% 

(Figure 2.4B) and 10 wt% (Figure 2.4C) led to NP aggregation in annealed films which 

hindered the development of the well-ordered lamellar morphology, even though individualized 

NPs were observed in as-cast samples. As the graft molecular weight increased to 13.3K, NP 

aggregation in as-cast films was observed and remained after annealing (Figure 2.4D), further 

impeding the development of lamellae.  This effect was amplified in Fe3O4-35.7K composites 

(Figure 2.4E), which displayed large NP aggregates at higher NP loadings which formed their 

own phases causing the BCP to assemble around these large aggregates in an onion-like 

arrangement.  Investigating the magnetic properties of the composites, they observed the 

expected superparamagnetic behavior imparted by the NPs.  These results highlight the 

importance of grafted polymer molecular weight and processing on the final morphology and NP 

self-assembly in BCP nanocomposites. 
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Figure 2.4. TEM analysis of the self-assembly behavior of PMMA-grafted magnetite NPs in 

PS-b-PMMA as a function of graft molecular weight and NP concentration: A.) Fe3O4-2.7K 

(1 wt%) in PS-b-PMMA annealed for 240 h. B.) Fe3O4-2.7K (4 wt%) in PS-b-PMMA 

annealed for 240 h. C.) Fe3O4-2.7K (10 wt%) in PS-b-PMMA annealed for 192 h. D.) Fe3O4-

13.3K (4 wt%) in PS-b-PMMA annealed for 240 h. E.) Fe3O4-35.7K (16 wt%) in PS-b-

PMMA annealed for 240 h.  Arrows in the micrographs indicate the film/substrate surface.  

Figure adapted from reference 52. 

 

Another versatile approach to NP self-assembly in BCP films utilizes small molecules 

capable of supramolecular assembly with the BCP and as-synthesized NPs.  This technique 

avoids additional modification of BCP or NPs, typically relying on small molecules capable of 

hydrogen bonding at one end coupled with a long alkyl tail.  This permits hydrogen bonding to 

polymers such as poly(4-vinyl pyridine) and favorable interactions with long alkyl chains on NP 

surfaces commonly used to stabilize NPs.  These small molecules assemble into supramolecular 

assemblies with BCPs and allow for phase specific NP incorporation.53  Adjusting the small 

molecule loading alters the obtained morphologies.  
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Zhao et al. demonstrated the versatility of this technique in a poly(styrene-b-4-vinyl 

pyridine) BCP (PS-b-P4VP, block lengths of 40 and 5.6 kg/mol, respectively) utilizing  two 

small molecules, 3-n-pentadecylphenol (PDP) and 4-(4’-octylphenyl)azophenol (OPAP), to 

direct NP self-assembly.54  They examined the supramolecular assembly of CdSe and PbS NPs 

in the supramolecular BCP system and demonstrated that altering the small molecule loading 

affected the nanocomposite morphology.  The BCP self-assembled with PDP into PS-b-

P4VP(PDP) supramolecular polymers, where PDP molecules and the P4VP blocks form distinct 

phases through hydrogen bonding interactions.  The long alkyl chains of PDP molecules 

permitted compatibilization of the CdSe and PbS NPs which respectively possessed 

octadecylphosphonate and oleate capping ligands, leading to NP incorporation into the 

P4VP(PDP) phases (Figure 2.5).  Adjusting the amount of PDP incorporation in the 

supramolecular PS-b-P4VP(PDP)x blend, where x denotes the ratio of PDP to P4VP units, tuned 

the NP self-assembly and overall BCP morphology.  Changing the PDP content afforded 

different morphologies due to increased P4VP(PDP) volume fraction.  Increasing the PDP in PS-

b-P4VP(PDP)3 composites with PbS NPs lead to a hexagonal nanocomposite morphology.  

Furthermore, they demonstrated the temperature responsive nature of the PS-b-

P4VP(PDP)2/CdSe NP composites, observing changes in NP distribution with temperature.  

When utilizing the photoresponsive OPAP molecule in PS-b-P4VP(OPAP)1.5-PbS NP 

composites, they observed photoreversible NP assembly through OPAP cis-trans isomerization.  

This study details small molecule-directed self-assembly of NPs and further incorporation of 

tunable, stimuli-responsive behavior. 
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Figure 2.5.  TEM micrographs of small molecule-directed NP self assembly in PS-b-P4VP: 

A.) PS-b-P4VP(PDP)1 blend with ~4 nm CdSe NPs.  B.)  PS-b-P4VP(PDP)1 blend with ~5.4 

nm PbS NPs.  C.  Higher magnification image of B. showing NP orientation normal to the 

lamellar surface.  D.)  PS-b-P4VP(PDP)2 blend with ~4 nm CdSe NPs.  E.)  Higher 

magnification image of  D.  Insets show schematic depictions of NP assembly.  Adapted 

from reference 54. 

  

Ye and coworkers expanded on the supramolecular approach, utilizing a fan-shaped small 

molecule to direct the self-assembly of gold nanoparticles in PS-b-P4VP (Figure 2.6A).55  The 

fan-shaped small molecule (denoted L) has a structure similar to PDP with a hydroxyl head 

group and long chain alkyl tails but with much larger volume (see Figure 2.6A).  Blends of PS-

b-P4VP and L formed supramolecular PS-b-P4VP(L)n BCPs through hydrogen bonding, where 

the molar ratio of L to P4VP units (denoted by n) controlled the supramolecular BCP 

morphology.  The fan shape of L with increased volume compared to PDP allowed for highly 

tunable morphologies with small changes in L content.  The alkyl chains in L enabled selective 

assembly of dodecanethiol capped Au NPs into the P4VP(L) n domains.  PS-b-P4VP(L)1 

nanocomposites with 5 vol% Au NPs exhibited a structure-within-structure morphology, where 
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the Au/P4VP(L)1 chains displayed hexagonal packing within the lamellar morphology.  Altering 

the L content and NP loading in the nanocomposites combined with small-angle X-ray scattering 

(SAXS) and TEM analysis allowed the authors to construct a phase diagram for this composite 

system (Figure 2.6B), which shows several differences upon the addition of Au NPs.      

 

Figure 2.6.  Small molecule directed self-assembly of gold NPs in PS-b-P4VP:  A.) Self-

assembly mechanism utilizing the fan shaped small molecule L.  B.)  Phase diagram of PS-

b-P4VP(L)n-Au NP composites.  Adapted from reference 55. 

 

Exploitation of the unique properties of NPs motivates the design of self-assembled NP 

nanocomposites.  Towards the goal of nanoscale bit-patterned magnetic storage devices, Aisso et. 

al. investigated the self-assembly behavior of FePt NPs in poly(styrene-b-ethylene oxide) (PS-b-

PEO) thin films (Figure 2.7).56  They utilized asymmetric PS-b-PEO with narrow PDI that 

assembled into a spherical morphology with PEO domains in a continous PS matrix to serve as 

the BCP template for NP assembly.  The L10-ordered FePt NPs employed in this study display 

desirable magnetic properties for nanoscale bit-storage applications through large uniaxial 

magnetocrystalline anisotropy which determines how strongly a particle can retain magnetic 

information.  This large uniaxial magnetocrystalline anisotropy indicates L10-ordered FePt NPs 

as small as 2.8 nm in diameter show potential for permanent data storage.57  A ligand exhange 



23 

 

technique yielded L10-ordered FePt NPs functionalized with dopamine-terminated-methoxy 

poly(ethylene oxide) chains (mPEO-Dopa).  This enabled the selective self-assembly of the 

FePt-mPEO-Dopa NPs in the PEO domains through enthalpic compatibilization (Figure 2.7A).  

The authors demonstrated the localized magnetic properties in the nanocomposites through 

correlating atomic force microscopy (AFM) with magnetic force microscopy (MFM), which 

revealed magnetic signals arising from NPs confined in the PEO phases (Figure 2.7B and 2.7C).  

This study illustrates how desirable NP properties can be exploited in a nanoscale array.  

 

Figure 2.7.  Self-assembly of magnetic L10-oredered FePt nanoparticles in PS-b-PEO BCP 

thin films: A.) TEM micrograph of PS-b-PEO nanocomposite containing 20 wt% FePt NPs 

(Inset at higher magnification shows the localization of FePt NPs in the PEO domains).  B.) 

3D topographic AFM image of PS-b-PEO nanocomposite containing 20 wt% FePt NPs.  C.) 

Composite image of topography and magnetic phase shows each dark spot (magnetic signal) 

is contained within one hole corresponding to a PEO/FePt NP domain.  Adapted from 

reference 56.   

 

Ideally, adjusting the morphology of self-assembled BCP-NP nanocomposites enables 

tunability of macroscale nanocomposite properties.  Acharya et al. demonstrated the tunability of 

surface plasmon resonance (SPR) in PS-b-P4VP/Au/Ag NP composites through variation of 

nanocomposite morphology (Figure 2.8).58  They employed a micellar self-assembly process to 

form PS-b-P4VP micelles in toluene soultion with the polar P4VP blocks forming the micelle 
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core.  Silver acetate(AgAc) was loaded into the micelle cores through the interaction of P4VP 

lone pair electrons with silver ions in AgAc.  Dodecanethiol capped Au NPs were incorporated at 

varying loadings into the micellar solution, and the density of the PS coronas led them to 

preferentially localize between the micelles.  Spin casting the micellar solution and subsequent 

solvent evaporation led to well-ordered micellar films with pseudo-hexagonal packing.  Thermal 

annealing reduced the AgAc in the micelle cores into Ag NPs.  This process formed composites 

with Ag NPs in the micelle cores regularly spaced from Au NPs assembled at the corona edges, 

and a high degree of long range order.  The investigators tuned the Ag NP-Au NP coupled SPR 

of the thin films through adjusting the amount of Au NP loaded into the composites.  Also, 

changing the PS block length led to increased Ag-Au NP distance and red-shifted the SPR of the 

films.  This investigation demonstrates how altering the nanocomposite morphology through 

BCP composition and NP loading can allow for tuning of macroscopic properties.   
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Figure 2.8.  Effect of micelle size on surface plasmon resonance in PS-b-P4VP/Au/Ag NP 

composite films cast from micellar solutions. A.) Schematic of interparticle distance 

affected by BCP composition. B.) UV-Vis spectroscopy showing red-shifting with increased 

interparticle distance. C.-E.) TEM micrographs of films showing increased micelle-micelle 

distances in the films with varying BCP composition.  Adapted from reference 58. 

  

When employing BCPs to template the self-assembly of NPs, understanding how the NP 

loading and composite processing affects the overall morphology proves crucial.  Kim et al. 

demonstrated how PS-functionalized Au NP loading altered the morphology of poly(styrene-b-2-

vinylpyridine) (PS-b-P2VP) nanocomposites.59  Living anionic polymerization yielded low 

molecular weight thiol-terminated PS with narrow PDI that stabilized Au NPs and facilitated 

their selective dispersion into PS phases of symmetric, well-defined, narrow PDI PS-b-P2VP 

BCPs.  They found that the PS-coated Au NPs behaved similarly to PS hompolymers added to 

the BCPs and effectively increased PS volume fraction, leading to a shift from lamellar to 

cylindrical morphology.  The Au NP concentration varied depending on the distance from the 

film-air interface, thus affecting the morphology as a function of the distance from the film-air 



26 

 

surface, with lamellar morphology formed at the top of the film transitioning to cylindrical 

morphology at the bottom where the Au NP volume fraction was highest.  They attributed this 

behavior to preferential Au NP migration towards the substrate as solvent evaporated from the 

film.  Although these structures represent kinetically trapped states and not equilibrium 

morphologies, this investigation illustrates how NP loading alters nanocomposite morphology 

and how processing conditions lead to complex structures appropriate for certain applications. 

 

Figure 2.9.  TEM images of PS-b-P2VP/Au NP nanocomposites with an overall volume 

fraction of PS-coated Au NPs of 0.3 displaying varying morphology as a function of 

distance from the top of the film: A.) 27 µm from film surface. B.) 46 µm from film surface. 

C.) 64 µm from film surface.  D.) Schematic of film structure based on TEM images.  All 

scale bars are 100 nm.  Adapted from reference 59.  

 

Garcia et al. detailed the effect of NP incorporation on the morphology of poly(isoprene-

b-ethylene oxide) (PI-b-PEO) nanocomposites formed with aluminosilicate NPs.60  Anionic 

polymerization afforded PI-b-PEO BCPs with varying compositions and narrow PDIs.  
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Hydrogen bonding and dipole-dipole interactions drove the selective incorporation of 

aluminosilicate NPs into PEO phases in nanocomposite films effectively forming PEO-NP 

phases.  TEM and SAXS analysis of 64 nanocomposites obtained through adjusting the BCP 

composition and NP content generated a detailed ternary phase diagram of the nanocomposite 

system as a function of the weight fraction of each component (Figure 2.10).  The 

nanocomposites exhibited morphologies typical to pure PI-b-PEO BCPs in addition to 

morphologies unique to the nanocomposite system that were stabilized by the presence of the 

NPs.  Several compositions exhibited biphasic morphologies that contained regions of each of 

the neighboring morphologies.  Although these structures likely represent kinetically trapped 

states, this study impressively demonstrates the near complete characterization of a 

nanocomposite morphology as a function of BCP composition and NP loading. 
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Figure 2.10.  Ternary morphology diagram of various PI-b-PEO/aluminosilicate NP 

nanocomposite compositions (in weight fractions).  Schematic representations of the pure 

BCP morphologies are shown at the bottom, with blue representing the PI domains and red 

representing the PEO domains.  Each white region within the diagram is labeled with a 

schematic representing the morphology of the formed composites. The yellow regions in 

these schematic morphologies represent the PEO/NP domains. Closed dark points on a 

gray background indicate areas where biphasic morphologies were observed.  Reproduced 

from reference 60. 

 

2.6  Carbon Nanomaterial Self-Assembly Strategies in Block Copolymers 

Carbon nanomaterials (CNMs) represent a diverse class of materials with a wide range of 

sizes, shapes, and material properties that prove extremely promising in the field of polymer 

nanocomposites due to their electrical, thermal, and mechanical properties.61  CNMs include 

fullerenes, single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes 
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(MWCNTs), and carbon nanohorns.  These CNMs vary greatly in their size and aspect ratios.  

The graphene structure in CNMs generates strong van der Waals interactions, which lead to large 

scale aggregation and inhibit dispersion of CNMs in polymer matrices.62  However, this 

graphene structure also provides ample functionalization capability, leading to a plethora of 

functionalized CNMs.63-65  Self-assembly of CNMs is highly dependent on the size and aspect 

ratio of the NPs, and more research into BCP-mediated self-assembly exists for the relatively 

small, spherical fullerenes (C60 has a diameter of about 1 nm) than SWCNT and MWCNTs.  The 

larger sizes and anisotropy makes self-assembly of carbon nanotubes (CNTs) more difficult to 

accomplish.15,66  

Several investigations demonstrate the ability of BCPs to serve as templates for fullerene 

self-assembly.  Most of these studies aim to develop composites with potential applications in 

organic solar cells utilizing the electron-accepting capacity of fullerenes.  Laiho and coworkers 

employed the electron-accepting property of fullerenes to affect C60 self-assembly in PS-b-P4VP 

(Figure 2.11).67  They found that composites cast from fresh xylene solutions of PS-b-P4VP and 

led to C60 incorporation into the PS domains causing swelling of the continuous PS domains in 

the observed cylindrical morphology.  This occurred because the PS-b-P4VP formed micelles 

with P4VP cores in xylene solution, and the PS and C60 affinity for the xylene solvent led to C60 

incorporation into the PS phase.  However, aging the PS-b-P4VP/C60 xylene solutions led to C60 

migration into the P4VP cores caused by a charge transfer between the C60 molecules and the 4-

vinyl pyridine units as observed in UV-Vis and FT-IR spectroscopic measurements, and altered 

the observed morphology.  Interestingly, instead of swelling the P4VP phase and leading to a 

lamellar morphology, the composites cast from aged solutions exhibited a spherical morphology. 

The authors attributed this effect to C60 molecules effectively crosslinking many P4VP chains 
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through the charge-transfer interaction combined with aggregation of C60 molecules, leading to 

condensed P4VP phases.    

 

Figure 2.11.  Schematic representation of the effect of C60 incorporation into PS-b-P4VP 

copolymers.  Aging the composite solutions led to C60 migration into the P4VP phase 

through the charge-transfer interaction of C60 with 4-vinyl pyridine units.  Reprinted from 

reference 67. 

 

Fullerene self-assembly is also accomplished using polymer or small molecule 

functionalization leading to enhanced interaction with a specific phase of BCPs.68  For example, 

Schmaltz et al. detailed the self-assembly behavior of PS-grafted C60 in poly(styrene-b-isoprene) 

and showed morphological dependence on the molecular weight and grafting density.69  The PS 

functionalization allowed for effective fullerene incorporation into the PS domains, and the 

lamellar morphology was either preserved or altered depending on the molecular weight of the 

grafted PS.  The amount of C60 that could be solubilized in the PS domain varied depending on 

the graft density. 
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Li and coworkers employed a complimentary hydrogen bonding strategy to direct the 

self-assembly of C60 in a polythiophene BCP.70,71  They achieved strong hydrogen bonding 

interactions between an isoorotic acid-functionalized polythiophene BCP and diaminopyridine 

fullerene derivative (Figure 2.12).  The strong complimentary hydrogen bonding allowed for 

selective fullerene self-assembly.  The researchers demonstrated promising device stability, and 

tuned the resultant morphologies through variation of amount and type of fullerene derivative 

added to the composites.  This technique offers promising opportunities for the design of bulk 

heterojunction polymer solar cells.   

 

Figure 2.12.  Scheme showing the synthesis of a polythiophene BCP and functionalized 

fullerene capable of ‘three-point” complimentary hydrogen bonding.  Figure adapted from 

reference 70. 

 

Researchers also employ direct covalent reactions to achieve self-assembled fullerene-

BCP nanocomposites.72  Min et al. recently detailed a versatile application of this approach 
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(Figure 2.13).73  They utilized specialized anionic polymerization to yield well-defined 

poly(furfuryl isocyanate-b-hexyl isocyanate) (PFIC-b-PHIC) BCPs.  These BCP displayed 

composition dependent morphologies which further changed through solvent selection, with 

solvents common to both blocks yielding different morphologies than solvents selective to one 

block.  The furan ring in furfuryl isocyanate readily undergoes Diels-Alder reaction with 

dienophiles, such as maleimide and C60.  Reacting C60 with the furan functionality resulted in 

selective incorporation of C60 into the PFIC domains, and the composites retained the BCP 

morphology to a high degree.          

 

Figure 2.13.  Nanocomposites obtained from post-polymerization functionalization of a 

diene-containing BCP: A.) Scheme for anionic polymerization and post-polymerization 

functionalization with C60 utilizing the Diels-Alder reaction.  B.) TEM micrograph showing 

the phase-separated morphology of the BCP.  C.) TEM micrograph of the BCP/C60 

nanocomposite.  Adapted from reference 73. 

 

Selective self-assembly of CNTs, especially large MWCNTs, into specific phases of 

BCPs proves challenging due their anisotropy and relatively large sizes compared to the BCP 
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domains.15  The basic strategies for CNT self-assembly in BCPs remain the same as for other 

NPs, and many investigations explore the use of small molecule and polymer functionalizations 

to selectively disperse CNTs into BCP phases.  Furthermore, CNTs themselves serve as self-

assembly templates for various NPs, offering exciting hierarchical assembly possibilities when 

combined with BCPs.74,75  Effective incorporation of CNTs into BCP domains relies on the 

domain’s ability to spatially accommodate the CNTs and depends on the size and aspect ratio of 

the CNTs.  For example, using dodecanethiol as a surfactant Peponi et al. demonstrated the 

selective confinement of octadecylamine functionalized SWCNTs (ODA-SWCNTs) into the PS 

block of a poly(styrene-b-isoprene-b-styrene) (PSIS) triblock copolymer.76  The incorporation of 

ODA-SWCNTs changed the self-assembled BCP morphology from cylindrical to lamellar.  This 

strategy relied on the interaction of the alkyl chain functionalized CNTs and the PS blocks 

through the action of the dodecanethiol surfactant, and was not possible with non-functionalized 

SWCNTs.  In a further study, Peponi and coworkers mapped the placement of ODA-SWCNTs in 

the PS blocks of the PSIS BCP using electrostatic force microscopy.77  In comparison, when 

Garate et al. employed this surfactant aided strategy to disperse PS functionalized MWCNTs into 

the same PSIS BCP, the larger size of the MWCNTs prevented confinement in PS domains.78  

Instead the PS functionalized MWCNTs spanned several phases, although non-functionalized 

MWCNTs aggregated and did not effectively disperse in the PSIS matrix. 

Forming composites using CNTs with sizes larger than the BCP matrix domains will in 

many cases drastically alters the BCP morphology.79  Aggregates or individual CNTs impede the 

formation of the BCP morphology either during solvent evaporation or annealing.  Li and 

coworkers showed how SWNTs affected the self-assembly of poly(fluorenylstyrene-b-2-vinyl 

pyridine) BCPs.76  Carboxylic acid functionalization of SWCNTs resulted in SWCNT miscibility 
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with the P2VP phases.  They found that two-dimensional lamellar morphologies encapsulated 

the carboxylic acid functionalized SWCNTs more efficiently than one-dimensional cylindrical 

morphologies, and composites with lamellar morphology displayed higher conductivity than 

composites with cylindrical morphologies comprised of P2VP cylinders in a continuous PS 

phase.  The presence of the SWCNTs resulted in changes in the order-order transitions in the 

BCP, requiring higher temperatures to achieve equilibrium morphologies, and overall the 

SWCNTs negatively impacted the ordering of the BCP.  

Park et al. demonstrated the selective sequestration of PS functionalized MWCNTs in the 

PS phase of a poly(styrene-b-isoprene) (PS-b-PI) BCP (Figure 2.14).80  Emulsion 

polymerization functionalized the MWCNTs with PS, thus compatibilizing the MWCNTs with 

the PS block.  They selected ultra-high molecular weight PS-b-PI with narrow PDI that displayed 

lamellar morphology.  The ultra-high molecular weight (760 kg/mol total, 400 kg/mol PS and 

360 kg/mol PI blocks) ensured relatively large lamellar phases, minimizing the entropic cost for 

MWCNT incorporation into these phases.  Although the authors reported that some MWCNTs 

spanned multiple phases, most of the MWCNTs remained in the PS lamellae and no large-scale 

MWCNT aggregation occurred.  The enthalpic compatibilization through PS functionalization 

and utilization of ultra-high molecular weight BCP to minimize the entropic penalty of selective 

MWCNT incorporation enabled this degree of selective assembly.          
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Figure 2.14.  Self-assembly of PS functionalized MWCNTs in PS-b-PI BCP composites:  A.) 

Schematic of the self-assembly strategy.  B.) TEM micrograph of PS functionalized 

MWCNT showing the PS coverage of the MWCNT.  C.) and D.) TEM micrographs of 

MWCNT sequestration in PS phases (PS domains are light and PI domains are dark).  

Adapted from reference 80.  

 

Liu and coworkers investigated the selective self-assembly of polymer-functionalized 

double-walled carbon nanotubes (DWCNTs) in a poly(styrene-b-butadiene-b-styrene) (PSBS) 

BCP (Figure 2.15).81  They employed a grafting-to approach to covalently attach polystyrene-g-

(glycidyl methacrylate-co-styrene) to DWCNTs, yielding DWCNTs that were wrapped with PS 

chains (PS-DWCNTs).  The asymmetric BCP with a PS weight fraction of 30% displayed a 

cylindrical phase-separated morphology after annealing.  The PS functionalization of PS-

DWCNTs enabled their selective assembly into the PS domains of the PSBS BCP through 

enthalpic compatibilization.  However, the size of the DWCNTs affected this self-assembly.  

Short PS-DWCNTs (<500 nm in length) were sequestered into the PS domain, and even 
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conformed their shapes to follow the PS domain structure. Longer PS-DWCNTs (>500 nm in 

length) were no longer able to self-assemble into the PS phases, and instead spanned multiple 

phases of the BCP.  The authors attributed this behavior to an excessive entropic penalty required 

to assemble these longer PS-DWCNTs into the relatively smaller PS phases.  Interestingly, they 

also discovered that increasing the molecular weight of the PS grafted onto the DWCNTs did not 

affect the self-assembly process. The PS chains wrapped around the DWCNTs instead of 

extending outward as in other types of NPs, where the molecular weight of grafted polymers 

does affect the self-assembly.            

 

Figure 2.15.  Selective self-assembly of DWCNTs in a SBS BCP: A.) Schematic of the self-

assembly process.  B.) TEM micrograph of the phase separated SBS BCP.  C.) PSBS 

nanocomposite with short (<500 nm) PS-DWCNTs.  D.) PSBS nanocomposite with long 

(>500 nm) PS-DWCNTs. Adapted from reference 81. 
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2.7  Conclusions 

Controlled polymerization techniques facilitate the synthesis of well-defined BCPs, with 

specified block lengths and narrow PDIs.  BCPs phase separate into nanoscale and microscale 

morphologies with proper BCP design, where the BCP composition and processing determines 

the morphology.  These phase-separated BCP morphologies serve as effective templates for the 

self-assembly of NPs.  Enthalpic compatibilization of NPs with specific BCP phases enables the 

selective incorporation of NPs into desired phases, with the BCP morphology determining the 

long-range nanoscale ordering of the NPs.  Common strategies to promote this selective self-

assembly include functionalizing NPs with compatibilizing ligands, NP-grafted polymers, and 

the use of small molecules that provide supramolecular interactions between specific BCP phases 

and NPs.  Many investigations demonstrate the ability to self-assemble NPs using BCPs, and 

several detail the effect of NP incorporation on nanocomposite morphology or illustrate 

tunability of macroscale properties through nanocomposite design. 

Although the results of the past decade in the field of BCP-mediated NP self-assembly 

are extremely promising, a formidable amount of investigation remains to attain the ultimate 

goals of NP self-assembly, including emergent properties of nanocomposites.  The realization of 

high-performance self-assembled nanocomposites will rely on the continued interdisciplinary 

efforts of researchers at the interfaces of polymer synthesis, nanoparticle design, and 

nanocomposite engineering and fabrication.  Applying the fundamental aspects of NP self-

assembly in BCPs explored in the past two decades to specific problems and goals in 

nanocomposite design will lead to materials that fully exploit the desirable properties of NPs and 

BCPs.  Future directions include utilization of three-phase or other morphologically complex 

systems to expand self-assembly possibilities, and the simultaneous assembly of different NPs 
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into different BCP phases.  BCP-mediated self-assembly of NPs is a diverse and rapidly growing 

branch in the broadly impactful field of nanocomposite research, and will likely exponentially 

develop in coming years. 
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3.1  Abstract 

Introduction of hydrogen bonding sites onto multi-walled carbon nanotubes (MWCNTs) 

included oxidized, amide-amine, and novel amide-urea MWCNTs for the formation of 

homogenous polyurethane composites.  Acid oxidation and subsequent derivatization introduced 

hydrogen bonding functionality onto MWCNTs to compare the effect of surface 

functionalization on mechanical properties in a 45 wt% hard segment polyurethane matrix.  

Raman spectroscopy showed an increase in the D/G peak ratio, which indicated successful 

oxidation. X-ray photoelectron spectroscopy (XPS) also revealed elemental compositions that 

supported each step of the functionalization strategy. Thermogravimetric analysis (TGA) 

supported functionalization with an increase in weight loss for each functionalization, and the 

MWCNT surface functionalization determined pH dependent dispersibility.  The non-

functionalized MWCNT composites showed poor dispersion with transmission electron 

microscopy (TEM), and in sharp contrast, the functionalized composites displayed homogenous 

dispersions.  Tensile testing revealed improved stress at break in the functionalized MWCNT 

composites at low loadings due to homogenous dispersion. 
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3.2  Introduction 

The unique electrical,1 thermal,2,3 optical,4,5 and mechanical6,7 properties of carbon 

nanotubes (CNTs) account for intense research since their discovery in 1991.8   Although a 

number of factors limit their full potential,  researchers continue to demonstrate a wide variety of 

applications including energy storage,9,10 high performance electrical materials,11 and 

composites.12,13  The field of polymer-carbon nanotube composites represents one of the most 

promising and active areas in CNT research.14  CNTs are attractive fillers due to their ability to 

enhance the electrical and mechanical properties of the polymer matrix.15,16  The hydrophobic 

structure of CNTs limits the efficacy of CNT polymer composites, causing aggregation through 

van der Waals interactions, which reduces CNT interactions with polymer matrices leading to 

poor composite properties.17  Increasing dispersion and interfacial interactions within a polymer 

matrix allows for improved mechanical and electrical properties because the desirable 

mechanical properties are possessed by non-aggregated CNTs, and effective interactions 

improve interfacial strength and assist in CNT dispersion through interacting with polymer 

chains during dispersion.18 

Modification with either covalent or non-covalent sites on the CNT surface19 is an 

essential strategy for attaining dispersion and suitable polymer composites, particularly for 

matrices of polar polymers20.  Typically, the introduction of surface bound polymers or 

functionalities increases the CNTs dispersion through non-covalent intermolecular interactions 

or covalent bonding with the polymer matrix.  MWCNTs are particularly promising for structural 

composites due to the opportunity for highly functionalized outer walls while retaining the 

structure of the inner walls.21   Researchers introduced hydrogen bonding groups onto CNTs 

through a number of functionalization techniques to increase CNT interaction with polar 
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polymers or solvents.  Acid oxidation22-24 of CNTs introduces hydrogen bonding carboxylic acid 

sites, increasing CNT dispersibility in a number of polymers.25-27  Further reacting these sites 

provides a myriad of functionalized CNTs using efficient carboxylic acid chemistry.  Reactions 

of nucleophiles such as diamines with the carboxylic acid sites through an acyl chloride 

precursor or carbodiimide coupling is typical.28,29  Pulikkathara et al. also reported the synthesis 

of urea-functionalized, single-walled carbon nanotubes (SWCNTs) through a hydrofluoric acid 

route.30  The reaction of urea with fluorinated CNTs yielded a high degree of urea functionality 

and retained a high level of sidewall fluorination.  The urea-functionalized CNTs showed 

improved dispersion over the fluorinated precursor in an epoxy resin.  The urea groups on the 

SWCNT surface also served as curing sites for the epoxy resin, which led to improved dispersion 

through covalent bonding.    

