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ABSTRACT 
 

Noble metal/polymer nanocomposites are a desirable and useful class of material due to 

their combination of the beneficial processibility and mechanical properties of polymers with the 

optical, electrical, barrier, and other engineering properties of metal nanoparticles.   Potential 

applications of such materials include non-linear optical materials with gold nanoparticles or 

conductive polymer substrates with percolated silver nanoparticles.  A processing approach has 

been developed whereby metal nanoparticles, especially silver and gold, can be infused into the 

surface of a thermoplastic elastomer following the melt processing operation. This reaction-

diffusion approach (nanoinfusion) allows metal nanoparticles to be introduced at relatively low 

cost while avoiding the issues of thermal degradation, microphase separation, or agglomeration 

that can occur at elevated temperatures in the melt state.  The nanoinfusion process involves 

immersion of a molded, cast, or extruded plastic article in an aqueous plasticizer solution (Bayer 

MaterialScience AURA
® 

Infusion Technology) containing a metal salt such as HAuCl4 or 

AgNO3. Infusion of the metal salt into the plastic surface is achieved well below the melt-

processing temperature due to plasticization of a thin surface layer of 10-500 μm.  The metal salt 

is subsequently reduced to produce zero-valent metal nanoparticles by a second infusion of a 

reducing agent or a thermal or photochemical reduction process. The growth and agglomeration 

of the nanoparticles is arrested by the high viscosity of the polymer matrix, producing a stable 

nanocomposite.   

In order to examine how nanoparticle size distribution and concentration are affected by 

soak times in the salt and reducing agent solutions, combinatorial, high-throughput screening 

methods have been applied. Particle size distributions are characterized rapidly by small-angle 

x-ray scattering (SAXS) using a "dual gradient" nanoinfusion matrix. In addition, an improved 

method of the nanoinfusion process has been demonstrated that displays significant 

enhancements to nanoparticle concentration (volume fraction) in thermoplastic polyurethane 

elastomers (TPUs), as well as decreased average particle size.   This latter method involves the 

creation of an interpenetrating layer of a functionalized monomer via an infusion-polymerization 

approach.  Said functional group is subsequently used to reduce the metal precursor as it is 

infused using the same processing step as the above method.  TEM images show significantly 

higher volume fraction of nanoparticles using this method, providing the potential for more 

drastic improvements in optical and other properties. 
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Another material of interest for synthesis of nanocomposites are liquid crystalline 

elastomers.  Liquid crystalline elastomers have received attention for their unique mechanical 

properties, which underlie their potential for use in applications such as artificial muscles (due to 

the electroclinic effect) and constrained vibration damping applications (due to their broad peak 

in tan δ versus either temperature or frequency).  An interesting feature observed in the liquid 

crystalline elastomers produced in our groups is the formation of a neck in the sample under 

uniaxial tension.  The mechanical response of these smectic main-chain liquid crystalline 

elastomers (MCLCE) has been characterized at a variety of strain rates and temperatures in order 

to understand the cause of the observed neck formation.  A well-defined yield stress is observed 

at a critical strain that is essentially independent of strain rate, followed by necking and cold-

drawing.  Cold-drawing is rarely observed in liquid crystalline elastomers, but we believe that it 

is observed in MCLCE due to the unfolding of hairpin chains at the start of the polydomain to 

monodomain transition.  A neck forms as the hairpins straighten out, resulting in a decreased 

cross-sectional area that promotes yielding.  Infusions of both metal nanoparticles and dichroic 

dyes were attempted.   
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Chapter 1  
 

Introduction 

The term “elastomer” encompasses a wide variety of polymer materials, both 

thermosetting and thermoplastic, which are characterized by their elasticity.  Due to their rubbery 

nature, this class of materials has achieved a great deal of commercial success in applications 

such as seals, adhesives, and molded flexible parts.  Herein, two primary elastomer systems are 

considered:  thermoplastic polyurethane elastomers (TPUs) and smectic main chain liquid 

crystalline elastomers (MCLCE).  This dissertation deals with nanocomposites of these 

elastomers with both organic dyes and noble metal nanoparticles.  These systems are interesting 

due to the addition of features on the size scale of the polymer chains, resulting in changes to the 

observed macroscopic properties of the samples.  In the polymer/metal nanocomposites, the 

addition of nanoparticles imparts characteristics of the filler, such as conductivity or useful 

optical properties, to the flexible elastomer sample.  In the latter case, liquid crystalline 

elastomers exhibit unusual mechanical behavior due to the coupling of the order inherent in the 

polymer chains with that of the rigid liquid crystal mesogens.  Processing methods for 

synthesizing nanocomposites within these elastomers via diffusion-based techniques are 

investigated herein.  The following sections introduce the key techniques used, such as AURA
®
 

Infusion Technology and combinatorial sample preparation, as well as the properties of the TPUs 

and LCEs tested. 

1.1 AURA
®
 Infusion Processing 

AURA
®
 Infusion Technology (hereafter simply referred to as AURA) refers to a 

collection of patented processing technologies developed at Bayer MaterialScience as a means of 

coloration for polymer articles that have already been molded or extruded.
1-8

  The color is infused 

via immersion of a plastic article in a proprietary solvent mixture containing an added dye to 

produce a color change in a short time, usually less than 10 minutes.  The infused dye penetrates 

the surface of the polymer and thus will not rub off with use.  Infusion is usually done at a 
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temperature greater than room temperature to expedite the diffusion of solvent and dye into the 

plastic.  AURA processing can be performed on opaque and translucent parts made from a variety 

of materials, including polycarbonate (PC), acrylic, and thermoplastic polyurethane elastomers 

(TPUs), with no significant change to the mechanical properties or surface characteristics of the 

article.  Spray coating methods can be employed which recycle dye from the bottom of the spray 

apparatus.
6
  Spray coating also improves uniformity, requires less solution heating, and eliminates 

transport problems to a water rinse step, when compared to dip-dying at an industrial level.
6
  At 

the end of processing, remaining dye solution can be collected and separated into unused dye and 

solvent using activated carbon.
7
  The processing system is considered to be relatively sustainable 

due to the ability to reuse this recovered solvent.  Most recently, AURA has been extended as a 

means of infusing various property-enhancing agents, such as ultraviolet (UV) stabilizers, optical 

brighteners, mold release agents, antistatic agents, thermal stabilizers, infrared (IR) absorbers, and 

antimicrobial agents.
7,8

  

One of the key advantages of AURA is the frugal amount of solvent and dye used.  

Traditionally, dyes or pigments have been directly incorporated into a polymer, for instance via 

compounding of the dye into the molten polymer.
7
  Slightly colored or tinted articles are difficult 

to create via such direct incorporation methods.
7
  In such instances, a large quantity of dye is 

used, and it is difficult to sufficiently reduce the amount of dye while still achieving an even 

coloration.  Methods of introducing dyes using a solution in contact with the article surface allow 

for control of the amount of dye entering the article, via dye concentration and time and 

temperature of infusion, and are thus better suited to slightly colored and tinted applications.
7
  In 

AURA, the article is processed as long as needed to achieve the desired color, after which 

immersion or spraying is stopped.  This flexibility is useful in applications such as sunglass 

lenses, where tinting via an immersion step in a dye solution can reduce light transmission and 

mitigate glare.
4,5

  The amount of solvent and dye consumed can be further decreased via process 

improvements.   

1.1.1 Solvent Composition and Infusion Conditions 

AURA uses a ternary solvent system, consisting of 70 % water, 20 % butyl cellosolve (BCS), and 

10 % diethylene glycol (DEG) (see Fig. 1-1).
2,3

  Each component has a specific purpose in the 

process.  Both BCS and DEG serve as plasticizing agents for the polymer in the surface layer of 
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the article being treated, increasing the free volume of the system.  DEG has an additional 

function as a surface leveling agent.
3
  It allows for the even coloration of the article, without 

patchiness.  Instead of BCS and DEG, a variety of alternative plasticizing agents may be used, 

such as propylene  glycol propylether or tripropylene glycol propylether;
3
 however, the present 

work will be concerned only with the DEG formulation.  Water is a poor solvent for the polymer 

article and, as such, is present in order to prevent complete dissolution of the polymer in the BCS 

and DEG.  Water may also enhance the solubility of certain hydrophilic dyes and compounds 

with the polymer.  The dye amount sufficient for coloration is generally 0.1 to 15 % w/w and is 

most commonly about 0.4 to 2 % w/w.
2,3

 

 

Figure 1-1. Chemical structures of the non-aqueous components of the infusion solvent: 
2-butoxyethanol (BCS, top) and 2-hydroxyethyl ether (DEG, bottom). 

The dyeing takes place at a time and temperature suitable to allow a sufficient amount of 

dye enter the polymer article.  Time is kept to a minimum, and thus temperature of the solution is 

increased to speed up the infusion wherever possible.  Both higher dye concentrations and higher 

temperatures can be used to increase the rate of dyeing.
5
  As such, 90 to 99 °C is typically used 

for infusions such that temperature is as high as possible without boiling.
1,5,7

  However, lower 

temperatures can be used where appropriate.  For instance, a TPU sample with much lower glass 

transition temperature than polycarbonate can be sufficiently dyed in less than ten minutes at 

50 °C to 60 °C.  Processing temperatures are generally at or above room temperature.
7
 

1.1.2 Relevant Dyes and Polymers 

AURA can be applied to both thermosetting and thermoplastic polymers, as well as 

blends and copolymers of two or more of the relevant polymers.  Such relevant polymers include 

polyesters, polycarbonates (including both aromatic and aliphatic polycarbonates), 

polyesterpolycarbonate copolymers, acrylonitrile-butadiene-styrene (ABS), copolymers of 

polymethylmethacrylate (PMMA) and styrenic polymers, polyalkyl(meth)acrylate, polyamide, 

and polyurethane.
1,2,4,5,7

  Note that although styrene copolymers are included in this list, 
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particularly ABS, AURA is not applicable to homopolystyrene.
5
  The focus of the patent 

literature is on polycarbonates, and more specifically on thermoplastic aromatic 

polycarbonates.
1,2,4

  AURA can be applied to articles produced via a variety of methods, including 

compression molding, injection molding, rotational molding, extrusion, injection and extrusion 

blow molding, and casting.
2,7

  Furthermore, the articles to be processed may contain a wide 

variety of fillers and property-enhancing moieties, such as metal flakes, flame retardant agents, 

opacifying agents (such as titania particles), light-diffusing agents (such as cross-linked PMMA 

minispheres), UV stabilizers, hydrolytic stabilizers, and thermal stabilizers.
1,7

 

Numerous organic dyes are suitable for AURA infusion into plastics (see Fig. 1-2).   

The prerequisite for successful use of a given dyes is its solubility within the plastic.  For 

diffusion into a plane sheet, permeability can be described by the equation 

 𝑃 = 𝐷𝑆 (1-1) 

where P is the permeability constant, D is the diffusion coefficient, and S is solubility 

coefficient.
9
  As such, adequate solubility is absolutely required for successful infusion.  Broadly, 

the dye is chosen from static dyes, photochromic dyes, and combinations of the two.
7
  Static dyes 

are those which do not substantially change color upon exposure to UV light, while photochromic 

dyes are those that do change color upon exposure to UV light.
7
  The latter functions via 

reversibly converting into an open or active form, which is colored, when exposed to a particular 

wavelength of UV light.  The most successful dyes are disperse static dyes, such as disperse blue 

3, disperse red 13, and disperse yellow 3.
2,3,7

  More generally, static dyes of the classes of azo, 

diphenylamine, or anthraquinone compounds infuse readily into plastics of interest to Bayer 

MaterialScience.
1-4,7

  Dyes known as solvent dyes, such as solvent blue 35 and acridine orange 

base, are found to be viable with AURA, but their color is noticeably less intense than that of the 

disperse dyes.
2,4

  A class of static dyes known as direct dyes and dyes referred to as acid dyes do 

not provide a suitable level of color and are generally not used, though acid dyes work well when 

used with nylon.
2,7

  Of the photochromic dyes, spiro(indoline)naphthoxazines, 

spiro(indoline)benzoxazines, and benzopyrans are examples of dyes that infuse readily into TPUs 

and PCs.
7
  However, it is interesting to note that the photochromic nature of these dyes is lost 

upon infusion into thermoplastics, likely due to their conformation becoming trapped upon 

infusion into the polymer matrix.
7
  Polymers with sufficient free volume to allow the dye to make 

conformational changes do not exhibit this suppression of photochromic properties. 
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Figure 1-2. Static dyes containing anthraquinone groups (e.g. disperse blue 3, left) or azo groups 

(e.g. disperse red 1, middle), and certain photochromic dyes (e.g. spiro(indoline)naphthoxazine, 

right) have all been infused using AURA.  

1.2 Polymer Nanocomposites 

Polymer-inorganic nanocomposites are an interesting and potentially useful class of 

materials which combine the ease of processing of a polymer with the optical, barrier, and 

electrical properties of an inorganic nanofiller.  Examples of nanofillers include carbon-based 

(carbon nanotubes, carbon black, nanographite, nanodiamond), oxides (clay, zirconium 

phosphate, silica), and metals/intermetallics (gold, silver, platinum, palladium).
10

  Herein, we will 

primarily discuss the nanocomposites of polymers with clays, carbon nanotubes, and, most 

particularly, metal nanoparticles. 

The term nanocomposite was first used in the polymer field in a paper in 1990.
11

  

"Polymer nanocomposite" has evolved to refer to a multi-component system that is primarily 

polymer with some minor constituent (or constituents) with a dimension less than 100 nm.
12,13

  

These systems have received a great deal of research attention since polymer/layered silicate clay 

nanocomposites were first demonstrated in a nylon-6/clay system synthesized at Toyota Central 

R&D Labs Inc. in 1985.
10,11,14

  This first demonstration generated tremendous interest due to the 

large increase observed in elastic modulus, strength, heat resistance, and gas barrier properties, in 

addition to a decrease in flammability.  These properties were largely due to the quality of the 

exfoliation of the clay, which was separated into almost singular platelets.
10,14

  Automobiles 

which made use of the nylon-6/clay system were first released in 1989, and the field has grown 

significantly since.  For example, in 2005 alone, polymer nanocomposites were the topic of some 

500 papers in major journals.
11

   

It is worth noting that "nanotechnology" was not a new invention with the work at Toyota 

in the 1980's.  Carbon black reinforcement of elastomers, naturally occurring fibers, phase 
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separated polymer blends, and organic-inorganic composites from sol-gel chemistry have all 

existed with the potential for features on a nanometer scale before the recent blossoming of the 

polymer nanocomposite field.
15

  Larger scale composites, such as those with glass fiber, talc, 

calcium carbonate, carbon black, and many other fillers have all been used to confer property 

improvements to polymers for some time.
11

  Generally between 20-40 % w/w of these fillers are 

incorporated, resulting in a phase separated composite.
11

  By moving to a smaller nanofiller 

content a more uniform distribution can be created, such that the interfacial area between 

nanofiller is greatly increased as is the interaction between the polymer and the filler.  For 

instance, compared to glass-fiber composites, polymer/clay nanocomposites are lighter, have a 

longer useful life, are much smoother and paintable, are more transparent, and more recylable.
11

   

In addition to structural, barrier, and flame retardance applications, nanocomposites hold 

potential in a variety of other areas, such as polymer blend compatibilizers, biomedical materials 

(such as nanofiber scaffolds and drug delivery applications), fuel cell membranes and electrode 

binders, photovoltaic anodes, hole injection layers, light emitting layers, and sensor 

applications.
15

  One nascent field of research is in the production of bionanocomposites, which 

use naturally occurring polymers.  These materials possess the same property enhancements seen 

in synthetic polymers, but also possess biocompatibility, biodegradability, and, depending on the 

biological or inorganic moiety employed, functional properties.
16

  In addition to their synthesis, 

characterization, and applications, the rise of nanocomposites as an oft-studied material has 

catalyzed a large effort in toxicity studies of such materials, specifically investigating the effects 

that they have on biological tissues as a function of size, morphology, mass, composition, 

crystallinity, surface area, surface chemistry, reactivity, and thermal response.
17

 

Successes on the level of the nylon-clay system are rare, possibly due to a lack of a 

complete understanding of the changes in polymer behavior due to the interaction of the polymer 

with such a large surface area of filler material as is seen in a nanocomposite.
10

  Polymer 

nanocomposites are distinguished by the similarity of the dominant length scales of the radius of 

gyration of the polymer chains, a dimension of the nanoparticle (diameter of nanospheres or 

tubes, thickness of nanoplates), and the mean distance between the particles.
10

  With the 

dimensions of polymer, particle, and morphology all on the same length scale, interfacial 

interactions between polymer and particle, as well as cooperativity between particles, dominate 

the macroscopic properties of the composite.
13

  Notably, nanofillers alter the crystallinity and 

glass transition temperature of the polymer matrix, among other effects.
15

  For example, it can be 

argued that the favorable interactions between the polymer and a surface-modified nanoparticle in 
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a stable nanocomposite will cause the glass transition temperature (Tg) of the polymer to increase 

(Fig. 1-3).  Conversely, processing techniques which disperse unmodified particles, such that 

there is not a favorable interaction between filler and polymer, may see a decrease in Tg for the 

polymer.
10

  Early nanocomposite research tended to focus on understanding the underlying 

synthetic and physical chemistry aspects of colloidal particle physics, and mechanical, thermal, 

and physical properties of such nanocomposites.  More recently, research has begun to move 

away from synthesis and characterization towards an improved understanding of the physics of 

the polymer in such materials, such that better nanocomposites may be engineered for specific 

applications.
10

  In order for polymer nanocomposites to transition to truly engineered, designed, 

functional systems, a better understanding of the structure-property-processing relationship is 

needed.
10

  Additionally, our understanding and control must be extended beyond the interfacial 

interactions of the particles to the extent, spatial arrangement, and ordering of the fillers within 

the polymer.
13

 

 

Figure 1-3. An example of the increase of glass transition of a polyurethane sample as silica 

particles, synthesized via addition of tetraethyl orthosilicate (TEOS) monomer to the matrix.  The 

functionalized silica interacts favorably with the polyester segments.  A larger Tg increase is seen 
for in situ polymerization (a.) than for melt blending (b.) due to the increased opportunity for this 

interaction to take place.  [Source: Chen, J Col Int Sci 2004] 

Below is an introduction to three primary classes of polymer nanocomposites.  Though 

by no means a complete review of the vast amount of literature on each, the chief synthesis 

methods, challenges, and applications of each are addressed. 
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1.2.1 Clay/Polymer Nanocomposites 

Clay/polymer nanocomposites are one of the most widely studied polymer 

nanocomposite systems, certainly owing in no small part to the success seen in the nylon-6/clay 

system discussed above.  Nanocomposites of layered inorganic crystals and polymers generally 

refer to fillers in the form of sheets of a few (1-3) nm thick and hundreds to several thousand 

nanometers long.
18

  The clay portion of these nanocomposites can be any of a wide range of 

inorganic fillers.  Chief among them are the layered silicates due to availability and ease of 

surface treatment.  These include mica, fluoromica, hectorite, fluorohectorite, saponite, and 

montmorillonite (MMT), the latter of which is the most commonly used (Fig. 1-4).
18,19

  Layered 

silicates have a crystal structure defined by layers of two tetrahedrally coordinated silicon atoms 

fused to an edge-shared octahedral sheet of either aluminum or magnesium hydroxide.  

Substitutions can be made within the layers (such as Al
3+

 by Mg
2+

 or Fe
2+

, or Mg
2+

 by Li
+
), 

generating negative charges that are counterbalanced by alkali and alkaline earth cations.  Thus, 

such layered silicates have a moderate surface charge.
18

  One key feature of these nanocomposites 

is the low fraction of filler needed to impact a useful change of properties.  For instance, addition 

of as little as 1-5 % of MMT into a polymer matrix can produce a significant improvement to 

mechanical strength due to the dimensions and high aspect ratio of the clay sheets.
12,19

  For 

example, addition of 4 % w/w Na-MMT to poly(vinyl alcohol) results in a three times increase in 

Young‟s modulus compared to the unmodified bulk value.
20

 

 



9 

 

 

Figure 1-4. Schematic of the layered structure of montmorillonite. Orange tetrahedra represent 

silicon atoms, red spheres represent oxygen atoms, white spheres represent hydrogen atoms, 

green octahedra represent aluminum, purple octahedra represent magnesium atoms, and blue 

spheres represent sodium ions. [Source: Paul, Polymer 2008] 

The applications of clay/polymer nanocomposites are numerous.  Of the various forms of 

polymer nanocomposites, nanodisperse clays are the most convenient for partial improvement of 

thermal stability and elastic modulus, as well as gas permeability.
18

  In addition to these 

properties, addition of small amounts of clay nanofillers to a polymer imparts increased tensile 

strength and modulus, large increase in heat distortion temperature, increase in smoothness and 

paintability, increase in transparency, and similar recyclability.
11

  However, care must be taken, 

as adding too much of the clay nanofiller actually harms these characteristics.
11

  Due to these 

property enhancements, clay/polymer nanocomposites have seen use as coating, structural, and 

packaging materials.
14

  Improvements to the polymer all depend on both the degree of 

nanodispersion of the layered inorganic filler and the interfacial interaction of the clay with the 

polymer.
18,19

  

Pristine layered inorganic materials are hydrophilic, and only miscible with hydrophilic 

polymer such as poly(ethylene oxide) (PEO) and poly(vinyl alcohol) (PVA).  As such, ion 

exchange modification with cationic or anionic surfactants bearing long alkyl chains is generally 

used to make intercalation with the polymer more viable.  For example, ammonium cations with 

long (C14-C18) alkyl chains may be used to obtain the hydrophobic character necessary for 

dispersal.
18

  Four primary methods exist to prepare clay/polymer nanocomposites:  in situ 
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polymerization, intercalation from a polymer solution, direct intercalation by molten polymer, 

and sol-gel methods.
19

  It is important to note that all methods of clay/polymer nanocomposite 

preparation involve high temperatures at some point, thus necessitating a knowledge of both the 

thermal stability and degradation behavior of the polymer.
19

  

1.2.2 Carbon Nanotube/Polymer Nanocomposites 

Carbon nanotubes (CNTs) were first synthesized in 1991 by Iijima.
18,21,22

  CNTs  possess 

high flexibility, low mass density, and large aspect ratios, as well as other useful engineering 

properties, such as high thermal conductivity along the tube and the ability to be synthesized with 

conductivities in either the semiconducting or metal-like range.
22

  Due to these remarkable 

properties, they are a logical dispersant in polymer nanocomposites for improvement of thermal, 

electrical, and mechanical performance.
18,21,22

  CNT/polymer composites were first synthesized by 

Ajayan et al. in 1994.
18,22

  The properties of CNT/polymer nanocomposites depend on a number 

of factors related to both the synthesis of the CNT and its dispersion within the polymer, 

including the type of nanotube, chirality, purity, defect density, nanotube dimensions, nanotube 

loading, dispersion state, alignment of nanotubes, and interfacial adhesion between polymer and 

nanotube.
22

  Two primary varieties of CNT exist.  Single-walled CNTs (SWNTs) are a single 

graphene sheet wrapped into cylindrical tubes with diameters of 0.7 to 2 nm, with lengths 

generally in the micrometer range, while multi-walled CNTs (MWNTs) are formed from 

concentric SWNTs, and thus have larger diameters (Fig. 1-5).
18

  In addition to tubes, 

nanographene sheets with thicknesses of 0.34 nm to 100 nm have also been investigated as useful 

nanofillers.
23

  Although CNTs are more expensive and difficult to handle relative to other 

nanofillers, the improvements that they offer to the mechanical and electrical properties of a 

polymer are significant enough to motivate widespread consideration as a commercial product.
18

  

One drawback to CNTs is their negative health effects, particularly due to inhalation.
17
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Figure 1-5. Schematic structures of single- and multi-walled carbon nanotubes.  [Source: 

itech.dickinson.edu/chemistry/?p=422 02/12/10] 

The major challenge of dispersing CNTs within a polymer is the strong π-π interaction 

between tubes, in addition to entanglements, which results in a strong tendency to form 

aggregates of 100-500 CNTs packed together.
18,21

  It is very difficult to achieve homogenous 

distribution of CNTs using melt blending processes.
21

  While several strategies have been 

developed to disperse CNTs reasonably well within the polymer, such as solution blending, melt 

blending, and in situ polymerization methods, the most pursued strategy is the surface 

modification of the CNTs to improve polymer-CNT interaction while deterring CNT-CNT 

interactions.
18

  Two main approaches are prevalent.
21,22

  In the first, select functional groups are 

grafted onto the CNT sidewalls to improve the interaction with the polymer matrix or to serve as 

a bonding point for polymer chains.  Though this approach would be an excellent approach for 

mechanical property enhancement due to an improved load transfer between polymer and CNT, 

the current methods of achieving grafted functional groups, such as ball milling and chemical 

reaction in solvent, only functionalize a fraction of the nanoparticles.
21

  In addition, these methods 

may disturb the delocalized electronic system of the CNT, which is largely responsible for its 

electrical and mechanical properties.
21

  A second strategy aims to non-covalently modify the 

CNT, such as through surfactant-assisted dispersion, polymer wrapping, and plasma 

polymerization.
21

  While such processing does not perturb the electronic nature of the CNT, it 

also does not optimize the CNT/polymer surface interaction as well as the first method.
21

     

Much effort has been put into producing strong, lightweight CNT nanocomposites for a 

variety of applications, including electrochemical, field emission and nanometer-size electronic 

devices, sensors, and functional materials for space and air technologies.
18

  Increased electrical 

conductivity and a low percolation threshold have been achieved in a variety of materials 
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including PMMA and PC, as well as, to a lesser extent, polyolefins.
18

  There is also interest in 

mechanical applications, as CNTs can improve tensile modulus and strength.  However, strain at 

break, and thus polymer ductility, is generally decreased by the presence of CNTs.
18

    

1.2.3 Noble Metal/Polymer Nanocomposites 

Metal nanoparticles have been utilized for catalytic properties for several decades and are 

more recently becoming interesting for nanocomposite synthesis, particularly for applications that 

leverage their catalytic and optical properties.
18

  Noble metal nanoparticles in particular have a 

dramatic effect on the optical properties of a polymer, most obviously due to the real, natural 

color imparted to the article by the addition of the nanofiller.
18

  For this reason, gold nanoparticles 

have been used for centuries as pigments, such as in stained glass.
24

  Contemporarily, inorganic 

materials, both ionic precursors and elemental nanoparticles, have been recognized as desirable 

for dispersal throughout a polymer matrix for their physical properties, particularly their high 

electrical conductivity and catalytic capability.
25

  Metal nanoparticles are also industrially useful 

when embedded in a polymer as a means of increasing the adhesion of metal layers deposited via 

electroless deposition, which is very often employed to metallize polymer surfaces due to its 

ability to uniformly coat complicated shapes.
26

  Gold and silver nanoparticles, in particular, have 

applications in many fields, including catalysis, sensing, recording media, surface enhanced 

Raman spectroscopy substrates,  microwave absorption, biotechnology, and optics.
27-30

  

The bright colors of metal nanoparticles result when an electromagnetic field induces the 

coherent oscillation of the conduction band electrons.  This resonance is referred to as a surface 

plasmon and is a phenomenon observed only in small particles, not individual atoms or bulk 

materials.
24,31

  As nanoparticles increase in size, the surface plasmon absorbance is seen to 

broaden and red-shift.
24,31

  In order to understand this broadening and red-shifting, the Mie theory 

of scattering must be considered.  Mie solved Maxwell‟s equations with the appropriate boundary 

conditions for spherical particles, resulting in an expression for the total extinction coefficient 

cross section due to absorption and scattering as a summation over all electric and magnetic 

multipole oscillations.
24,31

  The result of this analysis are two regimes for small spherical 

particles.  For particles much smaller than the wavelength of the exciting light and with diameter 

(2r) less than 25 nm, Mie theory reduces to:
24,31
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𝜍𝑒𝑥𝑡 =
9𝑉𝜀𝑚

3/2

𝑐
·

𝜔𝜀2(𝜔 )

 𝜀1 𝜔 + 2 𝜀𝑚  2+ 𝜀2(𝜔2)2 (1-2) 

where ζext is the extinction cross section (in units of nm
2
), V is the spherical particle volume, c is 

the speed of light, ω is the angular frequency of the exciting radiation, εm is the dielectric constant 

of the surrounding medium (assumed to be frequency independent), and ε1(ω) and ε2(ω) are the 

real and imaginary part of the dielectric function of the particle material, respectively.  Resonance 

occurs when ε1(ω) = -2 ε2, if ε2 is small and weakly depends on ω.  Particle size only scales ζext 

intensity through V in this equation, but experimentally the plasmon bandwidth is seen to vary 

strongly with diameter.
18,24

  To reflect this size dependence in equation 1-2, the dielectric function 

is assumed to be size dependent for these small particles (ε1(ω,r) and ε2(ω,r)).
24,31

  Because of this 

assumed size dependence, changes in the optical absorption spectra in this size regime are 

referred to as “intrinsic size effects.”
24,31

  For particles with 2r > 25 nm, the extinction coefficient 

explicitly depends on the nanoparticle size because higher order terms, which depend directly on 

particle radius, begin to contribute.
24,31

  With increasing size, the plasmon absorption maximum is 

shifted to longer wavelength and the absorption bandwidth increases as the size becomes closer to 

the wavelength of the incident light.  The changes in the absorption spectra with particle size in 

this larger size regime are termed “extrinsic size effects” because the size dependence enters in 

through the full Mie equation, with no assumptions about the complex dielectric function.
24,31

   

Due to the surface plasmon resonance, gold nanoparticles could simply be applied as a 

method of coloring polymers such that the color will not photobleach in the way that organic dyes 

will, but it also provides access to non-linear optical properties when combined with shaped (i.e. 

non-spherical) particles and/or anisotropic distributions of particles.
18

  Interest in metal 

nanoparticles is due not only to the bright colors that they exhibit, but also to the ability to tune 

the electronic and optical properties by fine control of parameters including: particle size and 

shape, aggregation state, and the nature of the nanoparticle matrix.
31,32

  Furthermore, gold 

nanoparticles are useful as a model system for metal nanoparticles in general, due to their 

chemical stability as elemental nanoparticles and their easy reduction to said state.
33

    

It can be difficult to achieve well-dispersed noble metal nanoparticles within a plastic 

article, due in part to the fact that the nanoparticles are too small to be effectively mixed.  That is 

to say, the shear forces generated by most mechanical mixing means are insufficient to break the 

agglomerates.  The result is that adequate dispersion is not achieved, thus melt mixing is rarely 

employed.
18,34

  If nanoparticles can be successfully introduced to a polymer without aggregation, 

then suspension in a polymer is advantageous, as the polymer matrix serves to prevent further 
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agglomeration of the embedded particles.
35

  As such, other strategies must be pursued in order to 

achieve a quality dispersion of metal nanoparticles within the polymer matrix.  The two primary 

classes of methods involve the use of either pre-synthesized metal nanoparticles or the in situ 

synthesis of the nanoparticles within the polymer. 

Whether in situ or in solution, the synthesis of metal nanoparticles is frequently 

accomplished through the reduction of an ionic metal precursor to elemental nanoparticles (Fig. 

1-6).  Thermal decomposition methods may also be used, such as the heating of Fe(CO)5 to 

200 °C in the presence of the proper stabilizing agents, but purely thermal methods tend to 

involve precursors that are both expensive and toxic.
36,37

  Chemical reduction is more economical, 

as well as employing temperatures viable for in situ reaction in polymers.  Reducing agents such 

as sodium borohydride, sodium hydroxide, sodium citrate, N,N-dimethylformamide, or 

formamide can be used to reduce metal precursors such as HAuCl4 to elemental nanoparticles in 

solution.
33,38-44

  Sodium borohydride is one of the most often used reducing agents, found to be 

successful with a number of metal precursors.
45

  Reduction of HAuCl4 with Na2S has also been 

shown to be viable.
46

    Silver ions (often in the form of AgNO3) can be reduced with sodium 

hydroxide, sodium carbonate, sodium borohydride,  sodium citrate, N,N-dimethylformamide, 

formamide triethylamine, pyridine, and formaldehyde.
42,43,47

  Because sodium in ionic reducing 

agents may contaminate the metal nanoparticles, use of organic reducing agents is preferable 

when possible.  Along these lines, HAuCl4 is reducable to gold nanoparticles by a variety of 

amines, including 4-aminophenol, triethylamine, and glycine.
40

  A thorough study has been done 

in order to ascertain the reduction potential range required for various amines to be successful 

reducing agents for HAuCl4.
40

  Generally, these reductions are of the form:
40

  

HAuCl4 + 3 NR3  Au
0
 + 3 NR3•

+
 + H

+
 + 4Cl

-
 (1-3)                          

AgClO4 is also a successful metal precursor, which can be reduced with sodium borohydride.
48,49

  

Platinum has also been studied, with H2PtCl6 being reducible to nanoparticles with sodium 

borohydride.
43

  Some more interesting systems involve the use of reduction triggered by thermal 

or photochemical means.  Irgacure
®
 2959 (1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-

1-propane-1-one) is a radical initiator that produces ketyl radicals upon irradiation by 350 nm 

light.
50

  These radicals can reduce HAuCl to Au
0
 via a two-step reaction, providing a means for 

photochemical reduction. 
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Figure 1-6. Sodium borohydride (left) and triethylamine (middle) are two common reducing 

agents for the formation of metal nanoparticles.  Radical initiators such as Irgacure
®
 2959 (right) 

are also useful as UV-initiated reducing agents. 

 

Nickel, copper, and iron nanoparticles are more difficult to synthesize than gold, silver, 

and platinum nanoparticles, as they are more easily oxidized.  Nonetheless, successful reduction 

methods have been developed for these metals.  Copper nanoparticles can be produced via 

reduction of CuCl2 with sodium borohydride.
51

  FeCl2 can be reduced to iron nanoparticles with 

sodium borohydride, while FeCl3 is reducible by sodium borohydride, hydrazine, and lithium 

borohydride.
36,37,52

  NiCl2 has been successfully reduced to elemental nanoparticles with either 

hydrazine or sodium hydroxide to produce nanoparticles.
53

  Due to the lower standard reduction 

potential of metals such as iron, nickel, and cobalt relative to noble metals, the addition of a small 

amount of noble metal ion can help promote nucleation when using both the thermal 

decomposition and chemical reduction synthesis methods.
36

  Notably, the addition of palladium to 

the reduction of FeCl3 with sodium borohydride resulted in particles of noticeably smaller 

diameter.
36

   

It is important to note that, although the metal salts and reducing agents have been 

concentrated on in the above discussion of reduction methods, the pH, solvent, and stabilizers 

used are also very important in determining both the viability of the nanoparticle synthesis and 

the quality (shape, size, etc.) of the nanoparticles produced.   Aqueous reduction methods are 

generally desirable, and such instances make use of hydrated forms of the metal salts, such as 

Ni(NO3)2·6H2O or HAuCl4·3H2O. With respect to polymer/metal nanocomposites, it is often 

noted that the relative amounts of polymer, reducing agent, and metal precursor used in the in situ 

nanoparticle synthesis methods play a part in the final particle size, shape, and distribution.
54

 

Use of pre-synthesized metal nanoparticles allows for the leveraging of the many 

nanoparticle synthesis methods available to produce nanoparticles with controllable size and 

shape, as may be desirable for optical and other applications.  However, surface modification is 

required in order to ensure compatibility of the nanoparticle to the polymer matrix.
32

  Due to this 

requirement, these methods may be undesirable for an industrial setting due to time and cost 

constraints.
55

  Two primary methods of dispersing the surface-modified nanoparticles are the 
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polymerization of a monomer around the surface modified particles or via solution casting of a 

mixture of dissolved polymer and nanoparticles.
29

  Interestingly, the use of pre-synthesized metal 

nanoparticles with appropriate surface functionalization has been shown useful in controlling the 

dispersion of particles within the polymer matrix.  A prime example involves the capping of gold 

nanoparticles with a PS and poly(ethylene glycol) (PEG) block copolymer.
56

  These particles are 

dispersed in a PS-block-PMMA, where the outer PEG layer compatibilized the nanoparticles with 

the PMMA segment.  Upon thermal treatment to break the PS-PEG linkage, the nanoparticles, 

now coated in PS, migrated to the PS segments of the block copolymer matrix.   