The mechanical properties, efficient synthesis, and high tailorability of segmented 

compositions make segmented polyurethanes an industrially and academic valued class of 

polymers.  The prepolymer method31 allows for incorporation of hard and soft segments that 

often lead to microphase separated elastomeric materials.32,33  The structural diversity and 

desirable properties associated with polyurethanes make them a promising candidate for 

polymeric composites, but the highly polar character of polyurethanes requires proper 

functionalization of CNTs for homogenous composite formation.  Many techniques allow for 

improved CNT dispersion in polyurethanes, which include non-covalent means using dispersing 

agents and in situ polymerization,34 covalent incorporation achieved through amine 

functionalized CNTs present in the polyurethane reaction mixture,29,35 and non-covalent 

dispersion of CNTs functionalized with low molecular weight and polymeric functionality.36-38  
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CNTs improved the properties of polyurethanes with varied effects on composite mechanical and 

electrical properties due to the rich diversity of polyurethanes and CNTs. 

Long et al. recently reported the successful synthesis of novel dendritic ammonium 

functionalized MWCNTs and demonstrated successful dispersion in a charged polyurethane 

matrix.39  In a sulfonated soft segment polyurethane40, permanently charged MWCNTs showed 

better dispersibility than pristine controls.  This demonstrated that tailored functionality 

improved the dispersion of MWCNTs in the polymer matrix using electrostatic interactions.   In 

the present study, functionalization of MWCNTs through acid oxidation to form amide-amine 

and novel amide-urea derivatives enabled homogenous MWCNT dispersion in a polyurethane 

matrix.  Raman spectroscopy, TGA, and XPS confirmed successful functionalization.  

Comparison of the dispersibility of the functionalized MWCNTs to non-functionalized 

MWCNTs required TEM analysis and an investigation of thermal stability and mechanical 

properties as a function of surface functionality at various MWCNT loadings.   Functionalized 

MWCNT composites showed a significant improvement of mechanical properties and improved 

dispersibility compared to non-functionalized MWCNT composites. 

3.3  Experimental 

Materials 

Ethylene diamine (99.5%), thionyl chloride (99%), and n-heptyl isocyanate (97%), were 

purchased from Sigma Aldrich and used as received. Poly(tetramethylene oxide) (PTMO, 

Terathane®, Mn =  2272 g/mol as determined from hydroxyl titration) was purchased from Sigma 

Aldrich and dried in vacuo overnight.  Triethyl amine (99%) and 1,4-butanediol (BDO) (99%) 

were purchased from Sigma Aldrich and distilled from calcium hydride prior to use.  Dibutyltin 



45 

 

dilaurate (95%) was purchased from Sigma Aldrich and diluted to a 1 wt% solution in anhydrous 

tetrahydrofuran (THF).  Dimethylformamide (DMF) and THF were purchased from Fischer 

Scientific and passed through an Innovative Technology, Inc. PureSolv solvent purification 

system to remove impurities and water.  Concentrated nitric acid (ACS Reagent Plus) and 

concentrated hydrochloric acid (ACS Reagent Plus) were obtained from Fischer Scientific and 

used as received. Pristine multi-walled carbon nanotubes (Baytubes®, C70P, carbon purity > 

95%, outer diameter: 10-30 nm, catalyst: cobalt metal nanoparticle) and dicyclohexylmethane-

4,4’-diisocyanate (HMDI) (99.5%) were supplied through Bayer and used as received.  All 

MWCNTs were gently powderized before sonication.  All dry MWCNTs were handled with care 

and the proper protective equipment, including respirators. 

Instrumentation 

Size exclusion chromatography (SEC) was performed using a Waters size exclusion 

chromatograph equipped with an auto sampler, three 5 µm PLgel Mixed-C columns, a Waters 

2410 refractive index detector operating at 880 nm, and a Wyatt Technologies miniDAWN 

multi-angle laser light scattering detector operating at 690 nm. Samples were run at 50 °C in 0.01 

M LiBr DMF solution with a flow rate of 1 mL/min.  The specific refractive index increment 

values (dn/dc) for the polyurethane sample were determined with a Wyatt Optilab T-rEX 

refractive index detector operating at 658 nm and 35 °C.  Polymer unimers in 0.01 M LiBr DMF 

solution were confirmed through dynamic light scattering using a Malvern Zetasizer Nano ZS.  

XPS analysis was performed on a Phi Quantera Scanning XPS Microprobe.  XPS data was 

analyzed using CASA XPS software version 2.3.14.  Raman spectroscopy was performed using a 

JY Horiba LabRam HR800 Raman Spectrometer with a 514 nm argon laser.  Raman spectra 

were analyzed and deconvoluted in Labspec Raman software version 5.25.15. TGA was 
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performed using a TA Instruments HiRes 2950 thermogravimetric analyzer using a ramp rate of 

10 °C/min under a nitrogen atmosphere.  Sonication was performed with a Bransonic 2510R-

MTH sonicator bath or a Hielscher UP400S Utrasonicator probe (only for water dispersion tests), 

both operating at full capacity.  Dynamic mechanical analysis (DMA) was performed on a TA 

Instruments Q800 dynamic mechanical analyzer using a heating rate of 3 °C/min and an 

amplitude of 50 µm in tension mode.  Tensile data was collected on an Instron 5500 R using a 

ramp rate of 50 mm/min.  The tensile samples were cut using a Pioneer Dietec dog bone cutter 

(ASTM D-638-V) and 6 trials were performed for all samples. Cryo ultramicrotomy was 

performed with a Diatome MT12610 diamond blade on a RMC Products Powertome PC 

ultramicrotome equipped with a RX cryo attachment cutting 100 nm sections.  TEM images 

were generated using a Phillips EM 420 transmission electron microscope operating at 100 kV 

accelerating voltage. 

MWCNT Functionalization 

Acid oxidized MWCNTs (AO-MWCNTs, Scheme 3.1-b) were prepared with as received 

Baytubes® C70P using nitric acid.  For a typical procedure, in a 2-L, round-bottomed, flask 

equipped with a magnetic stirrer, pristine Baytubes (12 g, C70P, Scheme 3.1-a) were dispersed 

at 1 wt% in 8 M HNO3 (1200 mL) using the sonicator probe and magnetic stirring for 1.5 h.  

This mixture was refluxed at 110 °C for 72 h and allowed to cool to room temperature.  The 

reaction mixture was diluted with deionized (DI) water and decanted several times.  The 

MWCNTs were subsequently filtered and washed with DI water until the filtrate reached a 

neutral pH.  In a 2-L, round-bottomed, flask equipped with magnetic stir bar, the resulting 

MWCNTs were dispersed in 1 M HCl (1200 mL) through sonication and stirred for 1 h at 110 

°C reflux for 16 h to ensure protonation of carboxylic acid groups.  The MWCNTs were rinsed 
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with DI water and decanted several times, then washed with DI water until the filtrate reached a 

neutral pH.  The MWCNTs were rinsed with isopropyl alcohol (200 mL) to aid in the drying 

process.  The resulting AO-MWCNTs were then dried at 60 °C in vacuo until they achieved a 

constant weight after 36 h.  

Amide-amine functionalized MWCNTs (AA-MWCNTs, Scheme 3.1 – d) were prepared 

according to the following procedure.  In a 250-mL, round-bottomed, flask equipped with 

magnetic stir bar, AO-MWCNTs (3.5 g) were dispersed in thionyl chloride (80 mL) through 

sonication for 2 h under an inert argon atmosphere and then refluxed at 80 °C for 16 h.  The 

excess thionyl chloride was removed with distillation, leaving behind the acid chloride 

functionalized MWCNTs (Scheme 3.1-c).  A solution of 3.8 mL ethylenediamine and 8 mL 

triethylamine in 200 mL of dry DMF was cannulated into the reaction solution dropwise under 

magnetic stirring and argon purge over 1 h.  After this addition, the reaction mixture was 

homogenized through sonication for 2 h, then the reaction was allowed to proceed for 48 h at 25 

°C under magnetic stirring.  The reaction was diluted with DMF (200 mL) and filtered.  The 

MWCNTs were rinsed with DMF (500 mL), DI water (300 mL), and finally isopropyl alcohol 

(200 mL).  The resulting AA-MWCNTs were dried at 60 °C in vacuo for 36 h until a constant 

weight was achieved. 

Amide-urea functionalized MWCNTs (AU-MWCNTs) were synthesized according to the 

following procedure.  In a 250-mL, round-bottomed, flask equipped with magnetic stirrer, AA-

MWCNTs (2g) were dispersed in a mixture of dry DMF (50 mL) and heptyl isocyanate (4 g) 

through sonication for 2 h under an argon purge.  The reaction was stirred at 25 °C for 48 h, then 

diluted with DMF (100 mL) and filtered.  The MWCNTs were rinsed with DMF (300 mL), and 
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then chloroform (300 mL) to aid in the drying process.  The resulting AU-MWCNTs were dried 

at 60 °C in vacuo for 36 h until a constant weight was observed. 

Purified MWCNTs, which serve as an important control, were prepared according to the 

following procedure.  Pristine MWCNTs (5 g) were dispersed in 1 M HCl (500 mL) through 

sonication in a round-bottomed flask equipped with magnetic stir bar.  The MWCNTs were then 

refluxed at 110 °C for 16 h, ensuring removal of metal catalyst nanoparticles and amorphous 

carbon impurities.41  The MWCNTs were diluted with DI water and decanted several times, and 

rinsed with DI water until the filtrate was neutral.  Then, the MWCNTs were rinsed with 

isopropyl alcohol to aid in the drying process.  The resulting purified MWCNTs were dried at 60 

°C in vacuo until they achieved a constant weight after 36 h. 

Composite Formation and Water Dispersion Test 

A three-necked, round-bottomed flask equipped with addition funnels and mechanical 

stirrer was charged with 2k PTMO (29.58 g), dibutyltin dilaurate (10 wt % in THF, 50 ppm), and 

HMDI (22.05 g) in an addition funnel.  After 30 min of argon purge, HMDI was added dropwise 

and allowed to react for 4 h at 80 °C under argon and mechanical stirring.  BDO (6.80 g) in dry 

DMF (255 mL, 20 wt% total solids) was added to an addition funnel and allowed to purge with 

argon for 1 h.  BDO in DMF was added dropwise over the course of 30 min and the 

polymerization proceeded for 24 h at 80 °C.  The solution was stirred at room temperature for a 

day and then stored in glass jars for film casting and composite formation. 

MWCNTs were dispersed into the polymer solution using the following procedure:  

MWCNTs were dispersed in DMF (1.5 mL) through sonication for 30 min.  The polymer 

solution (4.65 g of 20 wt% polymer in DMF) was added and stirred magnetically for 30 min.  

The entire mixture was again sonicated in the sonicator bath for 100 min.  The composite 
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mixtures were then immediately cast as films.  All films and composites were cast using the 

same method and had an identical same thermal history prior to testing.  Polymer or composite 

solutions were cast onto glass plates and placed in a drying oven at 80 °C and dried for 2 h, then 

for 5 h in vacuo at 80 °C.  Soaking the films in water for 5 min and then gently peeling them 

from the glass allowed for removal from the glass plates.  The films air dried for 48 h before 

testing.  The wt% of MWCNTs in the sample is reported relative to the polymer weight.   

For the water dispersion test, all MWCNT samples were dispersed using the sonicator 

probe for 15 min in a glass vial and allowed to settle for 5 min before observation.  The test was 

conducted in reverse osmosis (RO) purified water with a of pH 6.8, and RO water adjusted to pH 

3 upon addition of HCl or pH 11 with the addition of NaOH.  The vials were observed for 

several months to monitor dispersion stability. 

3.4  Results and Discussion 

MWCNT Functionalization and Characterization 

 

Scheme 3.1.  Surface functionalization for the synthesis of urea functionalized MWCNTs. 
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Acid oxidation introduced hydrogen bonding sites to the sidewalls of MWCNTs as 

depicted in Scheme 3.1.  A large excess of reagents for each functionalization promoted reaction 

of the MWCNTs, and thorough rinsing and drying removed unreacted reagents.  TGA showed 

the weight loss upon heating of the functionalized MWCNTs and supported successful 

functionalization (Figure 3.1).  The functionalized MWCNTs had an onset of weight loss near 

200 °C, which corresponded to the onset of decarboxylation of the carboxyl sites.42  The non-

functionalized MWCNTs demonstrated excellent thermal stability to 500 °C.  The purified 

MWCNTs showed less weight loss at high temperatures than the pristine MWCNTs because the 

acid wash removed metal catalyst nanoparticles and carbonaceous fragments that degrade at high 

temperatures.41  Acid oxidation had the same effect of purifying and removing metal catalyst 

particles as the purification procedure because the second step of the acid oxidation was identical 

to the purification technique. Furthermore, the functionalized MWCNTs showed an increased 

weight loss in the 200-500 °C range for each additional functionalization step, supporting 

successful functionalization with organic substituents. 
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Figure 3.1.  Thermogravimetric analysis of MWCNTs. 

 

Raman spectroscopy supported successful functionalization according to the ratios of the 

D (or disorder) peaks to the G (or order) peak areas shown in Table 3.1 (Raman spectra, Figure 

3.2).  Phonons arising from the perfect order in the graphene lattice result in the G peak 

positioned around 1585 cm-1.43  The defect-induced double-resonance intervalley (D) and 

intravalley (D’)  scattering processes that cause the D and D’ peaks located near 1350 cm-1 and 

1615 cm-1 respectively, arise from areas of the graphene lattice surrounding defect sites.44  The 

level of disorder, due to defects in the graphene structure, will affect the D to G peak area ratio 

observed in Raman, and a change in the D to G ratio is indicative of damage to the graphene 

walls.45  Deconvolution of the D’ peak from the G peak was essential for proper analysis because 

of the peak overlap.  The D peak to G peak area ratio as well as the sum of the D and D’ peaks to 

the G peak area ratios for the MWCNTs are shown in Table 3.1, and the same trends were seen 

for both ratios.  For this functionalization scheme, the D to G ratio increased with the first acid 
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oxidation step.  The acid oxidation introduced defect sites into the graphene lattice causing the 

increase.  In the subsequent AA-MWCNTs and AU-MWCNT functionalizations, the D to G 

ratios did not change significantly compared to the AO-MWCNTs, which indicated no damage 

during functionalization that would further affect the order in the graphene lattice.  The purified 

MWCNTs showed a lower D to G peak ratio because the purification process removed 

amorphous carbon impurities and small carbonaceous fragments with high levels of disorder. 

Table 3.1.  Summary of relevant Raman peak area ratios. 

MWCNT sample D/G (D and D’)/G 

Pristine MWCNTs 1.21 1.25 

Purified MWCNTs 1.12 1.17 

AO-MWCNTs 1.28 1.32 

AA-MWCNTs 1.30 1.37 

AU-MWCNTs 1.32 1.41 

 

 

 

Figure 3.2.  Raman spectra of MWCNTs. 
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XPS also showed evidence for successful functionalization.  Table 3.2 shows the 

elemental composition of the MWCNT samples according to XPS.  The pristine MWCNTs were 

nearly entirely carbon with a small amount of oxygen, likely due to atmospheric oxidation of the 

carbon nanotubes during the chemical vapor deposition process and subsequent storage.  The 

purified MWCNTs exhibited similar oxygen levels compared to the pristine MWCNTs, which 

showed that acid purification did not significantly affect the oxygen content of the MWCNTs. 

After acid oxidation, there was a significant increase in the oxygen content as a result of the 

introduction of oxygen-containing groups onto the MWCNT surface.23  The AA-MWCNTs 

showed a significant increase in nitrogen content, which was negligible for the other samples, 

which indicated successful functionalization with ethylene diamine.  Reaction with heptyl 

isocyanate to form AU-MWCNTs enriched the carbon content compared to the oxygen content 

as more carbon was added relative to oxygen, and this was reflected in the XPS results. 

 

Table 3.2.  Elemental composition as determined by XPS. 

MWCNT sample C (%) O (%) N (%) 

Pristine MWCNTs 98.8 1.2  0  

Purified MWCNTs 99.1 0.9  0 

AO-MWCNTs 96.1 3.9  0  

AA-MWCNTs 94.5 4.0  1.5  

AU-MWCNTs 95.3 2.7  2.0 

 

Deconvolution of the oxygen 1s region provided insight into the types of oxygen species 

present in each sample and provides further support for successful covalent functionalization.  

Deconvolution revealed two peaks centered around binding energies of 533 eV and 531 eV, 

which corresponded to oxygen singly bonded to carbon and oxygen doubly bonded to carbon, 

respectively.23  The purified MWCNT sample failed to reveal any contribution from the peak at 
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531 eV.  The amount of oxygen doubly bonded to carbon relative to oxygen singly bonded to 

carbon increased going from AO-MWCNT to AA-MWCNTs to AU-MWCNTs.  Table 3.3 

shows the area under the deconvoluted peaks of the oxygen 1s region, which further supported 

successful covalent functionalization of the MWCNTs.  Doubly bonded oxygen increased from 

AO-MWCNTs to AA-MWCNTs because amide groups replaced the hydroxyl groups of the 

carboxylic acid sites. Doubly bonded oxygen also relatively increased going from the AA-

MWCNTs to the AU-MWCNTs, due to the new carbonyl groups in urea. 

 

Table 3.3.  Deconvoluted oxygen 1s peak areas. 

MWCNT Sample C=O (531-532 eV) C-O (533-534 eV) 

Pristine MWCNTs 63 37 

Purified MWCNTs 100 - 

AO-MWCNTs 50 50 

AA-MWCNTs 57 43 

AU-MWCNTs 67 33 

 

An analysis of the water dispersibility water dispersion test served as a qualitative 

indication of MWCNT functionalization and probed how surface functionalizations effected 

aqueous dispersibility at different pHs (Figure 3.3).  Probe sonication dispersed the MWCNTs in 

aqueous solutions of different pH ranges, either low (3), neutral (6.8), or high (11).  The surface 

functionality determined the stability of the dispersion at different pHs.  The state of dispersion 

after 24 h was nearly identical to immediately after sonication, and MWCNTs that were not 

dispersible immediately precipitated.  The dispersions remained stable for over 6 mo and surface 

functionality allowed for a prediction of the aqueous dispersion at a given pH. 
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Figure 3.3.  Dispersion in varied pH conditions (MWCNTs dispersed at 1x 10-2 wt%, 

photos taken after 1 day). 

 

The completely hydrophobic nature and lack of pH-responsive functional groups 

rendered the non-functionalized MWCNTs nondispersible at any pH.  The AO-MWCNTs 

formed a stable dispersion at neutral and high pHs since carboxylic acid groups were 

deprotonated and the MWCNTs were rendered hydrophilic.  Protonation of the carboxylic acid 

sites at low pHs reverted the MWCNTs to hydrophobic, leading to aggregation.  The AA-

MWCNTs displayed very different dispersibility that suggests that ethylene diamine did not react 

quantitatively with the carboxylic acid sites when synthesizing the AA-MWCNTs due to the 

high reactivity of the acyl chloride with trace amounts of water.  Any remaining carboxylic acid 

groups affected the pH-dependent dispersibility of the AA-MWCNTs and AU-MWCNTs.  The 

ionized amine groups on the surface the AA-MWCNTs at low pH imparted hydrophilicity and 

charge repulsion leading to dispersibility.  Neutral amine groups with the deprotonated 

remaining carboxylic acid groups allowed for dispersibility similar to the AO-MWCNTs at high 

pH.  The protonated and positively charged amine groups combined with the deprotonated and 

negatively charged carboxylic acid groups led to aggregation at neutral pH.  The AA-MWCNTs 
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effectively experienced an isoelectric point, and the presence of the attracting opposite charges 

caused the AA-MWCNTs to aggregate at neutral pH.  The AU-MWCNTs exhibited the same 

dispersion behavior as the AO-MWCNTs.  This was attributed to the isocyanate quantitatively 

converting all amines to urea groups, and the remaining carboxylic acid groups determined 

dispersibility. 

Effect of Surface Functionalization on MWCNT Composite Properties 

 

 

Scheme 3.2.  Synthesis of segmented PTMO based polyurethane. 

A 45 wt% hard segment polyurethane served as the polymer matrix as shown in Scheme 

3.2.  The hard segment content ensured good mechanical properties and provided a high 

concentration of urethane sites for non-covalent, hydrogen bonding, intermolecular interactions 

with the functionalized MWCNTs.  Light scattering determined the polyurethane absolute Mw of 

50,200 g/mol using a dn/dc of 0.0633 that was determined offline.  This molecular weight 

provided a polyurethane with good mechanical properties including high stress and strain at 
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break in tensile without high viscosities for higher molecular weights. The viscosity of the 

polymer due to its molecular weight will greatly affect dispersibility.46  The hard segment based 

on HMDI limited the effect of hard segment crystallization as a complicating factor in composite 

formation.  The soft segment PTMO imparts desirable mechanical properties in elastomers,47 and 

a low molecular weight (2000 g/mol) limits soft segment crystallization.  The incorporation of 

MWCNTs into the optically clear polyurethane matrix led to black composites, except at the 

lowest loading (0.18 wt% MWCNTs) which displayed a transparent, grayish color. 

 Functionalization of MWCNTs with hydrogen bonding groups served to increase non-

covalent intermolecular interactions with the polyurethane matrix in an attempt to increase 

MWCNT dispersion and thus composite properties.   TEM, TGA, and tensile analysis all 

supported increased dispersion and improved composite properties with functionalized 

MWCNTs compared to non-functionalized controls.  Figure 3.4 depicts TEM images of 

microtomed sections of the neat polyurethane and composites with 1.8 wt% MWCNTs.  This 

intermediate loading allowed for investigation of the dispersion state without overloading the 

composites.  The images in Figure 3.4 were representative of the entire sample, however, there 

was minimal aggregation and areas of good dispersion in all samples, but the functionalized and 

non-functionalized MWCNTs had very different overall dispersion.  The neat polyurethane 

sample (Figure 3.4a) displayed a speckled light and dark pattern, which may correspond to the 

areas of higher and lower electron density in the hard and soft phases.48  Although phase 

separation is not as apparent in composite TEM images, it is not clear whether this is a contrast 

issue in TEM or whether MWCNT incorporation affects phase separation.  Determination of the 

effect of MWCNT incorporation on polyurethane morphology would require more detailed 

morphological studies.  The non-functionalized MWCNT samples (Figure 3.4b and 3.4c) had a 
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significant number of aggregates over 1 µm in diameter with very few well dispersed regions.  

The non-polar nature of the non-functionalized tubes caused them to interact with each other 

through van der Waals interactions as opposed to interacting with the polymer matrix, which led 

to poor dispersion with many large aggregates after the dispersion process.  The specifics of 

MWCNT behavior during dispersion are still largely not understood, but in the case of non-

functionalized MWCNTs, the end result was poor dispersion, whether the aggregates reformed 

after sonication or were never dispersed.  In contrast, MWCNTs functionalized with hydrogen 

bonding groups (Figure 3.4d-f) displayed thorough dispersion in the polymer matrix where most 

regions exhibited non-aggregated MWCNTs and a small number of small aggregates (less than 

100 nm in diameter).  This enhanced dispersion resulted from the polar nature of the 

functionalized MWCNTs and the hydrogen bonding interactions with the urethane and ether 

groups in the polymer backbone.  The polar solvent aided in the dispersion of the functionalized 

MWCNTs over the non-functionalized MWCNTs, despite the ability of DMF to disperse non-

functionalized MWCNTs.  At this loading of the three functionalized MWCNTs, there was an 

insignificant difference in the quality of dispersion as evident in TEM. 
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Figure 3.4.  Comparison of MWCNT dispersibility in composites (1.8 wt% MWCNTs). 

 

TGA revealed the thermal stability of the polyurethane and the MWCNT composites at 

1.8 wt % MWCNT loading (Figure 3.5).  The polymer and composites minimal weight loss up 

to ~ 300 °C and displayed similar degradation profiles except for pristine MWCNT composites, 

which showed a slightly reduced degradation temperature.  The slight difference was 

reproducible, and was likely due to the presence of the cobalt metal catalyst particles that were 

present in the sample.  Cobalt catalyst particles have the ability to drastically reduce the thermal 

stability of polymers through radical chain scission at elevated temperatures.49  Scission of 

polymer chains likely occurred at room temperature in the pristine composites as well.  Pristine 

composites showed a drastic change in bulk mechanical properties over time.  Mechanical 
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integrity degraded after a few months and the composites became fragile, even when they 

initially displayed suitable mechanical properties.  This indicated that certain applications in 

polymer composites require removal of cobalt-containing metal catalyst particles.  Typically 

MWCNT loading will increase the thermal stability with increasing MWCNTs,50 but the loading 

of 1.8 wt% MWCNTs did not produce a significant difference. 

 

Figure 3.5.  Effect of surface functionalization on thermal stability of composites (1.8 wt% 

MWCNTs). 

 

DMA was used to probe the thermomechanical properties of the composites, shown in 

Figure 3.6 for the neat polyurethane and 1.8 wt% MWCNT composites.  The neat polyurethane 

displayed the characteristic transitions of a segmented polyurethane47.  The first transition near  -

75 °C was attributed to the Tg of the PTMO soft segment, which has a reported value of about -

79°C51, and this indicates the presence of a PTMO rich domain.  After this transition, there was a 

rubbery plateau in which the PTMO rich domains are mobile but the hard segments serve as 
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physical crosslinks in phase separated hard domains, providing viscoelastic properties.  This 

rubbery plateau ends as the polymer goes through a second transition from 50-100 °C.  This 

corresponded to the softening of the hard domains as the hard segment chains go through their Tg 

and become mobile47.  The polymer flowed in the DMA near 140 °C in the temperature range 

where the urethane hydrogen bonds begin to dissociate rapidly and the majority of the population 

of carbonyl groups in the hard segment are not involved in hydrogen bonding52.  The composites 

displayed very similar behavior in DMA, except for the pristine MWCNT composite which 

flowed at an earlier temperature near 110 °C likely due to poor dispersion and the 

aforementioned thermal instability due to the cobalt catalyst particles.  Rheological 

measurements would further elucidate the effect of these MWCNTs on the flow behavior of the 

polyurethane composite. 

 

Figure 3.6.  Comparison of Dynamic Mechanical Properties at 1.8 wt% MWCNTs. 

Tensile testing proved extremely important for evaluating the performance of polymer 

composites, and particularly useful for evaluating dispersion as it relates to mechanical 
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properties.  Aggregates and imperfections in the composite film in combination with limited 

filler-matrix interactions reduces mechanical properties in composites, and tensile testing clearly 

reveals the effects.53  Figure 3.7 shows representative tensile curves for the neat polyurethane 

and 1.8 wt% MWCNT composites, and Table 3.4 summarizes the data.  A loading of 1.8 wt% 

resulted in a slight increase in the stress at break with insignificant change in the strain at break 

or Young’s modulus of the functionalized MWCNT composites compared to the neat polymer.  

The non-functionalized MWCNT composites displayed lower mechanical properties with lower 

stress and strain at break. 

 

Figure 3.7.  Representative tensile curves of composites (1.8 wt% MWCNTs). 
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Table 3.4.  Summary of composite tensile properties (1.8 wt% MWCNTs). 

Sample  Stress at 

Break (MPa) 

Strain at Break 

(%) 

Modulus 

(MPa) 

Neat PU 58.2 ± 0.6  576 ± 52  194 ± 26  

Pristine MWCNT Composite 26.6 ± 2.1 371 ± 30 170 ± 24 

Purified MWCNT Composite 42.1 ± 15.3 412 ± 44 220 ± 4 

AO-MWCNT Composite 63.4 ± 0.8  513 ± 24  240 ± 36 

AA-MWCNT Composite 63.3 ± 0.7  516 ± 17  244 ± 8 

AU-MWCNT Composite 62.4 ± 1.9  544 ± 19  270 ± 21  

 

Formulation of composites at 0.18, 0.6, 1.8, 2.4, 3, 5, 7.5, and 10 wt% MWCNTs (using 

functionalized MWCNTs and purified MWCNTs) further investigated the influence of MWCNT 

loading on tensile properties.  The plot of stress at break versus loading of MWCNTs showed an 

increase in the stress at break as loading increased in the functionalized MWCNT composites to 

2.4 wt % MWCNTs (Figure 3.8).  At higher loadings, the stress at break declined, presumably 

due to the presence of aggregates and imperfections formed at higher loadings.  Higher MWCNT 

levels caused tensile properties to further decline, which indicated the dispersion process was not 

sufficient for the high loading of MWCNTs, despite thorough MWCNT dispersion at lower 

loadings.54  However, purified MWCNTs demonstrated a gradual decline and increased 

variability in stress at break between trials.  This was due to the limited interactions and poor 

dispersion in the polyurethane matrix.  The strain at break gradually decreased as MWCNT 

loading was increased in all composites (Figure 3.9), consistent with MWCNT composites.55  

The well-dispersed, functionalized MWCNTs initially increased the Young’s moduli for the 

functionalized MWCNTs.  The high modulus of the MWCNTs increased the composite bulk 

modulus until reaching higher levels, and tensile properties declined as heterogeneity increased 

(Figure 3.10).  The poor dispersion of the purified MWCNTs, at loadings that could affect the 

modulus, caused the Young’s modulus to remain the same for the purified MWCNT series.  The 
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tensile data showed an improvement in the stress at break and Young’s moduli of the composites 

at lower loadings for functionalized MWCNTs compared to neat polyurethane without a change 

in the strain at break.  The three surface functionalizations displayed very similar properties.  The 

increase in tensile properties in the functionalized composites arise from thorough dispersion and 

effective intermolecular interactions between the MWCNTs and the polyurethane matrix in the 

well-dispersed state which allows for efficient stress transfer between the matrix and MWCNTs.  