In situ formation of metal nanoparticles within the polymer matrix is a relatively simple 

process that usually involves the heating and/or UV irradiation of the metal precursor, resulting in 

the formation of elemental nanoparticles that are stabilized and size-restricted by the polymer 

matrix.
29,57,58

  Reduction can also be accomplished via chemical means, such as the exposure of a 

polymer article containing a metal precursor to hydrazine gas.
29

  Despite its simplicity, the 

rigorous control of the particle shape and size is greatly compromised compared to pre-

synthesized nanoparticle methods.  In situ methods can be further broken down into the 

simultaneous synthesis of polymer and metal nanoparticles or the production of nanoparticles 

from a precursor that is embedded within the polymer.
29,32

  In the latter case, the precursor is 

often added to the polymer in solution, allowing it to be cast into a film prior to the reduction 

step.  Addition of the precursor to the dissolved polymer creates a more homogeneous 

distribution of metal precursor, and thus of metal nanoparticles following reduction, throughout 

the film than methods which introduce the precursor to the solid polymer.
29

  However, methods 

which introduce the precursor to a finished polymer article allow for the creation of a metal 

nanocomposite in geometries other than thin films.  It is worth noting that conversion of 

precursors to nanoparticles within the polymer can generate unwanted byproducts, such as gases 

that may remain in the article.
29

  Fortunately, careful choice of chemistry can avoid such 

situations. 

A variety of examples of “in situ reduction” methods exist.  Reduction via heat treatment 

works by either decomposing the precursor or causing some change to the polymer, leading to the 

matrix itself becoming the reducing agent.
29

  For instance, HAuCl4 added to polystyrene-block-

poly(2-vinylpyridine) (PS-b-PVP) and subsequently heated to 200 °C results in octahedral gold 

nanoparticles.
29

  Similar heating works for films of PMMA containing (1,1,1,5,5,5-

hexafluoroacetylacetonato)Ag(I) to form silver nanoparticles following casting and irradiation.
29

  

An example of UV irradiation is found in the system containing HAuCl4 and ethylene glycol, 
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added to solutions of PVA, allowing for production of gold nanocomposites.
29

  Porel et al. also 

produced gold nanoplates within PVA.
59

  Aqueous solutions of HAuCl4 and PVA were spin-

coated onto glass or quartz and heated to 100-170 °C for between 5 and 60 minutes.  The PVA 

served to both reduce and stabilize the synthesized nanoparticles.   The shape and size of the 

resulting gold nanoplates was found to depend on the HAuCl4/PVA ratio, the heating time, and 

the heating temperature.  PVA is often used as a polymer matrix for metal nanocomposites due to 

the ability of the hydroxyl groups on the polymer to reduce the metal salt under mild thermal 

treatment.
29

 

Another "in situ reduction" strategy is the use of a polymer matrix which, when irradiated 

with UV light, forms free radicals that will reduce the metal precursor.  An example is the use of 

methoxypolyethylene glycol with HAuCl4 to form gold nanoparticles or with AgNO3 for silver 

nanoparticles.
60,61

  Such methods have some potentially interesting applications.  Films of gold 

nanoparticles in PVA, formed by casting and UV irradiation of solutions of HAuCl4 and PVA, 

were found to remain colorless while at 0 °C, but turned purple as the temperature increased to 

room temperature.
62

  Due to this transition, the films were demonstrated to be useful as a freeze 

indicator, such as for the prevention of spoilage of frozen foods.  Examples of these commonly 

used methods extend beyond gold.  Photoreduction of AgNO3 infused into blends of PVA and 

poly(acrylic acid) (PAA) from a methanol solution has been demonstrated to form silver 

nanoparticles,
62,63

 and AgNO3 in solution with PVA can be cast and heated to form silver 

nanocomposites, via reduction of the silver nitrate by the polymer.
35

  

It is also possible to use the structure of a block copolymer as a nanoreactor to produce 

metal nanoparticles.
64

  PS-block-PVP films immersed successively in 1 % w/w solutions of 

HAuCl4 in ethanol and sodium borohydride in ethanol yielded metal nanoparticles within the 

PVP portion of the system, due to the coordination of the HAuCl4 with the pyridine unit of the 

PVP.
64

  Another unique system involves polymer blends of PVA and sulfonated poly(ether-ether 

ketone) (SPEEK).
65

  When irradiated with 350 nm light, the benzophenone groups of SPEEK 

abstract hydrogen atoms from the PVA.   The resulting benzophenone ketyl radicals reduce 

AgNO3 to silver nanoparticles.  As with many UV methods,  photopatterning is possible via 

masking during the cure step, which has utility in a variety of applications.
65

 

Recently, another class of “in situ reduction” method has received attention.  Super 

critical CO2 (scCO2) methods for producing nanocomposites allow for the in situ formation of 

nanoparticles after the polymer has been processed into its final form.
30,66,67

  ScCO2 is used as a 

solvent for an organometallic precursor, such as (1,5-cyclooctadiene)(1,1,1,5,5,5-
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hexafluoroacetylactonate)Ag(I).    Following infusion of the metal precursor, subsequent 

reduction can be accomplished via heating in an autoclave filled with hydrogen.
30,66

  Many 

polymers are known to swell in scCO2, which is why it facilitates rapid infusion of the metal 

precursor into a polymer, such as polycarbonate.
30,66,68

  Swelling of a polymer with a penetrant 

dissolved in scCO2 was demonstrated in 1986, while the first demonstration of this technique to 

produce nanoparticles was achieved in 1995 using dimethyl(1,5-cyclooctadiene)Pt(II).
67,69,70

  By 

changing the pressure (while remaining above the critical point of CO2) and time of infusion, both 

the size and the depth of penetration of the particles can be controlled.
30,66

 ScCO2, in addition to 

being an environmentally benign solvent, also has the advantages of controlling solubility of 

many precursors via tuning pressure, uniform dispersion due to low viscosity, surface tension, 

and high diffusivity, and ease of removal from the polymer once the system is returned to 

ambient temperature.
26,67

  Other examples of scCO2 infusion involve the use of (1,5-

cyclooctadiene)dimethylPt(II) or Pd(II)hexafluoroacetylacetonate as metal precursors.
26,68

  Gas 

phase infusion techniques have also been accomplished, where gaseous metal precursors are used 

to introduce the metal to the free volume of a polymer to allow the synthesis of a nanoparticle.
34

  

An example is the introduction of palladium nanoparticles via exposure to 

bis(acetylacetonato)Pd(II) with subsequent heat treatment.
29

 

The shape and size of metal nanoparticles is dependent on a large number of variables, 

including the relative concentrations of precursor and polymer stabilizer and the chemical 

structure of the polymer used.
29,71

  As the optical, mechanical, and electrical properties of these 

particles are largely determined by size and shape, tunable methods are needed to predictably 

control these variables.  For instance, silver nanoparticles in solution have been synthesized using 

irradiation from a fluorescent tube.  Significantly, it was found that when filters were used to 

expose the solution (containing borohydrate as a reducing agent and silver nitrate as the metal 

precursor), size and shape could be controlled to a degree via the wavelength of light used.
72

  

Another more recent study demonstrated the use of light emitting diodes which produced 

different wavelengths of light as a means of irradiation to produce silver nanoparticles of different 

sizes and shapes.
73

  Such methods, when coupled with the steric limitations of synthesis within a 

polymer matrix, may be an avenue for enhanced particle control via "in situ reduction" synthesis 

methods. 

As an example of the application of shape control of metal nanoparticles, metal nanorods 

are potentially useful as polarizers in optical materials, due to their larger absorption coefficients 

and higher photostability relative to organic moieties.
32

  Polarizing films using silver and gold 
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nanorods have been synthesized by drying an aqueous solution of prefabricated particles and 

PVA, followed by a slight warming up and drawing of the sample in order to align the particles.
32

  

It was also found that laser irradiation caused a rod to sphere transition, which could be used to 

pattern the polarizing portions of a sample.  Further, it has been noted that two-photon laser 

irradiation methods, when applied to films of HAuCl4 and PVA, can be used to produce patterned 

lines of gold nanoparticles.
74

  This latter work was done with an eye on using metal nanoparticles 

as a means of imparting electrical conductivity or increased mechanical strength to a polymer. 

It has been recognized for some time that the melting point of a metal nanoparticle is 

affected by the particle size.
75

  Decreasing the radius of metal particles decreases the melting 

point of the material dramatically compared to the bulk melting point.
76,77

  As the radius of the 

particle decreases, the ratio of the number of surface atoms to volume atoms greatly increases.  

Because the liquid/vapor interfacial energy tends to be lower than the solid/vapor interfacial 

energy, the melting point temperature decreases as the particle gets smaller and the free energy 

makes it more favorable to be a liquid at a lower temperature.
76

  Fig. 1-7 shows experimental and 

modeled data for the dependence of melting temperature on particle diameter for both gold and 

silver nanoparticles.  Despite the decrease in melting point as particle radius decreases, it is 

pertinent to note that the melting points of gold and silver nanoparticles even as small as 2 nm in 

diameter are still well above the melting point of an average thermoplastic polymer. 

 

Figure 1-7. Nanoparticle size dependence of the melting temperature of a) silver and b) gold.  

Data is based on models developed by recent publications.  Experimental results are also shown 
for melting of gold nanoparticles, as are the bulk melting temperatures for both silver and gold. 

[Adapted from: (a.) Luo, J. Phys Chem C 2008; (b.) Cortie, Mat For 2002.]  
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1.2.4 Characterization of Nanocomposites 

It is important to be able to accurately characterize nanocomposite morphology, 

specifically particle size, shape, and spacial distribution within the polymer. A wide range of 

characterization techniques are commonly employed which each possess their own strengths and 

weaknesses.  Though by no means a comprehensive list, frequently encountered techniques 

include AFM, SEM, EDS, TEM, SAXS, WAXS, SANS, UV-vis, FTIR, DSC, NMR, and 

spectroscopic ellipsometry.   Atomic force microscopy (AFM) is useful as a method of 

producing images of fillers at or near the surface of a nanocomposite.  Different sample 

preparation and AFM modes may be used to examine a sample.  For instance, part of the polymer 

matrix may be removed via solution etching, and tapping mode AFM may then be used to image 

the topography of the nanoparticles left embedded in the new surface of the polymer.
78

  

Alternatively, samples may be microtomed to a smooth surface to allow for phase imaging in 

tapping mode.
79,80

  This latter example compares the driving amplitude to the amplitude of the tip 

oscillation and allows for differentiation of, for instance, hard and soft regions.  Harder 

nanoparticles within some distance from the surface may be imaged in contrast to the softer 

polymer matrix.   

Electron microscopy methods are frequently employed to images the particles within a 

nanocomposite.  Samples may be prepared for scanning electron microscopy (SEM) using similar 

methods to those used for AFM as they are both topological methods.  However, it may be 

necessary to thinly coat the surface of the sample with gold to help dissipate charge build-up and 

avoid sample damage.  The polymer matrix may also be completely dissolved or evaporated, 

leaving only the particles remaining on a substrate surface.
35

  However, data pertaining to the 

particles‟ distribution through the sample is lost using such methods.
35

  Thin nanocomposite 

films, such as those produced via spin-coating from solution, are also useful for SEM 

investigation.
74

  Often included as an attachment to SEM instruments, energy dispersive x-ray 

spectroscopy (EDS) allows for elemental analysis of a sample surface.  Such analysis is useful in 

confirmation of successful nanocomposite synthesis, particularly for “in situ reduction” 

methods.
60

  Transmission electron microscopy (TEM), primarily in bright field mode, is very 

commonly used as a nanocomposite characterization tool.  Though TEM is time- and labor-

intensive and is often criticized for only analyzing small areas at a time,
15

 the ability to create 

clear images of particles, particularly when the electron density contrast between filler and matrix 



21 

 

is good, makes the method almost indispensable in the characterization of nanocomposites.  

Electron diffraction patterns can also be generated using TEM for structural analysis.
62

   

Scattering and diffraction methods, such as wide angle x-ray diffraction (WAXD), small 

angle x-ray scattering (SAXS), and small angle neutron scattering (SANS) are also applicable to 

nanocomposites.  WAXD is widely used due to its ease and availability and is particularly suited 

to characterization of ordered materials, such as crystalline polymers, crystalline particles, or 

clays.
81

  For metal particles, Scherrer‟s equation, 

𝑑 = 0.9𝜆/𝛽𝑐𝑜𝑠𝜃 (1-4) 

may be used to determine the mean diameter, d, of particles based on the wavelength of the x-ray 

source (λ), the full width at half maximum of the diffraction peak (β), and the diffraction 

angle (θ).
62,82

  In the case of clays, x-ray diffraction allows for the determination of the d-spacing 

of the layered structures.
83,84

   However, care must be taken in interpreting results.  For instance, a 

peak shift to larger d-spacing due to intercalation of clay within a polymer may be canceled by a 

shift to larger angles due to surfactant degradation.
15

  Spatial distribution is information is also 

not provided by WAXD, thus use of complementary methods such as TEM is often desirable.
81

  

Small angle x-ray scattering (SAXS) provides a means of interrogating, with relative ease, the 

size distribution of nanoparticles in a non-invasive fashion, giving an average size taken over the 

population of particles in the path of the beam.
85,86

  The difficulty with SAXS comes in finding an 

appropriate model for interpretation of the scattering data.  Small angle neutron scattering 

(SANS) is very similar to SAXS in its uses and difficulties.  The size scale accessible to each is 

approximately 1 nm to 20 µm (not including small angle instrumentation).
87

  However, there are 

very important differences.  To begin with, SANS facilities are much less common and accessible 

than SAXS instrumentation.  Further, the two techniques are useful for examination of different 

aspects of nanocomposite samples due to their different contrast mechanisms.  The x-rays used in 

SAXS scatter due to changes in average electron density, such as at the interface of a low electron 

density polymer and a high electron density metal nanoparticle.
87

  The neutron beam used in 

SANS scatters due to contrast in the nuclear scattering cross section (also called scattering length 

density).
87

  Similarly to the more widely used SAXS, SANS is useful in characterization of the 

particle dispersion in nanocomposite samples.
88-90

  However, by careful choice of deuterated 

solvent or deuterated polymers to provide contrast, other structures which are not readily 

accessible to SAXS may be characterized.
90

  For instance, the polymer structure in a polymer 

nanocomposite gel can be determined by matching the scattering length density of the solvent and 

the clay nanofiller, such that only the structure of the polymer chains is evaluated using SANS.
88
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Non-destructive spectral techniques such as ultraviolet-visible absorption spectroscopy 

(UV-vis) and Fourier transform infrared spectroscopy (FTIR) have utility in the characterization 

of nanocomposites as well.  UV-vis is an important characterization method, particularly in the 

case of noble metal/polymer nanocomposites, where the surface plasmon absorbance is clearly 

detectable.
29

  Polarized UV-vis is important for the observation of dichroic behavior in organized 

collections of particles, such as nanorods in a stretched sample.
18,32

  FTIR may be used to probe 

chemical changes to both polymer and nanoparticles as a result of the combination of the two, 

such as changes in surfactant molecules at the particle surface or as a measure of the intercalation 

of clay nanofillers.
81,82,84

     “In situ reduction” methods of creating gold nanoparticles have also 

been probed using FTIR as a means of determining how the metal precursor salt is reduced.
59

  

Differential scanning calorimetry (DSC) is a common method for thermal evaluation of 

nanocomposite materials.  For instance, DSC is often used for determination of Tg before and 

after addition of a nanofiller.
83

   Spectroscopic ellipsometry is a useful alternative or complement 

to SAXS for monitoring the development of particles from metal precursors within polymer/metal 

thin films, as it allows for a rough determination of the particle size and metal content within the 

film.
35

  Nuclear magnetic resonance spectroscopy (NMR) allows for the gathering of data about 

the interaction between polymer and filler that is inaccessible via methods such as TEM and 

SEM.
91

  For clay nanocomposites, solid state NMR measurements seek to correlate the measured 

longitudinal relaxations of the interrogated nuclei with the quality of the clay dispersion.
81

  

Researchers have seen success in correlating NMR measurements to properties such as Young‟s 

modulus, degree of clay dispersion, and polymer mobility in polymer/clay nanocomposites.
81,91

  

In this thesis, TEM, SAXS, and UV-vis are chosen for their suitability to characterization 

of polymer/metal nanocomposites.  The remainder of this review will examine these techniques 

and their applicability to characterizing the nanocomposite morphology in such systems.  SAXS 

has been used extensively to characterize both metal nanoparticles in solution and in polymer 

nanocomposites.
92

  At the simplest level, SAXS may be used to determine particle size and 

spacing.
33,93,94

  In addition, it may be used in time-resolved methods, providing insight into 

growth or migration of particles.
56,58

  Spacial correlations between arrays of particles may also be 

probed, such as in the determination of the structure of colloidal crystals.
95-99

  In addition to 

information about the particles, the change in the morphology of an ordered polymer due to the 

presence of nanoparticles, such as in block copolymers and liquid crystals may be observed.
27,100

  

Because of the large contrast in electron density between polymers and nanoparticles such as 

metals, nanoparticles may also be useful simply as probes or model systems.
101
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SAXS measurements are often complemented by UV-vis and TEM.
28,33,95

  UV-vis is 

particularly useful for noble metal nanocomposites due to the surface plasmon resonance, which 

is observed as a distinct absorbance peak for a given metal nanoparticle.  For instance, a peak is 

observed at approximately 550 nm for gold nanoparticles and about 410 nm for silver 

nanoparticles.
60,71

  The surface plasmon absorbance peak changes based on the size and shape of 

the nanoparticles.  For instance, increasing particle size cause the surface plasmon absorbance to 

broaden and red-shift.
60

  As such, UV-vis can be utilized to monitor the in situ growth of metal 

nanoparticles or to detect changes in particle size or shape as a result of processing.
72,82

   

TEM is an excellent way to characterize morphology, provided an adequate sampling of 

images is taken, as the morphology in a small region may not be indicative of the whole.
15

   TEM 

is a very useful technique for determining particle size distribution, mean particle size, and 

nanoparticle shape due to the ability to directly image the particles within the polymer.
83,85,86

  

However, TEM is a complex technique that requires a great deal of time,  skillful sample 

preparation, and instrument operator ability.
81

  Samples must be microtomed into slices of 

approximately 50-100 nm thickness.  In order to cut rubbery materials such as thermoplastic 

polyurethane elastomers, liquid nitrogen-cooled conditions must be used to lower the sample 

significantly below the glass transition temperature to allow cutting without deformation of the 

sample.  In addition to the skill and patience required to perform this sample preparation, the 

invasive nature of the method may produce non-representative sections.  Nanoparticle aggregates 

of greater than the thickness of the section may be damaged or pulled entirely from a section 

during microtoming.  The invasive nature of TEM sample preparation may limit the number of 

particles shown per image, leading to statistical problems in calculating particle characteristics.
85

  

User selectivity may also be a problem.  For instance, areas of a nanocomposite containing 

nanoparticles may be more interesting to observe and record than areas without.  In order to avoid 

both of these problems, care must be taken to systematically view a large number of sections at 

both low and high magnifications in order to acquire a sufficient sampling of the nanocomposite 

material.
81,83

 

It has been claimed that the presence of large scale aggregates is not widely 

acknowledged in the nanocomposites literature.
102

  Aggregates are difficult to find and image 

with the predominant electron microscopy techniques, largely due to the sampling and user 

selectivity difficulties discussed above.
102

  TEM is in principle more useful than SAXS for 

nanocomposite interrogation because an observed scattering pattern may be explained by more 

than one plausible structure.
102

  Further, it is not possible using SAXS to reconstruct the spacial 
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position of every particle within a given section of a nanocomposite.  However, the strength of 

SAXS is the characterization of a large number of particles expeditiously.  By fitting to an 

appropriate scattering model, it may be possible to differentiate between different particle sizes, 

detect the presence of aggregates, and determine average particle radius and polydispersity.  

Thus, electron microscopy and SAXS are complementary techniques for complete 

characterization of a nanocomposite.  TEM may, for instance, reveal particle shape and assist in 

selection for an appropriate scattering model for SAXS, while SAXS gives superior quantitative 

data that is not subject to user selectivitity.
102

  Of course, the utility of SAXS is contingent on 

successful modeling of the scattering data, which may be difficult if, for instance, the sample 

contains a large number of irregular aggregates.  TEM and SAXS are both well suited for 

characterization of polymer/metal nanocomposites due to the strong contrast between the less 

electron dense polymer and the more electron dense metal particles.   

1.3 Combinatorial Process Optimization 

Combinatorial high-throughput screening methodology has come to be an important tool 

for the expeditious investigation of new materials systems.  Originally championed by the 

pharmaceuticals industry, high-throughput screening techniques have been applied extensively in 

materials science, especially in the areas of catalysis, electronic materials, and polymers.
103

  

Significant work has been devoted to developing high-throughput synthesis and characterization 

methods for discovery and optimization of polymeric materials, with applications in polymer 

formulations, thin film dewetting,
104-107

 polymer blend phase behavior,
108

 and block copolymer 

morphology,
109

 among others.
107,109-113

  Techniques have been developed to create libraries of 

physical property information by generating continuous gradients in film thickness,
114

 

temperature, and surface energy.
110,111

  In addition, high-throughput techniques have more 

recently been applied to the synthesis of nanoparticles and for subsequent optimization of particle 

size and properties.
115-118

 

The key feature of a combinatorial method is the creation of a composition library, in 

which many sample compositions are synthesized in an expeditious and systematic manner.  Such 

composition libraries can be generated either by preparing a single piece of material using 

continuous property gradients or by systematic preparation of a matrix of discrete samples.
119

  

Fig. 1-8 shows examples of both continuous and discrete combinatorial libraries.  Fig. 1-8a shows 
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a discrete library on a silicon wafer, created via sequential sputtering or pulsed laser deposition of 

a variety of rare earth and transition metal oxides through a series of progressively different 

masks.
120

  The sample was annealed to allow phase formation in the respective layered oxides and 

characterized to identify composites with blue photoluminescence.
120

  Fig 1-8b shows a 

continuous combinatorial sample with perpendicular gradients in molybdenum and cobalt 

thickness for an investigation of binary metal catalysts.
121

  The gradients are produced via 

chemical vapor deposition of each separate metal through a mask with a single 2 mm wide slit 3.6 

mm above the sample.  Deposition through the slit results in a one dimensional gradient in 

deposited concentration along an axis perpendicular to the slit.
121

  Combinatorial methods 

expedite exploration of a sample space through rapid sample preparation.  One common issue 

with continuous gradient sample libraries is the presence of variation across the sampled area, 

which would not be present in a uniform sample.
108,111

  However, the effects of such variation, if 

significant, can be eliminated by preparation of a sample of large enough size compared to the 

sampling size of the characterization technique used, such as the beam diameter in UV-vis or 

SAXS.  It must be understood that results are an average over the sampled area and that statistics 

may be useful to help determine the appropriate sample size. 

 

Figure 1-8. Examples of (a.) discrete and (b.) continuous combinatorial libraries. [Sources: Wang, 

Science 1998; Noda, Carbon 2006.] 

One of the challenges of applying combinatorial methodology to polymers was the need 

for new techniques to create sample libraries quickly.   A variety of methods were developed for 

producing continuous gradients in polymer samples.  In a study of the thin film dewetting of a 
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polymer blend, Meredith et al. describe the creation of orthogonal gradients in composition and 

temperature on a substrate.
104

  The former was created via a deposition technique involving the 

use of sample syringes containing a gradient in polymer blend composition (Fig 1-9a), provided 

that the polymer was dispensed before molecular diffusion would be able to equalize the 

concentration (Fig. 1-9a).
104,122

  Temperature gradients  were created using a linear temperature 

gradient heating stage. 
104

  Polymer thickness gradients can be created using a velocity-gradient 

knife-edge coating apparatus, whereby a dissolved polymer is deposited on a substrate and the 

knife edge is drawn at an angle at constant acceleration across the surface (Fig. 1-9b).  With a 

solvent that evaporates expeditiously, the result is a gradient in thickness.
105,122

  More recently, a 

polymer "flow coater" has been demonstrated for producing similar gradients using a stationary 

knife and a translated sample.
114

  Gradients are not limited to time and temperature.  For example, 

a gradient-etching procedure can be used in order to create substrates with surface energies that 

vary continuously between hydrophilic and hydrophobic.  To create this gradient, a silicon wafer 

passivated with an Si-H surface layer is introduced at a constant immersion rate to a Piranha 

solution at 80 °C.
108

  Piranha solution is a mixture of H2SO4 and H2O2.  Exposure to this solution 

results in etching of the Si-H surface and growth of an SiOx/SiOH oxide layer at a rate dependent 

on both temperature and H2SO4 volume fraction.
108

  Thus, a gradient from hydrophobic Si-H to 

hydrophilic SiOx/SiOH is created across the surface of the wafer.  

    

 

Figure 1-9. (a.) Schematic of the technique used to create a gradient in polymer blend 

composition within a film.  Polymer A is pumped into a mixing vial as material is continuously 
removed.  This mixture is deposited and spread on a substrate. (b.)  Schematic of a velocity-

gradient knife coater, which moves across a polymer film at constant acceleration to create a 

gradient in thickness. [Source: Meredith, MRS Bulletin 2002] 

Combinatorial methodology has also been applied to synthesis of nanoparticles and 

nanocrystals.  Both Šljukić et al. and Dai et al. demonstrated combinatorial screening methods for 
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electrode nanomaterials, using samples where pre-formed silver, gold, and palladium 

nanoparticles were deposited on glassy carbon microspheres both separately and in 

conjunction.
123,124

  Combinatorial voltammetric measurements were taken to evaluate the samples 

as electrodes for detection of an analyte.  It was found that an electrode using all three metals 

functioned equally well as an electrode with only silver for the detection of bromide.
123

  The 

application of combinatorial methods has also been extended to the synthesis of nanomaterials.  

In order to study the effect of polymer brush molecular weight (MW) on gold nanoparticle 

dispersion, Bhat et al. synthesized gradients in polymer brush MW and attached pre-formed gold 

nanoparticles of varying dimensions.
125

  UV-vis and x-ray photoelectron spectroscopy were 

utilized for characterization of the nanoparticle dispersion.  Roth et al. employed the gradient 

sputtering of a gold nanoparticle layer on top of polystyrene on a silicon substrate.
126

  SAXS was 

utilized as a nondestructive, high-throughput screening method to study the morphology of the 

multi-layered system as a function of nanoparticle size, along with SEM and TEM for real-space 

verification of the SAXS data.
126

  High-throughput methodology has further been applied to the 

synthesis of single and multi-metallic nanoparticles for catalytic testing.
115

  Baeck et al. used 

pulsed electrodeposition to create an array of gold nanoparticles, where the particle size was 

varied by changing the number of pulses used in the deposition (and thus deposition time).  The 

electrocatalytic activity of the nanoparticles was optimized by high throughput electrochemical 

testing.
118

   

Beam-based techniques such as UV-vis, FTIR, SAXS, SANS, and WAXS are ideal for 

combinatorial sample characterization, as they are nondestructive and data acquisition is rapid.
119

  

For example, Norman et al. used SAXS and WAXS to study the formation and stability of the 

vesicle phase of a water soluble diblock copolymer, investigating how it changes as a function of 

both the composition and temperature of the system.  SANS was employed by Karim et al. to 

investigate the phase behavior of polystyrene/polyvinylmethylether blends containing MMT 

platelets.
113,122

   Optical microscopy and cloud point measurements, also done via scattering, have 

also been employed in the investigation of polymer systems, particularly thin film dewetting 

investigations.
104,105,113

  AFM is a useful tool in instances where the gradient produces a change in 

topology or separation into phases have significantly different hardnesses.  An example is the 

work done by Smith et al., wherein the surface pattern of a diblock copolymer combinatorial 

sample with gradients in film thickness and molecular mass was investigated via AFM.
109,113
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1.4 Thermoplastic Polyurethane Elastomers 

1.4.1 Synthesis and Processing of Thermoplastic Polyurethane Elastomers 

Thermoplastic polyurethane (TPU) elastomers were the first, homogeneous, 

thermoplastically melt-processable thermoplastic elastomers to be commercialized.
127

 Most 

thermoplastic elastomers are microphase separated block or graft copolymers and TPUs are not 

an exception.
128

  Many thermoplastic elastomers contain a hard block (either glassy or 

semicrystalline) and a soft block (rubbery, amorphous).  Early polyurethane elastomers consisted 

of three components: a polyester or polyether macrodiol, a chain extender such as water, a short-

chain diol, or a diamine, and a bulky diisocyanate such as naphthalene-1,5-diisocyanate (NDI).
127

  

The melting temperature of such a material is higher than the decomposition temperature of the 

urethane linkages, so they are not truly TPUs.
128

  Subsequent research led to widespread use of 

diphenylmethane-4,4‟-diisocyanate (MDI) instead of NDI,  resulting in a variety of commercially 

available TPUs in the 1960‟s, such as Goodrich‟s Mobay Texin
®
 in the United States and Bayer 

AG‟s Desmopan
®
 in Europe.

128
 

Early research into the structure-property relationships of TPUs established that their 

elastomeric properties are due to the microphase separated nature of their domain structure.
128

  A 

hard segment is formed by addition of a chain extender to a diisocyanate, such as the addition of 

butanediol to MDI.  A soft segment is formed by a long flexible polyether or polyester chain that 

connects subsequent hard segments.
127

  At room temperature, the low melting soft segments and 

the polar, high melting point hard segments are microphase separated.  Phase separation is 

sometimes due in part to the crystallization of the hard block.
127

  A highly immiscible hard and 

soft segment may also be used to cause or aid in phase separation.  The soft segments form an 

elastomer matrix that gives the TPU its elastic properties.
128

  The hard segments serve as 

multifunctional tie segments, acting as both physical cross-links and reinforcing fillers.
128

  Due to 

fact that the cross-links can be removed via heating above the hard segment melting temperature 

or by solvation, TPUs have been described as “virtually cross-linked” (Fig. 1-10).  Subsequent 

cooling or desolvation returns the cross-links and the elastic properties of the network.  In order 

to ensure thermoplasticity, each monomer unit should have two terminal reactive groups to ensure 

that a high molecular weight linear chain with few or no branch points is formed.
128

  Increasing 

hard segment content results in an increase in hardness and a higher glass transition temperature.  
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Segmental mobility is lowered and free volume in the soft segment is decreased by the increased 

concentration of physical cross-links as the hard segment content increases, leading to this 

increase in Tg.  Once hard segment levels reach 60 to 70 % w/w, a phase transition from an 

elastomeric polymer to a brittle, high-modulus plastic occurs.
128

 

 

Figure 1-10. Schematic of the structure of a TPU.  At room temperature, the network is “virtually 

cross-linked” by the crystalline hard segments (a.), while solvation or heating removes these 
cross-links and results in a homogeneous viscous melt (b.). [Source: Bhowmick, Handbook of 

Elastomers, 1988.] 

Polyurethanes are formed via a simple exothermic polyaddition reaction involving an 

isocyanate end group and an alcohol end group:
129

 

𝑅𝑁𝐶𝑂 + 𝑅′𝑂𝐻 ⟷ 𝑅𝑁𝐻𝐶𝑂𝑂𝑅′ + ∆𝐻      (1-5) 

TPUs are generally made from long-chain diols, chain extenders, and short diisocyanate units.
129

  

Despite the large number of possible starting materials, only a few are of practical interest.
128

  

The wide variety of properties seen in TPUs, from soft, flexible elastomers to brittle, high-

modulus plastics is largely due to the wide range of combinations possible with this relatively 

small number of relevant diols and diisocyanates.
128

 

The long flexible diol is responsible for the low-temperature flexibility of the sample, the 

resistance to solvents, and the weather-resistant properties of TPUs.
128

  The diol is typically a 

high  molar mass polymer of 500-4000 g/mol (usually 1000-2000 g/mol).
129

  This segment 

comprises the majority of the TPU, around 50-80 % w/w.
129

  Two primary flexible segment types 

include hydroxyl-terminated polyesters and hydroxyl-terminated polyethers.
128

  It is also possible 

to use hydroxyl-terminated hydrocarbons, but these have found few applications.
128

  The 

polyester diol is typically made from adipic acid and an excess of a diol such as ethylene glycol, 

1,4-butanediol, 1,6-hexanediol, neopentyl glycol, or mixtures thereof.
127

  Azelaic acid or ortho- or 

terephthalic acid may also be used, though the presence of aromatic or cycloaliphatic rings tends 

to increase the polyester‟s glass transition temperature.
127

  After reaction at temperatures up to 
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200 °C, the resulting polyester is a semicrystalline solid at room temperature with a melting 

temperature up to about 60 °C.  Two special classes of polyesters used in TPUs are 

polycaprolactones and aliphatic polycarbonates.  Polycaprolactones are synthesized using ε-

caprolactone and a bifunctional initiator such as 1,6-hexanediol.
128

  Aliphatic polycarbonates are 

useful for their exemplary hydrolytic stability and are synthesized from either a diol and phosgene 

or via transesterifaction with a low molecular weight carbonate, such as diethyl or diphenyl 

carbonate.
128

  Polyether diols of relevance include the poly(oxypropylene) diols and the 

poly(oxytetramethylene) diols.
128

  Poly(oxypropylene) diols are synthesized by the base catalyzed 

addition of propylene oxide in bifunctional initators, such as propylene glycol or water.  

Poly(oxytetramethylene) diols are made using the cationic polymerization of tetrahydrofuran.
128

  

In order to achieve specific TPU properties, mixtures of polyethers and polyesters are often 

employed.
128

  

Table 1-1 shows the general trends in properties due to the predominant soft segment 

materials.  Although the melting points of most of the listed polyols are above room temperature, 

they tend to be amorphous in the TPU.  Only at very low concentrations of hard segments or after 

prolonged cooling is any soft segment crystallization observed, due to increased hardness of the 

sample.
128

  However, elongation of the TPU can induce crystallization of the soft segment, 

leading to a self-reinforcing effect, which is seen in the higher modulus compared to elastomers 

with noncrystallizable soft segments.
128

  Note that this effect disappears above the melting 

temperature of the soft segment.  As such, the soft segment must be carefully chosen for the 

desired application of the material.  

Table 1-1.  Important polyols and properties of their corresponding TPUs.  Te is the temperature 

at the lower end of the glass transition range and Tm  is the melting temperature. [Source: Holden, 

Thermoplastic Elastomers 2004].  
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Because TPUs often have a glass transition that takes place over a broad range of 

temperatures, quoting a single value for Tg can be misleading.  As such, Te is defined as the 

temperature at the onset of the glass transition region.  Low to medium hardness TPUs have a 

glass transition range which starts around 20 to 30 °C above the corresponding temperature of 

pure soft segment due to the loss of segmental mobility.
128

  The breadth of the glass transition 

range in the final TPU depends on the amount of hard segment present.  Higher hard segment 

concentration leads to a higher breadth of the transition region.  Too much hard segment leads to 

poor low temperature properties.  As such, greater low temperature flexibility is achieved by 

creating a TPU with Te well below room temperature along with a narrow glass transition 

temperature range.
128

  Such a TPU is synthesized using soft segments that are less compatible 

with the hard segments, such as polyethers.  The immiscible soft and hard segments increase the 

tendency to phase separate and lower the probability of having hard segments next to soft 

segments, thus minimizing the variation of soft segment Tg.  Incompatibility can be further 

increased by increasing the soft segment molecular weight or annealing the elastomer.
128

 

The diisocyanate is a relatively small molecule with molar mass approximately 150-250 

g/mol.
129

  Only a few commercially available diisocyonates are industrially useful for producing 

TPUs.  Most important among them is MDI.
128

  Other useful hard segment materials include 

toluene diisocyanate (which produces TPUs with prohibitively low softening temperatures), 

hexamethylene diisocyanate, 4,4‟-dicyclohexylmethane diisocyanate, 3,3‟-dimethyl-4,4‟-biphenyl 

diisocyanate (TODI), and 1,4-benzene diisocyanate.
128

  The most useful diisocyanates are those 

with cyclic, compact, symmetrical structural units that produce hard segments and urethane 

groups that associate and pack well with one another.
129

 

MDI is the most commonly used diisocyanate due to its combination of desirable 

performance in consumer products with its low cost.  Aliphatics such as hexamethylene 

diisocyanate are used when improved resistance against discoloration by UV radiation is desired.  