Higher loadings of the functionalized MWCNTs and all purified MWCNT loadings caused a 

reduction in mechanical properties compared to the neat polymer.  This was due to MWCNT 

aggregation and imperfections in the polymer film, which drastically influenced tensile 

properties. 

 

Figure 3.8.  Stress at break as a function of MWCNT loading. 

 



65 

 

 

Figure 3.9.  Strain at break as a function of MWCNT loading. 

 

Figure 3.10.  Young’s modulus as a function of MWCNT loading. 
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The tensile data in combination with TEM showed that incorporation of hydrogen 

bonding groups on the MWCNT surface allowed for thorough dispersion and improved 

composite mechanical properties.  This was not possible with non-functionalized MWCNTs.  

The presence of hydrogen bonding groups on the functionalized MWCNT surface allowed for 

non-covalent intermolecular interactions with the polymer matrix.  These hydrogen bonding sites 

enabled enhanced initial dispersion and increased interactions with the polymer in the final 

composite.  Although mechanical properties decline at higher functionalized MWCNT levels, 

properties improved at low MWCNT loadings, which are desirable in composite applications due 

to MWCNT cost and aggregation behavior at higher loadings. 

3.5  Conclusions 

An acid oxidation functionalization coupled with a derivatization scheme introduced 

hydrogen bonding functionality onto the surface of MWCNTs, yielding AO-MWCNTs, AA-

MWCNTs, and novel AU-MWCNTs.  This is the first reported functionalization with urea 

groups through the acid oxidation route and the first detailed comparison of the influence 

MWCNT hydrogen bonding on composite properties.  All functionalizations provided hydrogen 

bonding sites and yielded polar MWCNTs that interacted heavily with polar sites in 

polyurethanes.  Raman spectroscopy, TGA, and XPS confirmed successful MWCNT 

functionalization.  The functionalized MWCNTs also displayed pH and surface functionalization 

dependent aqueous dispersion.  Sonication successfully dispersed functionalized MWCNTs into 

a 45 wt% hard segment segmented polyurethane matrix.  TEM confirmed thorough dispersion of 

the functionalized MWCNTs, and the tensile properties of the functionalized MWCNT 

composites improved at low loadings.  The non-functionalized MWCNT composites, in contrast, 
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displayed high levels of aggregation in TEM.  Also, non-functionalized MWCNT composites 

displayed reduced tensile properties compared to the neat polyurethane.  The mechanical 

properties of the three functionalized MWCNTs composites showed insignificant differences.  

These results indicated that the introduction of hydrogen bonding functionality allowed for 

MWCNT dispersion in the polyurethane matrix and an increase in mechanical properties, which 

was dependent on the polymer composition and dispersion process. 
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3.7  Appendix 3A 

 

Figure 3.11.  Surface resistivity measurements of polyurethane-MWCNT composites. 
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4.1  Abstract 

Multi-walled carbon nanotubes represent promising nanofillers for polymer matrix 

composites due to their inner walls retaining desirable properties after extensive surface 

functionalization.  Surface functionalization is essential for formation of useful composites with 

polar polymers such as polyurethanes.  Logically, utilizing hydrogen bonding surface 

functionality to disperse carbon nanotubes in polyurethanes and enable polymer-carbon nanotube 

intermolecular interactions will likely affect the overall state of hydrogen bonding in the polymer 

matrix.  Understanding of the effect of nanofiller incorporation on polyurethane hydrogen 

bonding impacts the applicability and processing techniques of these composite systems due to 

the high levels of hydrogen bonding in polyurethanes.  Here, variable temperature Fourier 

transform infrared spectroscopy and dynamic mechanical analysis investigate the effect of 

incorporating multi-walled carbon nanotubes surface functionalized with hydrogen bonding 

groups on hydrogen bonding in polyurethane composites.  Acid oxidation enabled synthesis of 

multi-walled carbon nanotubes with different hydrogen bonding surface functionalities, and non-

functionalized multi-walled carbon nanotubes served as analogs with limited capacity for 
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intermolecular interactions with the polymer matrix.  The functionalized multi-walled carbon 

nanotubes displayed a more pronounced effect on the state of hydrogen bonding and flow 

temperature in the composites than the non-functionalized multi-walled carbon nanotubes.  

These findings correlate well with previous investigations of these composites, which show that 

functionalization affords enhanced dispersion and increased intermolecular interactions with the 

polymer matrix. 

4.2  Introduction 

Carbon nanotube polymer-matrix composites continue to generate intense interest due to 

the unique thermal, electrical, and mechanical properties imparted by carbon nanotubes (CNTs), 

despite the shortcomings of these composite systems.1-3  In their native form, CNTs possess 

hydrophobic graphene surfaces prone to aggregation through van der Waals interactions.   

Aggregation and limited polymer-CNT interfacial interactions reduce the efficacy of CNT 

composites.4  Thorough dispersion and effective CNT-polymer interactions are essential for 

optimal composite properties.5,6  Due to these factors, understanding the fundamental effects of 

CNT incorporation on polymer properties and intermolecular interactions, such as hydrogen 

bonding, is of utmost importance to the realization of high-performance composites.   

Functionalizing CNTs with surface bound functionalities or polymers improves CNT 

dispersion and interactions with the polymer matrix.7,8  This is especially important for 

applications in polar polymer matrices such as polyurethanes which are chemically incompatible 

with the non-polar surface of non-functionalized CNTS.9,10  Multi-walled carbon nanotubes 

(MWCNTs) are particularly promising for mechanically reinforced composites because they 

retain their inner walls which preserve their mechanical properties after extensive surface 
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functionalization.11  Researchers introduce polar functionalities onto the surface of CNTs 

through a number of functionalization techniques, including the popular acid oxidation route.12-14  

Acid oxidation introduces carboxylic acid groups onto the CNT surface which permit further 

functionalization through typical carboxylic acid chemistry, enabling a large number of possible 

surface functionalizations.15 This approach prepared MWCNTs with various hydrogen bonding 

surface functionalities for this study, including acid oxidized MWCNTs (AO-MWCNTs), amide-

amine functionalized MWCNTs (AA-MWCNTs) and amide-urea functionalized (AU-

MWCNTs).  Functionalization with these hydrogen bonding groups enables effective dispersion 

in a segmented polyurethane matrix leading to increased composite tensile properties (see 

Chapter 3). 

The highly tunable and desirable mechanical properties that arise from phase-separated 

morphologies and hydrogen bonding make segmented polyurethanes a heavily researched and 

industrially important family of polymers.  Synthesis using the prepolymer method allows for 

incorporation of soft segment oligomers and hard segments derived from diisocyanates and diol 

chain extenders into segmented polymer structures, which often leads to phase separated systems 

due to chemical incompatibility between the hard and soft segments.16-18  Adjusting the hard and 

soft segment structures and overall composition provides a wide range of physical properties for 

a variety of polyurethane applications.  The nature of hydrogen bonding in the segmented 

polyurethane hard domains depends on the polyurethane structure and level of crystallinity.19,20  

Fourier transform infrared spectroscopy (FT-IR) permits investigation of hydrogen bonding in 

polyurethanes and related polymers through analyzing the hydrogen bond donor and acceptor 

group absorbance signals, which vary depending on the state of hydrogen bonding.21  

Furthermore, utilization of variable temperature FT-IR (VT FT-IR) elucidates the temperature-
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dependent behavior of hydrogen bonding in polyurethanes and related polymers.22-25  For 

example, typical analysis of urethane carbonyl region reveals a shift to higher wavenumbers as 

hydrogen bonds dissociate with increasing temperature. 

The effect of nanofillers such as CNTs, nanoclays, and inorganic nanoparticles on 

hydrogen bonding in polyurethane nanocomposites represents an important parameter in 

polyurethane nanocomposite design which commands further scrutiny.  A limited number of 

investigations probe the nature of hydrogen bonding in polyurethane nanocomposites and the 

effect of nanofiller incorporation.26-30  The influence of nanofillers on hydrogen bonding greatly 

depends on the type of nanoparticle and its surface functionality.  Incorporation of nanoparticles 

with efficient hydrogen bonding surface functionality into polyurethane composites provides the 

opportunity for effective polymer-nanoparticle hydrogen bonding, but the presence of the 

nanoparticles may also affect the overall polyurethane morphology and chain mobility which in 

turn will influence the physical properties and polymer-polymer hydrogen bonding.  To our 

knowledge, no studies thoroughly examine the effect of CNTs on temperature dependent 

hydrogen bonding behavior in polyurethane-CNT composites.     

In the present study, we investigate the effect of MWCNT loading on hydrogen bonding 

in polyurethane-MWCNT nanocomposites.  Surface functionalization through the acid oxidation 

route enabled synthesis of hydrogen bonding AO-MWCNTs, AA-MWCNTs, and AU-MWCNTs.  

Analysis of the temperature-dependent hydrogen bonding behavior using VT FT-IR revealed the 

effect of MWCNT incorporation on the extent of hydrogen bonding as a function of MWCNT 

content and surface functionality, which correlated with dynamic mechanical analysis (DMA).  

MWCNTs functionalized with hydrogen bonding groups display a more pronounce effect on the 

hydrogen bonding content and dissociation behavior in the polyurethane composites compared to 
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non-functionalized MWCNT control composites.  The VT FT-IR results correlated with DMA, 

where incorporation of functionalized MWCNTs increased the flow temperature. 

4.3  Experimental 

Materials and Instrumentation 

A detailed description of the materials, instrumentation, and synthetic techniques 

employed along with basic characterization of the polyurethane and MWCNTs is found 

elsewhere (see Chapter 3 entitled Hydrogen Bond Containing Multi-walled Carbon Nanotubes in 

Polyurethane Composites).  In brief, a high molecular weight (Mw = 50,200 g/mol) 45 wt% hard 

segment segmented polyurethane was prepared using the prepolymer method with ~2,000 g/mol 

poly(tetramethylene oxide (PTMO) as the soft segment, dicyclohexylmethane-4,4’-diisocyanate 

(HMDI) as the diisocyanate, and butanediol as the chain extender.  The resultant polyurethane 

displayed good mechanical properties with significant hydrogen bonding and levels of 

crystallinity below detection.  MWCNTs with various levels of hydrogen bonding were prepared 

from acid oxidized precursors synthesized using nitric acid oxidation.  Non-functionalized 

MWCNTs purified using hydrochloric acid served as control MWCNTs with minimal hydrogen 

bonding capacity (purified MWCNTs).  This purification process removes metal catalyst 

particles present in the pristine MWCNTs that negatively affect composite thermal properties 

through catalyzing polymer chain scission.31  Dispersion in the polyurethane matrix was 

achieved using sonication of the MWCNTs in dimethylformamide (DMF), stirring this 

dispersion with polyurethane solution in DMF, and subsequent sonication of the polymer-

MWCNT mixture in DMF.  Polymer and composite solutions were cast onto glass plates, dried 

in a drying oven at 80 °C for 2 h, then dried for 5 h in vacuo at 80 °C.  Films were removed from 
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the glass plates by soaking in water for 5 minutes and gently peeled off to avoid film 

deformation, and were allowed to dry in air for 48 h before testing.  Composites with various 

loadings from 0.18 wt% up to 10 wt% MWCNTs were formed for testing, where the reported 

wt% MWCNTs is relative to the polymer weight.  Figure 4.1 illustrates the polyurethane and 

MWCNT structures utilized to form composites in this investigation. 

 

Figure 4.1.  Polyurethane and MWCNT structures with varying hydrogen bonding surface 

functionality utilized to form composites. 
 

SAXS experiments were performed on a Rigaku S-Max 3000 3 pinhole SAXS system, 

equipped with a rotating anode emitting X-ray with a wavelength of 0.154 nm (Cu Kα), using a 

sample-to-detector distance of 1603 mm. The q-range was calibrated using a silver behenate 

standard. Two-dimensional SAXS patterns were acquired using a fully integrated 2D multiwire, 

proportional counting, gas-filled detector, using an exposure time of 1 hour. The SAXS data has 

been corrected for sample thickness, sample transmission and background scattering. All the 

SAXS data was analyzed using the SAXSGUI software package to obtain radially integrated 

SAXS intensity versus scattering vector q, where q = (4π/λ)sin(θ), and θ is one half of the 
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scattering angle and λ is the wavelength of X-ray.  WAXD was performed using a Rigaku S-Max 

3000 3 pinhole SAXS system, equipped with a rotating anode emitting X-rays with a wavelength 

of 0.154 nm (Cu Kα). Scattering from a silver behenate standard calibrated the sample-to-

detector distance. The sample-to-detector distance was 80.0 mm. WAXD two-dimensional 

diffraction patterns were obtained using an image plate, with an exposure time of 2 hours. All 

WAXD data were analyzed using the SAXSGUI software package to obtain azimuthal averaged 

WAXD intensity versus 2θ profiles, where θ is one half of the scattering angle.  Cryo 

ultramicrotomy was performed using a Diatome MT12610 diamond blade in a RMC Products 

Powertome PC ultramicrotome equipped with a RX cryo attachment cutting 100 nm sections to 

generate a smooth surface for bulk atomic force microscopy (AFM) imaging.  AFM of the bulk 

morphology was achieved by imaging the microtomed surface of the segmented polyurethane 

mounted in an epoxy block using a Veeco Multimode atomic force microscope in tapping mode 

with 42 N/m spring constant tips and a set point ratio of 0.65.  DMA was performed using a TA 

Instruments Q800 dynamic mechanical analyzer utilizing a heating rate of 3 °C/min and 

amplitude of 50 µm in tension mode.  Variable temperature Fourier transform infrared 

spectroscopy (VT FT-IR) was performed using a Varian 670-IR equipped with a PIKE® 

GladiATR diamond heated stage accessory.  Each sample was analyzed over a temperature range 

of 35 – 185 ºC with a ramping rate of 1 ºC/min.  Spectra were collected every 5 ºC and each 

spectrum was an average of 32 scans at a resolution of 4 cm=1. 

Peak Fitting 

As seen in previous literature, curve fitting was used in the carbonyl stretching region to 

quantitatively compare the three peaks seen in the data, corresponding to two different states of 

hydrogen bonding bands and one “free” carbonyl band.21  Each spectrum was ATR corrected and 
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then adjusted with linear base line correction.  Points for the base line were selected at minima in 

the spectra between 4000 and 400 cm-1 where no visible absorptions were detected, with specific 

emphasis near 1780 and 1565 cm-1, on either side of the carbonyl-stretching region.   The exact 

location of these minima adjacent to the carbonyl bands that were used to draw the linear base 

line were noted and also used as the upper and lower limits for peak fitting.  Each of the three 

carbonyl bands were fit with a Gaussian peak shape using nonlinear least squares fitting in 

Microsoft® Excel.  Initial estimates for the width, frequency (ν), and amplitude of each peak 

were made, and then fitting iterations were repeated in the software until constant values were 

reached.  Afterward, the values for these three parameters were used in Wolfram Mathematica® 

to solve for the area under each curve.  In an effort to address the fact that the absorption 

coefficient for the hydrogen bonding carbonyl bands is larger than that of the free carbonyl band, 

a correction factor, k, of 1.71 was used in accordance with the literature, to ensure that the total 

carbonyl region remains constant with changing temperature.21,22   To further evaluate the 

hydrogen bonded and free carbonyl bands across the different temperatures, CNT loadings, etc., 

the areas of the two hydrogen bonding bands for each spectra were combined.  Then the relative 

areas for hydrogen bonded versus free carbonyl were compared for each sample.   

4.4  Results and Discussions 

Composite Synthetic Design 

The simplicity of the polymer structure and resulting phase-separated morphology 

combined with desirable mechanical properties motivated the selection of polyurethane 

employed in this investigation.  The diisocyanate selection and hard segment content utilized 

combined with the molecular weight of the PTMO soft segment limited crystallization of both 
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hard and soft segments.  The non-planar aliphatic diisocyanate reduces hard segment 

crystallization.32,33  The ~2,000 g/mol PTMO soft segment and 45 wt% hard segment content 

ensured desirable mechanical properties while limiting soft segment crystallization.  The hard 

segment content ensured plentiful hydrogen bonding sites to interact with hydrogen bonding 

groups on the MWCNTs.  Targeting an amorphous system simplified composite characterization.  

The film casting procedure employed which included annealing at 80 °C for 7 h resulted in 

desirable tensile properties (see Chapter 3).  SAXS and AFM analysis confirmed the presence of 

a phase separated morphology (Figure 4.2).  SAXS displays a single scattering peak due to 

polyurethane phase separation, and the corresponding distance of ~18 nm correlates well to the 

domain spacing seen in AFM of the bulk morphology achieved through imaging a microtomed 

bulk surface.  WAXD showed no observable crystallinity in the neat polyurethane, only 

displaying an amorphous halo (data not shown). 
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Figure 4.2.  SAXS analysis of neat polyurethane.  Inset shows AFM of microtomed surface 

of the segmented polyurethane displaying microphase separation. 
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The MWCNT structures utilized in this investigation provided varying levels of hydrogen 

bonding close to the MWCNT surface.  Surface functionalization with hydrogen bonding groups 

is essential for thorough dispersion in hydrogen bonding polyurethane although no significant 

difference in ultimate tensile properties were found between the different types of hydrogen 

bonding MWCNTs (see Chapter 3).  Purified MWCNTs represent a control with very limited 

hydrogen bonding capacity, with an almost completely carbon surface.  Acid oxidation yielded 

MWCNTs functionalized with carboxylic acid groups (AO-MWCNTs), possessing a high degree 

of hydrogen bonding carboxylic acid groups on the MWCNT surface (see Chapter 3).  

Theoretically, hydrogen bonding capacity is increased in amide-amine functionalized MWCNTs 

(AA-MWCNTs) and further in amide-urea functionalized MWCNTs (AU-MWCNTs) through 

increasing the strength and number of hydrogen bonding groups.  AO-MWCNTs, AA-MWCNTs, 

and AU-MWCNTs all possess a high degree of hydrogen bonding that affords efficient 

dispersibility in the polyurethane matrix and desirable composite mechanical properties (see 

Chapter 3).  DMA and VT FT-IR experiments are employed here to further elucidate the nature 

of dynamic hydrogen bonding in these composites and differences between the types of 

MWCNTs. 

Dynamic Mechanical Analysis 

DMA investigated the thermomechanical properties of polyurethane-MWCNT 

composites.  Figure 4.3, Figure 4.4, Figure 4.5, and Figure 4.6 show the DMA analysis of 

polyurethane composites formed with purified MWCNTs, AO-MWCNTs, AA-MWCNTs, and 

AU-MWCNTs, respectively.  A wide range of MWCNT loadings including 0.18, 0.6, 1.8, 2.4, 5, 

7.5, and 10 wt% MWCNTs probed the effect of MWCNT loading on the thermomechanical 
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properties of the composites.  All of the composites display similar behavior, exhibiting 

transitions characteristic of a segmented polyurethane, with notable differences in the high 

temperature region above 100 °C.  The first transition around -75 °C was attributed to the PTMO 

soft segment Tg, which has a reported literature value of -79 °C.34  The temperature of this 

transition indicates a PTMO rich phase and thorough phase separation, which correlates well 

with the morphological analysis in Figure 4.2.  A rubbery plateau exists after this transition, in 

which the PTMO soft segment domains are mobile and the phase-separated hard segment 

domains serve as physical crosslinks, leading to viscoelastic properties.  This plateau ends as the 

polymer begins to go through a second transition which spans 50-100 °C.  This transition is 

attributed to softening of hard segments as the hard segment chains become mobile as they go 

through their Tg.
35   
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Figure 4.3.  DMA comparison of purified MWCNT loading in segmented polyurethane 

composites. 
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Figure 4.4.  DMA comparison of AO-MWCNT loading in segmented polyurethane 

composites. 
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Figure 4.5.  DMA comparison of AA-MWCNT loading in segmented polyurethane 

composites. 
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Figure 4.6.  DMA comparison of AU-MWCNT loading in segmented polyurethane 

composites. 
 

The first two transition occur similarly for all the composites, with no significant 

differences observable for changes in MWCNT loading or functionalization, indicating that the 

presence of MWCNTs did not significantly affect the soft or hard segment Tgs.  However, the 

high temperature region above 100 °C where the neat polyurethane and composite films flow due 

to hydrogen bond dissociation does show significant differences.  The neat polyurethane flowed 

around 140 °C where the urethane hydrogen bonds started to rapidly dissociate.25  Varying the 

loading of purified MWCNTs which lack hydrogen bonding sites resulted in no significant 

difference or observable trend in the flow temperature, shown in Figure 4.3.  All of the purified 

MWCNT composites flow at or before 150 °C.  In contrast, varying the loading of MWCNTs 

functionalized with hydrogen bonding groups affected the composite flow temperature.  The 

flow temperature in AO-MWCNT, AA-MWCNT, and AU-MWCNT composites shown in 
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Figure 4.4, Figure 4.5, and Figure 4.6, respectively, increases with increasing MWCNT loading.  

The flow temperature at the highest loadings of AO-MWCNT, AA-MWCNT, and AU-

MWCNTs exceeds 170 °C.  The incorporation of MWCNTs likely restricts polymer chain 

mobility at these temperatures necessitating higher temperatures to provide the chain motion 

required to dissociate the hydrogen bonds, resulting in higher flow temperatures.  Purified 

MWCNTs do not disperse effectively in the polyurethane matrix, mostly existing as large 

aggregates in the composites (see Chapter 3), which likely accounts for the observed behavior 

compared to the functionalized MWCNTs which disperse effectively through intermolecular 

interactions with the polyurethane.  The overall effect on the polymer chain mobility at these 

temperatures is likely related to the MWCNT dispersion, amount of MWCNTs, and 

intermolecular interactions with the polymer chains via the surface functionality.  The 

intermolecular interactions with the polymer also initially influence the dispersion of the 

MWCNTs in the polymer matrix, allowing for individualized dispersion at low loadings with 

proper surface functionalization.  Even with effective intermolecular interactions through surface 

functionalization, the hydrogen bonding MWCNTs likely form some large aggregates at higher 

loadings (see Chapter 3).  VT FT-IR further investigated the state of hydrogen bonding in the 

polyurethane-MWCNT composites.                                         

 

Variable Temperature FT-IR – Basic Data Collection and Peak Fitting 

VT FT-IR enables investigation of temperature-dependent hydrogen bonding in the 

polyurethane-MWCNT composites.  Analysis of the carbonyl region in FT-IR (about 1600 – 

1800 cm-1) as a function of temperature reveals the temperature-dependent nature of hydrogen 

bonding in this polyurethane and the composites.  The carbonyl region in this polymer is 
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comprised of overlapping peaks of carbonyls in different hydrogen bonding states that display 

different FT-IR absorbance due to the effect of hydrogen bonding on the vibration of the 

carbonyl bond.  Stretching of the C=O bond gives rise to the characteristic absorbances, and 

hydrogen bonding of the oxygen atom to amine protons in other urethane linkages affects the 

vibration of the bond.  Carbonyls not associating in hydrogen bonding, or “free” carbonyls, are 

found at higher wavenumbers than carbonyls in identical structures that are participating in 

hydrogen bonding.21,22,25  Hydrogen bonding to the carbonyl oxygen reduces the vibrational 

frequency of the carbonyl stretch, shifting the FT-IR absorbance to lower wavenumbers, and the 

type and strength of the hydrogen bonding affect this change in absorbance.  The populations of 

free carbonyls and carbonyls associating in hydrogen bonding changes as a function of 

temperature in the neat polyurethane (shown in Figure 4.7) and composites.  At 35 °C, most of 

the carbonyls are associating in hydrogen bonding.  Increased temperatures led to increased 

chain motion, disrupting hydrogen bonding and changing the dynamic hydrogen bonding 

equilibrium at high temperatures, which shifted the carbonyl absorbance to higher wavenumbers.  

Performing the VT FT-IR experiment on all composites and analyzing the carbonyl regions 

revealed the effect of MWCNT surface functionality and loading on the temperature-dependent 

hydrogen bonding in the composites. 
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Figure 4.7.  Representative variable temperature FT-IR spectra (neat polyurethane shown). 

 

The spectra at each temperature were peak fitted to further analyze and quantify the 

extent of hydrogen bonding as a function of temperature.  Different states of hydrogen bonding 

exist for the same structure, which relate to the order in the hydrogen bonding domains.21,22,25  

The peak fitting of the neat polyurethane at 35 °C is shown in Figure 4.8 which reveals three 

peaks, all attributed to carbonyl bond vibrations in the urethane linkages.  The highest 

wavenumber peak centered around 1720 cm-1 is attributed to the free carbonyls not associating in 

hydrogen bonding.  The other two peaks centered around 1690 and 1670 cm-1 are attributed to 

carbonyls participating in hydrogen bonding, designated as disordered and ordered hydrogen 

bonding, respectively.21  Disordered hydrogen bonding is attributed to hard segment carbonyls in 

an amorphous region, whereas ordered hydrogen bonding is associated with highly-ordered, or 
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possibly crystalline, hard segment domains.19,21,23  There is a small amount of ordered hydrogen 

bonding (relative to the disordered hydrogen bonding carbonyl content, which contrasts with the 

WAXD analysis.  The amount of hard segment crystallization is likely to low to be observed in 

WAXD or is hidden under the amorphous halo.  Figure 4.9 shows the peak fitting of the neat 

polyurethane at 185 °C, where most of the carbonyl absorbance shifted to higher wavenumbers 

as the hydrogen bonds have largely dissociated.  The position of the peak maxima shift slightly 

in the peak fitting, moving to higher wavenumbers as the temperature is increased.  The relative 

area (out of 1) of each peak in the carbonyl region allows for quantitation of the hydrogen 

bonding character as a function of temperature. Although thermal fission of the urethane bonds 

leading to chain scission and hydrogen bond disruption may occur at the highest temperatures 

probed, the all aliphatic polyurethane structure limits this possibility as aliphatic isocyanates and 

alcohols lead to the highest thermal stabilities and bond fission temperatures.36,37  Unfortunately, 

the diamond crystal window in the IR spectrometer prevents the analysis of isocyanate evolution 

during the VT FT-IR experiments. 
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Figure 4.8.  Representative peak fitting (neat polyurethane at 35 °C). 
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Figure 4.9.  Representative peak fitting (neat polyurethane at 185 °C). 
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Variable Temperature FT-IR – Analysis of Hydrogen Bonding Populations and R Index 

Peak fitting of each spectra into the three carbonyl peaks allows for analysis of hydrogen 

bonding in the composites as a function of temperature.  The large amount of data led to 

selective peak fitting of MWCNT loadings of 0.18, 1.8, 5, and 10 wt % every 10 degrees from 35 

to 185 °C to investigate the effect of loading level and surface functionality on hydrogen bonding 

in the composites.  Adjusting the free carbonyl content using a factor of 1.71 corrected for the 

difference in absorption coefficients between the free and hydrogen bonding carbonyls according 

to literature.21,22  The following analysis combines ordered and disordered relative peak areas 

into a single hydrogen bonding population and compares the hydrogen bonding urethane 

carbonyls to the free carbonyls as a function of temperature.  The ordered hydrogen bonding 

content was low overall, and analysis of the three peaks independently did not reveal any 

additional information. Other analytical methods did not detect crystalline content for this hard 

segment structure and polyurethane composition, and any crystalline hard segment likely only 

contributes slightly to the overall hard segment content.  We assume that carbonyl groups on the 

MWCNTs are not observed due to their relatively low concentration and that the polymer 

carbonyl groups hydrogen bond to hydrogen bond donors in the polymer hard segments or on the 

surface of the MWCNTs.  Plotting the hydrogen bonding and free carbonyl populations for each 

composite versus temperature reveals the effect of MWCNT surface functionality and loading on 

the composite hydrogen bonding.  Figures 4.10-4.14 show this analysis for the AO-MWCNT 

composites. 

Figure 4.10 shows the relative areas of the combined hydrogen bonding peaks and free 

carbonyl peak versus temperature for the neat polyurethane.  Initially the hydrogen bonding 
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content comprises a slight majority of the carbonyl groups, and around temperatures 

corresponding to the beginning of the hard segment Tg the relative free carbonyl content begins 

to increase.  Although direct comparisons between the DMA results and VT FT-IR experiments 

are not accurate due to the different heating rates and nature of the experiments, and these 

correlations may not be significant, many intriguing similarities are observed for the neat 

polyurethane.  The relative areas of the free and hydrogen bonded peaks changed slowly over the 

temperature range of the hard segment Tg, about 50 -100 °C, until they begin to level out 

remaining relatively constant from 115 – 155 °C.  After this, the hydrogen bonds began to 

rapidly dissociate leading to a sharp change in the relative peak areas in the temperature range 

above 155 °C.  This beginning of rapid change in hydrogen bonding content also correlated 

roughly with the flow in DMA.  Most importantly this identifies the temperature region above 

150 °C as where the hydrogen bonds begin to rapidly dissociate in the neat polyurethane. 
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Figure 4.10.  Relative area of hydrogen bonding carbonyl peaks and free carbonyl peaks as 

a function of temperature (neat polyurethane). 
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Figures 4.11-4.14 show the effect of adding AO-MWCNTs on the temperature-

dependent hydrogen bonding in polyurethane composites.  Even low loadings of 0.18 wt % 

drastically effect the appearance of this plot.  Overall, adding AO-MWCNTs increased the 

relative hydrogen bonded content across the temperature range.  Addition of AO-MWCNTs also 

prevented the crossover of the populations at higher AO-MWCNT loadings, where the relative 

free carbonyl content overtakes the relative hydrogen bonding carbonyl content.  In addition, 

introduction of the AO-MWCNTs led to a different behavior in these relative area plots, most 

pronounced in the 1.8 ad 5 wt % AO-MWCNT composites.  Initially the hydrogen bonding 

content decreased similar to in the neat polyurethane, but after the hard segment Tg around 

100 °C the hydrogen bonding content increases until the high temperature range above 150 °C 

where the hydrogen bonds began to dissociate, although less rapidly than in the neat 

polyurethane.  This effectively represents an annealing region where increased chain mobility 

after the hard segment Tg allowed for urethane reorganization and increased hydrogen bonding 

before high temperature dissociation.  This contrasts with the neat polyurethane where this 

region between 100 – 150 °C is a plateau, and the reason for this difference is not yet understood.  

The other MWCNT composite series displayed similar trends to the AO-MWCNT series, where 

the overall hydrogen bonding content and temperatures required for similar dissociation of 

hydrogen bonding increased with increasing MWCNT content.  The magnitude of these effects, 

however, depended on the surface functionality, which is compared below in terms of the 

hydrogen bonding index values. 
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Figure 4.11.  Relative area of hydrogen bonding carbonyl peaks and free carbonyl peaks as 

a function of temperature (0.18 wt% AO-MWCNTs polyurethane). 
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Figure 4.12.  Relative area of hydrogen bonding carbonyl peaks and free carbonyl peaks as 

a function of temperature (1.8 wt% AO-MWCNTs polyurethane). 
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Figure 4.13.  Relative area of hydrogen bonding carbonyl peaks and free carbonyl peaks as 

a function of temperature (5 wt% AO-MWCNTs polyurethane). 
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Figure 4.14.  Relative area of hydrogen bonding carbonyl peaks and free carbonyl peaks as 

a function of temperature (10 wt% AO-MWCNTs polyurethane). 
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Percent hydrogen bonding is a convenient way to express the level of hydrogen bonding 

in polyurethanes and similar polymers, analogous to the hydrogen bonding index shown in the 

literature.30  Figures 4.15-4.18 show the percent hydrogen bonding values as a function of 

temperature for purified MWCNT, AO-MWCNT, AA-MWCNT, and AU-MWCNT composites, 

respectively.  Comparing percent hydrogen bonding reveals the effect of the surface functionality 

on the hydrogen bonding in the composites.  For all of the MWCNT series, increasing the 

MWCNT loading typically increased percent hydrogen bonding at any given temperature.  This 

effect is amplified as the hydrogen bonding capacity of the MWCNT surface functionalization is 

increased, with a few exceptions.  Figure 4.19 summarizes the initial percent hydrogen bonded 

carbonyl values (at 35 °C) and final percent hydrogen bonded carbonyl values (at 185 °C) for the 

different MWCNT composites series as a function of MWCNT loading.  It is evident that the 

hydrogen bonding functionalized MWCNTs affect the percent hydrogen bonded carbonyl 

content more drastically than the non-hydrogen bonding purified MWCNTs.  Incorporation of 

MWCNTs with hydrogen bonding surface functionality increases percent hydrogen bonded 

carbonyl values and necessitates higher temperatures for hydrogen bonding dissociation, which 

correlates well with the observed DMA flow temperatures. 



94 

 

0

10

20

30

40

50

60

70

80

90

100

30 50 70 90 110 130 150 170 190

%
 H

-b
o

n
d

ed

Temperature ( C)

Neat Polyurethane

0.18 wt% Purified MWCNTs

1.8 wt% Purified MWCNTs

5 wt% Purified MWCNTs

10 wt% Purified MWCNTs

 

Figure 4.15.  Percent hydrogen bonded carbonyl of purified MWCNT composites as a 

function of temperature. 
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Figure 4.16.  Percent hydrogen bonded carbonyl of AO- MWCNT composites as a function 

of temperature. 
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Figure 4.17.  Percent hydrogen bonded carbonyl of AA-MWCNT composites as a function 

of temperature. 
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Figure 4.18.  Percent hydrogen bonded carbonyl of AU-MWCNT composites as a function 

of temperature. 
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Figure 4.19.  Comparison of initial percent hydrogen bonded (35 °C) and final percent 

hydrogen bonded (185 °C) carbonyl values of each MWCNT composite series as a function 

of wt% MWCNTs. 

 

Dispersion and interfacial interactions with the polyurethane matrix, which are related, 

explain the differences between the purified MWCNTs and hydrogen bonding carbon nanotubes 

in these composites.  Improved interactions with a polymer matrix typically lead to enhanced 

dispersion, which is evident in TEM of these composites, where the functionalized MWCNTs 

are well dispersed compared to the purified MWCNTs (see Chapter 3).  Once the MWCNTs are 

dispersed, the hydrogen bonding surface functionality serves to increase interfacial interactions 

between the MWCNTs and the polyurethane matrix.  The thorough dispersion and high degree 

of hydrogen bonding surface functionality in the functionalized MWCNT composites provided 
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efficient hydrogen bonding sites over a large accessible area for the polymer urethane groups to 

hydrogen bond with which may increase the hydrogen bonded carbonyl content in these 

composites.  In addition, the presence of rigid MWCNTs in the composites should reduce the 

overall polymer chain mobility, requiring higher temperatures to dissociate hydrogen bonds in 

the flow temperature region, which is amplified in well-dispersed composites with efficient 

polymer-MWCNT interactions.  These effects influence the processing procedures and 

capabilities for polyurethane-MWCNT composites, and the end state of the composite hydrogen 

bonding.  Further work is required to clarify the drastic increase of percent hydrogen bonding at 

low temperatures in composites with high loadings of MWCNTs, observed regardless of the 

surface functionality.  Analysis of the –NH stretching region in the VT FT-IR data would further 

elucidate the state of hydrogen bonding in these composites, and provides a way of expressing 

the phase separation in addition to SAXS analysis of composites.  Differential scanning 

calorimetry studies of the composites would also help corroborate the findings of this study.     

4.5  Conclusions 

In this study, DMA and VT FT-IR investigated the effect of MWCNT incorporation on 

mechanical properties and hydrogen bonding in polyurethane nanocomposites.  MWCNTs with 

carboxylic acid, amide-amine, and amide-urea functionalities provided MWCNTs with varied 

hydrogen bonding on the MWCNT surface.  VT FT-IR revealed that MWCNTs functionalized 

with hydrogen bonding groups displayed a more pronounced effect on urethane carbonyl 

hydrogen bonding in the nanocomposites than non-functionalized MWCNTs.  Addition of the 

hydrogen bonding MWCNTs increased carbonyl hydrogen bonding and necessitated higher 

temperatures for comparable hydrogen bonding dissociation.  DMA showed that incorporation of 
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the functionalized MWCNTs raised the composite flow temperature, in contrast to non-

functionalized MWCNTs that displayed a marginal effect.  These results correlate well with 

previous findings, which show these hydrogen bonding MWCNTs possess greater dispersion and 

intermolecular interactions with polyurethanes than non-functionalized MWCNTs. 
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5.1  Abstract 

Unique material properties of carbonaceous nanomaterials combined with their synthetic 

versatility continues to catalyze research into their fundamental properties and applications.  

Various forms of graphene based nanomaterials, including fullerenes, single-walled carbon 

nanotubes, multi-walled carbon nanotubes, and graphene sheets remain at research frontiers, 

enabling numerous applications in emerging technologies ranging from energy to medicine.  

Carbon nanohorns, spherical aggregates of conical single-walled carbon nanotubes, display 

particularly promising properties for medical applications of carbonaceous nanomaterials 

because of their size, shape, and limited toxicity.  Carbonaceous nanomaterials, and carbon 

nanohorns in particular, represent attractive candidates for photothermal cancer therapy, which 

employs laser induced heating of nanoparticles at tumor sites and thermally destroys cancer cells.  

Combining diagnostic bioimaging with photothermal therapy increases the utility of 

nanoparticles in cancer therapy.  Herein, we report the formation of theranostic nanocomplexes 

that combine carbon nanohorns, quantum dots, and a diblock copolymer into a stable 

nanocomplex with an average size < 100 nm.  As promising candidates for photothermal cancer 
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therapy, these nanocomplexes offer further versatility to include anticancer drugs and targeting 

ligands in their multifunctional design. 

5.2  Introduction 

The ability of carbonaceous nanomaterials (CNMs) to serve as scaffolds for the 

attachment of drugs, targeting ligands, polymers, and inorganic nanoparticles drives research into 

novel multifunctional nanomaterials for a variety of applications, including energy production 

and storage, bioimaging, and cancer therapy.1-15  Currently, intense investigation focuses on 

CNMs such as fullerenes, single-walled carbon nanotubes, multi-walled carbon nanotubes, 

carbon nanohorns, and graphene sheets for many biological applications relating to cancer 

treatment, including gene delivery, anticancer drug delivery, and photothermal cancer 

therapy.10,16-23 Due to the complexity of cancer and devastating side-effects and complications of 

many established treatments, new cancer therapies that efficiently destroy tumor tissue with 

limited invasion and healthy tissue damage are highly desirable.  Photothermal cancer therapy 

represents one of the more promising and intensely researched areas of emerging cancer 

treatments. 

Theranostic materials combine therapeutic and diagnostic features.24,25 The synergistic 

combination of polymers and nanoparticles creates hybrid theranostic systems capable of 

delivering photothermal cancer therapy and bioimaging diagnostics.26-28  Quantum dots (QDs) 

prove extremely useful in bioimaging and theranostic applications due to their efficient and 

precise size-dependent fluorescent imaging, and commercial availability of QDs with ZnS shells 

allow for a variety of conjugations.29-31  QDs possess many advantages over other fluorescent 

probes such as chemical resistance, low propensity to photobleach, and the ability to fine tune 



102 

 

fluorescence with QD core diameter.29  Although CdSe/ZnS core/shell quantum dots display 

cytotoxicity due to the heavy metal core, the cytotoxicity depends on the environment and 

surface coating.32  QDs provided diagnostic capabilities in a number of recent CNM-based 

photothermal cancer theranostic materials.  Hu et al. demonstrated the formation of QD-tagged 

reduced graphene oxide sheet nanocomposites and their photothermal therapy, and local heating 

quenched the fluorescence of the QDs, leading to spatial and temporal monitoring of 

photothermal therapy through QD imaging.26   

Carbon nanohorns (CNHs) are spherical aggregates of single-walled carbon nanotubes 

with conical ends that display potential for biological applications due to their size range, shape, 

and lack of cytotoxic metal catalysts.33,34  Laser ablation techniques produce CNHs in a variety 

of diameters with low systemic toxicity, and their graphene surface allows for a variety of 

surface functionalizations.35  Also, the unique structure of CNHs facilitates anticancer drug 

loading into cone interiors.22,36-38   Many successful studies demonstrate the utility of CNHs in 

biomedical applications relating to photothermal cancer therapy.39,40  Zhang et al. demonstrated 

complexation of encapsulated trimetallic nitride endohedral metallofullerene peapod CNHs with 

QDs using carbodiimide coupling to introduce surface thiols to oxidized CNHs for subsequent 

QD complexation, enabling imaging of the cellular uptake of these particles using the QD 

fluorescence.28  Zimmerman et al. described similar CNH-QD complexes to elucidate the 

intracellular tracking of these nanoparticles.  Endocytosis of the nanocomplexes depended on 

cell type, and the particles displayed localization in the cytoplasm and nuclei of cells as a 

function of time.27 

Although widely utilized for biological applications, evidence suggests that single thiol 

ligands are ineffective for stable QD attachment.  Moreover, molecules containing two thiol 
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linkages in an attempt to increase QD affinity are readily exchanged with poly-histamine 

sequences that possess a stronger metal affinity.41,42  In many cases, quantum dots initially 

assembled using a thiol-based capping polymer are subsequently exchanged with a stronger 

bond.41-45  Histamine-containing sequences in proteins possess a high affinity to QDs, rivaling 

the strong attachment observed between antibodies and antigens.43-45  Recently, imidazole rings 

in polymers enabled the immobilization of QDs for biological applications.46,47  The transition 

from thiol-functionalized ligands to imidazole-based ligands highlights the importance of 

creating stable complexes with QDs for biological applications. 

This work demonstrates the formation of stable, ternary nanocomplexes incorporating 

histamine functionalized carbon nanohorns (His-CNHs), quantum dots (QDs), and a colloidally 

stabilizing diblock copolymer.  CNHs are readily functionalized using an acidic oxidation and 

subsequent reaction with histamine to produce novel His-CNHs.  The imidazole ring on the 

surface of these CNHs facilitates efficient complexation with QDs.  A diblock copolymer 

synthesized using reversible addition-fragmentation chain-transfer (RAFT) polymerization 

combines a poly(oligo-(ethylene glycol9) methyl ether methacrylate) (poly(OEG)) block that 

provides colloidal stability with a poly(4-vinyl imidazole) (poly(4-VIm)) block that complexes 

QDs.  An interfacial complexation technique achieved complexation of QDs with the water 

dispersible His-CNHs and poly(OEG)-block-poly(4-VIm).  Dynamic light scattering (DLS) 

measured the size of the ternary nanocomplexes showing desirable sizes under 100 nm, and 

transmission electron microscopy (TEM) revealed the structure of the nanocomplexes.  These 

ternary nanocomplexes represent exciting candidates for photothermal cancer theranostics, and 

provide many opportunities for further functionalization with anticancer drugs and targeting 

ligands. 
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5.3  Experimental 

Materials and Instrumentation: 

SWNHs were obtained from Dr. David Geohegan at Oak Ridge National Laboratory.  In 

this investigation, CNHs were synthesized by laser vaporization of carbon into an argon 

atmosphere at 1150 °C (Nd:YAG laser, λ = 1.064 μm, 20 ms pulse length).48  These CNHs are 

highly monodisperse in size with an average diameter around 50 nm according to TEM 

observation.49  All solvents were obtained from Fischer Scientific and all reagents were obtained 

from Sigma Aldrich and used without further purification, except where noted.  Triethyl amine 

was distilled before use, 4,4′-azobis(4-cyanopentanoic acid) (V-501) was recryztallied from 

methanol twice before use, and OEG was purified using a basic alumina column before use.  

Glacial acetic acid was obtained from Alfa Aesar (99.7 %) and used as received.  4-cyano-4-

(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (CEP) and 4-vinyl imidazole (4-VIm) were 

synthesized as previously reported.50,51  Pure and dry dimethylformamide was obtained by 

passing DMF through an Innovative Technology, Inc. PureSolv solvent purification system. 

CdSe/ZnS Core/Shell quantum dots (QDs) with octadecylamine capping agent were purchased 

from Ocean NanoTech.   

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 

thermogravimetric analyzer using a ramp rate of 10 °C/min under a nitrogen atmosphere.  Raman 

spectroscopy was performed on a JY Horiba LabRam HR800 Raman Spectrometer using a 514 

nm argon laser. Raman spectra were deconvoluted and analyzed in Labspec Raman software, 

version 5.25.15.   Sonication was performed using a Bransonic 2510R-MTH sonicator bath.  X-

ray photoelectron spectroscopy (XPS) was performed on a PHI Quantera SXM scanning 

photoelectron spectrometer microprobe.  DLS was performed using a Malvern Zetasizer Nano 
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ZS.  All samples were passed through a 45 µm teflon filter prior to DLS measurements.  Size 

exclusion chromatography (SEC) was performed using an aqueous eluent of 54/23/23 (v/v/v %) 

water/methanol/acetic acid with 0.1 M sodium acetate with a Waters 1515 isocratic HPLC pump, 

a Waters 717plus autosampler, two Waters Ultrahydrogel linear columns, one Waters 

Ultrahydrogel 250 column, a Wyatt MiniDAWN, and a Waters 2414 refractive index detector at 

a flow rate of 0.8 mL/min. Absolute molecular weights were determined from SEC using dn/dc 

values measured offline using an Optilab T-rEX refractometer (λ = 658 nm). TEM was 

performed using a Joel JEM 1400 TEM operating at an accelerating voltage of 80 kV. 

Polymer Synthesis 

A 500-mL, round-bottomed flask equipped with a magnetic stirrer was charged with a 

solution of CEP (868.9 mg, 3.29 mmol), OEG (40.0 g, 82.5 mmol), and V-501 (184.9 mg, 6.60 

mmol) in dimethylsulfoxide (DMSO) (330 mL).  The solution was sparged with nitrogen for 40 

min and polymerized in a temperature controlled oil bath at 70 °C for 250 min. The reaction 

mixture was dialyzed against water (pH 4-5) and lyophilized to yield the OEG macro chain 

transfer agent (CTA) as a viscous yellow oil with a Mn of 13,700 g/mol and polydispersity index 

(PDI) of 1.01 as determined by SEC. 

The isolated OEG macroCTA was chain extended with 4-VIm to form the diblock 

copolymer.  A 100-mL, round-bottomed, flask equipped with a magnetic stirrer was charged 

with OEG macroCTA (580 mg, 0.042 mmol), V-501 ( 5.96 mg, 0.021 mmol), and  4-VIm (1.00 

g, 10.6 mmol) in glacial acetic acid (21.25 mL).  The solution was sparged for 30 min with 

nitrogen and polymerized in a temperature controlled oil bath at 70 °C for 90 min.  The reaction 

mixture was dialyzed against water and lyophilized to yield the diblock copolymer with a Mn of 

39,200 g/mol and PDI of 1.02 as determined by SEC. 
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CNH Functionalization and Characterization:  

To prepare acid oxidized CNHs (AO-CNHs), pristine CNHs (1g) were dispersed in 8 M 

HNO3 (100 mL) by sonication in a sonicator bath for 2h in a 250-mL, round-bottomed, flask 

equipped with magnetic stirrer.  The mixture was refluxed at 110 °C for 24 h under magnetic 

stirring, then filtered and rinsed three times with 100 mL of deionized water.  Protonation of the 

carboxylic acid sites was ensured by reaction with hydrochloric acid. The carbon nanohorns (1g) 

were redispersed in 1 M HCl (100 mL) by sonicator bath for 2 h in a 250-mL, round-bottomed, 

flask equipped with magnetic stirrer, then refluxed at 110 °C for 16 h under magnetic stirring.  

The resulting AO-CNTs were rinsed three times with 100 mL of deionized water and then rinsed 

with 50 mL of acetone to aid in drying.  The AO-CNHs were dried under reduced pressure at 

60 °C until achieving a constant weight. 

To react histamine onto the carboxylic acid sites, the carboxylic acid sites were first 

chlorinated using thionyl chloride.  AO-CNTs (400 mg) were dispersed in 20 mL of thionyl 

chloride by sonicator bath for 1 h in 100-mL, round-bottomed flask equipped with magnetic 

stirrer under an argon atmosphere, then refluxed at 80 °C for 16 h under magnetic stirring.  The 

thionyl chloride was distilled, leaving reactive acyl chloride carbon nanohorns which were 

immediately reacted.  A mixture of histamine (0.2 g) and triethylamine (0.3 mL) in dry DMF (25 

mL) was added to the acyl chloride CNHs in a 100 mL, round-bottomed flask equipped with 

magnetic stirrer by cannulation slowly over 15 min.  The mixture was dispersed by sonicator 

bath under an argon atmosphere for 2 h, then reacted under magnetic stirring at room 

temperature for 48 h to react histamine onto the acyl chloride sites.  The resulting His-CNHs 

were rinsed three times with 30 mL of DMF and once with 30 ml of tetrahydrofuran, and dried at 

60 °C until achieving a constant weight. 
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Interfacial complexation procedure: 

For complexations between diblock copolymer and QDs: 10 mg of diblock copolymer 

was dissolved in deionized water (2 mL) in a 50-mL, round-bottomed, flask equipped with a 

magnetic stirrer. QDs were diluted to the desired concentration in chloroform (1 mL) and added 

drop-wise to the vigorously stirred copolymer solution.  Reported concentrations of QDs and 

CNHs are relative to the water in the interfacial complexation procedure (2 mL).  pH of the 

solution was adjusted to neutral (7) using NaOH/HCl, and the mixture stirred for 12 h. The 

aqueous layer containing copolymer-QD nanocomplexes was then isolated using a separatory 

funnel.  

For complexations between His-CNHs, diblock copolymer and QDs: His-CNHs were 

sonicated at a concentration of 0.1 mg/mL for 1 h to yield a homogenous dispersion. They were 

diluted to the desired concentration and added to the diblock copolymer solution (total volume 

remained at 2 mL) in a 50-mL, round-bottomed, flask equipped with a magnetic stirrer. QDs 

were diluted to the desired concentration in chloroform (1 mL) and added drop-wise to the 

vigorously stirred copolymer/His-CNH solution. pH of the solution was adjusted to neutral (7) 

using NaOH/HCl, and the mixture stirred for 12 h. The aqueous layer containing copolymer-QD-

His-CNH nanocomplexes was then isolated using a separatory funnel.  These aqueous 

nanocomplex dispersions were then sonicated for 10 minutes before DLS and TEM observation. 

5.4  Results and Discussion 

CNH Functionalization and Characterization 

Raman spectroscopy, TGA, and XPS collectively confirmed the successful 

functionalization of CNHs in accordance with Figure 5.1A.  XPS shows logical changes in 
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elemental composition upon functionalization (Table 5.1).  Reaction with nitric acid increased 

the oxygen content of the pristine CNHs, indicating the introduction of carboxylic acid sites in 

AO-CNHs.52  Formation of the acyl chloride and subsequent reaction with histamine introduced 

nitrogen, supporting successful synthesis of His-CNHs.  Thermogravimetric analysis (Figure 

5.1B) shows an increasing weight loss with each functionalization in the important range of 200-

500 °C where organic functionality attached to carboxylic acid sites degrade.53  This indicates 

added functionality with each synthetic step, supporting successful functionalization. 
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Figure 5.1.  Synthesis of histamine functionalized CNHs: A.) CNH functionalization scheme. 

B.)  Thermogravimetric analysis of AO-CNHs and His-CNHs. (C.) Raman spectroscopy of 

functionalized CNHs. 
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Raman spectroscopy (Figure 5.1C) supports successful oxidation of pristine CNHs with 

an increase in the D/G peak area ratio from pristine CNHs to AO-CNHs.  The G (order) peak is 

attributed to phonons arising from perfect order in the graphene lattice and is centered at 1585 

cm-1.54  Areas in the graphene lattice surrounding defect sites give rise to defect-induced double-

resonance intervalley (D) and intravalley (D’)  scattering processes that lead to D and D’ 

(disorder) peaks centered around 1350 cm-1 and 1615 cm-1, respectively.55 The D/G peak area 

ratio is indicative of the level of disorder in the graphene lattice of the CNH and successful 

oxidation will introduce defect sites in the graphene sidewall increasing the D/G ratio.56  Due to 

peak overlap, deconvolution of the D’ peak from the G peak was essential for proper analysis of 

the Raman spectra.  The ratio of D to G peak areas (D/G) along with the ratio of the sum of the D 

and D’ peak areas to the G peak area ((D and D’)/G) both display similar results (Table 5.1).  

The D/G ratio increases going from pristine CNHs to AO-CNHs, indicating an increase in the 

level of disorder due to successful oxidation.  Similar D/G ratios should be expected in the His-

CNHs compared to AO-CNHs as new defect sites aren’t introduced, but a strong Raman signal 

due to the ring stretching of the imidazole ring in histamine observed around 1625 cm-1 

complicates analysis and leads to lower D/G ratios while confirming the presence of the 

imidazole ring.57 

Table 5.1.  XPS elemental composition and Raman peak area ratios of CNHs. 

CNH sample C (%) O (%) N (%) 

  
Pristine CNHs 89.8 9.2 - 1.95 2.00 

AO-CNHs 84.6 15.4 - 2.15 2.40 

His-CNHs 77.5 12.6 9.9 1.51 1.60 
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Polymer Synthesis and Characterization 

RAFT polymerization enabled the formation of a diblock copolymer containing an 

poly(OEG) block capable of providing colloidal stability to nanocomplexes and an imidazole 

block that binds to QDs (Figure 5.2A).  RAFT polymerization allows for precise molecular 

weight control and narrow PDIs with facile synthetic techniques.58  RAFT polymerization of 

oligo-(ethylene glycol9) methyl ether methacrylate (OEG) in DMSO using the water soluble 

trithiocarbonate CTA, CEP, to control the radical polymerization yielded an OEG macroCTA.  

Use of V-501 as the initiator with this CTA ensured chain end fidelity.  Dialysis in slightly acidic 

water purified the macroCTA.  Hemp et al. previously demonstrated the utility of this 

macroCTA in providing colloidal stability for polyplexes between phosphonium-based AB 

diblock copolymers and plasmid DNA for non-viral gene delivery.59  This macroCTA provides 

colloidal stability to a variety of nanoparticles with addition of a second complexing block. 
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Figure 5.2.  Diblock copolymer synthesis by RAFT polymerization:  A.) Copolymer 

synthesis scheme.  B.) SEC analysis of macroCTA and diblock copolymer. 

 

The OEG macroCTA was chain extended with 4-VIm to yield a water soluble diblock 

copolymer, poly(OEG)-co-poly(4-VIm).  Allen et al. recently reported the controlled radical 

polymerization of 4-VIm with RAFT in glacial acetic acid, which enabled molecular weight 

control and the formation of block copolymers.50,60  4-VIm was polymerized in glacial acetic 

acid with the OEG macroCTA and V-501 to form a well-defined diblock copolymer.  Dialysis 

against water purified the diblock copolymer.  At the neutral pH conditions during interfacial 

complexation with QDs, this block copolymer is in a partially protonated form with the charged 

units of the poly(4-VIm) block affording water solubility and the lone pair electrons on the 

remaining unit of the poly(4-VIm) block enabling efficient QD complexation.61 
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SEC analysis (Figure 5.2B) using offline calculated dn/dc values revealed absolute 

molecular weights and narrow PDIs.  The OEG macroCTA had a Mn of 13,700 g/mol and PDI of 

1.01, and the diblock copolymer had a Mn of 39,200 g/mol and PDI of 1.02.  The block lengths 

of 13,700 g/mol (DP of 28) for the OEG block and 25,500 g/mol (DP of 270) proved sufficient to 

complex QDs and provide colloidal stability to the formed nanocomplexes.  However, block 

lengths require further optimization, and different block lengths could provide similar results. 

Formation of Nanocomplexes Through Interfacial Complexation 

An interfacial complexation procedure utilizing water chloroform phases successfully 

formed nanocomplexes of various compositions (Figure 5.3).  Water soluble or dispersible 

components reside in the water phase, while QDs are dispersed in the chloroform phase.  

Vigorous stirring led to interfacial exchange of the QDs from the chloroform phase to the water 

phase when there is a component in the water phase capable of complexing the QDs, leading to 

water dispersible QD-containing nanocomplexes.  The well-documented complexation of the 

imidazole ring with QDs provided efficient and stable complexation of the imidazole-containing 

diblock copolymer and His-CNHs with the QDs in this interfacial complexation.62  This 

interaction provides a more stable interaction compared to other QD complexation strategies 

such as the thiol-Zn interaction.  Nanocomplexes using this strategy remain stable in solution for 

weeks.31  
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Figure 5.3.  Interfacial complexation producing theranostic nanocomplexes.  

 

TEM provided evidence for efficient complexation between His-CNHs and QDs (Figure 

5.4).  Interfacial complexation using His-CNHs (0.025 mg/mL) and QDs (0.015 mg/mL) led to 

efficient complexation and large scale aggregation due to the multifunctional nature of the His-

CNHs and QDs.  Imaging with TEM (Figure 5.4A and Figure 5.4B) revealed large aggregates 

that appear to be masses of crosslinked CNHs and QDs, and QDs visible on the surface of these 

large aggregates.  These aggregates did not pass through a 0.45 µm filter, which completely 

removed aggregated material from the dispersion.  Attempts to perform the interfacial 

complexation with AO-CNHs (0.025 mg/mL) and QDs (0.015 mg/mL) verified that the 

imidazole functionality on the His-CNHs facilitated complexation.  Aggregates did not form and 

TEM imaging did not show any QDs in the sample (Figure 5.4C and Figure 5.4D).  Instead, 

TEM observed well-dispersed AO-CNHs due to a lack of aggregation with the QDs, and the 

carboxylic acid sites ensured water dispersibility.  This sample passed through a 0.45 µm filter, 
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and TEM analysis of the filtered sample showed similarly well dispersed AO-CNHs (Figure 

5.4E).  It should be noted that pristine CNHs are not readily water- dispersible. 

 

A.   B.  

C.  D.  

E.  

Figure 5.4.  Transmission electron microscopy of nanocomplexes: A.) His-CNHs + QDs.  B.) 

HisCNHs + QDs.  C.) AO-CNHs + QDs.  D.) AO-CNHs + QDs.  E.) AO-CNHs + QDs 

filtered. 
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Formation of stable ternary nanocomplexes of diblock copolymer, QDs, and His-CNHs 

required the proper concentration of all components.  Systematic variation of component 

concentrations with DLS analysis determined optimal concentrations to achieve an aggregate 

size under 100 nm, which is desirable for cellular uptake.  First, variation of QD concentration 

with a constant polymer concentration (5 mg/mL) determined a starting point for addition of 

CNHs to the procedure.  The QD concentration determined the ability to form nanocomplexes 

between the polymer and QDs and the nanocomplex size (Figure 5.5A).  A low QD 

concentration of 0.0025 mg/mL did not produce nanocomplexes, and DLS observed dissolved 

polymer unimers in solution similar to the neat polymer dissolved in water.  Higher 

concentrations (0.005, 0.015, and 0.025 mg/mL) produced nanocomplexes with size directly 

dependent on the QD concentration with more QDs leading to a larger nanocomplex.  These 

nanocomplexes are presumably aggregates of several QDs surrounded by the diblock copolymer, 

with the imidazole block complexing the QDs and the OEG block providing colloidal stability.  