Aromatic diiscyanates such as TODI are used on a very small scale when TPUs with excellent 

high temperature performance are needed.
128

  Increased hard segment content is found to broaden 

and shift the glass transition of the TPU to higher temperatures.
128

  The observed rise in Tg has 

been explained by an increased amount of hard segments "dissolved" in the soft matrix, which 

decreases the free volume of the soft segments.  The length of the hard segment block determines 

the upper limit of the size of the hard segment domains, in turn determining the melting point and 

thermal stability of the TPU.
128

  Increasing hard segment length thus tends to increase the 

observed melting temperature.
128
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In addition to the diisocyanate itself, the chain extender also influences the properties of 

the hard segment of the TPU.  The chain extender is another small difunctional molecule, usually 

a glycol of molar mass 100-350 g/mol.
129

  As with the diisocyanate, chain extenders that 

encourage good association and packing within the hard segment are the most desirable.
129

  The 

key chain extenders are linear diols such as ethylene glycol, 1,4-butanediol, 1,6-hexanediol, and 

hydroquinone bis(2-hydroxyethyl ether).
128

  Addition of the small diol to the diisocyanate forms a 

urethane that is crystallizable and melts without decomposition during processing.  As such, 

ethylene glycol is avoided for TPUs with high hard segment content due to its thermal instability 

at higher temperatures.
128

   Properties of the most commonly used chain extenders are shown in 

Table 1-2.  1,4-butanediol and hydroquinone bis(2-hydroxyethyl) ether are the most frequently 

used chain extenders for TPUs.  Nonlinear chain extenders are rarely used as the resulting 

urethanes do not form well-crystallized hard segments,
128

 but mixtures of straight-chain extenders 

are used when a lower order hard segment is desired, as is the case when producing TPUs with a 

broad processing range for extrusion.  Diamines are in theory good chain extenders, but they are 

not used often in TPUs because the resulting urea linkages raise the melting temperature of the 

hard segments and make processing temperatures prohibitively high.
128
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Table 1-2.  Common diisocyanate and chain extender combinations.  Melting temperatures before 

and after reaction of these components are indicated, as is the state of crystallinity as studied via 
x-ray scattering. [Source: Holden, Thermoplastic Elastomers 2004.] 

 

Reaction of the three key ingredients in the TPU is typically done at temperatures above 

80 °C with the ratio of isocyanate groups to hydroxyl groups close to 1.0.  Below a ratio of 0.96, 

polymers of insufficient molecular weight are produced, while processing becomes difficult for 

ratios above 1.1 due to cross-linking reactions.
128

  An average number average molar mass of 
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40,000 g/mol is generally sufficient for the desired TPU applications and should be easily 

achieved at ratios of 0.98 and up.  Care must be taken in the choice of synthesis method, as the 

polyaddition reaction is exothermic.
128

  Either a one-step or a prepolymer method is used in the 

polymerization of TPUs.
129

  In the former, all of the TPU components are mixed together at once, 

while in the latter the long-chain diol and diisocyanate are mixed to form a low molecular weight 

isocyanate-termined polymer before the addition of the chain extender.
128,129

  Industrially, 

synthesis is done using either a belt process, where all reactants are mixed and the reacting liquid 

mixture is poured onto a belt to solidify, or via reaction extrusion.
128

  Again, choice of process is 

very important, as the phase separation of the TPU is determined by the temperature and shear 

conditions during synthesis.
128

  For instance, in belt processing the reacting melt does not 

experience any shear after leaving the mixing chamber, while significant shear is applied 

throughout the processing in a reaction extruder.  As a general rule, TPUs produced via reactive 

extrusion show less pronounced phase separation, and thus lower crystallinity.
128

  A variety of 

additives may be mixed into TPUs during synthesis, including mold release agents such as esters 

or silicones, stabilizers such as aromatic carbodiimides which improve the hydrolytic degradation 

resistance of polyester-based TPUs, inorganic materials such as calcium carbonate that act as 

crystallization promoters or surface rougheners, and plasticizers when a soft grade of TPU is 

desired.
127

 

Traditional rubber elastomers are largely amorphous, gum-like masses with low Tg that 

must be covalently cross-linked at high temperatures in a slow, irreversible process known as 

vulcanization in order to be useful for mechanical applications.
129

 The absence of the need for this 

vulcanization step in thermoplastic elastomers is a key reason for their commercial prevalence.
130

  

As opposed to traditional rubbers, thermoplastic elastomers can change from a processible melt to 

a solid rubbery article quickly and reversibly.  The fast processing of thermoplastic elastomers 

allows processing equipment commonly used in the plastics industry to be applied to produce 

rubbery products.  However, thermoplastic elastomers have not completely displaced traditional 

rubbers because there are some property trade-offs.  For instance, the compression set is not as 

high as that in conventional vulcanized rubbers, which are thus still used for automobile tires and 

fan belts.
130

  The thermomechanical behavior of TPUs is fundamentally different from that of 

chemically cross-linked elastomers.
128

  The application of mechanical stress to a TPU results in 

disruption and recombination of hydrogen bonds to an energetically more favorable position, 

which may explain the high tensile strength, tear strength, and elongation generally observed for 

TPUs.
128

  While soft segments seem to readily orient under applied tension, the hard segments 
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display a complex behavior of orientation and relaxation that is dependent on the magnitude of 

applied stress, molecular weight of the soft segment, and crystallinity of the hard segment.
128

 

Generally, TPUs are supplied as granules which may be processed via any of the usual 

means used for thermoplastic materials, such as injection molding, extrusion, blow molding, or 

calendering.
129

  However, not all grades are suitable to every processing operation, so care must 

be taken on a case by case basis to determine the optimum processing method.  Once the TPU is 

heated above the melting temperature of the hard segments, the polymer forms a homogeneous 

viscous melt that can be processed.
128

  Cooling back to room temperature causes both the re-

segregation to hard and soft segments and, as a result, the return of the elastomeric properties.
128

  

Different varieties of TPU are often blended together during processing in order to achieve, for 

instance, intermediate hardnesses or improved processing properties.
128

 

1.4.2 Properties of TPUs 

 Understanding the structure-property relationship of TPUs has been a difficult 

challenge, as crystallization, interphase mixing, hydrogen bonding in both segments, thermal 

history, etc. all affect the morphology.
128

  By definition, thermoplastic elastomers are neither 

conventional rubbers nor typical thermoplastics.  As such, there has been some debate as to how 

they should be characterized.  In general, it has been accepted that the majority of physical 

property tests for vulcanized rubbers are suitable for thermoplastic elastomers.
131

  Common sense 

must be applied, as harder elastomers may require plastics testing methods, while less hard and 

more elastic samples are more amenable to rubber test methods.  The thermoplastic nature of 

TPUs can often necessitate alterations to standard characterization tests, such as the temperatures 

used in ageing and compression set tests.  As such, a knowledge of the transition temperatures for 

the thermoplastic elastomer is important when determining characterization parameters.
131

 

The mechanical properties of TPUs greatly depend on hard segment content.  Soft grades 

of TPU have molar ratios of polyol to chain extender to diisocyanate starting around 1:0.5:0.5, 

while the hard grades at the opposite end of the spectrum tend to have as high as 1:20:21.
128

 TPUs 

exhibit high tensile strength and ultimate elongation.
128

  Their high resistance to tearing makes 

them excellent for high durability applications.
128

  Young's modulus for a TPU can range from 5-

2000 MPa depending on hard segment content.
128

  Ester-based TPUs are generally used when 

favorable mechanical properties are desired, while more expensive ether-based TPUs are reserved 
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for specialty applications requiring high resistance to hydrolysis or microbial deterioration or 

improved low temperature flexibility (Table 1-3).
128

 

Table 1-3. Qualitative comparison of TPUs prepared from different diol segments. [Source: 

Holden, Thermoplastic Elastomers 2004] 

 

Most TPUs are useful over a temperature range of about -40 °C to 80 °C for long- and 

short-term applications.
128

  For short term applications, temperatures as high as 120 °C, and 

potentially higher depending on the TPU composition, may be tolerated.  TPUs with higher hard 

segment content are in general capable of sustaining higher temperatures.
128

  Additionally, TPUs 

tend to be resistant to attack by microorganisms after long contact with moist conditions, 

although soft ester-based TPUs can be susceptible to such attacks.
128

  UV absorbers are a 

beneficial additive in TPUs containing aromatic isocyanates to minimize yellowing due to 

oxidation, though the mechanical properties are minimally affected by this oxidation.
128

  The ease 

of adding such additives to TPUs, as well as their ability to be heavily loaded with pigments, 

make them further desirable as commercial products.
129
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1.4.3 Applications 

TPUs are used in a large number of applications.  Typically, TPUs are chosen due to the 

wide range in hardness that can be achieved via changes in composition, combined with excellent 

mechanical properties and wear resistance.
128

  Other applications may call for specific 

characteristics, such as transparency, adhesion, or paintability. 
128

  The most commonly leveraged 

properties of TPUs, depending on formulation and additives, are abrasion resistance, clarity, cut 

resistance, flexibility, heat sealability, load bearing capacity, low-temperature flexibility, non-

marking, oil resistant, toughness, and vibration damping.
127

  For example, thin films of between 

20 μm and several mm can be produced via extrusion or calendering.
128

  The hardness and 

melting range of the films can be varied via composition.  Such films can be used for scratch 

resistance on windows, adhesive layers in laminated safety glass, or in special grades containing 

poly(ethylene glycol) soft segments for breathable films in textiles.
128

  Extrusion can also be used 

to produce hoses of varying size and design for applications such as pneumatic tubes, suction 

hoses for transport of abrasive goods, or liners for irrigation and fire hoses.
128

  Compared to 

conventional rubber hoses, TPUs allow for a thinner wall thickness to be used as an inner lining 

due to their high tensile strength, which in turn allows for production of lighter hoses.
128

  Due to 

their mechanical properties and grease resistance, polyester TPUs are used as seals and bearing 

bushes in the front axle constructions of vehicles.
128

  Aliphatic diisocyanate TPUs  are used for 

parts requiring light stability and transparency, such as instrument panels in vehicles.
128

  Due to 

their good adhesion to hard, polar plastics such as polycarbonate or ABS, TPUs are often used as 

a soft outer grip coating on top of the more structural hard polymer for tool grips, sports 

equipment, or car interiors.
128

  Very prominently, TPUs are the material of choice for shoe 

soles.
128

  Finally, their hemocompatibility allows TPUs to be used in medical applications, such 

as for catheters and hoses.
128

  However, there are exposure limits in some cases, such as for MDI-

based materials that should not be in contact with human tissue for more than 28 days.
128

  Many 

more common applications of TPUs can be listed, such as golf ball covers, soccer balls, 

skateboard wheels, cattle ear tags, upholstery, gas masks, chemical storage tank vapor barriers, 

and tarpaulins, to name just a few.
129
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1.5 Liquid Crystalline Elastomers 

1.5.1 Introduction 

Liquid crystalline polymers (LCP) are a class of polymers that possess limited orientation 

or positional ordering of segments yet retain liquid-like mobility at the segment level.  LCP are 

generally identified as containing a combination of both rigid units, called mesogens, and flexible 

spacer units.  When mesogens are present within the polymer backbone, the polymer is referred 

to as a main-chain LCP, while if mesogens are present as pendant groups, the polymer is referred 

to as a side-chain LCP (Fig. 1-11).  Side-chain LCP were among the earliest studied, as their 

synthesis is more straightforward.
132-135

   Additionally, main-chain LCP were difficult to research 

due to their tendency to have high transition temperatures and poor solubility in common organic 

solvents.
136

      However, interest in main-chain LCP has grown due to the increased constraints 

on ordering inherent in having the rigid mesogens incorporated into the main chain.
136-138

  LCP 

can be further sub-divided by their liquid crystalline phases.  Though many phases exist, two 

particularly common examples are nematic and smectic (Fig. 1-12).  Nematic LCP are found to 

possess some degree of orientational order; that is to say, the rigid mesogens are approximately 

oriented in a common direction within a given domain.  The vector describing this shared 

orientation is termed the director.  In smectic LCP, mesogens not only share orientational order at 

a local length scale but also share a limited degree of positional ordering, resulting in segment-

level layering.  The relative orientations of the mesogens within each layer give rise to a large 

number of smectic phases, such as smectic A and smectic C.  These phases, though distinct, are 

nonetheless characteristically smectic with respect to their orientational ordering and the presence 

of layering.  The phase of a particular LCP sample can be determined using a combination of 

polarized light optical microscopy and x-ray diffraction.   

 

Figure 1-11. Schematic of the structure of (a.) main chain and (b.) side chain LCPs. 
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Figure 1-12. Diagram depicting the alignment of the rigid mesogens in three common liquid 

crystalline phases. (a.) Nematic, which possesses only net orientation of the mesogens.  Smectic 

phases add in a layering constraint, and are defined by the angle of the mesogens within the 
layers, as can be seen in comparing (b.) smectic A and (c.) smectic C. [Source: 

www.laynetworks.com/Molecular-Orientation-in-Liquid-Crystal-Phases.htm 02/12/10] 

LCP can be slightly cross-linked in order to form a liquid crystalline elastomer (LCE).  

These LCE tend to have low glass transition temperatures and exhibit rubber-like mechanical 

properties, despite the presence of liquid crystalline ordering.
133

  The same LC phases exhibited 

by linear LCP are still identifiable in LCE.  Furthermore, LCE tend to have low Young‟s moduli 

(E~0.5 MPa).
133

  Finkelmann et al. reported the first synthesis of LCE and LCP in 1981.
139

  These 

early experiments focused on synthesis and structural characterization of side-chain LCE.
134,140

  

The first main-chain LCE was synthesized in 1997 by Finkelmann‟s group, motivated in part by 

De Gennes‟ prediction of exceptional mechanical and optical properties due to the direct coupling 

of mesogenic units with the backbone.
136,137

  Moving forward, a less difficult method of 

producing main-chain LCE by a single step, non-linear polymerization was reported in 2000.
136

  

As a deeper understanding of synthetic methods developed, LCE research shifted towards their 

behavior and possible uses.
140

  LCE have potential applications as vibration-damping coatings, 

due to their broad mechanical loss spectrum.
141

  Smectic C LCE may also have applications in 

soft actuation, where “artificial muscles” could be synthesized to leverage the change in 

orientation of LCE under an applied field, called the electroclinic effect.
140,142-146

  Light-driven 

actuation has also been demonstrated in liquid crystalline polymer networks containing 

azobenzene units.
147

  The cis-trans isomerization of the azobenzene units can be driven via high 

wavelength light and leveraged to produce bending of the thin film sample.
147,148
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1.5.2 Polydomain to Monodomain Transition 

Provided that cross-linking is not performed during or after flow alignment, LCE are 

found to be in a polydomain state at equilibrium (Fig. 1-13).  The domains in such a material are 

differentiated by continuous changes in the director orientation over some distance.  These 

domains are typically found to be on the order of one micrometer in size or smaller.  The spatial 

variation of the director results in the birefringent textures seen when an LCE is viewed under 

crossed polarizers.
138

 Of particular importance is the so-called Schlieren texture, which results 

from the isotropic polydomain nature of LCE (Fig. 1-14).  This texture, most often associated 

with nematic LCE, consists of dark brushes, which begin at line defects called disclinations.
138

  

These disclinations result from abrupt discontinuities in the director field.
133

  The brushes are 

visible where the director is oriented along either the polarizer axis or the analyzer axis.
133

  Some 

smectic LCE can also exhibit this texture; thus it is important to be able to differentiate these 

textures.  For example, smectic C LCE will only have 4 brush disclinations.  Meanwhile, nematic 

LCE will seldom have 6 or 8 brush disclinations due to the fact that the number of brushes scales 

with the energy of the defect.  Specifically, defect energy scales as s
2
, where s is the strength of 

the singularity, equal to ¼·(number of brushes).
149

  Measuring the distance between disclinations 

allows for a rough estimate of the domain size of the sample.
133

 

 

Figure 1-13. Liquid crystals that are cross-linked in the absence of any aligning force, such as 

flow or tension, are found in a polydomain state.  Dark black lines represent the mesogens within 

each domain. [Source: Fridrikh, Phys Rev E 1999] 
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Figure 1-14. Smectic CA Schlieren texture with two, four, six, and eight brush disclinations. 