A QD concentration of 0.015 mg/mL proved ideal, due to the relatively small sized 

nanocomplexes obtained while retaining relative monodispersity. 
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Figure 5.5.  Optimal concentration determination by DLS:  A.) Variation of QD 

concentration in QD-polymer complexation.  B.) Variation of His-CNHs in ternary 

nanocomplex formation. 
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Addition of His-CNHs to the interfacial complexation procedure with varying 

concentration of His-CNHs probed the ideal formulation (Figure 5.5B), using the ideal QD 

concentration of 0.015 mg/mL and polymer concentration of 5 mg/mL determined from the 

previous study.  The concentration of His-CNHs determined the size of the formed ternary 

nanocomplexes.  A His-CNH concentration of 0.025 mg/mL yielded stable nanocomplexes of 

desirable size with a high degree of monodispersity.  Higher concentrations of 0.05 and 0.01 

mg/mL formed larger, more polydisperse, aggregates that were not deemed ideal for cellular 

uptake.  This most likely results from a lack of sufficient diblock copolymer available to stabilize 

the aggregates of His-CNHs and QDs forming, leading to large His-CNHs aggregates with the 

QDs.   

The lowest concentration of 0.025 mg/mL His-CNHs allowed for the amount of polymer 

present (5 mg/mL) to successfully complex and stabilize nanocomplexes of QDs (0.015 mg/mL) 

and highly individualized His-CNHs (Figure 5.6).  DLS analysis of individual components and 

the nanocomplexes supports this conclusion (Figure 5.6A).  The polymer dissolved at 10 mg/mL 

was fully solvated and displayed polymer unimers in solution around 1 nm in hydrodynamic 

diameter.  The highly dispersible nature of the His-CNHs in water was evident in the DLS of the 

His-CNH dispersed at 0.025 mg/mL using sonication.  The His-CNHs displayed a monodisperse 

peak with average hydrodynamic diameter of around 50 nm.  The complexation of 0.015 mg/mL 

QDs and 5 mg/mL of polymer displayed a nanocomplex with an average diameter of 

approximately 20 nm as discussed above.  When all three components are utilized in the 

interfacial complexation at the ideal concentrations, i.e. 0.025 mg/mL His-CNHs, 0.015 mg/mL 

QDs, and 5 mg/mL of polymer, the nanocomplex formed was similar in size to the dispersed 

His-CNHs but slightly larger with a slight shoulder at larger hydrodynamic diameters.  
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Importantly, large aggregates are absent, and there are no smaller peaks, which indicate free 

polymer or polymer-QD nanocomplexes.  This indicated nanocomplexes of individual His-

CNHs coated with QDs and the diblock copolymer complexed to the QDs on the outside 

stabilizing the entire structure (Figure 5.3).  TEM analysis of the ternary nanocomplex also 

supported this conclusion (Figure 5.6B).  TEM of the ternary nanocomplex showed particles 

around the size of a His-CNH that appear to be covered with QDs.  Some free QDs are also 

observed in this dried sample, which likely does not accurately represent the ternary 

nanocomplexes as they exist dispersed in water.  These ternary nanocomplexes are also very 

stable, and display the same average size in DLS after a month.  TEM could not image QD-

polymer nanocomplexes, as no CNH templated structures formed in this samples, and TEM only 

observed a high-contrast film of QDs and polymer. 
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Figure 5.6.  Ideal nanocomplex formation: A.) Dynamic light scattering of ternary 

nanocomplexes and key components in water.  B.) TEM of ternary nanocomplex. 

 

These ternary nanocomplexes based on individualized His-CNHs coated with QDs and 

stabilized on the outside with the diblock copolymer represent ideal and exciting nanoparticles 

for photothermal theranostic cancer treatment.  Using the proper formulation, formation of 
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particles of ideal size for cellular uptake occurred without the presence of large scale aggregation.  

Each particle has His-CNHs, polymer, and QDs present allowing for theranostic capabilities.  

The diblock copolymer facilitated effective water dispersibility, but also allowed future 

improvements on the nanocomplex’s functionality through the ability to incorporate cancer cell 

targeting ligands such as folic acid and epidermal growth factor through covalent linkage at the 

carboxylic acid on the OEG block side of the polymer.63-66  This would present targeting ligands 

on the outside of the particle, allowing for possible enhanced cancer cellular uptake.  Anticancer 

drugs such as cisplatin and doxorubicin could also be incorporated into this ternary nanocomplex 

by physical loading into the His-CNHs.37,38 

Future investigations will focus on engineering an optimized ternary nanocomplex based 

on the imidazole-QD complexation that is capable of cellular uptake and fluorescent confocal 

imaging in a cellular environment for the eventual goal of photothermal cancer therapy.  The 

uptake and localization of these nanoparticles in cells and their stability in a cellular environment 

is of key interest.  The addition of targeting ligands may increase the cellular uptake and efficacy 

of these nanocomplexes for cancer cell therapy, and this will be explored by attaching targeting 

ligands to the colloidally stabilizing block of the diblock copolymer.  Also, cryo-TEM will be 

investigated to observe the ternary nanocomplexes as they are dispersed in water more accurately. 

5.5  Conclusions 

Acid oxidation of carbon nanohorns and subsequent reaction of the introduced carboxylic 

acid sites led to the successful synthesis of water dispersible His-CNHs capable of complexing 

QDs.  RAFT polymerization yielded a water soluble diblock copolymer containing an 

poly(OEG) block providing colloidal stability and an imidazole-containing block enabling QD 
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complexation.  An interfacial complexation method utilizing water and chloroform phases 

allowed for the transfer of QDs from chloroform into water through His-CNHs and diblock 

copolymer complexation.  This method formed stable, water dispersible nanocomplexes of QDs 

with the diblock copolymer whose size depended on the QD concentration, as evidenced by 

DLS.  Combining all three components, His-CNHs, QDs, and diblock copolymer in the 

interfacial complexation method formed stable ternary nanocomplexes at the right His-CNH 

concentration with an average size < 100 nm.  These ternary nanocomplexes represent promising 

candidates for cancer theranostics, combining possibilities of photothermal cancer therapy 

through local heating of CNHs and diagnostic tracking of nanoparticles through fluorescent 

imaging of the QDs. 
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6.1  Abstract 

The facile and efficient reaction of amines with isocyanates afforded urea-containing 

methacrylic monomers.  Subsequent free radical polymerization of these monomers revealed 

logical trends in the homopolymers’ glass transition temperature.  Reversible addition-

fragmentation chain-transfer polymerization yielded poly(2-ethylhexyl methacrylate) macro 

chain transfer agents with low PDIs and well-controlled polymerization behavior.  Chain 

extension of the poly(2-ethylhexyl methacrylate) macro chain transfer agent with urea-containing 

methacrylic monomers yielded ABA triblock copolymers which displayed desirable mechanical 

properties and phase separation.  The strong interaction of urea groups with gold enabled triblock 

copolymer complexation of gold nanoparticles.  These urea-containing triblocks represent 

promising candidates for gold nanoparticle composites and possible templates for gold 

nanoparticle self-assembly due to efficient interactions with gold nanoparticles. 

6.2  Introduction 

Combination of polymers and nanoparticles into nanocomposite systems increases their 

utility.1  This permits incorporation of desirable mechanical, optical, or thermal nanoparticle 
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properties into the polymer composite.2-6  Also, the incorporation of nanoparticles into polymer 

matrices protects and immobilizes the nanoparticles, providing protection from the environment.  

Furthermore, use of block copolymers for the polymer matrix in nanocomposites allows for the 

possibility of stimuli-responsive behavior and polymer-mediated nanoparticle self-assembly.7-9  

In all of these instances, proper design of polymer-nanoparticle interactions proves essential for 

obtaining useful nanocomposites. 

Atom transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP), 

and reversible addition-fragmentation chain-transfer polymerization (RAFT) are forms of 

controlled radical polymerization that allow synthesis of well-defined block copolymers with 

narrow polydispersity indices (PDIs) using a wide range of monomers.10-13  These controlled 

radical polymerization techniques continue to receive intense interest because of their versatility 

for many applications, from mechanically useful polymers to diverse biological applications 

including drug delivery and nanomedicine.14-16  RAFT is attractive due to its mild reaction 

conditions, lack of catalyst, and wide selection of RAFT chain transfer agents that allow 

polymerization of many classes of monomers and post-polymerization functionalization.17-19  

RAFT permits incorporation of many novel functional monomers, including hydrogen-bonding 

groups and charged monomers that lead to structural and functional complexity in the resulting 

block copolymers.20,21  Recently, the Long research group investigated RAFT polymerization for 

a number of applications of well-defined diblock and triblock copolymers including nonviral 

gene delivery and mechanical properties.22-26 

Urea-containing methacrylic polymers (and their acrylic analogues) represent a 

potentially versatile and under studied class of polymers.  A vast range of monomers are 

conceivable using the commercially available 2-isocyanatoethyl methacrylate and amines as 
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starting materials, with urethane analogues possible when hydroxyl compounds are used in place 

of amines.  These urea-containing methacrylate (UrMA) monomers afford a high degree of 

strong hydrogen bonding in methacrylic polymers, with precise control of the amount of 

hydrogen bonding by dilution with other monomers such as methyl methacrylate in copolymers.  

This ability to introduce and control hydrogen bonding levels in copolymers represents possible 

applications in adhesives and mechanically useful polymers.  So far, a limited number of studies 

involving these types of monomers exist, especially in controlled radical polymerization and 

block copolymers.  Previously, the Long research group investigated the synthesis and properties 

of self-complimentary hydrogen bonding 2-ureido-4[1H]-pyrimidone methacrylate (UPyMA) 

copolymers with either butyl acrylate or 2-ethylhexyl methacrylate and revealed the effects of 

the strong self-complimentary hydrogen bonding on the rheological and mechanical properties of 

these random copolymers.27,28  Patton et al. demonstrated the surface initiated radical 

polymerization of 2-isocyanatoethyl methacrylate and subsequent base catalyzed click chemistry 

with amine and thiol compounds to form micropatterned multicomponent functional surfaces.29 

Nelson et al. used RAFT polymerization to form poly(methyl methacrylate-co-UrMA)  random 

copolymers and studied their host-guest binding behavior of the pendant urea groups with 

carboxylate, phosphonate, and sulfonate guest molecules.30  No investigations report utilizing 

controlled radical polymerization methods to form block copolymers with these urea-containing 

methacrylic monomers. 

Gold nanoparticles are intriguing due to their unique optical and electrical properties.31-33  

These properties along with their biocompatibility make Au nanoparticles attractive candidates 

for polymer nanocomposites for a variety of applications.33-35  Many polymers including vinyl 

pyridine and imidazole-containing polymers effectively complex Au ions and nanoparticles.36-38  
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The urea group also strongly complexes a number of metals, including gold.39-41  Therefore, the 

current work hypothesizes that urea-containing polymers will effectively complex Au ions and 

nanoparticles.  Furthermore, incorporation of Au nanoparticles into phase separated urea-

containing block copolymers may lead to selective incorporation of Au nanoparticles into urea-

containing phases, as is seen with other Au complexing polymers.42 

Here we present the synthesis and characterization of urea-containing ABA triblock 

copolymers capable of complexing gold nanoparticles through the urea-gold interaction.  RAFT 

polymerization enabled the controlled polymerization of a poly(2-ethylhexyl methacrylate) 

macro chain transfer agent and subsequent chain extension with urea-containing methacrylic 

monomers to form ABA triblock copolymers.  These ABA triblocks copolymers display phase 

separated morphologies and dynamic mechanical analysis revealed promising mechanical 

properties at optimal hard segment levels.  Furthermore, these urea-containing copolymers 

complex gold nanoparticles in solution through an interfacial exchange.  These triblock 

copolymers represent promising candidates for use in gold nanoparticle composites, providing 

the possibility for selective incorporation of gold nanoparticles into urea-containing domains. 

6.3  Experimental 

Materials 

Dimethylformamide (DMF), dichloromethane (DCM), hexane, ethyl acetate, diethyl 

ether, and tetrahydrofuran (THF) were purchased from Fisher Scientific and used as received.  

HPLC grade water was obtained from Spectrum Chemical and used as received. 2-

Isocyanatoethyl methacrylate (2-ICMA, >98%, stabilized with butylated hydroxytoluene) was 

purchased from TCI America and used as received.  N-N’-Dicyclohexylcarbodiimide (DCC, 
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≥99%) was purchased from Fluka and used as received.  Aniline (99%), propylamine (≥99%), 

and hexylamine (99%) were obtained from Sigma Aldrich and distilled before use.  

Hexanediamine (99.5%) was obtained from Acros Organics and distilled before use.  

Azobisisobutyronitrile (AIBN, 98%) and 4-4’-azobis(4-cyanovaleric acid) (V-501, ≥98 %) were 

purchased from Sigma Aldrich and recrystallized twice from methanol prior to use. 4-Cyano-4-

[(dodecylsulfanylthiocarbanyl)sulfanyl] pentanoic acid (CDP, 97%) was obtained from Sigma 

Aldrich and recrystallized from hexane before use.  2-Ethylhexyl methacrylate (2-EHMA) was 

purchased from Sigma Aldrich and passed through an alumina column before use.  Methylamine 

(2 M in THF), 4-(dimethyamino)pyridine (DMAP, ≥99%), anhydrous dimethyl sulfoxide 

(DMSO), anhydrous chloroform, anhydrous 1,4-dioxane, and neutral alumina (activated) were 

obtained from Sigma Aldrich and used as received. Gold nanoparticle solution (Pelco NanoXact 

5 nm T.Cap, 0.05mg/mL) for gold nanoparticle complexation testing was purchased from Ted 

Pella, Inc. and used as received.  

 

Instrumentation 

1H nuclear magnetic resonance (NMR) spectroscopy was performed on a Varian Unity 

400 MHz NMR spectrometer using 64 scans.  Mass spectrometry was performed on an Agilent 

6220 Accurate Mass TOF LC-MS system.  Differential scanning calorimetry (DSC) was 

performed using a TA Instruments Q 2000 differential scanning calorimeter with a heating rate 

of 10 °C/min, and all reported values are from the second heat of a heat/cool/heat cycle using a 

cooling rate of 5 °C/min.  Thermogravimetric analysis (TGA) was performed using a TA 

Instruments Q500 thermogravimetric analyzer with a heating rate of 10 °C/min under a nitrogen 

atmosphere.  Dynamic mechanical analysis (DMA) was performed on a TA Instruments Q800 
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dynamic mechanical analyzer in tension mode using a heating rate of 3 °C/min and an amplitude 

of 15 µm.  Sonication was performed using a Bransonic 2510R-MTH sonicator bath.  Size 

exclusion chromatography (SEC) of urea-containing methacrylic homopolymers was performed 

using a Waters size exclusion chromatograph equipped with an auto sampler, three 5 µm PLgel 

Mixed-C columns, a Waters 2410 refractive index detector operating at 880 nm, and a Wyatt 

Technologies miniDAWN multi-angle laser light scattering detector operating at 690 nm. The 

urea-containing methacrylic homopolymer samples were run at 50 °C in 0.01 M LiBr DMF 

solution with a flow rate of 1 mL/min.  THF SEC was peformed using a Waters 515 HPLC pump 

equipped with a Waters 717plus auto sampler, a Wyatt Technology miniDawn MALLS detector 

and Waters 2414 refractive index detector with a flow rate of 1 mL/min.  Offline dn/dc values for 

free radical poly(2-EHMA) and poly(2-EHMA) macroCTA polymers were determined using an 

Optilab T-rEX refractometer (λ = 658 nm) to provide absolute Mw values in SEC analysis.  

Atomic force microscopy (AFM) analysis of triblocks copolymer morphology was performed on 

a Veeco Multimode AFM in tapping mode using 42 N/m spring constant tips and a set point ratio 

of 0.62.   

Urea Methacrylate Monomer Synthesis 

For a typical synthesis of urea-containing methacrylate monomers with liquid amine 

reactant (hexylamine, propylamine, or aniline): a 100-mL, round-bottomed, flask equipped with 

a magnetic stir bar was charged with one equivalent of liquid amine at 20 wt % in chloroform 

and purged with argon for 10 min.  One equivalent of 2-ICMA was added dropwise with stirring 

at 0°C. The reaction was allowed to stir for 4 h at 0 °C, and then warmed slowly to room 

temperature and stirred for an additional 20 h.  Chloroform was removed under reduced pressure, 

yielding white solid in quantitative yield.   
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For the reaction of methylamine with 2-ICMA, a 2M solution of methylamine in THF 

was used.  One equivalent of methylamine in THF was charged to a 100-mL, round-bottomed, 

flask equipped with a magnetic stirrer and purged with argon for 10 min.  One equivalent of 2-

ICMA was added dropwise with stirring at 0°C. The reaction was allowed to stir for 4 h at 0 °C, 

and then warmed slowly to room temperature and stirred for an additional 20 h.    THF was 

removed under reduced pressure, yielding white solid in quantitative yield.   

The monomers were redissolved at 10 wt% in chloroform and passed through a neutral 

alumina column to remove inhibitor, then chloroform was removed under reduced pressure and 

the product was dried in vacuo at 25 °C for 12 h.  The purity and structure of the monomers were 

confirmed by 1H NMR, with the isolated yields after column listed in Table 6.1.  The aromatic 

derivative 2-(3-phenylureido)ethyl methacrylate (ArUrMA), and the hexyl derivative 2-(3-

hexylureido)ethyl methacrylate (HUrMA) were selected for triblock copolymer synthesis based 

on their physical properties and solubility.  

Free Radical Polymerization of Urea Methacrylate Monomers 

For a typical free radical polymerization of urea methacrylate monomers for urea 

methacrylate homopolymers and copolymers: a 25-mL, round-bottomed, flask equipped with a 

magnetic stirrer was charged with 0.5 g of urea methacrylate monomer dissolved at 5 wt% in 

DMF (10.6 ml) with 0.1 mol % of AIBN relative to the monomer.  The mixture was sparged 

with argon for 25 minutes, and reacted at 65 °C for 24 h.  The polymers were isolated by 

precipitation in the solvents listed in Table 6.1, and dried in vacuo at 65 °C for 12 h.  The 

isolated polymer yields and molecular weights as determined by 0.05 M LiBr DMF SEC using a 

dn/dc estimate of 0.007 are listed in Table 6.1. 

Free Radical Polymerization of 2-EHMA 
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For a typical free radical polymerization of 2-EHMA: a 25-mL, round-bottomed, flask 

equipped with a magnetic stirrer was charged with 0.5 g of 2-EHMA dissolved at 5 wt% in 

dioxane (9.7 ml) with 0.1 mol % of AIBN relative to 2-EHMA.  The mixture was sparged with 

argon for 25 minutes, and reacted at 65 °C for 24 h.  The polymer was isolated by dialysis 

against 1 L of THF three times for 12 h, and dried in vacuo at 65 °C for 12 h.  The isolated 

polymer yield was 80%.  Molecular weight as determined by THF SEC and offline determined 

dn/dc was 132,100 g/mol with a polydispersity index (PDI) of 2.07. 

Difunctional Chain Transfer Agent Synthesis 

Carbodiimide coupling synthesized a difunctional RAFT chain transfer using 

commercially available CDP, according to an adapted literature procedure.25  In a representative 

synthesis, a 50-mL, round-bottomed, flask equipped with a magnetic stirrer was charged with 

CDP (1.12 g, 2.77 mmol) dissolved in 12 mL anhydrous DCM and stirred at 0 °C.  A solution of 

hexamethylenediamine (0.107 g, 0.92 mmol) and catalytic DMAP (20 mg) dissolved in 4 mL of 

anhydrous DCM was added to the CDP solution.  Upon the addition of the 

hexamethylenediamine and DMAP, DCC (0.635 g, 3.1 mmol) was immediately added.  The 

reaction was allowed to stir under an argon atmosphere for 4 h at 0 °C, and then warmed slowly 

to room temperature and stirred for an additional 20 h.  The solution was filtered to remove 

dicyclohexylurea precipitate and washed three times with saturated sodium bicarbonate solution.  

The resulting organic layer was dried over MgSO4 and concentrated under reduced pressure.  

The difunctional CTA was purified by a silica gel column using 80:20 (v:v%) hexane:ethyl 

acetate to elute impurities.  The product was then eluted using 50:50 (v:v%) ethyl 

acetate:methanol and the solvent was removed under reduce pressure.  The product was dried for 

16 h in vacuo at 25 °C to obtain the yellow-orange solid 1,6-bis(4-cyano-4-
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[(dodecylsulfanylthiocarbanyl)sulfanyl] pentanoic acid)-hexane diamide (dCDP, 70% yield).  

MS-TOF confirmed the purity of dCDP (m/z = 887.45 g/mol (M+H)+).  

RAFT Polymerization of 2-EHMA Difunctional macroCTA 

In a representative synthesis, a 500-mL, round-bottomed, flask equipped with a magnetic 

stirrer was charged with 2-EHMA (20 g, 100.8 mmol), dCDP (112 mg, 126.2 µmol), and V-

501(17.7 mg, 63.1 µmol) dissolved in 202 mL dioxane.  The solution was sparged with argon for 

50 min, then reacted at 65 °C for given time intervals.  The macroCTA was purified by dialysis 

against THF three times for 12 h.  The solvent was removed under reduced pressure, and the 

polymer was dried in vacuo for 16 h at 65 °C.  The molecular weight and PDI for given reaction 

times was determined by THF SEC using an offline determined dn/dc for absolute molecular 

weight determination.  A reaction time of 10 h yielded a macroCTA with Mn of 48,900 g/mol 

and PDI of 1.16 in 28 % isolated yield, which was used for the synthesis of triblock copolymers. 

RAFT Polymerization of ABA Triblock Copolymers 

In a typical polymerization, a 25-mL, round-bottomed, flask equipped with a magnetic 

stirrer was charged with ArUrMA (157 mg, 630 µmol), HUrMA (648 mg, 2.52 mmol), 

macroCTA(287 mg, 5.87 µmol), and V-501 (1.36 mg, 4.85 µmol) dissolved in 6.32 mL of 65:35 

(v:v %) dioxane:DMF.  The solution was sparged with argon for 25 min and then reacted at 

65 °C for given time intervals.  The triblock copolymers were precipitated into 4:1 MeOH:H2O 

and dried in vacuo at 65 °C for 16 h.  Comparing the integration at δ 3.8 which corresponds to 

the methylene protons adjacent to the ester present in all repeat units to the integration at δ 7.5 

which corresponds to the aromatic protons closest  to the urea linkage on the ArUrMA repeat 

units estimated molecular weights using 1H NMR.  This integration comparison combined with 

the molecular weight of the macroCTA as determined by THF SEC allowed for the estimation of 
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triblock Mn, which are summarized in Figure 6.2B.  The triblocks are referred to by the wt% of 

the outerblocks incorporated as estimated from 1H NMR with the naming convention UrMA-

wt%.  Triblock copolymer films were cast from 100 mg/mL THF solutions into teflon molds and 

dried at 25 °C for 48 h, then dried in vacuo at 25 °C for 16 h.  To anneal, the films were further 

dried in vacuo at 100 °C for 16 h. 

Gold Nanoparticle Complexation Test 

To confirm triblock copolymer complexation with Au nanoparticles, an interfacial 

complexation test was employed.  200 mg of either poly(2-EHMA) macroCTA or UrMA-45 

were dissolved in 5 mL of chloroform, and 3 mL of Au nanoparticle solution (Sigma Aldrich) 

was added.  The mixture was stirred vigorously for 16 h, then allowed to settle.  A vial with 5 

mL of chloroform and 3 mL Au nanoparticle solution served as a control with no polymer 

present.  Pictures were taken before and after stirring to show the complexation of Au 

nanoparticles (Figure 6.6). 

6.4  Results and Discussion 

Urea Methacrylate Monomer Synthesis and Homopolymer Properties 

The facile reaction of amines with 2-ICMA achieved the synthesis of urea-containing 

methacrylic monomers in high purity and quantitative yield (Scheme 6.1).  However, alumina 

separation of inhibitor reduced the overall yield.  Free radical polymerization using AIBN as 

initiator yielded urea-containing methacrylic polymers.  Table 6.1 summarizes the overall yields 

and polymer properties.  The urea-containing methacrylic polymers are extremely brittle 

regardless of the Tg, presumably due to the high degree of hydrogen bonding in the polymers.  

All of the polymers possess a sufficiently high molecular weight for characterization of physical 
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properties, and begin to degrade in TGA at temperatures greater than 220 °C.  The Tg of the urea-

containing methacrylate polymers logically follows changes in the polymer side-chain structure.  

The aromatic derivative has the highest Tg and increasing the alkyl side-chain length decreases 

the Tg, presumably due to increasing free volume in the polymer.  The high density of urea 

groups makes these polymers effective at complexing metal ions and nanoparticles due to the 

well documented urea-metal interaction.39-41  Incorporation into ABA triblock copolymers with 

the low Tg polymer poly(2-EHMA) increases the physical usefulness of these polymers. 

 

Scheme 6.1.  Synthesis of urea-containing methacrylic monomers and homopolymers. 

 

Table 6.1.  Summary of urea-containing homopolymer properties. 
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O 66% 

Methyl 106 61,000 101,000 1.6 225 84% Diethyl ether 
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Propyl 99 236,000 272,000 1.15 220 86% 1:1 MeOH:H
2
O 60% 

Hexyl 77 255,000 315,000 1.23 230 70% 4:1 MeOH:H
2
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Free Radical Synthesis of ArUrMA/HUrMA Random Copolymers 

Based on the physical properties and solubility of poly(HUrMA), and the high Tg and 

stainability of poly(ArUrMA) for TEM analysis, a copolymer of these monomers was targeted 

for use in RAFT triblock synthesis.  To ensure the random polymerization behavior and 

miscibility of these monomers, a series of copolymers was prepared using free radical 

polymerization (Scheme 6.2).  Table 6.2 summarizes the properties of these copolymers.  The 

copolymers are of sufficiently high molecular weight, and the molar ratio of each monomer 

charged in the polymerization is very close to the molar ratio in the resulting polymer as 

determined by 1H NMR, comparing the integrations of HUrMA urea protons to ArUrMA urea 

protons.  The copolymers closely follow the Fox equation: 

 

where w1 and w2 are the weight fractions of monomer 1 and 2, respectively, and Tg1 and Tg2 are 

the Tgs of monomers 1 and 2, respectively.  The fit of poly(HUrMA-co-ArUrMA) Tgs to the Fox 

equation is shown in Figure 6.1.  The close fit to the theoretical Tg line demonstrates the 

miscibility of the monomers and suggests random statistical copolymerization.43  The 80:20 

HUrMA:ArUrMA copolymer composition was selected due to its relatively high Tg while 

retaining THF solubility for film casting. 
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Scheme 6.2.  Synthesis of urea-containing methacrylic copolymers. 

 

Table 6.2.  Summary of urea-containing copolymer properties for Fox Equation analysis. 
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Figure 6.1.  Fit of urea-containing copolymers to the Fox Equation. 

RAFT Polymerization of ABA Triblock Copolymers 
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Polymerization of 2-EHMA in the presence of dCDP in dioxane using V-501 as initiator 

(Scheme 6.3) enabled controlled growth of difunctional poly(2-EHMA) macro CTA as shown in 

Figure 6.2A.  This RAFT polymerization provided near linear molecular weight growth over 

time and acceptably low PDIs at the longer reaction times according to THF SEC and offline 

determined dn/dc giving absolute Mw values.  Dialysis ensured complete removal of residual 

monomer, purification of this polymer using precipitation from dioxane into cold methanol 

proves difficult because of dioxane’s melting temperature.  The molecular weight of 49,000 

g/mol obtained from a 10 h polymerization served as the macroCTA for subsequent triblock 

synthesis due to its high molecular weight and low PDI. 

 

 

Scheme 6.3.  Synthesis of urea-containing triblock copolymers. 

  

   

Chain extension of the difunctional poly(2-EHMA) macroCTA using an 80:20 molar 

ratio of HUrMA:ArUrMA yielded urea-containing  ABA triblock copolymers (Scheme 6.3).  
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Because of the complex solubility of the obtained triblocks with a non-polar central block and 

polar outer blocks, a 65:35 dioxane:DMF (v:v%) solvent mixture was used to ensure solvation of 

the macroCTA and final triblocks at the polymerization temperature.  Precipitation into 4:1 

methanol:water (v:v%) purified the triblock copolymers.  SEC could not reliably determine 

molecular weights because of the complex solubility.  Therefore, triblock copolymer molecular 

weight was determined from the known molecular weight of the macro CTA using 1H NMR 

comparing the integration of ester adjacent methylene protons (present in all repeat units) to the 

urea adjacent aromatic protons (present in the ArUrMA repeat units).  This calculation assumed 

20 mol% incorporation of ArUrMA into the outer blocks, which is a reasonable assumption from 

the incorporation in poly(HUrMA-co-ArUrMA) copolymers (Table 6.2).  The molecular weights 

are summarized in Table 6.3 and the polymerization behavior is shown in Figure 6.2B, which 

displays a nearly linear molecular weight growth over time, indicating good control of the 

reaction.  However, PDIs could not be determined without SEC data.  Each triblock composition 

retained THF solubility which was used to cast films. 

Table 6.3.  Summary of urea-containing triblock properties. 

Polymer Mn (g/mol) Wt % 

Outer 

Blocks 

T
g
 (°C) UrMA T

d 5% 
(°C) 

Free Radical  poly(2-

EHMA) 

132,100 - - 270 

MacroCTA 49,000 0 - 182 

UrMA-12 55,900 12 - 178 

UrMA-41 82,900 41 84 184 

UrMA-45 89,200 45 67 184 

UrMA-51 100,000 51 67 190 

UrMA-56 112,000 56 79 196 

UrMA-73 179,000 73 73 201 

Free Radical 80:20 

poly(HUrMA-co-ArUrMA) 

140,600 

 

- 86 224 
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Figure 6.2.  RAFT polymerization behavior: A.) macroCTA determined from SEC.  B.) 

ABA triblocks determined from 1H NMR. 
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ABA Triblock Copolymer Physical Properties and Morphology 

DSC and TGA investigated the thermal properties of the ABA triblock copolymers and 

free radical controls of each block, which are summarized in Table 6.3.  The T
d 5% 

at 270 °C of 

the free radical poly(2-EHMA) is significantly higher than the T
d 5% 

of the poly(2-EHMA) 

macroCTA at 184 °C because of the trithiocarbonate functionality that begins degrading around 

this temperature, greatly reducing the thermal stability of the macroCTA.  Increasing the 

incorporation of UrMA outer blocks increases the T
d 5%

, due to dilution of the trithiocarbonate 

endgroups.  The T
d 5% 

of the poly(UrMA) free radical control polymer at 224 °C is significantly 

lower than the free radical poly(2-EHMA), likely due to the urea group reducing the thermal 

stability.  DSC analysis reveals the presence of poly(UrMA) phases in triblocks with significant 

outer block incorporation, however with slightly depressed Tgs compared to the poly(UrMA) free 

radical control which is likely the consequence of some phase mixing during the DSC 

experiment.  However, the poly(2-EHMA) Tg was not observable under these DSC conditions, 

even in the poly(2-EHMA) homopolymers.  The literature value for poly(2-EHMA) Tg is about -

13 °C.28  The lack of an observable transition here in DSC is likely due to the broad nature of this 

transition, which was further elucidated in DMA.  

DMA and AFM further investigated the phase separated morphology and mechanical 

properties of the triblock copolymers.  Although the triblocks were fairly brittle which limited 

their mechanical testing, the triblocks with lower incorporations of outer block were testable by 

DMA.  DMA of annealed films revealed a more defined rubbery plateau and an increase in 

rubbery plateau storage modulus with increase in outer block incorporation, as in shown in 

Figure 6.3A.  The UrMA-12 triblock copolymer did not contain enough outer block to form a 
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rubbery plateau region, and its behavior resembled the poly(2-EHMA) free radical control, 

which contains a broad Tg transition around -20 °C and did not flow until 40 °C.  The triblocks 

with a defined rubbery plateau also showed this broad poly(2-EHMA) transition around -20 °C, 

and flowed around 100 °C after going through the poly(UrMA) Tg.  The tan delta (Figure 6.3B) 

clearly shows the nature of these transitions, with a very broad poly(2-EHMA) transition and 

flow after going through the poly(UrMA) Tg. 
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Figure 6.3.  DMA of triblock copolymers: A.) Storage modulus. B.) Tan delta. Copolymers 

are labeled according to the wt % of outer block incorporation. 
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AFM reveals the phase separated surface morphology of the triblock copolymers.  AFM 

imaged films in both the unannealed (Figure 6.4) and annealed (100 °C in vacuo for 16 h, 

Figure 6.5) states.  In the unannealed films, the surface morphology follows a logical trend with 

increasing wt% of outer block incorporation.  The hard domains formed by the poly(UrMA) 

outer blocks grow in size, starting as small spherical domains and growing into lamella-like 

structures lacking long-range order, and eventually forming large domains with inclusions of soft 

segment formed by the poly(2-EHMA) inner block.  Annealing significantly changes the surface 

morphology, serving to coalesce the hard domains and yielding larger soft domains on the 

surface of the film.  Although different in appearance compared to the unannealed films, the 

annealed films also follow a visible trend with increasing outer block incorporation.  

Unfortunately, limited contrast in small-angle X-ray scattering (SAXS) prevented SAXS analysis 

of the bulk morphology.  In addition, preliminary attempts at TEM resulted in severe beam 

damage to the polymer sample, preventing TEM analysis of the bulk morphology.  TEM analysis, 

if possible, requires further optimization. 
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Figure 6.4.  AFM of unannealed triblock copolymers (copolymers are labeled according to 

the wt % of outer block incorporation). 

 

 

 

Figure 6.5.  AFM of annealed triblock copolymers (copolymers are labeled according to the 

wt % of outer block incorporation).  
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Au Nanoparticle Complexation Test 

The gold nanoparticle complexation of the UrMA-45 triblock copolymer in solution is 

shown in Figure 6.6.  In this complexation test, a chloroform layer either containing no polymer, 

macroCTA, or UrMA-45 triblock, was stirred vigorously overnight with an aqueous Au 

nanoparticle solution.  Before stirring, the chloroform layer is seen on the bottom with the 

reddish gold nanoparticle solution on top (Figure 6.6 A-C).  After stirring and allowing the 

mixture to settle, the layers appear the same when no polymer or macroCTA was used in the 

chloroform layer (Figure 6.6 D,E), indicating that no gold nanoparticles have left the aqueous 

layer.  However in the case of the urea-containing triblock (Figure 6.6 F), the top aqueous layer 

is now colorless and lacking the gold nanoparticles, which have been transferred to the 

chloroform layer which now has a pink hue.  This is due to the urea-containing blocks 

complexing the gold nanoparticles at the chloroform-water interface during stirring and pulling 

them into the organic phase.  This demonstrates how the UrMA blocks of these triblocks 

effectively complex gold nanoparticles.  This interfacial method represents an effective way to 

form composites with aqueous metal nanoparticles. 
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Figure 6.6.  Au nanoparticle complexation test: A.) No polymer before stirring.   

B.) macroCTA before stirring. C.) UrMA-45 before stirring. D.) no polymer after stirring.  

E.) macroCTA after stirring.  F.) UrMA-45 after stirring.  

6.5  Conclusions 

The facile reaction of 2-isocyanatoethyl methacrylate with amines afforded several urea-

containing methacrylic monomers.  Subsequent radical polymerization of these monomers 

reveled logical trends in the homopolymer Tg.  Copolymers of HUrMA and ArUrMA followed 

the Fox equation, suggesting statistical copolymerization.  RAFT polymerization enabled the 

controlled polymerization of poly(2-EHMA) with near linear molecular weight increase and low 

PDI.  Chain extension of the poly(2-EHMA) with 80:20 HUrMA:ArUrMA yielded triblocks 

with varying outer block compositions.  1H NMR estimated the molecular weight and 

composition of the triblock copolymers.  TGA revealed reduced thermal degradation 

temperatures for polymers synthesized using RAFT compared to polymers prepared through 

conventional free radical polymerization.  DMA demonstrated desirable triblock mechanical 

properties and increasing plateau modulus with increasing hard block composition.  AFM 

analysis exhibited composition dependent phase-separated morphologies whose complicated 

appearance necessitates further analysis of the bulk morphology.  An interfacial complexation 
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technique demonstrated the ability of the urea-containing triblocks to complex gold nanoparticles 

and transfer them from an aqueous phase to an organic phase, being stabilized by the polymer.  

These triblock copolymers represent promising candidates for mechanically useful matrices for 

gold nanoparticle composites, able to complex gold through the urea-gold interaction.  Phase-

separated morphologies also provide the opportunity for possible self-assembly of gold 

nanoparticles into urea-containing domains.   
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7.1  Abstract 

Upconverting materials receive intense interest due to their ability to convert lower 

energy light to higher energy emissions.  Upconverting nanoparticles present possible 

applications ranging from bio-imaging to solar energy technology.  Combination with polymers 

in nanocomposites increases the utility of upconverting nanoparticles for biological or materials 

applications.  Here, trifluoroacetate salt decomposition enables Er/Yb doped NaYF4 

upconverting nanoparticle synthesis.  Subsequent deposition of a silica nanoshell yielded polar 

silica-coated upconverting nanoparticles, enabling composite formation with polar urea-

containing methacrylic polymers.  Hydrogen bonding between urea groups in the polymer and 

the silica-coated nanoparticles allowed for dispersion of the upconverting nanoparticles to form 

upconverting composite films.  These films exhibit desirable upconversion comparable to the 

nanoparticles dispersed in methanol.  Urea-containing polymers represent promising candidates 

for matrices in nanocomposites formed with polar silica and metal-coated nanoparticles due to 

favorable polymer-nanoparticle interactions.  Possible applications of upconverting composite 
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films include components in photovoltaic cell components, being able to increase photovoltaic 

efficiency through upconverting sub-photonic band gap photons. 

7.2  Introduction 

Upconverting nanoparticles have recently attracted much interest for energy and 

bioimaging applications.1-4  Photon upconversion is an anti-Stokes emission process that 

converts lower energy light to higher energy light.5  Although various types of anti-Stokes 

mechanisms exist, perhaps the most applicable is the energy transfer upconversion process due to 

the types of excitation sources required.6,7  Lanthanide-doped glasses represent the most popular 

energy transfer upconversion systems due to their emission tunability.8  In these systems,  

sensitizer ions absorb photons which excite electrons, and this energy is transferred non-

radiatively to activator ions whose subsequent relaxation leads to emission of higher energy 

photons.6,7  A popular sensitizer-activator pair is the Yb3+-Er3+ system, usually found in NaYF4 

nanoparticles.  This system absorbs near-IR light around 980 nm in wavelength, and emits 

visible emissions around 550 and 650 nm in wavelength.9  Figure 7.1 shows the upconversion 

process for this system.10  However, when miniaturized in nanoparticles, surface quenching leads 

to low upconversion efficiencies.11 

 Metal-enhanced fluorescence (MEF) increases the efficiency of upconverting 

nanoparticles (UCNPs) with proper design.  MEF relies on the scattering component of the 

surface plasmon resonance (SPR) of metal nanostructures overlapping with the absorption or 

emission wavelengths of an upconverting system.12-14  The SPR depends on the size and shape of 

the metal nanostructure and in addition, enhancement of upconverted emissions from UCNPs 

depends on the distance of the metal nanostructure to the UCNP.15  If the plasmonic surface is 
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too close it will quench the upconverted emission, and if it is too far the enhancement is absent.14  

This creates the need for a precisely tuned spacer between the UCNP and the plasmonic surface, 

typically achieved using a silica spacer.  Many studies in recent years demonstrate MEF of 

UCNPs, with the magnitude of the MEF depending on the composition, size, shape, and distance 

to the upconverting core of the metallic nanostructures employed.12,14,16-19  

 

Figure 7.1.  Energy state diagram of the Yb3+/Er3+ upconversion system.  Reproduced 

from reference 10. 

 

    Although few studies investigate the use of UCNPs in polymer composites, the initial 

results appear promising.20-22  These upconverting composites represent materials with possible 

applications in light curable polymers and solar energy technology. For example, upconversion 

offers the potential for increasing the efficiency of photovoltaic cells through converting light 

below the optical band gap to light within the photovoltaic cell’s optical band gap.  Here we 

present initial results toward the goal of utilizing urea-containing polymers in upconverting 
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nanocomposites.  Urea-containing polymers appear particularly promising for applications with 

silica and metal coated UCNPs, due to the high levels of hydrogen bonding between urea groups 

with silica and the well-known urea-metal interaction.23-27  Employing urea-containing 

methacrylic polymers in block copolymer structures also presents the possibility for 

mechanically useful upconverting nanocomposites and self-assembly of upconverting 

nanoparticles into urea-containing phases. 

7.3  Experimental 

Materials 

Dimethylformamide (DMF), methanol, and hexane were purchased from Fisher 

Scientific and used as received.  HPLC grade water was obtained from Spectrum Chemical and 

used as received. 2-Isocyanatoethyl methacrylate (2-ICMA, >98%, stabilized with butylated 

hydroxytoluene) was purchased from TCI America and used as received.  Hexylamine (99%) 

was obtained from Sigma Aldrich and distilled before use.    Azobisisobutyronitrile (AIBN, 98%) 

was purchased from Sigma Aldrich and recrystallized twice from methanol before use.  

Anhydrous chloroform, neutral alumina (activated), oleic acid (90%), 1-octadecene (90%), 

gold(III) chloride hydrate (99.999%), thioglycolic acid (≥98), poly-L-histidine hydrochloride 

(PLH), sodium hydroxide (≥98%), sodium nitrate (≥99%), potassium nitrate (≥99), IGEPAL 

CO-520 (average Mn 441), hydroxylamine (50 wt% in water, 99.999%), ammonium hydroxide 

(28 wt% ammonia in water, 99.99%), sodium trifluoroacetate (98%) and tetraethyl orthosilicate 

(TEOS, ≥99%) were obtained from Sigma Aldrich and used as received. Erbium trifluoroacetate 

(99.9%), yttrium trifluoroacetate (99.9%), and ytterbium trifluoroacetate (99.9%) were obtained 

from GFS Chemicals and used as received. 
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Instrumentation 

1H nuclear magnetic resonance (NMR) spectroscopy was performed on a Varian Unity 

400 MHz NMR spectrometer using 64 scans.  Differential scanning calorimetry (DSC) was 

accomplished using a TA instruments Q 2000 differential scanning calorimeter with a heating 

rate of 10 °C/min, and all reported values are from the second heat of a heat/cool/heat cycle 

using a cooling rate of 5 °C/min.  Thermogravimetric analysis (TGA) was performed with a TA 

Instruments Q500 thermogravimetric analyzer with a heating rate of 10 °C/min under a nitrogen 

atmosphere.  Sonication was achieved using a Bransonic 2510R-MTH sonicator bath.  Size 

exclusion chromatography (SEC) of urea-containing methacrylic homopolymers was performed 

using a Waters size exclusion chromatograph equipped with an auto sampler, three 5 µm PLgel 

Mixed-C columns, a Waters 2410 refractive index detector operating at 880 nm, and a Wyatt 

Technologies miniDAWN multi-angle laser light scattering detector operating at 690 nm, with a 

0.01 M LiBr DMF eluent with a flow rate of 1 mL/min and column temperature of 50 °C.  

Transmission electron microscopy (TEM) of nanoparticles was performed using a Joel JEM 

1400 TEM operating at an accelerating voltage of 80 kV.  Instrumentation used in optical 

characterization of nanoparticles and composites is detailed below. 

Urea Methacrylate Monomer Synthesis 

A 100-mL, round-bottomed, flask equipped with a magnetic stirrer was charged with one 

equivalent of hexylamine at 20 wt % in chloroform and purged with argon for 10 min.  One 

equivalent of 2-ICMA was added dropwise with stirring at 0 °C. The reaction was allowed to stir 

for 4 h at 0 °C, and then warmed slowly to room temperature and stirred for an additional 20 h.  

Chloroform was removed under reduced pressure, yielding white solid in quantitative yield.  The 

monomer was redissolved at 10 wt% in chloroform and passed through a neutral alumina column 
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to remove inhibitor, then chloroform was removed under reduced pressure and the product was 

dried in vacuo at 25 °C for 12 h.  The purity and structure of 2-(3-hexylureido)ethyl methacrylate 

(HUrMA) was confirmed using 1H NMR.  The isolated yield of HUrMA after alumina column 

was 70 %. 

Free Radical Polymerization of Urea Methacrylate Monomers 

For a typical free radical polymerization of urea methacrylate monomers: a 25-mL, 

round-bottomed, flask equipped with a magnetic stirrer was charged with 0.5 g of urea 

methacrylate monomer dissolved at 5 wt% in DMF (10.6 ml) with 0.1 mol % of AIBN relative to 

the monomer.  The mixture was sparged with argon for 25 minutes, and reacted at 65 °C for 24 h.  

The polymer was precipitated in 4:1 MeOH:water, and dried in vacuo at 65 °C for 12 h.  The 

isolated polymer yield was 55% and the Mn as determined using SEC in 0.01 M LiBr DMF was 

255,000 g/mol, with an estimated dn/dc value of 0.07. 

Upconverting Nanoparticle Synthesis 

Er/Yb doped NaYF4 upconverting nanoparticles with a silica spacer and gold nanoshell 

were achieved in a three part synthesis (Scheme 2).  First, upconverting cores were synthesized 

from the high temperature decomposition of trifluoroacetate salts to yield rare earth doped 

NaYF4 nanoparticles (UCNPs) from an adapted literature procedure, where the time of reaction 

determines the nanoparticle size and morphology.9  In a typical synthesis targeting spherical 

nanoparticles with diameters of 20-30 nm, a 500-mL, three-necked, round-bottomed, flask 

equipped with a magnetic stirrer was charged with sodium trifluoroacetate (0.66 g), yttrium 

trifluoroacetate (1.87g), ytterbium trifluoroacetate (560 mg), and erbium trifluoroacetate (56 mg) 

dissolved in a mixture of 22.5 mL of oleic acid and 22.5 mL of 1-octadecene.  The mixture was 

stirred under vacuum at 100 °C for 45 min, forming a transparent yellow solution.  Then the 
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reaction flask was purged with argon for 5 minutes, and placed in a molten salt bath (1:1 

NaNO3:KNO3 weight) stabilized at 342 °C.  The solution was refluxed for 25 min under constant 

argon flow and vigorous stirring, after which the nanoparticle growth was halted by removing 

the flask from the molten salt bath and immediately adding 15 mL octadecene to cool the 

reaction mixture.  After the mixture reached room temperature, 200 mL ethanol was added to 

precipitate the UCNPs.  The UCNPs were isolated by centrifugation at 4,000 rpm for 30 min, 

and then redispersed in 30 mL of cyclohexane by sonication for 30 min.  The final concentration 

of UCNPs in cyclohexane was 48 mg/mL. 

Deposition of a silica spacer on the UCNPs was achieved by base catalyzed hydrolysis of 

TEOS from an adapted literature procedure.18  In a typical synthesis, a 50-mL, round-bottomed, 

flask equipped with a magnetic stirrer was charged with 6 mL of the aforementioned UCNP 

solution in cyclohexane, 18 mL of cyclohexane, and 1.2 mL of CO-520, and the mixture was 

stirred for 20 min.  Then, 252 µL of ammonia solution (28 wt%) was added and the mixture was 

sonicated for 20 min.  189 µL of TEOS was added and the mixture was stirred at 25°C at 400 

rpm for 45 h.  UCNPs containing silica spacers (UCNP@SiO2) were precipitated by adding 

acetone to the reaction mixture, filtered, and washed two times with 50:50 ethanol:water.  The 

UCNP@SiO2 were dried in vacuo for 16 h at 25 °C and redispersed in water (3 mg/mL) for the 

gold nanoshell deposition. 

Deposition of a gold nanoshell onto UCNP@SiO2 was achieved using a modified 

literature procedure.18  3 mL of the above UCNP@SiO2 dispersion in water was sonicated for 30 

min, then 4.5 mg of PLH was added and the mixture was stirred for 16 h at 300 rpm.  The 

UCNP@SiO2 were centrifuged at 12,000 rpm for 20 min and the water was decanted to remove 

excess PLH.  The UCNP@SiO2 were redispersed in 1.5 mL of water by sonication for 20 min.  
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400 µL of this dispersion was added to 200 µL of 1 wt% HAuCl4 trihydrate in water.  This 

mixture was diluted to 1 mL by the addition of 400 µL of water, and the pH was adjusted to 10 

by the addition of 12 µL of 1 M NaOH.  The mixture was sonicated for 1 min, then stirred for 

180 min.  100 µL of 20 mM hydroxylamine was added to initiate reduction of Au3+ to metallic 

gold, and upon observation of color change 6 µL of thioglycolic acid was added to stabilize the 

nanoparticles in solution.  The mixture was allowed to stir for 30 min, then centrifuged at 12,000 

rpm for 30 min, decanted, and the nanoparticles were redispersed in 5 mL of water to remove 

excess reactants, then centrifuged again at 12,000 rpm for 30 min and decanted.  The 

UCNP@Au were finally redispersed in 5 mL water by sonication for 10 min, with a final 

concentration of 1.4 mg/mL. 

Optical Characterization of UCNPs and UCNP Composites 

Upconverting samples were illuminated with a Coherent Chameleon II Ultra pulse laser 

(140 femtosecond pulse width) through a lens with a 7 cm focal length.  The power at the sample 

was 668 mW for nanoparticles in solution and 680 mW for polymer composite films.  Light from 

the upconversion was collected through the same lens then diverted by a dichroic beam splitter 

and focused via a 20cm lens to a Horiba iHR550 spectrometer equipped with a Symphony II 

CCD camera.   Extra 980 nm light from the laser was filtered out before the spectrometer using a 

700 nm short pass filter. A schematic of the instrumental setup is shown in Figure 7.2.  The 

filtering was not completely successful and the increasing signal near 700 nm in the optical 

emission data is from backscattered laser light.  For measurement of the nanoparticles in solution 

the UCNP cores were measured in cyclohexane, and UCNP@SiO2 and UCNP@Au were 

measured in methanol.  Solvents with similar solubility were chosen to disperse the nanoparticles 

for optical measurements.  Methanol was used in place of water because of water’s absorbance in 
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the IR range. The weight percent of the UCNP cores in cyclohexane and UCNP@SiO2 methanol 

was kept constant at 16 mg/mL, and the UCNP@Au nanoparticles were dispersed in methanol at 

the same particle concentration as the UCNP@SiO2 sample to facilitate the most accurate 

comparison.  The spectrometer exposure times for the samples were adjusted to attain an optimal 

signal with as little noise as possible, and are as follows: 2 s for UNCPs in cyclohexane, 5 s for 

UCNP@SiO2 in methanol, 10 s for UCNP@Au in methanol, and 2s for UCNP@SiO2 in the 

polymer composite film.  The exposure times were chosen to optimize signal to noise. 

 

Figure 7.2.  Schematic representation of the instrumental setup utilized in the measurement 

of upconverted optical emissions.  The red arrow represents the exciting laser light, and the 

green arrow represents the backscattered upconverted emission.    

 

Formation of UCNP@SiO2 Composites 

Urea-containing methacrylic polymers were combined with UCNP@SiO2 to form 

upconverting composites according to following method.  Dry UCNP@SiO2 (25 mg) were 
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dispersed in MeOH (1 mL) by sonication for 1 h.  Urea-containing methacrylic polymer (100 mg, 

80:20 HUrMA:ArUrMA molar ratio) was  dissolved in 1 mL of MeOH and added to the 

UCNP@SiO2 dispersion in MeOH and the mixture was stirred for 5 min.  The mixture was 

sonicated for 20 minutes before casting into a polytetrafluoroethylene mold, and dried at 25 °C 

for 16 h then at 65 °C for 8 h to ensure complete solvent removal. 

7.4  Results and Discussion 

Urea-containing polymer synthesis and properties 

The efficient reaction of hexylamine with 2-ICMA yielded HUrMA in high purity and 

quantitative yield as shown in Scheme 7.1.  However, passing the monomer through an alumina 

column to remove inhibitor reduced the overall yield.  Free radical polymerization initiated using 

AIBN afforded poly(HUrMA) (Scheme 7.1) with high molecular weight and an isolated polymer 

yield of 60%.  The polymer is extremely brittle, presumably due to the high degree of hydrogen 

bonding.  The polymer possesses a sufficiently high molecular weight for characterization of 

physical properties, displaying a 5 wt% degradation temperature of 230 °C in TGA and a Tg of 

77 °C in DSC. 

 

Scheme 7.1.  Synthesis and polymerization of HUrMA.  
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UCNP@Au Synthesis 

A three-layer core/shell/shell nanoparticle structure with NaYF4:Er,Yb core, SiO2 inner 

spacer, and Au outer nanoshell was targeted in order to increase the upconversion efficiency of 

the NaYF4:Yb,Er core through metal-enhanced fluorescence and allow for incorporation into 

poly(UrMA) block copolymer phases through Au-urea interactions (Scheme 7.2).  High 

temperature degradation of trifluoroacetate salts accomplished formation of NaYF4:Er,Yb 

nanoparticles.  Use of a molten salt bath ensures uniform and rapid heating required to 

decompose the different trifluoroacetate salts with varying decomposition temperatures together 

in the reaction mixture.  The length of this reaction effects the size and shape of the formed 

NaYF4:Er,Yb nanoparticles.9  In this study, a reaction time of 25 min targeted spherical particles 

with a diameter of around 15 nm to serve as an ideal core for subsequent glass spacer growth and 

final Au nanoshell size.  TEM analysis showed spherical particles with diameters around 10-15 

nm (Figure 7.3A).  Using these core particles, a glass spacer was deposited using base catalyzed 

hydrolysis of TEOS, where the concentration of reactants and length of reaction determines the 

glass spacer thickness.  A reaction time of 45 h resulted in an ideal glass spacer thickness of 

about 10 nm (Figure 7.3B).  The NaYF4:Er,Yb cores are seen as the dark particles with a much 

less electron dense SiO2 shell around them.  The final diameter of UCNP@SiO2 ranged from 

about 20-30 nm due to differences in core size and glass deposition.  A glass spacer of around 10 

nm ensures the metal nanoshell is spaced far enough away from the core to prevent quenching of 

the upconversion fluorescence.18 
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Scheme 7.2.  Synthesis of upconverting nanoparticles with silica spacer and gold nanoshell. 

 

 

 

Figure 7.3.  TEM of upconverting nanoparticles:  A.) Er/Yb doped NaYF4 core.  B.) Er/Yb 

doped NaYF4 core with glass spacer.  C.) and D.) UCNP@Au nanoshell. 
 

The Au nanoshell design serves two purposes: to provide a gold surface for the urea 

groups in the polymers to interact with, and to attempt to enhance the NaYF4:Er,Yb 

upconversion through MEF.  If the metal shell is too thick the upconversion will be blocked, 

making a thin Au layer desirable.  A poly-L-histidine templated method achieved Au nanoshell 
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deposition onto the glass surface of UCNP@SiO2.  In this approach, the positively charged poly-

L-histidine hydrochloride adsorbed onto the negatively charged silica surface through 

electrostatic interactions.  After isolation of the polymer-coated nanoparticles to any remove 

excess polymer, incubation with Au3+ ions which interact strongly with the imidazole rings in 

poly-L-histidine leads to Au3+ localization on the particle surface.18  Subsequent rapid reduction 

of the Au3+ ions with hydroxylamine forms Au nanoshells on the surface of the UCNP@SiO2, 

forming UCNP@Au (Figure 7.3C-D).  The final nanoparticles display diameters around 40-60 

nm with high polydispersity, indicating Au nanoshells of 10-15 nm in thickness and greater.  

Neither the polydispersity nor the thickness of these Au shells are ideal for MEF applications and 

require further optimization. 

Optical Properties of UCNPs and Upconverting Composites 

Figure 7.4 shows the optical upconverted emission properties of the nanoparticles when 

excited with 980 nm laser light, focusing on the relevant emission range showing the red and 

green emissions.  UCNPs and UCNP@SiO2 display strong upconversion signals and visible 

emission.  Even though the UCNP@SiO2 particle dispersion had a longer exposure time, it 

exhibits a lower emission intensity.  The difference in solvent environment and amount of 

upconverting material present in the sample likely account for this decreased intensity.  Since the 

silica shell adds weight and the particles are measured at the same wt % versus solvents, there is 

more upconverting material in the UCNP sample dispersed in cyclohexane.  There is no 

significant signal from UCNP@Au, as the gold shell’s thickness likely attenuated the 

upconverted emission.  A thinner gold shell is required for a proper application of MEF in this 

system. 
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Figure 7.4.  Optical emission properties of UCNPs in solution. 

 

Due to the attenuation of the upconverted emission in the UCNP@Au nanparticles, 

UCNP@SiO2 nanoparticles were selected for the formation of nanocomposites with 

poly(HUrMA).  Sonication achieved macroscopic dispersion of UCNP@SiO2 in the polymer, 

and the formed composite was slightly opaque due to the high loading of nanoparticles (25 wt%).  

The composite was very brittle, similar to the homopolymer film.  DSC did not show a change in 

the Tg, however more investigation is required to probe the effect of UCNP@SiO2 incorporation 

on polymer physical properties and to determine the state of the UCNP@SiO2 dispersion in the 

polymer.  Urea groups likely facilitate thorough dispersion of the UCNP@SiO2 nanoparticles in 

the polymer matrix through hydrogen bonding.  Excitation of the composite film with 980 nm 

laser light produces a strong upconverted emission signal accompanied by visible emission as 
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shown in Figure 7.5.  Excitation with the small laser source causes the whole composite sample 

to glow with upconverted light, likely due to refraction of the upconverted light throughout the 

film.  The measured properties are very similar between the UCNP@SiO2 nanoparticles in 

methanol versus in the film composite.  Increased local concentration of the nanoparticles in the 

film compared to the solution and the enhanced ability to focus the laser precisely on the film 

sample account for the increased signal in the composite film.  These results demonstrate that the 

UCNP@SiO2 upconvert light effectively in the polymer matrix.  Also, this polymer has no 

significant absorption in the critical range for this upconversion process. 
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Figure 7.5.  Optical emission properties of UCNP@SiO2 polymer composites.  Inset shows 

visible upconversion emission from UCNP@SiO2 composite film. 
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7.5  Conclusions 

High temperature degradation of trifluoroacetate salts afforded upconverting Yb/Er 

doped NaYF4 nanoparticles.  Base-catalyzed hydrolysis of TEOS in the presence of Yb/Er doped 

NaYF4 nanoparticles yielded silica coated UCNP.  Both bare and silica coated core nanoparticles 

displayed desirable and expected upconversion properties upon excitation with 980 nm laser 

light.  Addition of a gold nanoshell attenuated the upconverted emission due to the thickness of 

the gold nanoshell.  Silica coated upconverting nanoparticles were successfully incorporated into 

a urea-containing methacrylic polymer to form upconverting nanocomposites.  Urea-containing 

methacrylic polymers are promising candidates for polymer matrices in nanocomposites utilizing 

silica or gold coated upconverting nanoparticles due to the favorable polymer-nanoparticles 

interactions. 
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8.1  Abstract 

A novel oxalamide ionene monomer, N1,N2-bis(3-(dimethylamino)propyl)oxalamide, 

enabled the synthesis of novel oxalamide-containing ionenes.  Exchanging bromide 

counteranions with bis(trifluoromethane)sulfonimide counteranions probed the effect of counter 

anion on ionene properties.  Thermogravimetric analysis, differential scanning calorimetry, 

dynamic mechanical analysis, and tensile analysis characterized the thermal and mechanical 

properties of the resulting ionenes compared to all alkyl ionenes with similar charge density.  