[Source: Patil, Macromolecules 2007] 

If larger domains having diameter on the order of the wavelength of visible light or 

higherare present,
150

 these polydomain LCE scatter light sufficiently to appear opaque when 

viewed with the naked eye.  In the nascent stages of LCE research, Finkelmann et al. noted that 

when a tensile force was applied to a polydomain LCE sample, it became transparent 

(Fig. 1-15).
132,135

  Later on, it was noticed that this transparency begins in the center of the sample 

and moves out towards the grips of the tensile testing apparatus as strain is increased.
133

  This 

change is due to a transition from a randomly oriented polydomain state to a globally oriented 

"monodomain."  That is to say, the mesogens throughout the sample become aligned uniformly 

along the direction of the tensile force.  There are independent refractive indices parallel and 

perpendicular to the director in these birefringent materials.  Therefore in the polydomain state, 

light passes through numerous randomly oriented domains of different refractive index and is 

scattered.  When the sample is stretched into a monodomain state, these refractive index changes 

are no longer present, and the sample becomes transparent.  This polydomain to monodomain 

(P-M) transition was first observed by Finkelmann et al. in side-chain nematic LCE, identifiable 

due to the visible transition from opaque to transparent, as well as a plateau in the stress-strain 

curve during the transition (Fig. 1-16).
135

  Additionally, a plot of segmental orientational order 

parameter versus stress will exhibit a sharp increase at the P-M transition, as opposed to the linear 

relation observed in conventional elastomers (Fig. 1-17).
133

  The first main-chain LCE also 

demonstrated this transition, accompanied by an even larger change in sample dimensions than 

had previously been observed.
137

  Since then, the P-M transition has been observed in main-chain 

and side-chain, smectic and nematic elastomers of a variety of chemical compositions.
151

  For 
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instance, main-chain smectics exhibit the P-M transition with minimal loss of strain after 

unloading.
133

  Due to the direct coupling of the mesogen orientation to the backbone in main-

chain LCE, it has been found to be advantageous to study the P-M transition with such samples, 

rather than with side-chain LCE, where the mesogens can behave somewhat independently of the 

backbone.
133,152

  The plateau region has been found to be significantly more pronounced in main 

chain elastomers than in side chain elastomers.
153

  It must be noted that some confusion can be 

caused by the terminology “polydomain” and “monodomain.”  A polydomain is not a sample 

with discrete domains of different director orientation.  Rather, the director changes its local 

orientation in a continuous fashion, eventually losing memory of its previous orientation over a 

distance that we deem to be the domain size.  Similarly, “monodomain” is a slight misnomer 

because the orientation of the mesogens is not perfectly uniform throughout the sample, and some 

defects are present.
154

  The order parameter, S, within the monodomain is typically between 0.5 

and 0.6.
133

  

 

Figure 1-15. Demonstration of the change in opacity before (left) and after (right) the P-M 
transition, induced by applying a uniaxial tension to a nematic LCE sample.  [Source:  Clarke, 

Faraday Discuss. 1999] 
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Figure 1-16. Stress-strain curves showing the P-M transition.  The plateau is seen when stress is 
increased linearly, while the maximum and subsequent valley is seen when the force needed to 

linearly increase strain is measured. [Source: Patil, Macromolecules 2009.] 

 

Figure 1-17. Orientation parameter versus nominal stress plot for a polydomain LCE.  Region II 

is the P-M transition.  [Source:  Ortiz, Macromolecules 1998.] 

Numerous attempts have been made to model the behavior seen in the P-M 

transition.
155,156

  According to the models proposed by Terentjev et al., a director rotation will 

take place within some of the domains in the sample upon the application of uniaxial tension.
155

  

The director will rotate within each domain toward the direction of the applied tension.  The 

result is a region of “soft elasticity.”  As the strain increases, there is no entropic restoring force 

exerted by a soft elastic solid, because the deformation is accommodated by internal rotations of 

the mesogens.
157

  This accommodation causes the plateau seen in the stress ramp stress-strain 

curve during the transition.  Though soft elasticity, attributed to this director rotation, is seen in 

nematic LCE, the effect is diminished for smectic LCE.
141

  In the theory of soft elasticity, director 
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rotations do not result in a loss of configurational entropy, in direct contrast to the behavior seen 

in an ordinary amorphous polymer.  When such an amorphous sample is stretched, the chains 

extend, and the number of possible configurations of the chains decreases, thus decreasing 

entropy.  By Terentjev‟s model, the LCE chains are not being extended at all, only rotated.
155

  As 

a result, there should be no elastic restoring force on the monodomain sample; it should not need 

to be held under uniaxial tension to keep it from returning to a polydomain state, as the two are 

entropically equivalent.  It is important to note that the domains do not deform in an affine 

manner.  The increase in end-to-end distance of a random individual chain is not necessarily 

proportional to the strain seen in the bulk sample.
133

   

In Terentjev‟s model of a nematic elastomer, each polymer chain can be modeled as 

having an ellipsoidal shape, with the long axis aligned along the director.
155

  When a stress is 

applied, the long axes of the ellipsoids rotate toward the axis of extension such that the director 

gradually becomes aligned with the axis of extension.  The result is a macroscopic elongation 

with no change to the ellipsoidal shapes or domain size.  During the transition, the configurational 

entropy is unchanged.  However, the picture becomes less simple when the continuous nature of 

the director field throughout the polydomain is considered.  A domain oriented in one direction 

cannot rotate freely to respond to the applied tension due to its connectivity to domains oriented 

in other directions, which are also attempting to rotate.
155

  As a consequence, the gradients in 

mesogen orientation between domains become localized into narrow domain walls between the 

rotating domains (Fig. 1-18).
155

  For instance, the disclinations viewable in the optical microscope 

become localized to sharp defects within the domain walls following the application of uniaxial 

tension.
133

  Once the domains are oriented more closely with the applied force, the tensile force 

will be seen locally as a shear on each domain, having opposite character to the shear on the other 

side of the domain walls.
155

  In this way, the shear forces throughout the sample balance, resulting 

in no global shear.  Thus, we see why the so-called "monodomain" state is not truly one domain:  

there are still many domains, separated by finite walls, although they now have a significantly 

higher orientational correlation with respect to the axis of extension.  
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Figure 1-18. At left, the continuous change of the director in an unstressed LCE sample.  When 

stress is applied (right), the domain walls are formed by the localization of the gradient in the 

director to a narrow domain wall. [Source: Fridrikh, Phys Rev E 1999] 

Based on the preceding ideas, Terentjev et al. have shown that the "plateau" region in the 

stress-strain curves for nematic LCE can be explained entirely in terms of director rotations, 

without invoking any other deformation mechanisms.
155

  However, nematic elastomers are not 

truly soft solids and still exhibit elastic restoring force following stretching, as Finkelmann, 

Clarke, and Terentjev have demonstrated with side-chain nematic samples.
150,158

  Smectics, on the 

other hand, do not return to their previous size and chain orientation once the load is removed, in 

spite of a significant stress relaxation.
151

  In addition, the ideas of soft elasticity are not readily 

applicable to smectic LCE, which also show a prominent plateau in the nominal stress under 

uniaxial tension. Adams and Warner have shown that smectic A elastomers cannot have any soft 

response, while smectic C elastomers can exhibit a limited soft response in one direction via 

twisting of the C-director around the layer normal, due to their lower point symmetry.
159

  A 

question then remains regarding why we see this plateau in stress associated with the P-M 

transition as a universal phenomenon in LCE.  Adams and Warner may have provided an 

explanation.
160

  Director rotations are not the only possible source of a plateau in the stress-strain 

curve of a LCE.  Main-chain LC polymers, both smectic and nematic, can contain hairpins: 

segments at which the chain folds back on itself in a parallel but oppositely directed fashion (Fig. 

1-19).
160

  These hairpins exist as a means of increasing configurational entropy.
160

  Hairpins are 

somewhat analogous to the chain-folding characteristic of polymer crystallization.  Although the 

hairpinned LCP chains lack the level of structure and long-range order of polymer crystallites, 

chain-folding is also a means of increasing entropy.  Adams and Warner modeled the uniaxial 

extension of a main-chain nematic LCE along the director and showed that a region of increasing 

strain with constant stress is observed due to the pulling out of hairpins.
160

  That is, a plateau in 

nominal stress was predicted due to the fact that the number of configurations of the system, and 
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thus the entropy, were found to depend on the number of hairpins and not the end-to-end length 

of the chains.
160

  Thus, the uniaxial extension of the sample could proceed up to a point with no 

change in entropy due to a lengthening of the distance between hairpins.  Eventually, cross-links 

and potentially trapped entanglements will necessitate that the number of hairpins decreases, due 

to loss of hairpins by unfolding, up to the end of the stress-strain plateau.  The number of hairpins 

in a chain can be investigated via SANS measurements, allowing for an experimental analysis of 

this model.
160

   More recently, Watanabe et al. have attributed the P-M transition in smectic CA 

main chain elastomers to a transition in the elastic backbone conformation from hairpinned to 

extended.
161

   

 

Figure 1-19. Schematic of hairpins in an LCE.  Note how in (b.) the strain is accomodated by the 
pulling out of the hairpins in the central chain, without changing the number of hairpins from the 

unperturbed state in (a.).  [Source: Adams, Macromolecules 2005.] 

In summary, while theoretical models have shown that the P-M transition can take place 

entirely via director rotation in nematic main-chain LCE, director rotations cannot be the sole 

cause of the P-M transition in smectic A or smectic C LCE, in which soft elasticity is not present 

in its purest sense.  The pulling out of hairpins can equally account for the entirety of this plateau 

in main-chain LCE models.  Therefore, the degree to which these mechanisms work together to 

produce the P-M transition in main chain LCE remains a matter of future discussion.  

1.5.3 Necking Transition in Liquid Crystalline Elastomers 

Necking is a mechanical instability that manifests itself as a local contraction that 

propagates through a material during uniaxial elongation, eventually consuming the entire sample 

as it extends to the clamps of the testing apparatus.
153

  Once necking begins, the draw ratio (λm) of 

the sample becomes inhomogeneous, with λm within the neck always being higher than λm in the 

wider, non-necked portion of the sample.  Necking during cold-drawing of non-crosslinked linear 

polymers is a well known phenomenon, the mechanism of which has been studied at length.
162
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Necking has been observed in amorphous polymers at temperatures below Tg, as well as in 

crystalline polymers at some point between Tg and Tm.
163

  Additionally, strain rate has been noted 

to have an effect on neck formation, as some polymers will yield homogeneously at low enough 

strain rates while forming a neck at higher strain rates. As such, the effects of strain rate and/or 

temperature on necking and yield stress have been studied for a variety of polymers over several 

decades.
164,165

  Earlier papers report the phenomenon in a variety of materials and propose 

theories for its mechanism, such as polycarbonate and poly(vinyl chloride),
166

 high density 

polyethylene,
163

 poly(methyl methacrylate),
167,168

 and polyethylene.
169

  More recent reports focus 

on refining these theories and associated mathematical models for polymers such as high density 

polyethylene
170

 and isotactic polypropylene.
171,172

  Necking instabilities have not often been 

reported in LCE, even though the yield stress in the strain ramp stress-strain curve for uniaxial 

elongation is consistently observed (Fig. 1-16).
133,173-176

  However, neck formation was noted in a 

recent publication by our group during the uniaxial deformation of a smectic MCLCE.
153

  The 

necking transition was shown to be a discrete, localized manifestation of the P-M transition, 

separating the necked (thinner) portion(s) of the sample, which have essentially reached the 

monodomain state, from the non-necked (thicker) portions of the sample, which remain in the 

polydomain state until passing through the necking transition.   

Uniaxial elongation of smectic polydomain MCLCE can be described by three regions of 

deformation (Fig. 1-16).  Region I of the stress-strain curve was found to correspond to elastic 

deformation of the network.  If the sample was not stretched beyond this region, it did not return 

to its original shape.
153

  Region II began when the sample yielded, and the neck formed as some 

of the polydomain sample was converted to a monodomain in a localized fashion.  Hairpins are 

lost at the neck as the P-M transition proceeds.  If the sample was held at some constant 

elongation in Region II, some relaxation was observed as the neck grew slightly, due to the 

conversion of more material to a monodomain state.  By the end of Region II, the entire sample 

was converted to a monodomain, and further increases in strain resulted in a rapid increase of the 

required stress.  This observation is similar to the strain hardening seen in conventional 

amorphous elastomers due to the finite extensibility of the network chains.
153

  WAXD analysis 

reveals some degree of layer-buckling during Region III, in which the oriented and layered 

mesogens in the chains collapse to a layering at some angle oblique to the axis of elongation in an 

attempt to accommodate the stress on the already elongated chains (Fig. 1-20).
153

  In addition, 

very slow stress relaxation was observed in our smectic MCLCEs, with no loss of the neck to the 

unaided eye at room temperature (above the sample‟s Tg) for over 1 year.
153

  This property is 
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likely evidence of the formation of new smectic domains within the necked “monodomain” 

portion of the LCE, such that an energy barrier must be overcome to disrupt the new smectic 

layering and return to the original non-necked polydomain state.  In fact, heating the sample to 

just below its clearing temperature “resets” the elastomer, returning it to its original dimensions 

within a few minutes. 

 

Figure 1-20.  Schematic of smectic MCLCE with chains aligned and elongated (left) at the 

beginning of Region III, and of the subsequent layer buckling as strain continues to increase 

(right). [Source: Patil, Macromolecules 2009.] 

MCLCP and MCLCE made with mesogens connected by highly flexible 

oligodimethylsiloxane units are widely studied for their easily accessible, low temperature 

mesophases.
136,177-183

  Thus, it is plausible that the large gap between Tg and Tsi of our materials 

have aided in neck formation, while conventional testing parameters have not been suitable for its 

formation in other LCE systems.  Though it is possible that a clearly defined neck is observed 

only under certain conditions of temperature and strain rate in some LCE, it is also possible that 

some LCE do not exhibit a necking transition or a drop in the nominal stress during elongation at 

any temperature or strain rate.   A thorough study of the yield behavior and necking transition is 

needed in order to understand how and to what degree the temperature and strain rate influence 

these characteristics of smectic MCLCEs. 

A further potential for practical applications exists in leveraging the change in alignment 

at the P-M transition.  The addition of a rod-like guest molecule could take advantage of the 

change in order to produce a change in the optical properties of the material.
184-187

  Anisotropic 

distributions of nanoparticles could also be created via the stretching of an LCE/nanoparticle 

composite to produce a similarly dichroic optical material.  For instance, dichroism has been 

demonstrated with PVA/gold nanocomposites, in which the gold nanoparticles align following 

uniaxial elongation of the sample.
29

     



 

 

Chapter 2  
 

Nanoinfusion Processing of Noble Metal/ Polymer Nanocomposites 

 The creation of nanoparticles in engineering thermoplastics using AURA
®
 color infusion 

technology (AURA) is presented as proof of concept for the production of a polymer/metal 

nanocomposite via infusion into a finished polymer article.  The process is broadly applicable to a 

variety of transition metals such as gold, silver, iron, copper, and nickel.  A metal salt was first 

infused into various pre-processed thermoplastic polymers including thermoplastic polyurethane 

elastomers (TPUs), a copolymer-coated poly(methyl methacrylate) sheet (acrylic), and a 

polycarbonate (PC).  Due to the presence of solvent in a shallow surface layer of the polymer, the 

salt became soluble in the plasticized polymer and was able to diffuse into the surface.  A second 

infusion of triethylamine (TEA), followed by a baking/drying step, reduces the metal salt to 

elemental metal nanoparticles.    

For systematic study, gold was chosen for a variety of reasons.  Gold nanoparticles have 

been studied quite frequently and their properties are well known.  Gold nanoparticles possess 

brilliant colors dependent on the size, shape, and dispersity of the particles.  Therefore, the 

success of infusions could be initially evaluated with the unaided eye.  Further, gold nanoparticles 

are chemically stable and will not oxidize.  The gold precursor salt used, HAuCl4, was found to 

be soluble in a variety of polymers.  Gold has a high reduction potential, lending itself to the 

infusion-reduction method described herein.  Finally, characterization with SAXS and TEM was 

aided by the high electron density of the gold nanoparticles, which provides good contrast with 

the polymer matrix.   

2.1 Experimental 

2.1.1 Materials 

Thermoplastic polyurethane elastomers Texin
®
 245, Texin

®
 255, Texin

®
 285, and 

Texin
® 

DP7-1199 (henceforth referred to as T245, T255, T285, and TDP7-1199, respectively) 
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were obtained from Bayer MaterialScience (Pittsburgh, PA).  Each TPU was injection molded to 

produce flat slabs of approximate dimensions (7.5 cm x 15 cm).  The thickness of the T245, 

T255, and TDP7-1199 samples was 3.5 mm, whereas the thickness of the T285 samples was 2.0 

or 3.2 mm.  T245, T255, and T285 are copolymers formed via a polycondensation of butylene 

adipate polyester, methylene diphenyl diisocyanate, and 1,4 butanediol.  The differing glass 

transition temperatures of the TPUs, shown in Table 2-1, are due to different ratios in the 

formulations.  TDP7-1199 is produced via a similar reaction; however, the specific components 

are proprietary.  Cast acrylic sheet (Plaskolite
®
 abrasion resistant (AR) acrylic) of 2.3 mm 

thickness was obtained from Plaskolite, Inc. and used as received.  The acrylic sheet was coated 

with a copolymer of pentaerythritol triacrylate (80 % w/w) and 1-ethenyl-2-pyrrolidinone 

(20 % w/w).  This material is marketed as Gafgard
®
 233 (G233) by International Specialty 

Products.  The abrasion-resistant copolymer layer was approximately 15 m thick and contained 

a small volume fraction of a silicate nanofiller.  An uncoated acrylic sheet with otherwise 

identical properties and thermal history was obtained by grinding off the abrasion-resistant 

coating with sandpaper. Makrolon
®
 2608 PC was obtained from Bayer MaterialScience as 

injection molded flat slabs of approximate dimensions (5 cm x 7.5 cm) with 2.6 mm thickness.  

Glass transition temperatures for all samples, quoted by the supplier, are shown in Table 2-1.  The 

glass transition temperature for G233 was determined using differential scanning calorimetry at a 

heating rate of 10 C/min., and the Tg was taken from the midpoint of the usual inflection.  

Hydrogen tetrachloroaurate trihydrate (99.99 %, Alfa Aesar), triethylamine (99 %, Alfa Aesar), 

ethylene glycol monobutyl ether (butyl cellosolve) (99 %, Alfa Aesar) and diethylene glycol 

(99 %, Alfa Aesar) were used as received.    

Table 2-1. Glass transition temperatures for unmodified plastic samples.   

Plastic     Tg(C)  

T245    -46 

T255    -26 

T285    -42 

TDP7-1199   -23 

Acrylic     102 

G233      238 

PC    145 



51 

 

2.1.2 Metal Salt Infusion and Reduction   

Thermoplastic samples were infused with HAuCl4 using AURA.
1-3,6,7

  HAuCl4 infusion 

was accomplished by exposure to a dilute solution (7.0010
-3
 M) of HAuCl4 in a mixture of three 

solvents (70 % distilled water, 20 % butyl cellosolve, 10 % diethylene glycol, by volume) at 

60 °C.  HAuCl4 infusion times for individual samples are summarized in Table 2-2.  HAuCl4-

infused thermoplastics were subjected to a second processing step where triethylamine was 

infused to reduce the metal salt precursor to Au
0
 nanoparticles.  Reductions were performed at 

either 23 °C (coated acrylic only) or 60 °C (all TPUs) by immersing HAuCl4-infused plastic 

samples in a stirred solution of 0.072 M TEA in distilled water.  Samples were allowed to air dry 

at 80 °C for three days prior to further characterization to encourage evaporation of volatiles, 

during which time the growth of Au
0
 nanoparticles proceeded, while the distinct pink, purple, or 

gray color indicative of such nanoparticles stabilized.  Little or no change in color was noted with 

longer baking times, suggesting that the rate of particle growth had slowed dramatically or 

ceased. 
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Table 2-2. Processing conditions employed to prepare Au
0
-infused thermoplastic samples.   

Sample Name 

HAuCl4 infusion time 

(min.) 

TEA reduction 

time (min.) Appearance 

T285 TPU       

T285-A 15 5 Pink-Lavender 

T285-B 25 5 Purple-Gray 

T255 TPU       

T255-A 10 5 Gray 

T255-B 15 5 Gray 

T255-C 25 5 Gray 

T245 TPU       

T245-A 25 5 Pink-yellow 

T245-B 25 10 Gray 

T245-C 25 15 Gray 

TDP7-1199 TPU       

DP7-A 10 5 Gray 

DP7-B 15 5 Purple-Gray 

DP7-C 25 5 Purple-Gray 

Copolymer-Coated  

Acrylic Sheet       

Acrylic-A 10 20 Light red-purple 

Acrylic-B 20 20 Red-purple 

In addition to HAuCl4 infusions, AgNO3 infusions were attempted with TPUs, acrylic, 

and polycarbonate.  A solution of 0.7 M silver nitrate in AURA solvent was heated to 60 °C or 95 

°C for the TPUs/acrylic and polycarbonate, respectively.  Samples are immersed in the solution 

for 3 minutes.  Silver nitrate-containing samples of T245, TDP7-1199, and polycarbonate were 

subjected to antibacterial testing by Bayer MaterialScience using Pseudomonas aeruginosa 

bacteria.   

 A variety of other metal salts were tested for their viability for infusion using AURA 

processing.  Samples of TDP7-1199 were soaked in 0.007 M solutions of Cu(II)Cl2·2H2O, 

Cu(II)(ClO4)·6H2O, Cu(II)(NO3)2·2.5H2O, Fe(III)Cl·6H2O,  Ni(II)(CH3CO2)2·4H2O, 

Ni(II)Cl2·6H2O, Ni(II)(ClO4)2·4H2O, or Ni(II)(NO3)2·6H2O for  20 minutes at 60 °C.  Standard 
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reduction potentials for each metal, including gold and silver, are provided in Table 2-3 for 

comparison. 

Table 2-3. Standard reduction potentials at 25 °C for all infused metals. [Source: Oxtoby, 

Principles of Modern Chemistry 5
th
 ed. 2002] 

Metal Standard Reduction 

Potential (V) 

Au
3+

 + 3e
- 
→ Au(s) 1.42 

Ag
+
 + e

- 
→ Ag(s) 0.7996 

Fe
3+

 + 1e
- 
→ Fe

2+ 
0.770 

Cu
2+

 + 2e
- 
→ Cu(s) 0.3402 

Fe
2+

+2e
-
 → Fe(s) -0.409 

Ni
2+

 + 2e
- 
→ Ni(s) -0.23 

2.1.3 Transmission Electron Microscopy (TEM)   

The Au
0
-infused acrylic sheet and an unmodified acrylic sheet (control sample) were 

microtomed at room temperature using a Leica Ultracut UCT Microtome to obtain slices of 

approximate thickness 70 nm.  Slices were taken parallel to the original surface of the sample, in 

order to obtain the largest possible number of Au
0
 particles in each slice.  Embedding of samples 

in epoxy was not necessary.  The depth of the slices taken was approximately 2 to 5 m beneath 

the original surface of the sample.  TPU samples were cryo-microtomed at -120 °C into slices of 

approximate thickness 70 nm using the Leica FCS attachment.  Glass knives were cut 

immediately before sectioning.  The sample was faced at a low cutting speed and large (~200 nm) 

sample thickness.  Cutting speed was gradually increased for convenience and set thickness 

gradually decreased until the desired sample thickness was achieved.  Care must be taken to 

constantly monitor both the cutting speed and the anti-static setting, as the TPU sections are prone 

to rolling up and adjustments to these parameters may aid in collection of flat, complete sections.  

Following sectioning, all plastic slices were mounted on 400 mesh copper grids from Electron 

Microscopy Sciences.  TEM images were obtained in a JEOL JEM 1200 EXII TEM, equipped 

with a Tietz F224 camera, at an accelerating voltage of 80 or 100 kV.  Particle size distribution in 
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the TEM images was quantified using the “Measure” capability in ImageJ 1.38x (created by 

Wayne Rasband, National Institutes of Health).  

2.1.4 Ultraviolet-Visible Absorption Spectroscopy   

UV-Vis spectroscopy was performed on flat slabs of thermoplastics on a Varian/Cary 100 

UV-Vis spectrometer in transmission.  Slab thickness was kept constant within each series of 

samples.   

2.1.5 Optical Microscopy 

Samples were sectioned perpendicular to the original surface at a location far from the 

edge using a razor blade, and the cross-section was observed edge-on to determine the 

approximate thickness of the infused surface layer.  Samples were characterized via orthoscopic 

observation (in transmission) using an Olympus BX51 microscope with UMPlanFL 5x or 20x 

objectives.  Images were recorded using a 2.0 megapixel Diagnostic Instruments model # 11.2 

Color Mosaic digital camera equipped with Spot
TM

 digital imaging software.   

2.1.6 Elemental Analysis 

Energy dispersive x-ray spectroscopy (EDS) was used as a preliminary method to 

determine the presence of infused metal ions in the polymer surface.  An Oxford Inca 200 EDS in 

conjunction with an FEI Quanta 200 environmental SEM (ESEM) was used for the 

measurements.  Measurements were taken at three random points far from the sample edge on 

each sample.  Herein, the surface layer refers to the top 1 µm of the sample that EDS is able to 

probe.  For a more quantitative analysis, samples of TDP7-1199 were infused with HAuCl4 at 60 

°C using AURA, and an electron probe microanalyzer (EPMA) was used to interrogate the 

surface immediately thereafter.  A CAMECA SX-50 EPMA was used to determine the weight 

fraction of gold in the surface layer of the samples.  The system was operated at 10 KeV, 20 nA 
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with a spot size of 20 m.  Experimental uncertainties quoted are one standard deviation based 

upon at least 7 independent measurements of atomic composition at different surface locations.   

2.2 Results and Discussion 

Plastic samples were subjected to HAuCl4 infusion at 60 °C, TEA reduction at 23 °C or 

60 °C, and post-process drying in air at 80 °C.  Processing conditions for individual samples are 

summarized in Table 2-2. 

2.2.1 Metal Salt Infusion    

The first step in the processing sequence involves immersing the plastic in a metal salt 

solution in a ternary solvent mixture consisting of water, butyl cellosolve (BCS) and diethylene 

glycol (DEG).
1-3,6,7

  For all infusions discussed in this report, the composition of the solvent 

mixture was held fixed at 70:20:10 H2O:BCS:DEG (by volume).  Each of the solvents plays a 

well defined role in the infusion process.  Water is a thermodynamically poor solvent for the 

plastics, which discourages dissolution of polymers during infusion and minimizes hazing and 

surface crazing in the plastics after drying.  DEG and BCS serve as plasticizers that lower the 

glass transition temperature of a thin surface layer of polymer.  DEG has also been used as a 

surface leveling agent (a substance that encourages uniform coloration) in earlier work that 

examined infusion of organic dyes.
1-3,6,7

 

As has been mentioned, gold is a useful metal to serve as a model system for 

nanoinfusion synthesis due to a variety of reasons, such as its chemical stability, ease of 

synthesis, and brilliant size-dependent colors.  However, other metals may be of greater practical 

interest, as gold is expensive and its practical applications in polymer nanocomposites are 

presently largely limited to its non-linear optical.  In order to fully appreciate the broader 

significance of nanoinfusion processing its applicability to other metal salts must be evaluated.  

Of interest are a variety of properties, including antibacterial properties of silver ions, catalytic 

properties of platinum and palladium, magnetic properties of iron oxide, and conductivity of 

copper. 
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Samples treated with silver nitrate in AURA were subjected to anti-bacterial testing.  The 

resulting samples take on a slight yellow or brown color, indicating uptake of the silver salt.  

99.93 % of bacteria applied to the surface of a treated sample were killed, compared to 37.93 % 

killed on a sample treated with AURA but no silver nitrate, and 25.17 % killed on a completely 

untreated sample.  Thus, it is reasonable to conclude that the silver nitrate was the cause of the 

antibacterial properties.  However, samples were also tested in artificial urine, with the result that 

the silver treatment seemed to have no effect.  Artificial urine typically consists of salts, urea, 

ammonia, and acid.  For example, artificial urine may be prepared by dissolving 14.1 g NaCl, 2.8 

g KCl, 17.3 g urea, 1.9 g ammonia water (25 %), 0.60 g CaCl2, and 0.43 g MgSO4 in 1 L of 0.02 

M HCl.
188

  It seems that, while the samples exhibited antibacterial properties, they were not 

effective for medically relevant applications.   

Silver ions were also reduced to form Ag
0
 nanoparticles using processing methods similar 

to the gold infusions.  The yellow to deep brown color of the processed TPUs indicates formation 

of nanoparticles, which was confirmed by UV-vis and TEM analysis (Fig. 2-1).  The T285 

sample used for the TEM image was soaked in 0.01 M AgNO3 in AURA for 20 min. at 60 °C, 

followed by reduction for 20 min. at room temperature in 0.033 M aqueous NaBH4.  Several 

irregularly shaped, highly aggregated silver nanoparticles are seen in the image.  Particles were 

found sporadically throughout the observed sections, with large areas containing no particles 

intervening. 

 

Figure 2-1.  Silver nanoparticles observed in T285 via TEM. 

  Energy dispersive spectroscopy (EDS) was used to test TDP7-1199 samples for 

measurable amounts of a variety of metal precursor salts within the polymer surface.  A control 

sample of TDP7-1199 soaked in AURA solvent without any metal salt was also tested.  The data 

from this sample was compared to the samples treated with metal salt solutions in order to help 
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ensure that noise in the intensity versus energy plot were not erroneously identified as peaks.  

Looking just at the control sample, the EDS software identified 0.24 atomic% copper, -0.17 at.% 

iron, and 0.01 at.% nickel in the noise.  Results from the attempted metal salt infusions are shown 

in Table 2-4.  Cu(II)Cl2·2H2O, Ni(II)(ClO4)2·4H2O, and Ni(II)(NO3)2·6H2O were identified in 

large enough amounts compared to the control sample and the calculated standard deviation to be 

safely considered successful infusions.  Though the atomic percent of iron detected for 

Fe(III)Cl·6H2O was lower than other infusions deemed succesful, it may also have been infused 

by this process.  The control sample indicates that it is not likely for iron to be erroneously 

identified in the sample, and the standard deviation of the measurements of Fe(III)Cl·6H2O is less 

than the measured amount of iron.  As such, it is reasonable to conclude that Fe(III)Cl·6H2O was 

also successfully infused. 

Table 2-4. Metal salts tested for infusion with AURA into TDP7-1199 and characterized using 
EDS.  Average atomic percent is given for each respective metal, based on 3 measurements on 

each sample, along with the standard deviation. 

Metal Salt 

Average Atomic 

Percent Metal 

Standard 

Deviation 

Cu(II)Cl2·2H2O 0.47 0.12 

Cu(II)(ClO4)·6H2O 0.07 0.06 

Cu(II)(NO3)2·2.5H2O 0.06 0.11 

Fe(III)Cl3·6H2O 0.16 0.09 

Ni(II)(CH3CO2)2·4H2O 0.02 0.04 

Ni(II)Cl2·6H2O 0.10 0.02 

Ni(II)(ClO4)2·4H2O 0.28 0.07 

Ni(II)(NO3)2·6H2O 0.23 0.01 

For the TPUs and the copolymer-coated acrylic sheet, immersion in the HAuCl4 solution 

at 60 °C produced a bright yellow tint after a few minutes due to absorption of HAuCl4.  

However, the uncoated acrylic sheet showed little or no absorption of HAuCl4, regardless of 

infusion time or temperature.  Thus, the HAuCl4 was assumed to be absorbed by the copolymer 

surface coating on the acrylic sheet.  Fig. 2-2 presents the UV-Vis absorption profiles of the 

coated acrylic sheet after different HAuCl4 infusion times (without any further processing).  The 

total amount of infused HAuCl4 in the coating increases continuously with increasing infusion 

time, judging by the increasingly yellow color and the increase in absorbance in the (400 to 
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500) nm range (Fig. 2-3).  Like the uncoated acrylic, the polycarbonate showed no detectable 

infusion of HAuCl4, regardless of processing conditions. 

 

Figure 2-2. UV-vis of Plaskolite
®
 AR acrylic sheet following HAuCl4 infusion at 60 °C for 

various times. 

 

Figure 2-3.  T285 infused with HAuCl4 with soak times of (left to right) 5, 10, 15, and 20 min at 

60 °C. 

For the TPUs, 10 to 25 min. of immersion in the HAuCl4 solution provided sufficient 

infusion to produce an obvious yellow color.  Shorter infusion times may be possible with higher 

HAuCl4 concentrations and/or higher temperatures.  Increasing the external HAuCl4 

concentration would be expected to increase the overall flux of HAuCl4 into the thermoplastic 

surface, assuming that the concentration of HAuCl4 inside the plastic is not already limited by 

solubility.  Increasing the processing temperature with respect to the glass transition temperature 

of the plastic enhances the rate of infusion of solvents into the article, which would also 

presumably enhance the rate of infusion of HAuCl4.  Previous studies of the infusion of organic 
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dyes clearly indicated that small increases in the infusion temperature produced dramatic 

increases in dye sorption rate.  EDS was used to confirm the presence of gold, but the error bars 

on the concentration were too high to determine the quantity with any accuracy.  Thus, EPMA 

data (Fig. 2-4) was used to further confirm the presence of gold in sample TDP7-1199 as well as 

obtain more quantitative data on the amount of Au in the topmost 1 µm of the sample tested. Au 

accounts for approximately 0.2 to 0.4 % w/w of the surface layer after 10 minutes or more of 

infusion.  EPMA also reveals some inhomogeneity of the gold concentration on the surface, as 

seen by the variation in contrast (Fig. 2-5).  The bright spots in Fig. 2-5 (higher Au concentration) 

may indicate local plating of gold on surface contaminants.  EPMA measurements in Fig. 2-4 

were therefore averaged over 7 locations on the sample surface away from the bright areas.  

 

Figure 2-4. Weight % Au in the surface layer of TDP7-1199 determined by EPMA after different 

infusion times in HAuCl4 solution at 60 °C. 
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Figure 2-5.  EPMA image of the TDP7-1199 sample infused for 15 min. in the HAuCl4 solution.  

Bright areas indicate higher surface concentration of Au. 

When a plastic article is immersed in the AURA solvent system, the rate of infusion of 

each component depends on its concentration in the external mixture, among other factors.  In 

addition, the thermodynamics of mixing of a solvent with the polymer are affected by the 

presence of the other solvents (for example, infusion of BCS and DEG may enhance the rate of 

infusion of H2O).  Although we did not attempt to characterize the concentration profiles of the 

individual solvents in the plastics, it is reasonable to assume that at least DEG and BCS enter all 

of the plastics to some extent.  To support this assertion, the comparative rates of infusion of the 

individual pure solvents were examined at 60 °C for all plastics studied (Table 2-5), by 

measuring sample mass after 15 minutes of immersion. (Note that thicknesses of samples were 

not identical; dimensions are quoted in Experimental section).  The data in Table 2-5 illustrate 

that each of the solvents is able to enter each plastic to some extent, except that no significant 

absorption of water was noted for the acrylic sheet.  Thus, during the HAuCl4 infusion step, a 

mixture of solvents enters a thin surface layer of the plastic.  The presence of solvents in the 

plastic, especially water, may enhance the solubility of the (hydrophilic) HAuCl4, which is 

assumed to be coordinated by water (HAuCl43H2O) and possesses ionic character.  The rate of 

permeation of HAuCl4 into the plastic is likely enhanced as well due to the plasticizing effect of 

the solvents, which increase the mobility of polymer chain segments.  
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Table 2-5. Uptake (mass %) of pure solvents at 60 °C after 15 minutes in all plastics studied 

(determined gravimetrically).  Uncertainty is ± 0.1 mass %.   

  TPUs ......................................................   

  T245 T255 T285 TDP7-

1199 

Acrylic PC 

BCS 4.33% 2.41% 5.73% 14.80% 3.77% 0.42% 

DEG 1.07% 0.82% 1.63% 1.25% 0.07% 0.06% 

H2O 0.56% 0.37% 0.81% 0.51% -0.01% 0.13% 

 

The total mass uptake of mixed solvents at 60 °C was also measured as a function of 

immersion time (Fig. 2-6).  While the TPUs and acrylic absorbed 1 mass % or more of mixed 

solvents after 15 minutes of infusion, the solvent uptake was significantly lower in the 

polycarbonate.  One might expect that the lower solvent uptake in the polycarbonate might 

account for the observed lack of HAuCl4 infusion.  However, increasing the infusion temperature 

to 95 °C and/or allowing longer times for infusion increased the uptake of combined solvents to 

1.5 mass %, but did not produce a detectable increase in HAuCl4 infusion.  