Exchange to bis(trifluoromethane)sulfonimide counteranions lowered the glass transition 

temperature in all cases, and the incorporation of the oxalamide group into the ionene structure 

increased the glass transition temperature. The polymer structure influenced water uptake 

determined using sorption analysis.  Ionic conductivity measured using impedance spectroscopy 

and small-angle X–ray scattering evidence of ionic aggregation correlated to the polymer 

structure and physical properties.  The hydrogen bonding oxalamide ionenes displayed excellent 

mechanical properties and relatively high glass transition temperatures in both counter anion 

forms, and the introduction of the oxalamide groups into the ionene structure affected ionic 

aggregation and ionic conductivity. 
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8.2  Introduction 

Ammonium ionenes are polyelectrolytes that contain quaternary nitrogen atoms in the 

polymer backbone.  Gibbs et al. first synthesized ammonium ionenes in 1933 using AB type 

dimethylamino-n-alkyl halide monomers.1  Ammonium ionene synthesis is also achieved 

through the Menschutkin reaction polymerizing dihalides with ditertiary amines.2  Ionenes are 

conventionally named by the number of methylene units in the ditertiary amine and dihalide 

monomers (x,y-ionene).3  The change in charge density and counter anion affects the material 

properties and solubility of ammonium ionenes.4  Molecular weight also influences the 

properties of ammonium ionenes, and critical molecular weight ranges are required to achieve 

desirable properties.5 Most of the explored applications of ionenes are biomedical including gene 

delivery vectors and anti-microbials due to their water solubility and easily tuned charged 

density.6-9  Ammonium ionenes typically display poor mechanical properties with high glass 

transition temperatures (Tgs) and charge densities contributing to their brittle nature.  Also, 

ammonium ionenes with halide counteranions are very hydrophilic at ambient conditions and 

tend to absorb large amounts of water, further limiting their mechanical applications.  

Ammonium ionenes possess limited base and thermal stability due to degradation through 

Hofmann elimination in basic conditions and at temperatures around 250 °C.10    

The synthesis of ionenes containing imidazolium and phosphonium cations in the 

polymer backbone is achieved using similar reactions of alkyl dihalides with bis-imidazole and 

ditertiary phosphine monomers, respectively.  Imidazolium and phosphonium cations broaden 

the monomer selection and material properties of ionenes.  Hemp et al. recently demonstrated the 

synthesis of phosphonium ionenes from 1,4-bis(diphenylphosphino) butane and 1,12-

dibromododecane.11  The resulting phosphonium ionenes possess superior thermal and base 
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stability compared to their ammonium counterparts, with degradation temperatures above 300 °C 

and no observable molecular weight change after exposure to basic conditions.  Melt rheology 

master curves showed two primary relaxations, one attributed to the onset of long-range 

segmental motion (Tg) and a second relaxation due to electrostatic interactions (ionic 

dissociation).    

Segmented systems further expand the material applications of ionenes by reducing 

charge density and providing the possibility for phase separation.  These segmented ionenes are 

typically synthesized using halide or tertiary amine end capped low Tg oligomers. Wilkes et al. 

investigated the structure-property relationships of polytetramethylene oxide (PTMO)-based 

segmented ionenes prepared through the reaction of dimethylamino-terminated PTMO oligomers 

with 1,4-dibromo-p-xylene.12 These segmented ionenes displayed microphase separation 

between ionic aggregates and PTMO soft segments indicated through transmission electron 

microscopy(TEM) showing rod-like ionic domains, and multiple peaks observed in small-angle 

X-ray scattering (SAXS).  The microphase separated morphology led to elastomeric material 

properties.   Williams et al. prepared segmented imidazolium ionenes with PTMO soft segments 

and investigated the morphology and mechanical properties as a function of hard segment 

content.10 The mechanical properties and morphology varied with the hard segment content, with 

compositions of 20 and 38 wt% hard segment displaying lamellar morphologies in SAXS along 

with soft and hard segment Tgs in dynamic mechanical analysis(DMA).  Tamami et al. 

demonstrated the synthesis of segmented polypropylene glycol (PPG)-based ammonium ionenes 

with varying hard segment content.13 DMA showed the dependence of mechanical properties on 

the hard segment content, and atomic force microscopy (AFM) imaged the phase separated 

morphology. 
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Although many polyurethane ionomers have been investigated, few investigations focus 

on ionenes synthesized through the Menschutkin reaction with significant levels of hydrogen 

bonding.14-19  Tamami et al. investigated the intermolecular interactions in nucleobase-containing 

polyethylene glycol (PEG)-based segmented ammonium ionenes functionalized with adenine 

and thymine.20  Complementary nucleobase guest molecules were successfully incorporated into 

the polymer matrix and association constants were measured.  SAXS analysis revealed a phase 

separated morphology.  Futhermore, AFM imaged a phase separated morphology of PEG soft 

segments with nucleobase and ionic aggregate rich hard segments.  The addition of the 

complementary nucleobase guest molecules disrupted the phase-separated morphology as 

evidenced through SAXS and AFM. 

Herein we investigate the synthesis of oxalamide ammonium ionenes using a novel 

oxalamide-containing ditertiary amine monomer.  A facile synthesis yields high purity 

difunctional monomer in quantitative yield with limited purification.  High molecular weight 

oxalamide ionenes were synthesized with varying charge density, named 3ox3,y-ionenes, along 

with 6,12-alkyl ammonium ionene analogues for comparison.  Anion exchange of bromide with 

bis(trifluoromethane)sulfonimide (Tf2N) counteranions resulted in lower Tgs and reduced water 

uptake.  Oxalamide ionenes displayed relatively high Tgs and good mechanical properties in both 

anion forms due to their multi-dentate hydrogen bonding as evidenced in dynamic mechanical 

analysis (DMA) and tensile testing.  Impedance spectroscopy probed the conductivity of these 

ionenes, and X-ray scattering revealed the effect of counter anion and hydrogen bonding 

incorporation on ionic aggregation in these ionenes. 
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8.3  Experimental 

Materials and Instrumentation 

Ethanol was obtained from Decon Laboratories and used as received.  Dimethyl sulfoxide 

was obtained from Fischer Scientific and used as received.  Methanol was obtained from Fischer 

Scientific and was distilled over molecular sieves before use.  All reagents were obtained from 

Sigma Aldrich.  Diethyl oxalate (≥99 %), dimethylaminopropylamine (99 %), and 

bis(trifluoromethane)sulfonimide lithium salt were used as received without further purification.  

1,4-dibromobutane (99 %), 1,12-dibromododecne (98 %), and N,N,N',N'-tetramethyl-1,6-

hexanediamine(99 %)  were obtained from Sigma Aldrich and distilled before use.  Spectra/Por 

regenerated cellulose dialysis membranes were purchased from Spectrum Laboratories, Inc. with 

a molecular weight cutoff of 3,500 g/mol. 

Differential scanning calorimetry (DSC) was performed using a TA instruments 

DSC2000 differential scanning calorimeter with a heating rate of 10 °C/min.  Thermogravimetric 

analysis (TGA) was performed using a TA Instruments Q500 thermogravimetric analyzer with a 

heating rate of 10 °C/min under a nitrogen atmosphere.  Dynamic mechanical analysis (DMA) 

was performed on a TA Instruments Q800 dynamic mechanical analyzer in tension mode using a 

heating rate of 3 °C/min and an amplitude of 15 µm.  Tensile analysis was performed on an 

Instron 5500 R using a ramp rate of 10 mm/min.  All tensile samples were cut using a Pioneer 

Dietec dog bone cutter (ASTM D-638-V) and 6 trials were performed for each sample.  XPS was 

performed using a PHI Quantera SXM scanning photoelectron spectrometer microprobe.  

Molecular weights and polydispersity indices (PDIs) of polymers was determined using size 

exclusion chromatography (SEC) performed using an aqueous solvent of 54/23/23 (v/v/v %) 

water/methanol/acetic acid with 0.1 M sodium acetate at a flow rate of 0.8 mL/min with a Waters 
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1515 isocratic HPLC pump, a Waters 717plus autosampler, two Waters Ultrahydrogel linear 

columns, one Waters Ultrahydrogel 250 column, a Wyatt MiniDAWN, and a Waters 2414 

refractive index detector. Offline dn/dc measurements were determined using an Optilab T-rEX 

refractometer (λ = 658 nm) to provide absolute molecular weights in SEC analysis.  1H nuclear 

magnetic resonance (NMR) spectroscopy was performed on a Varian Unity 400 MHz NMR 

spectrometer using 64 scans.  Liquid chromatography/mass spectrometry analysis was performed 

using reversed phase liquid chromatographic separations with a LUNA C18 (150 x 2.0mm, 

5.0mm dp) column from Waters.  High performance liquid chromatography separations were 

obtained using an Agilent HPLC 1100 series equipped with a diode array detector (DAD), 

column heater set at 40°C, and a Thermo Survey auto-sampler.  For MS analysis, the HPLC 

column effluent was pumped directly into the Thermo Instrument TSQ triple quadruple mass 

spectrometer equipped with an ESI source, operating in scan mode with range of 100-1500 amu.  

A TA Instruments Q5000 sorption analyzer (TGA-SA) measured water uptake of polymer 

samples (relative humidity (RH) 0 – 95%, 5% increments) at 25 °C. Electrochemical impedance 

spectroscopy (EIS) was performed using an Autloab PGSTAT 302N potientiostat and a four-

point electrode sample cell purchased from BekkTeck, Inc. An applied alternating sine-wave 

potential was applied at 0.2 V with frequencies ranging from 0.1 Hz to 1 MHz. The temperature 

and relative humidity (RH) was controlled using an ESPEC BTL- 433 environmental chamber 

which controlled the temperature to ±0.1 °C and 10% RH to ±0.1%. An alternating current was 

applied to the outer electrodes and the real impedance or resistance, R, was measured between 

the two inner reference electrodes. The resistance was determined from a high x-intercept of the 

semicircle regression of the Nyquist plot. The ionic conductivity was determined by σ = L/AR, 

where L and A are the distance between the two inner electrodes and the cross-sectional area of 
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the polymer film, respectively. The cross-sectional area is defined as A = Wl, where W is the 

film width and l is the film thickness. Samples were allowed to equilibrate for 1 h at each 

measurement condition followed by at least five measurements at that condition. The values 

reported are an average of these steady-state measurements.  SAXS experiments were performed 

using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped with a rotating anode emitting X-

ray with a wavelength of 0.154 nm (Cu Kα). The sample-to-detector distance was 1603 mm, and 

q-range was calibrated using a silver behenate standard. Two-dimensional SAXS patterns were 

obtained using a fully integrated 2D multiwire, proportional counting, gas-filled detector, with an 

exposure time of 2 hours. The SAXS data have been corrected for sample thickness, sample 

transmission and background scattering. All the SAXS data were analyzed using the SAXSGUI 

software package to obtain radially integrated SAXS intensity versus scattering vector q, where 

q=(4π/λ)sin(θ), θ is one half of the scattering angle and λ is the wavelength of X-ray.  The 

profiles were vertically shifted to facilitate a comparison of the peak positions. 

Synthesis of N1,N2-bis(3-(dimethylamino)propyl)oxalamide 

A 250-mL, round-bottomed, flask equipped with magnetic stirrer and addition funnel was 

charged with dimethylaminopropylamine (392 mmol, 40 g) in ethanol (70 mL) over an ice bath.  

Diethyl oxalate (196 mmol, 28.62 g) was added dropwise under magnetic stirring and the 

reaction proceeded for 4 h at 0 °C, then 20 h at 25 °C.  Ethanol was removed under reduced 

pressure, then the product was removed from the round-bottomed flask and dried at 60 °C in 

vacuo for 12 h yielding a white solid.  N1,N2-bis(3-(dimethylamino)propyl)oxalamide was 

obtained in quantitative yield.  The structure and purity were confirmed using 1H NMR and LC-

MS.  1H NMR (400 MHz, DMSO-d6): δ 1.54 (m, 4H), 2.06 (s, 12H), 2.15 (t, 4H), 3.10 (m, 4H), 

8.72 (t, 2H), 2.47 (DMSO), 3.29 (H20). 
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Synthesis of 3ox3,4-Br Oxalamide Ionenes 

For a typical synthesis:  A 100-mL, round-bottomed, flask equipped with a magnetic 

stirrer and water jacketed condenser was charged with N1,N2-bis(3-

(dimethylamino)propyl)oxalamide (11.6 mmol, 3 g) and 1,4-dibromobutane (11.6 mmol, 2.51 g) 

dissolved at 25 wt% in methanol (20.89 mL).  The mixture was reacted under reflux with 

magnetic stirring at 65 °C for 24 h.  Methanol was removed under reduced pressure and the 

polymer was dried at 65 °C in vacuo for 12 h yielding 3ox3,4-Br oxalamide ionene in 

quantitative yield.  All ionenes were stored under vacuum in a desiccator.  

Synthesis of 3ox3,12-Br Oxalamide Ionenes 

For a typical synthesis:  A 100-mL, round-bottomed, flask equipped with a magnetic 

stirrer and water jacketed condenser was charged with N1,N2-bis(3-

(dimethylamino)propyl)oxalamide (11.6 mmol, 3 g) and 1,12-dibromododecane (11.6 mmol, 

3.81 g) dissolved at 25 wt% in methanol (26 mL).  The mixture was reacted under reflux with 

magnetic stirring at 65 °C for 24 h.  Methanol was removed under reduced pressure and the 

polymer was dried at 65 °C in vacuo for 12 h yielding 3ox3,12-Br oxalamide ionene in 

quantitative yield.  All ionenes were stored under vacuum in a desiccator. 

Synthesis of 6,12-Br Alkyl Ionenes 

For a typical synthesis:  A 100-mL, round-bottomed, flask equipped with a magnetic 

stirrer and water jacketed condenser was charged with N,N,N',N'-tetramethyl-1,6-hexanediamine 

(11.2 mmol, 1.94 g) and 1,12-dibromododecane (11.2 mmol, 3.69 g) dissolved at 25 wt% in 

methanol (21.4 mL).  The mixture was reacted under reflux with magnetic stirring at 65 °C for 

24 h.  Methanol was removed under reduced pressure and the polymer was dried at 65 °C in 
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vacuo for 12 h yielding 6,12-Br alkyl ionene in quantitative yield.  All ionenes were stored under 

vacuum in a desiccator. 

Anion Exchange and Film Casting 

All ionenes were anion exchanged as follows:  A 100 mL, round-bottomed, flask 

equipped with a magnetic stirrer and addition funnel was charged with a 3 g/mL 

bis(trifluoromethane)sulfonimide lithium salt solution (amount determined by calculating a 5x 

molar excess of bis(trifluoromethane)sulfonimide lithium salt relative to bromide ionene in the 

polymer to be anion exchanged).  A 10 wt% solution of the ionene (2g in 20 mL of water) was 

added drop-wise over 1 h to the bis(trifluoromethane)sulfonimide lithium salt solution.  The 

anion exchanged polymer precipitated out of water forming a white solid.  The anion exchanged 

polymer was dissolved in 20 mL of methanol (3ox3,12 oxalamide ionene and 6,12 alkyl ionene) 

or 20 mL of dimethyl sulfoxide  (3ox3,4 oxalamide ionene) and this solution was dialyzed three 

times for 12 h against  2 L of methanol (3ox3,12 oxalamide ionene and 6,12 alkyl ionene) or 

dimethyl sulfoxide (3ox3,4 oxalamide ionene) depending on the anion exchanged polymer 

solubility.  The solvent was removed under reduced pressure and the dialyzed, anion exchanged 

polymers were dried in vacuo to a constant weight yielding 3ox3,4- Tf2N oxalamide, 3ox3,12- 

Tf2N oxalamide, and 6,12- Tf2N alkyl ionenes in 87%, 89%, and 93% yields, respectively.  

Complete anionic exchange was confirmed by the absence of Br in XPS analysis. 

All films were cast identically and had the same thermal history before testing.  The 

polymers were dissolved at 20 wt% in methanol and cast into teflon molds. The films were dried 

for 48 h at 25 °C, then for 48 h in vacuo at 25 °C, then for 48 h in vacuo at 70 °C.  This method 

of film casting avoided the formation of bubbles.  The films were stored in a desiccator under 
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vacuum.  The 3ox3,4- Tf2N oxalamide ionene was cast from DMSO with the above drying 

procedure, but did not form films suitable for mechanical testing. 

8.4  Results and Discussion 

Oxalamide Ionene Monomer Synthesis 

The novel oxalamide ionene monomer N1,N2-bis(3-(dimethylamino)propyl)oxalamide 

was synthesized in quantitative yield and high purity through a facile synthesis under mild 

conditions (Scheme 8.1).  The nucleophilic addition of dimethylaminopropylamine to diethyl 

oxalate proceeded completely at room temperature in ethanol as a solvent.  After ethanol 

removal under reduced pressure, the product was purified by stripping off any unreacted reagents 

under high vacuum.  After thorough drying, 1H NMR and LC/MS confirmed the structure and 

purity of this compound.  LC/MS analysis revealed a pure compound with m/z = 259.24 (M+H), 

compared to a calculated molecular weight 258.38 g/mol. This ionene monomer is exciting due 

to its facile preparation and low cost of starting materials.  The oxalamide group provides added 

functionality to ionenes synthesized with this monomer through multidentate hydrogen bonding.  

This low cost, facile synthesis, and added hydrogen bonding makes this ionene monomer 

attractive when compared to other ditertiary amines. 

 

Scheme 8.1.  Synthesis of N1,N2-bis (3-(dimethylamino)propyl)oxalamide. 
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Polymer Synthesis and Molecular Weight Analysis 

 The Menschutkin reaction led to the synthesis of ammonium ionenes from ditertiary 

amines and dibromides in quantitative yields after isolation by solvent removal.  Reaction in 

refluxing methanol at 65 °C  was sufficient to obtain high molecular weight oxalamide (Scheme 

8.2) and alkyl (Scheme 8.3) ionenes as the oxalamide group should have no effect on ditertiary 

amine reactivity in N1,N2-bis(3-(dimethylamino)propyl)oxalamide.  SEC analysis to obtain 

absolute molecular weights (Table 8.1) using dn/dc values determined offline revealed Mws 

above 20,000 g/mol, which is in the critical molecular weight range for ionene properties.5  

Unexpectedly low PDIs are likely the results of limited chromatographic separation on these 

SEC columns.  Anionic exchange with bis(trifluoromethane)sulfonimide lithium salt (Scheme 

8.4)   by a precipitation method and  purification by dialysis led to the formation of ionenes with 

bis(trifluoromethane)sulfonimide (Tf2N) counteranions.  The absence of bromine in XPS 

analysis confirmed complete anionic exchange with Tf2N anions. 

 

Scheme 8.2.  Synthesis of oxalamide ammonium ionenes. 

 

 

Scheme 8.3.  Synthesis of alkyl ammonium ionenes. 
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Scheme 8.4.  Anionic exchange of oxalamide ionenes. 

 

Thermal and Mechanical Properties of Oxalamide Ionenes 

Oxalamide ionenes exhibit interesting and desirable thermal and mechanical properties 

compared to the alkyl ionene controls.  The Tgs and decomposition temperatures at 5 wt% loss 

(Td 5%) are summarized in Table 8.1.  The 6,12 alkyl ionene is a suitable control for comparison 

to the 3ox3,4 oxalamide ionene because they possess similar charge densities in the bromide 

form of 4.0 and 4.2 milli-equivalents charge per gram, respectively, with the 3ox3,12 oxalamide 

ionene possessing a charge density of 3.4 milli-equivalents/gram.  All of the ionenes in the 

bromide form had similar thermal stability, with Td5% around 240-250 °C, consistent with 

ammonium ionenes degrading through Hoffman elimination.  Once anion exchanged to the less 

basic Tf2N form the ionenes displayed a significant increase in Td5%, which is consistent with 

literature, as they are less prone to the Hoffman elimination in Tf2N form.  The oxalamide 

ionenes in the Tf2N form display a Td5% around 300 °C, significantly lower than the 6,12-Tf2N 

alkyl ionene possessing a Td5% of 330 °C.  This is likely due to the oxalamide group lowering the 

thermal stability, leading to polymer degradation beginning around 300 °C. 
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Table 8.1.  Ionene molecular weights and thermal properties. 

polymer T
g
 

(°C) 

M
n
 

(g/mol) 

M
w
 

(g/mol) 

PDI T
d 5%

 

(°C) 

Anion 

Exchange 

Yield (%) 

6,12-Br 83 16,500 20,100 1.22 240 - 

6,12-Tf2N -13 - - - 330 93% 

3ox3,4-Br 140 23,900 28,100 1.24 252 - 

3ox3,4-Tf2N 67 - - - 300 87% 

3ox3,12-Br 113 20,000 24,500 1.23 253 - 

3ox3,12-Tf2N 61 - - - 305 89% 

 

The Tgs of the ionenes determined using DSC follow logical trends revealing the 

influence of the oxalamide group on Tg.  The Tg of alkyl ammonium ionenes depends on the 

charge density and counter anion, and the Tgs of the 6,12-Br and 6,12-Tf2N ionenes are 

consistent with alkyl ammonium ionenes with this charge density and these counteranions.4  The 

exchange of the bromide anion with Tf2N
- significantly lowers the Tg due to the larger anion 

introducing a large amount of free volume into the polymer.21,22  The 3ox3,4-Br oxalamide 

ionene  displays a significantly higher Tg when compared to the 6,12-Br ionene with a similar 

charge density.  In this case, introduction of the oxalamide group increases the Tg by 57 °C when 

compared to the all alkyl control due to the presence of multidentate hydrogen bonding.  This 

strong hydrogen bonding is expected to greatly affect the Tg.  Again, anion exchange of bromide 

with Tf2N anions significantly lowers the Tg, here by 73 °C.  The 3ox3,12- Tf2N ionene also has 

a significantly lower Tg than the 3ox3,12-Br ionene.  In comparison to the 3ox3,4 oxalamide 

ionene, the 3ox3,12 oxalamide ionene has a lower Tg in both anion forms due to a lower charge 

density and lower concentration of oxalamide groups along the polymer backbone.  In these 

ammonium ionenes, an increase in charge density or hydrogen bonding increases the Tg.  All 

ionenes formed clear films capable of DMA testing except for the 6,12- Tf2N ionene that was a 
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viscous liquid at room temperature due to the low Tg, and the 3ox3,4- Tf2N ionene that had 

limited solubility and did not form self-standing films when cast from DMSO.  Furthermore, the 

3ox3,12 ionenes formed tough, creasable films capable of dogbone cutting of tensile samples and 

tensile testing. 

DMA revealed the temperature dependent viscoelastic behavior of the oxalamide ionenes 

(Figure 8.1).  Ionenes in the bromide form displayed two clear transitions evidenced in the 

storage modulus (Figure 8.1A) and tan delta (Figure 8.1B) versus temperature plots.  The first 

transition is attributed to the Tg and the second is attributed to rapid temperature-induced ion 

hopping in relation to the timescale of the experiment which leads to a reduction in modulus.5  

The closer proximity in temperature makes the two distinct transitions more difficult to observe 

in the bromide oxalamide ionenes as compared to the 6,12-Br alkyl ionene.  The samples flow 

after these transitions and the failure of chain entanglements evident at higher temperatures in the 

storage modulus (Figure 8.1A).  Although they possess similar charge densities, the transitions 

of the 3ox3,4-Br oxalamide ionene are much higher than in the 6,12-Br alkyl ionene.  This 

indicates that the presence of the oxalamide group affects not only the Tg through hydrogen 

bonding, but also the polymer backbone ionic mobility at high temperatures.  Also, comparing 

the 6,12-Br alkyl ionene to the 3ox3,12-Br oxalamide ionene which has a lower charge density 

reveals the effect of the oxalamide group, moving these transitions to higher temperatures.  

Although it is well established that increases in hydrogen bonding increase the Tg in polymers, 

the increase in hydrogen bonding in this structure also increases the temperature of the ionic 

transition.23-26  Although the ionic groups are the same and the charge density is similar between 

the 6,12-Br alkyl ionene and 3ox3,4-Br oxalamide ionene , the positioning of the strong 
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hydrogen bonding oxalamide group between the ionic sites likely strengthens the ionic 

interactions and requires higher temperatures to induce significant ion hopping 
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Figure 8.1.  Dynamic mechanical analysis of oxalamide ionenes:  A.) Storage modulus 

versus temperature.  B.) Tan delta versus temperature. 
 

Alkyl ammonium ionenes with Tf2N counteranions typically possess low Tgs making 

them viscous liquids at room temperature unsuitable for DMA, however the 3ox3,12-Tf2N 
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oxalamide ionene is a robust film at room temperature.  This polymer displays only one broad 

transition very close to the Tg value obtained using DSC.  The large counter anion introduces 

free volume and reduces the strength of the ionic interactions, effectively plasticizing the 

polymer and lowering the Tg compared to the bromide form.27-29  The ionic transition is either 

absent or concurrent with the Tg in this experiment. The Tf2N counter anion’s size influences 

how the ionic sites interact with each other, shielding the charges.  The ionic transition may be 

very broad due to this effect, and concurred with a broad Tg transition. 

Tensile testing of the tough, creasable 3ox3,12 ionene films reveal high strength at yield 

and high Young’s modulus (Table 8.2).  The tensile curves show a rapid yield at low strains, 

followed by an extension of the samples until break (Figure 8.2).  The stress at yield, stress at 

break, and modulus are dependent on the counter anion, with similar strain at break.  Stress- 

induced ion hopping and relaxation of the polymer chains leads to yield of the polymer films, 

with the larger Tf2N counteranions leading to a lower yield stress because their size introduces 

more free volume and weakens the ionic aggregates.5  The change in counter anion from bromide 

to the larger Tf2N anions also reduces the modulus by the same mechanism.  Both counter anion 

forms have similar strain at break due to identical chain lengths, as the strain at break in 

ammonium ionenes is dependent on the molecular weight.5   

 

Table 8.2.  Summary of 3ox3,12 oxalamide ionene tensile properties. 

Sample  Stress at 

Yield (MPa) 

Stress at Break 

(MPa) 

Strain at 

Break (%) 

Modulus 

(MPa) 

3ox3,12-Br Oxalamide Ionene  31.9 ± 2.3  16.4 ± 2.4 53.5 ± 2.6 1460 ± 80 

3ox3,12- Tf2N Oxalamide Ionene 17.2 ± 1.8 9.4 ± 1.2 48.6 ± 2.2 988 ± 15 

 



181 

 

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60

S
tr

es
s 

(M
P

a
)

Strain (%)

3ox3,12-Br Oxalamide Ionene

3ox3,12-Tf₂N Oxalamide Ionene

 

Figure 8.2.  Representative tensile curves of 3ox3,12 oxalamide ionenes. 

 

Water Sorption and Conductivity of Oxalamide Ionenes 

Water sorption analysis revealed the water uptake behavior of alkyl and oxalamide 

ionenes (Figure 8.3).  The water uptake depends on the charge density, concentration of polar 

oxalamide groups, and counter anion.  All ionenes with bromide counteranions are highly 

hydrophilic, and show significant water uptake at 90% relative humidity (RH).  The 3ox3,4-Br 

ionene has the highest charge density and concentration of oxalamide groups, and therefore 

absorbs the largest percentage of water with a water sorption of nearly 70% weight increase at 

90% RH.  The 6,12-Br ionene absorbs the second largest percentage of water due to its charge 

density, with a water sorption of 48% weight increase at 90% RH.  Due to its lower charge 

density, the 3ox3,12-Br ionene shows the lowest water uptake of the bromide counter anion 

ionenes, with a water sorption of nearly 30% weight increase at 90% RH. 

Anion exchange of bromide to the Tf2N counteranions drastically reduces the water 

uptake, with the amount of water sorption dependent on the concentration of the polar oxalamide 
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groups.  The Tf2N counter anion ionenes are still charged and uptake water, however the organic 

counter anion is hydrophobic and significantly impacts the hydrophilicity of the ionenes 

influencing water solubility and reducing water sorption.  The 6,12-Tf2N ionene has the lowest 

water uptake, with only 2% weight increase at 90% RH.  The Tf2N counter anion oxalamide 

ionenes display greater water uptake due to the presence of the polar oxalamide groups.  The 

charge density and concentration of oxalamide groups control the water uptake, with the 3ox3,4- 

Tf2N and 3ox3,12- Tf2N ionenes possessing 7% and 16% weight increase at 90% RH, 

respectively.  Overall, the charge density and the concentration of oxalamide groups logically 

affected the water sorption of these ionenes. 
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Figure 8.3.  Water sorption analysis of ionenes. 
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The temperature-dependent ionic conductivity of ionenes with different counter-anions is 

shown in Figure 8.4A. Experimental constraints limited the sample selection to polymers with 

Tg’s below 150 °C, which was the maximum temperature for the environmental chamber. 

Similar to previous literature reports, the exchange from the hydrophilic bromide anion to 

relatively more hydrophobic, bulkier fluorine-containing anions such as Tf2N
-, increased the 

relative hydrophobicity and resulted in water-insoluble polymers. The ionic conductivity results 

show that Tg is a dominant, but not exclusive, parameter in determining ion transport as shown in 

Figure 8.4B. The ionic conductivity increased when counter-anion changed from bromide to 

Tf2N
- due to low Tg increasing the free volume in Tf2N

- coupled with segmental motion. Ionic 

conductivity in our case is also influenced by hydrogen bonding interactions and morphology. 

The ionic conductivity changes with the introduction of oxalamide groups, decreasing in case of 

3ox3,12-Tf2N ionene as compared to 6,12-Tf2N ionene. 
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Figure 8.4.  Conductivity analysis of ionenes:  A.) Impedance spectroscopy.  B.) Impedance 

spectroscopy normalized by Tg. 



185 

 

SAXS Analysis of Oxalamide Ionenes 

SAXS of film forming ionenes shows the effect of structure and counter anion on ionic 

aggregation in these polymers (Figure 8.5).  There is a substantial amount of X-ray scattering 

data in the literature of ionenes in the bromide form, but very little information on ionenes in 

other counter anion forms.  As shown in Figure 8.5, all of the ionenes except the 6,12-Tf2N and 

3ox3,4-Br oxalamide ionenes displayed an observable characteristic ionic aggregate peak.  The 

scattering range shown in Figure 8.5 was the only scattering range with relevant features.  This 

peak position and appearance correlates well with the literature, roughly corresponding to the 

distance between ionic aggregates which is controlled by the dodecyl alkyl chain length in an all-

trans conformation.4  WAXD only revealed an amorphous halo, and in the case of Tf2N
- anion 

ionenes a second WAXD peaks appeared corresponding to the spacing between the Tf2N
- anions 

and the polymer backbone.30   
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Figure 8.5.  SAXS analysis of ionenes. 
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The 6,12-Tf2N ionene’s lack of an ionic aggregate peak indicates the exchange to the 

Tf2N
- form prevented the formation of ionic aggregates observable by SAXS.  This observation 

is in agreement with similar ionic polymers, where the introduction of Tf2N
- counteranions 

disrupt order and leads to an amorphous structure lacking ionic aggregates.27,30,31  The 3ox3,12-

Tf2N ionene however, retained the ionic aggregate peak, which suggests the oxalamide groups 

preserved the formation of the ionic aggregates in this structure through hydrogen bonding.  This 

difference in morphology can be related to the ionic conductivity, where the 6,12-Tf2N ionene 

shows a much higher conductivity than the 3ox3,12-Tf2N ionene.  It would be expected that 

disruption of ionic aggregation would lead to higher conductivity in the sample due to higher ion 

mobility.32  In this case, both the morphology and Tg effected the 6,12-Tf2N ionene’s 

conductivity.27  This ionic aggregation can also be related to the ionene’s physical properties 

where the ionic aggregates serve as physical crosslinks contributing to the mechanical properties 

of the films.  The 3ox3,12-Tf2N ionene which retained ionic aggregation showed a much higher 

Tg and is a mechanically useful solid at room temperature, in contrast with the 6,12-Tf2N ionene 

that is a viscous liquid at room temperature with a relatively low Tg.  In the case of the 3ox3,4-Br 

oxalamide ionene, the lack of an ionic aggregate peak is likely due to the reduced distance 

between ionic sites.  In this polymer structure a short butyl spacer results in significantly less 

alkyl content than the ionenes with a dodecyl spacer, and the more uniform charge density 

eliminates ionic aggregation.  The 3ox3,4-Br oxalamide ionene does not possess a significant 

volume fraction per repeat unit of non-polar alkyl content to cause aggregation of polar ionic 

sites.    Unfortunately, instrumental limitations prevented conductivity analysis of this polymer 

which could further confirm the state of ionic aggregation.  In addition, the DMA of this polymer 
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closely resembles the other ionenes with bromide counteranions, and the presence of ionic 

aggregation cannot be inferred directly from the DMA. 

8.5  Conclusions 

A facile room temperature reaction yielded the pure novel ionene monomer N1,N2-bis(3-

(dimethylamino)propyl)oxalamide that incorporates oxalamide multidentate hydrogen bonding.  

This monomer allowed for the synthesis of a new class of hydrogen bonding ionenes that 

displayed excellent mechanical properties.  DSC and DMA showed that the introduction of 

hydrogen bonding increased the Tg of the ionenes compared to all alkyl control ionenes in both 

bromide and Tf2N
- counter anion forms.  Water sorption analysis showed that water uptake was 

dependent on charge density, counter anion, and concentration of polar oxalamide groups.  

Conductivity analysis revealed that ionenes in the Tf2N
- counter anion form had increased ionic 

conductivity.  SAXS revealed the effect of counter anion and oxalamide groups on ionic 

aggregation, which correlates to ionic conductivity and ionene physical properties.  The novel 

oxalamide ionenes expand the materials library of ionenes to access more mechanically useful 

conductive polymers. 
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Chapter 9:  Multi-walled Carbon Nanotubes Decorated with Inorganic Nanoparticles 

 

David L. Inglefield Jr.a, Erin B. Murphya, and Timothy E. Longab* 

aDepartment of Chemistry, bMacromolecules and Interfaces Institute 

Virginia Tech, Blacksburg, VA 24061 

9.1  Abstract 

Inorganic nanoparticles offer exciting possibilities to alter the physical properties of 

multi-walled carbon nanotubes and increase their utility for a number of applications.  High 

temperature degradation of metal or metal oxide precursors and chemical conjugation enable 

introduction of inorganic nanoparticles into the multi-walled carbon nanotube structure.  The 

facile high temperature decomposition of Fe(acac)3 facilitated decoration of multi-walled carbon 

nanotubes with magnetic magnetite nanoparticles, imparting magnetic properties to the multi-

walled carbon nanotubes.  Acid oxidation introduced carboxylic acid sites onto the multi-walled 

carbon nanotubes, permitting further functionalization to form thiol functionalized multi-walled 

carbon nanotubes.  The strong thiol-gold interaction enabled conjugation of gold nanoparticles 

onto the thiol-functionalized multi-walled carbon nanotube surface, which facilitated imaging of 

functional sites.  AuCl3 loaded into the inner channel of the multi-walled carbon nanotubes 

through capillary action was subsequetly reduced under high temperature to form endohedral 

gold nanoparticles.  Combination of endohedral metal nanoparticle formation and magnetite 

nanoparticle decoration successfully yielded multi-walled carbon nanotubes containing 

endohedral gold nanoparticles decorated with magnetite nanoparticles. 



192 

 

9.2  Introduction 

Carbon nanotubes (CNTs) represent promising materials for a variety of applications, 

ranging from medicine to material science.1-5  The broad applicability of CNTs to various fields 

and the intense research interest relating to CNTs results from their unique material properties.  

CNTs possess excellent mechanical properties, electrical conductivity, and their graphene 

sidewall structure allows for numerous functionalization strategies, leading to a plethora of 

functionalized CNTs.6-9  The size, relatively inexpensive methods of production, and inner walls 

that retain mechanical and electrical properties after extensive functionalization render multi-

walled carbon nanotubes (MWCNTs) particularly promising for composite applications.  

Decoration or functionalization of MWCNTs with inorganic nanoparticles such as gold and 

magnetite nanoparticles alter the material properties of MWCNTs and expand their utility, 

particularly in composite applications.10 

High temperature degradation of iron precursors yields superparamagnetic magnetic 

magnetite (Fe3O4) nanoparticles for possible applications in many fields.11-13  MWCNTs possess 

the ability to serve as templates for the formation of these magnetic nanoparticles during 

synthesis, which yields magnetic magnetite nanoparticle decorated MWCNTs.14  Magnetic 

nanoparticle decorated MWCNTs will align parallel to sufficiently strong magnetic fields.15  

Alignment of MWCNTs in composites imparts anisotropic  mechanical and electrical properties, 

with applications in composite technologies that benefit from anisotropic properties.16  However, 

introduction of magnetite reduces the inherent conductivity of MWCNTs, as magnetite is 

resistive. 

Thiol groups strongly coordinate metallic gold, and the thiol-gold linkage successfully 

conjugates gold nanoparticles to a variety of functionalized surfaces.17,18  Thiol functionalized 
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MWCNTs readily serve as a template for gold nanoparticle assembly using thiol-gold 

conjugation.19,20  Acid oxidation which introduces carboxylic acid sites onto MWCNT sidewalls 

and subsequent functionalization of carboxylic acid groups with thiol containing compounds 

represents a facile and common technique for thiol functionalization.21-23  Carbodiimide coupling 

enables reaction of amine-containing thiol onto carboxylic acid sites in MWCNTs under mild 

conditions.  Imaging of gold nanoparticles under electron microscopy reveals the location of 

thiol groups (and original carboxylic acid functionality) along the length of the MWCNT 

structure and helps elucidate the nature of different acid oxidation procedures.24 

Capillary action facilitates loading of salt or water-soluble drug solutions into MWCNT 

structures when the MWCNT ends are open.25  Loading of metal salt solutions leaves behind 

metal salt solute molecules inside the inner channel of MWCNTs after water evaporation.  

Subsequent reduction of precursor molecules forms metal nanoparticles inside the MWCNT 

inner channel.  Several investigations demonstrated high temperature reduction of metal salt 

precursors to form gold, silver, or platinum nanoparticles inside MWCNTs.26  Introduction of 

endohedral metal nanoparticles into MWCNTs increases the MWCNT conductivity, and also 

imparts catalytic activity.27  The constrained environment of the MWCNT inner channel 

influences the catalytic activity of the endohedral metal nanoparticles, increasing their 

efficiency.28  These unique properties make MWCNT containing endohedral metal nanoparticles 

promising materials for catalytic and electronic applications. 

Herein, we describe the synthesis of various inorganic nanoparticle functionalized 

MWCNTs.  High temperature degradation of Fe(acac)3 enabled the synthesis of magnetic 

nanoparticle decorated MWCNTs (mnp-MWCNTs).  The relative amount of iron precursor and 

MWCNTs determined the nanoparticle coverage of the MWCNTs.  Acid oxidation and 
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subsequent carbodiimide coupling of aminoethanethiol enabled the synthesis of thiol-

functionalized MWCNTs (SH-MWCNTs).  The SH-MWCNTs efficiently templated assembly of 

gold nanoparticles onto the MWCNT surface, enabling TEM imaging of the distribution of 

functional sites along the MWCNT structure.  Finally, capillary action facilitated loading of 

AuCl3 into oxidized MWCNTs (AO-MWCNTs), and subsequent high temperature reduction 

formed endohedral gold nanoparticles in the MWCNT inner channel.  This technique was 

successfully combined with the magnetic nanoparticle decoration procedure, yielding MWCNTs 

with endohedral gold nanoparticles and exohedral magnetite nanoparticles (Au@mnp-

MWCNTs). 

9.3  Experimental 

Materials and Instrumentation 

All reagents were purchased from Sigma Aldrich and used without further purification 

unless otherwise noted.  All solvents were obtained from Fisher Scientific.  Dimethylformamide 

(DMF) was passed through an Innovative Technology, Inc. PureSolv solvent purification system 

to remove impurities and water.  Concentrated nitric acid (ACS Reagent Plus) and concentrated 

hydrochloric acid (ACS Reagent Plus) were obtained from Fischer Scientific and used as 

received.  Mesogold colloidal gold nanoparticle solution was obtained from PurestColloids Inc. 

and used as received.  Pristine multi-walled carbon nanotubes (Baytubes®, C70P, carbon purity 

> 95%, outer diameter: 10-30 nm, catalyst: cobalt metal nanoparticle) was supplied through 

Bayer and used as received.  All MWCNTs were gently powderized before sonication.  All dry 

MWCNTs were handled with care and the proper protective equipment, including respirators.  

TGA was performed using a TA Instruments HiRes 2950 thermogravimetric analyzer using a 
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ramp rate of 10 °C/min under an argon atmosphere.  SEM was performed using a Zeiss LEO 

1550 using the in lens detector with a target voltage of 5 kV.  TEM images were generated using 

a Phillips EM 420 transmission electron microscope operating at 100 kV accelerating voltage.  

Sonication was performed with a Bransonic 2510R-MTH sonicator bath. 

Synthesis of Magnetic Nanoparticle Decorated MWCNTs 

Pristine MWCNTs (150 mg) were dispersed in triethylene glycol (45 mL) by sonication 

for 50 min in a 250 mL two necked, round-bottomed flask fitted with a water-jacketed condenser.   

An amount of Fe(acac)3 determined by the various weight ratios relative to the weight of 

MWCNTs charged was added to the mixture, and the mixture was reacted at 280 °C for 30 min 

with rigorous mechanical stirring.  After 30 min the reaction mixture was cooled to room 

temperature, and the mnp-MWCNTs were magnetically separated using a strong rare earth 

magnet and rinsed with ethanol twice.  The mnp-MWCNTs were dried to constant weight in 

vacuo at 60 °C until a constant weight was achieved. 

Synthesis of Thiol Functionalized MWCNTs and Conjugation with Gold Nanoparticles 

To synthesize thiol functionalized MWCNTs, first an acid oxidation procedure was used 

to introduce carboxylic acid sites onto the MWCNT sidewall.  In a typical procedure, a 2-L, 

round-bottomed, flask equipped with a magnetic stirrer, was charged with pristine Baytubes (12 

g, C70P dispersed at 1 wt% in 8 M HNO3 (1200 mL) using the sonicator probe and magnetic 

stirring for 1.5 h.  This mixture was refluxed at 110 °C for 24 h.  The reaction mixture was 

diluted with deionized (DI) water and decanted several times, then filtered and washed with DI 

water until the filtrate reached a neutral pH.  Subsequently, to ensure protonation of the 

carboxylic acid sites, in a 2-L, round-bottomed, flask equipped with magnetic stir bar, the 

resulting MWCNTs were dispersed in 1 M HCl (1200 mL) through sonication and stirred for 1 h 



196 

 

at 110 °C reflux for 16 h.  The MWCNTs were rinsed with DI water and decanted several times, 

then washed with DI water until the filtrate reached a neutral pH.  Finally, the MWCNTs were 

rinsed with isopropyl alcohol (200 mL) to aid in the drying process.  The resulting AO-

MWCNTs were then dried in vacuo at 60 °C until they achieved a constant weight.  Purified 

MWCNTs, which are an important control, only receive the second 1 M HCl acid reflux step to 

remove metal catalyst particles without introducing carboxylic acid sites. 

Carbodiimide coupling was performed to react aminoethanethiol onto the carboxyl acid 

sites of AO-MWCNTs.  In a typical procedure, 300 mg of AO-MWCNTs were dispersed in 35 

mL of DMF by sonication for 1 h in a 100 mL, round-bottomed flask.  After sonication, N,N’-

dicyclohexylcarbodiimide (DCC, 570 mg) and 2-aminoethanethiol (300 mg) were added and the 

reaction mixture was stirred for 48 h at 25 °C.  After reacting, dichloromethane (DCM, 15 mL) 

was added to dissolve the formed dicyclohexylurea and the mixture was filtered, then rinsed with 

100 mL of DMF twice and 100 mL of DCM.  The resulting thiol functionalized MWCNTs (SH-

MWCNTs) were dried at 60 °C until achieving a constant weight. 

To couple gold nanoparticles to thiol sites, the following procedure was used.  SH-

MWCNTs (10 mg) was dispersed in 20 mL of DI water for 30 min.  Then 1 mL of this SH-

MWCNT dispersion was added to 3 mL of Mesogold colloidal gold solution diluted with 6 mL 

of DI water.  This mixture was stirred for 24 h, filtered and rinsed with 100 mL of DI water, and 

dried at 60 °C until achieving a constant weight.  The same procedure was performed with AO-

MWCNTs to serve as a control.  
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Formation of Endohedral Gold Nanoparticles (Au@MWCNTs) and Subsequent Decoration with 

Magnetic Nanoparticles 

 

To form gold nanoparticles inside AO-MWCNTs, a gold salt precursor was loaded into 

the AO-MWCNTs using capillary action.26  AO-MWCNTs (150 mg) were sonicated in 5 mL of 

DI water for 2 h.  AuCl3 (150 mg) dissolved in 2 mL DI water was added and the mixture was 

stirred for 3 days in air to allow the water to evaporate.  The resulting AO-MWCNTs loaded with 

AuCl3 were dried at 25 °C until achieving a constant weight to ensure complete removal of water.  

To reduce the gold salt, the AO-MWCNTs loaded with AuCl3 were heated in a 250 mL, round-

bottomed flask at 400 °C for 4 hours.   

To decorate the resulting Au@AO-MWCNTs with magnetic nanoparticles, AU@AO-

MWCNTs (110 mg) were dispersed in triethylene glycol (33 mL) by sonication for 50 min in a 

250 mL, two necked, round-bottomed flask fitted with a water-jacketed condenser.   Fe(acac)3 

(176 mg) was added to the mixture, and the mixture was reacted at 280 °C for 30 min with 

rigorous mechanical stirring.  After 30 min the reaction mixture was cooled to room temperature, 

and the Au@mnp-MWCNTs were magnetically separated using a strong magnet and rinsed with 

ethanol twice.  The mnp-MWCNTs were dried in vacuo at 60 °C until a constant weight was 

achieved. 

9.4  Results and Discussion 

Magnetic Nanoparticle Decorated MWCNTs 

The facile high-temperature decomposition of Fe(acac)3 forms magnetic magnetite 

nanoparticles in triethylene glycol.11   When MWCNTs are present in the reaction mixture, the 

magnetite nanoparticles form on the surface of the MWCNTs due to favorable hydrophobic 

interactions and nucleation of the nanoparticles (Scheme 9.1).14  The amount of Fe(acac)3 



198 

 

precursor relative to the MWCNTs determined the level of magnetic nanoparticle coverage.  

Figure 9.1 shows the magnetic properties of the mnp-MWCNTs, which also allowed for their 

facile purification.  TEM imaged the level of magnetic nanoparticle coverage of the MWCNTs 

(Figure 9.2).  The level of coverage varied from no apparent magnetic nanoparticle formation in 

the 0.2:1 Fe(acac)3:MWCNT weight ratio reaction to near complete coverage in the 10:1 

Fe(acac)3:MWCNT weight ratio reaction. 

 

Scheme 9.1.  Synthesis of mnp-MWCNTs. 

 

 

Figure 9.1.  Observation of magnetic behavior of mnp-MWCNTs. 
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TGA further confirmed the amount of magnetic nanoparticle decoration of the mnp-

MWCNTs.  The rapid combustion of magnetite near 700 °C lead to an abrupt one step 

degradation in TGA of these samples, summarized in Table 9.1.  Increase in the 

Fe(acac)3:MWCNT weight ratio of the reaction lead to an increase in the weight loss near 700 °C, 

which correlated with the increase in coverage seen in TEM.  Figure 9.3 shows the alignment of 

mnp-MWCNTs aggregates after drying under a 1 T magnetic field, further indicating the 

presence of magnetic nanoparticles and the ability to align mnp-MWCNTs under magnetic fields.  

The ability to align mnp-MWCNTs in magnetic field allows for anisotropic electrical and 

mechanical properties in MWCNT composites.16  However, the magnetite nanoparticles further 

alter the electrical properties of composites due to the resistivity of magnetite.   

 

Figure 9.2.  TEM imaging of mnp-MWCNTs at various weight ratios of 

Fe(acac)3:MWCNTs in the synthesis procedure.  Red scale bars are 100 nm. 
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Table 9.1.  Weight loss at magnetite degradation (~700 °C) of different mnp-MWCNTs. 

Fe(acac)
3
:MWCNTs  %Wt. Loss 

Control none 

0.2 : 1 none 

1 : 1 1.0 

2 : 1 11.6 

4 : 1 17.0 

10 : 1 21.4 

 

 

 

Figure 9.3.  Alignment of mnp-MWCNTs in a magnetic field.  mnp-MWCNTs (4:1 weight 

ratio of Fe(acac)3:MWCNT in initial reaction) were dropped at 7.5 x 10-4 wt % in water on 

a silicon wafer and dried in a 1 T magnetic field. 

 

Thiol Functionalized MWCNTs and Conjugation with Gold Nanoparticles 

The strong thiol-gold interaction enables conjugation of gold nanoparticles to thiol 

functionalized surfaces, including thiol functionalized MWCNTs.19,20  Acid oxidation introduced 

carboxylic acid sites and enabled further functionalization of the carboxylic acid sites using 

traditional carboxylic acid chemistry.6  Carbodiimide coupling functionalized the carboxylic acid 
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sites with amino ethane thiol and formed an amide linkage (Scheme 9.2).  TGA supported 

successful functionalization according to this functionalization scheme (Figure 9.4), using 

purified MWCNTs to represent a non-functionalized control.  Each successive functionalization 

lead to an increase in weight loss in the critical range of 200-500 °C where organic functionality 

degrades, supporting successful functionalization.29 

 

Scheme 9.2.  Synthesis of thiol functionalized MWCNTs. 
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Figure 9.4.  TGA analysis of thiol functionalized MWCNTs. 

 

Simple mixing with a gold nanoparticle solution enabled conjugation of Au nanoparticles 

to the SH-MWCNT surface (Scheme 2).  TEM imaged the conjugation of Au nanoparticles to 
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SH-MWCNTs (Figure 9.5).  AO-MWCNTs showed no evidence of Au nanoparticle conjugation 

when utilized in the conjugation procedure, and TEM only observed free Au nanoparticles.  

However, TEM imaging of the SH-MWCNTs subjected to the conjugation procedure revealed 

Au nanoparticle conjugation along the whole length of the MWCNTs.  This indicated that acid 

oxidation introduced carboxylic acid functionality all along the MWCNTs. 

 

Figure 9.5.  TEM imaging of thiol functionalized MWCNTs decorated with gold 

nanoparticles and control (AO-MWCNTs) showing no conjugation of gold nanoparticles.  

Red scale bars are 100 nm. 

 

MWCNTs with Endohedral Gold Nanoparticles (Au@MWCNTs) Decorated with Magnetic 

Nanoparticles 

 

Capillary action facilitated loading of AuCl3 into AO-MWCNTs (Scheme 9.3).  The acid 

oxidation ensured open ends of the AO-MWCNTs to allow for capillary loading of the AuCl3 

solution.26  After evaporation of water, high temperature reduction of AuCl3 enabled formation 
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of endohedral Au nanoparticles (Au@AO-MWCNTs).  TEM imaged the Au@AO-MWCNTs 

(Figure 9.6A), showing high contrast Au nanoparticles in the inner channel of the MWCNT 

structure.  Each MWCNT only contained a small number of Au nanoparticles (about one or two) 

under these conditions.  Introduction of Au nanoparticles to MWCNTs increases their 

conductivity which offers applications in MWCNT composites.30  Also, this high temperature 

treatment likely degrades organic functionality on the MWCNT sidewall.  Furthermore, 

formation of endohedral Au nanoparticles successfully combined with the magnetic nanoparticle 

decoration previously described.  The high temperature degradation of Fe(acac)3 led to formation 

of magnetic nanoparticles on the surface of Au@AO-MWCNTs similar to the pristine MWCNTs 

shown before, yielding Au@mnp-MWCNTs (Figure 9.6B).  TEM imaging shows magnetic 

nanoparticles on the surface of the AO-MWCNTs, with Au nanoparticles visible in the inner 

channel, indicating the magnetic nanoparticle functionalization procedure does not damage the 

endohedral Au nanoparticles and that this procedure is applicable to AO-MWCNTs.  Energy-

dispersive X-ray spectroscopy is required to further confirm the identity of the imaged 

nanoparticles. 

 

Scheme 9.3.  Formation of endohedral gold nanoparticles and subsequent formation of 

exohedral magnetic nanoparticles. 
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Figure 9.6.  TEM imaging of A.) endohedral gold nanoparticles (Au@AO-MWCNTs) and 

B.) Au@mnp-MWCNTs.  Red scale bars are 100 nm. 

9.5  Conclusions 

Functionalization of MWCNTs with inorganic nanoparticles increases their utility, 

especially in possible composite applications.  High temperature degradation of Fe(acac)3 

enabled formation of magnetic magnetite nanoparticles on the surface of MWCNTs.  The 

decoration of MWCNTs with magnetic nanoparticles allowed for manipulation using magnetic 

fields.  Acid oxidation and subsequent thiol functionalization enabled Au nanoparticle 

conjugation to thiol sites.  This conjugation facilitated TEM imaging of the location of functional 

sites, which spanned the length of the MWCNT structure.  Finally, capillary loading of AuCl3 

solution enabled the formation of endohedral Au nanoparticles which reside inside the inner 

channel of the MWCNT structure.  Furthermore, this procedure was successfully coupled with 

magnetic nanoparticle decoration to yield Au@mnp-MWCNTs. 
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Chapter 10:  Overall Conclusions 

 

 The nanoparticle dispersion and complexation methods described in this dissertation rely 

on effective polymer-nanoparticle interactions enabled through intelligent polymer design 

incorporating functionalities capable of efficient intermolecular interactions with nanoparticles.  

Optimal polymer-matrix composite properties typically arise from efficient polymer-nanoparticle 

interactions, which promote thorough dispersion and enhance interfacial adhesion in composites.  

Continued development of polymer-nanoparticle interaction strategies will offer new 

opportunities in the exciting area of nanocomposite materials, which promises numerous 

revolutionary technologies ranging from energy production and storage to biomedical 

applications.  The realization of these potentially transformative nanocomposite technologies 

will hinge on interdisciplinary advancement in the areas of polymer synthesis, nanoparticle 

design, and composite engineering.  Applications in biomedical engineering and energy 

technologies require interdisciplinary synergy between nanocomposite scientists, biologists, and 

physicists.  Attainment of commercially or medically relevant polymer-nanoparticle composites 

represents a clear example of the increasing importance of interdisciplinary collaboration in 

modern materials research.  Further expanding the utility of polymer-nanoparticle composite 

materials will rely on novel polymer design that optimizes polymer properties and intermolecular 

interaction with nanoparticles, combined with nanoparticle surface functionalization strategies 

which enable enthalpic compatibilization with polymers.     
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Chapter 11:  Suggested Future Work 

 

The work presented in this dissertation offers many insights into nanocomposite systems 

and raises important questions about the systems presented here.  Elucidation of the effect of 

nanofillers on hydrogen bonding in polyurethane nanocomposites requires further investigation.  

Investigating the effects of similar nanofillers functionalized with hydrogen bonding groups, 

such as carboxylic acid functionalized silica nanoparticles, and hydrogen bonding polymers such 

as poly(acrylic acid) will further reveal how composite formation alters hydrogen bonding in 

polyurethanes.  An important question facing polyurethane-MWCNT composites that still 

requires a convincing answer is how MWCNT incorporation affects the segmented polyurethane 

matrix morphology.  The size of MWCNTs relative to typical phase-separated polyurethane 

domains along with preliminary data uncovered in the course of this research and some literature 

evidence indicate that MWCNTs likely significantly impact the phase-separated morphology of 

segmented polyurethane matrices. Because desirable segmented polyurethane mechanical 

properties largely arise from phase separation, this is a critical issue to address in polyurethane-

MWCNT composites.  This work also provides many possibilities for future nanocomposite 

design.  For example, the ternary carbon nanohorn-quantum dot-diblock copolymer 

nanocomplexes described here offer many opportunities for further functionalization.  

Incorporation of targeting ligands onto polymer chain ends and loading of anti-cancer drugs into 

these nanocomplexes represent possible future improvements on the nanocomplex design. 

Phase-separated urea-containing block copolymers provide a platform for possible gold 

nanoparticle self-assembly.  In this work we demonstrated phase separation of urea-containing 
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methacrylic copolymers leading to urea rich phases, and showed that urea-containing copolymers 

efficiently complex gold nanoparticles through urea-gold interactions.  We also explored the 

synthesis of gold-coated upconverting nanoparticles.  Addition of gold-coated upconverting 

nanoparticles that exhibit metal-enhanced fluorescence to phase-separated urea-containing block 

copolymers with controlled morphologies offers an opportunity for self-assembly of these 

upconverting nanoparticles into nanoscale arrays (Figure 10.1).  Mechanically useful 

upconverting nanocomposites able to increase the efficiency of organic photovoltaic cells offer 

possible applications in solar energy technology.  Ordering upconverting nanoparticles into 

specific nanoscale geometries opens up possibilities for incorporation of other components, such 

as down-converting materials, into a hierarchical design. 

 

Figure 11.1. Proposed gold-coated upconverting nanoparticle self-assembly in urea-

containing block copolymers.   

 

 The oxalamide ammonium ionenes described in this dissertation represent exciting 

polyelectrolytes due to their ionic conductivity and desirable mechanical properties compared to 

typical ammonium ionenes.  Their high levels of hydrogen bonding and charge density render 

them potentially promising matrix polymers for nanocomposites.  Combining oxalamide 

ammonium ionenes with functionalized carbon nanomaterials may provide mechanically useful 

materials capable of laser-mediated self-healing.  The hydrogen bonds and ionic groups in 
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oxalamide ammonium ionenes provide labile intermolecular interactions conducive to self-

healing properties.  These labile, temperature-dependent interactions may be further manipulated 

through selective heating using laser light that is efficiently absorbed by carbon nanomaterials 

that then liberated heat to their local environment.  This could allow for laser-mediated healing 

of defects in high performance materials.  A promising functionalization of carbon nanomaterials 

for composite formation with positively charged polymers which also has potential application in 

battery technology is presented in Scheme 10.1.  Surface functionalization with the lithium salt 

of trifluoromethylsulfonyl benzenesulfonamide groups would afford MWCNTs capable of ionic 

and electronic conductivity with high levels of ionic groups.  This functionalization could 

promote interactions with positively charged polymers and provides possible opportunities in 

battery technology.  

 

Scheme 11.1.  Proposed functionalization for the synthesis of highly charged carbon 

nanotubes capable of ionic and electronic conductivity.  

 