 

Figure 2-6.  Combined solvent uptake as a function of infusion time for AURA with no added 

solute at 60 °C in all polymers tested. 

It is tempting to rationalize the unsuccessful infusions of the polycarbonate and uncoated 

acrylic in terms of their higher glass transition temperatures compared to the TPUs.  However, 

earlier work clearly demonstrated rapid infusion of organic dyes into both polycarbonate and 

acrylic under processing conditions similar to those studied here,
1-8

 and increasing infusion times 

and temperatures had little effect on the uptake of HAuCl4 in polycarbonate or uncoated acrylic.  
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These observations suggest that poor miscibility of the HAuCl4 with these plastics is the 

underlying cause for the lack of infusion.  The poor miscibility likely results in part from the 

relatively low uptake of water in these plastics, especially given that HAuCl4 is coordinated by 

water molecules (HAuCl4·3 H2O).   

2.2.2 HAuCl4 Reduction: Chemical Reduction Method 

Following infusion with HAuCl4, the plastic samples are exposed to a dilute (0.072 M) 

solution of TEA in water to reduce HAuCl4 to Au
0
, then baked at 80 °C to remove volatiles.  The 

infusion of TEA and subsequent redox reaction between HAuCl4 and TEA are rapid at 60 °C, 

judging by nearly instantaneous fading of the bright yellow color of HAuCl4 upon immersion in 

the TEA solution.  Newman and Blanchard studied reduction of HAuCl4 in dilute solution by 

various amine reagents including TEA,
189

 and proposed the generic redox reaction: 

HAuCl4 + 3 NR3  Au
0
 + 3 NR3•

+
 + H

+
 + 4Cl

-
 (2-1) 

Au
0
 nanoparticles form by a nucleation and growth mechanism in solution, and the NR3•

+ 
radicals 

were found to form a polyamine by-product in some instances.
189

  In the system herein reported, 

reduction of HAuCl4 is apparently rapid, but growth of Au
0
 nanoparticles within the plastic is 

significantly slower.  After reaction with TEA, samples are baked in an oven at 80 °C for a few 

days (TPU samples) or two weeks (coated acrylic sheet).  During baking, the volatile components 

evaporate, while the characteristic color of the Au
0
 nanoparticles (generally pink, purple, or gray) 

appears and stabilizes (Fig. 2-7). Au
0
 nanoparticles apparently form by arrested precipitation, at a 

rate which is significantly slower than that of the initial redox reaction between HAuCl4 and 

TEA.  Au
0
 nanoparticles may grow by diffusion of smaller Au

0
 clusters through the plasticized 

polymer, with particle growth slowing greatly when particles become too large to diffuse readily 

through the matrix.  Evaporation of the volatile plasticizers with time is expected to further slow 

the diffusion of particles by increasing the matrix viscosity.   
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Figure 2-7.  T285 samples following 15 min. 0.072 M HAuCl4 infusion and (left to right) 3, 5, 
and 7 min. soaks in aqueous triethylamine solution. 

The depth of infusion of the Au
0
 nanoparticles into the plastic surface was estimated by 

optical microscopy after sectioning the samples with a razor blade perpendicular to the original 

surface, at a location far from the edges.  Fig. 2-8 illustrates cross-sections of several TPU 

samples, where the darker (pink, purple, or gray) surface layer contains the highest concentration 

of nanoparticles.  The Au
0
 nanocomposite layer is at least 20 to 30 m thick in the TPU samples.  

The fading of the color with increasing depth is attributed to the expected gradient in HAuCl4 

concentration beneath the surface after infusion.  Fig. 2-9 shows a cross-sectional view of the 

Au
0
-infused acrylic sheet.  The well-defined surface layer of approximate thickness 15 m is the 

acrylate-pyrrolidinone copolymer coating.  Judging by the reddish brown color of this layer and 

the sharp cut-off at the interface with the underlying acrylic, the infusion of Au
0
 particles is 

confined to the surface coating.  The uncoated acrylic control sample showed no significant 

infusion of gold under similar processing conditions, supporting this assertion.   
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Figure 2-8.  Optical micrographs illustrating infused surface layer of Au
0
 nanoparticles in (a.) 

T245-B, (b.) T285-B, and (c.) TDP7-B, while (d.) depicts an unmodified T285 sample. 
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Figure 2-9.  Optical micrograph illustrating Au
0
-containing surface coating on Acrylic-B sample 

(left), compared with an unmodified piece of coated acrylic (right). 

2.2.3 Au
0
 Particle Characterization 

UV-Vis spectra (Figs. 2-10 and 2-11) confirm the presence of Au
0
 nanoparticles in the 

TPU and coated acrylic samples after TEA reduction.  The well-defined absorbance centered in 

the 530 nm to 570 nm range is assigned to the surface plasmon resonance absorption of Au
0
.
190

  

Though the wavelength and bandwidth of the Au
0
 surface plasmon absorption are known to 

depend upon the Au
0
 nanoparticle size,

190-192
 the shape and position of the band(s) may also be 

affected by the breadth of the size distribution, the particle shape,
193-196

 and the possible formation 

of aggregates.
197-199

 Therefore, microtomed nanocomposite samples were characterized by TEM 

to probe the Au
0
 particle size distribution, particle shape, and quality of dispersion.   
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Figure 2-10.  UV-vis spectra for Au
0
-infused T285 samples produced using different HAuCl4 

infusion times and a consistent 5 min. reduction step in TEA solution. 

 

Figure 2-11.  UV-vis spectra for both unmodified Plaskolite AR acrylic sheet and Acrylic-B 

sample infused with Au
0
 nanoparticles, produced via a 20 min. HAuCl4 infusion and a 20 min. 

TEA reduction. 

For TPU samples, the particle size was found to depend on both the HAuCl4 infusion 

time and the TEA reduction time.  For the T285, gray colors (largest average Au
0
 particle size) 

were obtained with longer HAuCl4 infusion times, whereas purple or pink colors characteristic of 

smaller Au
0
 particles were produced after shorter infusion times.  UV-Vis spectra support the 

assertion that longer HAuCl4 infusion times generally lead to larger average particle size.  Both 

broadening and redshifting of the surface plasmon absorption are observed with increasing 
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HAuCl4 infusion time (Fig. 2-10).  For Au
0
 particles having diameter of about 25 nm or larger, 

both broadening and redshifting of the surface plasmon band are expected with increasing particle 

size due to extrinsic size effects.
190,200

  The HAuCl4 infusion time not only affects the 

concentration profile and depth of penetration of the HAuCl4, but also affects the surface 

concentration of solvents in the plastic.  Longer infusion times also increase the amount of 

solvent in the plasticized surface layer, which could enhance aggregate formation by increasing 

the diffusivity of small Au
0
 clusters.   

The time allowed for reduction in the aqueous TEA solution also affects the Au
0
 particle 

size.  Short reduction times may lead to smaller Au
0
 particles due to incomplete reduction of 

HAuCl4 to Au
0
.  Some evidence for incomplete reduction was seen in the T245 samples in Table 

2-2, for example.  Gray colors characteristic of comparatively large Au
0
 particles were obtained 

for longer TEA reduction times.  However, the pink-yellow color of sample T245-A suggests 

incomplete reduction of HAuCl4 to Au
0
.  Longer TEA reduction times should be required for 

samples subjected to longer HAuCl4 infusion times because the depth of infusion of the HAuCl4 

is greater.    

TEM images were obtained for a few T285 samples having significantly different colors 

(T285-A, pink; and T285-B, purple-gray) (Fig. 2-12, Fig. 2-13).  T285-A was found to contain 

well-dispersed Au
0
 particles of diameter 10 nm to 50 nm, and approximately spherical shape (Fig. 

2-12).  A control sample of unmodified T285 did not contain any particles or other inclusions that 

could be mistaken for Au
0
 particles.  On the other hand, T285-B contained isolated larger 

aggregates, some with diameter in excess of 100 nm (Fig. 2-14).  The irregularly shaped 

aggregates observed in T285-B suggest that particle growth occurs by diffusion of smaller 

particles through the plasticized polymer matrix.  It should be noted that the sections observed 

with the TEM were approximately 70 nm thick, so it is possible and even likely that some larger 

aggregates may have been removed by the glass knife during sectioning, resulting in images that 

are non-representative of the state of the nanoparticles within the polymer matrix. 
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Figure 2-12.  TEM image of Au
0
-containing sample T285-A. 

 

Figure 2-13.  TEM image of Au
0
 nanoparticles in T285-B. 
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Figure 2-14.  TEM image of Au
0
 nanoparticle aggregates in sample T285-B. 

 UV-Vis spectra (Fig. 2-11) and TEM images (Fig. 2-15) were also acquired for 

the sample Acrylic-B, which exhibited a strong red-purple color due to Au
0
 nanoparticles in the 

surface coating.  The peak of the surface plasmon absorption was observed at max = 537 ± 5 nm, 

and the absorption band was narrower than that observed in the TPUs.  A similar max = 533 nm 

has been reported for Au
0
 colloids of 48 nm diameter in aqueous solution.

190
  In Fig. 2-15, Au

0
 

particles appear as small, nearly round black dots, which are well-dispersed.  The larger, irregular 

structures in Fig. 2-15 are the silicate nanofiller that was present in the surface coating. A control 

sample of the unmodified coated acrylic material contained the silicate nanofiller, but none of the 

small, highly absorbing particles identified as Au
0
 (Fig. 2-16).  The Au

0
 particles were estimated 

to have a mean diameter of 56 nm with a standard deviation of 16 nm (n = 374) (Fig. 2-17).  

Compared to the TPUs, the coated acrylic sheet showed less evidence of Au
0
 particle aggregation, 

at least under the processing conditions used to prepare the single sample studied.  Fig. 2-18 

shows an enlarged view of a few Au
0
 particles, revealing that some of the particles are nearly 

spherical, whereas some polygonal shapes are also observed, perhaps indicating crystalline gold.  

In addition, some of the particles found appear to have hollow centers (Fig. 2-19).  Hollow 

particles could result if Au
0
 particles nucleate and grow on the surface of quasi-spherical 

impurities or voids in the plastic.  The lack of Au
0
 aggregates in the surface coating, which is 
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cross-linked, suggests that the viscosity of the plasticized surface layer may be higher than that in 

the TPUs, slowing aggregation.   

 

Figure 2-15.  TEM image of Au
0
 nanoparticles in sample Acrylic-B. 

 

Figure 2-16.  TEM image of an unmodified acrylic sample showing a large amount of the 

nanofiller present in the surface coating. 
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Figure 2-17.  Particle size distribution statistics generated from Figure 2-15. 

 

Figure 2-18.  TEM image of polygonal Au
0
 nanoparticles in sample Acrylic-B. 

 

Figure 2-19.  Hollow nanoparticles seen in TEM image of Au
0
 nanoparticles in sample Acrylic-B. 



 

 

Chapter 3  
 

Gradient Interpenetrating Networks via Surface Infusion Processing of 

Thermoplastic Polyurethane Elastomers 

An interpenetrating polymer network (IPN) is usually defined as a material which 

consists of a pair of intermeshing networks, one of which at least has been synthesized and/or 

cross-linked in the presence of the other.
201

  Sometimes termed a sequential interpenetrating 

network, the most common synthetic method is the swelling of a host polymer network with a 

monomer, along with cross-linking and/or activation agents, such that the monomer can be 

polymerized within the host polymer.
202

  The result is two polymer networks that interpenetrate 

on a molecular level.  Ideally, the interpenetration is entirely physical, with little or no chemical 

grafting between the two polymer networks.
203

  If only one of the polymers is cross-linked, the 

system is referred to as a semi-IPN; systems where both polymer are cross-linked are full-

IPNs.
201,203

  IPNs have been extensively studied since the 1970s.  Early work focused on synthesis 

and tuning of IPN mechanical properties,
201,202

 while more recent work has also sought to 

leverage the properties of the IPN for advanced applications such as controlled drug delivery 

from IPN hydrogels.
204,205

  Particularly relevant to the current work, the in situ reduction of 

AgNO3 to Ag
0
 has been demonstrated using NaBH4 as a reducing agent within an interpenetrating 

network, where COO
-
 groups on the polymer serve as templating cites for the reduction.

206
 

Herein, an infusion process is outlined, which consists of the creation of a surface layer 

semi- or full-IPN of a polymethacrylate in a thermoplastic polyurethane elastomer.  Bulk 

diffusion of the monomer into TPU samples, with no need for AURA solvent, was used to 

introduce the monomer and an initiator to the host polymer.  Following infusion, the monomer 

was polymerized using a UV light source.  This method is most applicable to elastomeric polymer 

hosts that are able to swell as the monomer diffuses into the polymer.  Conversely, a rigid 

polycarbonate sample was found to crack and haze at the surface in the presence of the monomer, 

due to its inability to accommodate any swelling.  The creation of a surface-layer IPN of a guest 

polymer within the matrix of a host polymer is interesting due to the potential for enhancement of 

the surface properties of the TPU.  Properties of interest include mechanical properties (such as 

the energy of failure, Young‟s modulus, and elongation at break), enhanced barrier properties, or 

even enhanced conductivity.  For instance, a change in surface energy may be achieved or scratch 
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resistance may be improved via the creation of a surface layer IPN.  Further, due to the gradient 

nature of the infusion, there is a potential for interesting vibration damping properties because of 

the creation of a gradient in Tg at the surface.   

 In addition to its use in modifying the barrier and mechanical properties of the host 

polymer, the IPN method may also be used as a reduction method for the in situ synthesis of 

metal nanoparticles.  Unlike the chemical reduction method described earlier, the IPN process 

results in the auto-reduction of the salt by pendant amine groups in the IPN layer, eliminating the 

additional reduction step.  The IPN method yields smaller, more concentrated, and less 

agglomerated particles than the previous chemical reduction method.  Transmission electron 

microscopy (TEM) and small angle x-ray scattering (SAXS) are utilized to examine the particle 

size distribution and quality of dispersion, while optical microscopy is employed to probe the 

depth of penetration of the surface layer of Au
0
 nanoparticles.   

3.1 Interpenetrating Network Synthesis 

3.1.1 Initial Work 

In order to investigate the possibility of property enhancement using an infused surface 

layer IPN, several polymerizable unsaturated monomers were infused and polymerized in the 

surface of TPU samples and characterized in order to evaluate the change in the samples‟ 

properties.  In early work on this project done in conjunction with Ms. Morgan Iannuzzi, an 

undergraduate researcher in our group, four monomers were tested for creation of IPN materials: 

methyl methacrylate (MMA), ethylene glycol dimethacrylate (EGDMA), 1,4-divinylbenzene 

(DVB), and 2-hydroxyethyl methacrylate (HEMA) (Fig. 3-1).  All monomers were purchased 

from Sigma Aldrich and used as received.  EGDMA has previously been studied in semi-IPNs 

along with poly(HEMA) hydrogels in an effort to improve the mechanical properties of the 

gels.
207

  However, any monomer that is a thermodynamically “good” solvent for the TPU should 

be amenable to this processing.  As long as the monomers were able to sufficiently swell the 

polymer at room temperature and, in doing so, carry in enough of the radical initiator, in situ 

polymerization could be conducted using a UV lamp.  Fig. 3-2 shows the mass uptake of the 

monomer solution into the 3.3 mm thick, injection molded TDP7-1199 samples as a function of 
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time at room temperature.  From these measurements, it is possible to estimate the diffusivity of 

each monomer into the flat polymer slab using the equation:
9
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          (3-1) 

where Mt is the mass of solvent in the slab at time t, M∞ is the mass of solvent in the slab at 

equilibrium swelling, D12 is the diffusivity of the solvent in the polymer, and L is half the 

thickness of the slab when not swollen.  It is important to note that equation 3-1 is valid for short 

times, assumes that the diffusivity is concentration-independent, and assumes that the slab 

thickness is constant.
9
  Additionally, the equation assumes one-dimensional diffusion from both 

sides of the slab, that the concentration of monomer on either side of the slab is the same, and that 

the diffusion considered is far from any edges.
9
  Though not an appropriate model for glassy 

polymers, it is suitable for use with TPU elastomers above their Tg such as those we are studying.  

By plotting Mt/M∞ versus t
1/2

, D12 can be determined from the slope.  M∞ was determined by 

swelling the polymer samples in a monomer until equilibrium swelling was reached, normally 

over a period of several days.  Once the mass of the swollen sample ceased to increase with 

immersion time, the value was taken as M∞.  Note that this equation is valid for Mt/M∞ << 0.5, 

where the plot is linear.  Applying this model to the monomers infused into TDP7-1199, we 

found diffusivities for MMA, DVB, and EGDMA (Table 3-1).   

 

Figure 3-1.  Chemical structures of the four methacrylate monomers tested (clockwise from top 

left): MMA, EGDMA, HEMA, and DVB. 



75 

 

 

Figure 3-2.  Uptake of polymerizable monomers by TDP7-1199 at 22 °C. 

Table 3-1.   Calculated diffusivities of monomers into TDP7-1199. 

Monomer D12 (22 °C) (cm
2
/s) M∞/Mo (48 hours) 

MMA 8.23·10
-5

 3.03 

DVB 6.22·10
-5

 1.93 

EGDMA 4.35·10
-5

 1.85 

 Knowledge of the diffusivity permits modeling of the concentration profile at short times 

using the following equation:
208

 

)
2

()(
12tD

x
erfcCC s

 (3-2) 

where x is the distance beneath the surface, C is the concentration of monomer within the sample 

at a given time and distance beneath the surface, and Cs is the external surface concentration.  

This equation assumes an infinitely thick source and an infinitely thick slab, with diffusion 

proceeding in one dimension from only one side of the slab.
208

  The result of this analysis is a 

rough idea of the calculated concentration of monomer as a function of depth for a given infusion 

time, which is shown for DVB in Fig. 3-3.  Though we have assumed diffusion from only one 

side of the slab, diffusion will occur from both sides in reality.  As the samples tested are 3.3 mm 



76 

 

thick, the estimated concentration profiles shown would begin to be affected by the monomer 

entering from the other side before the 1.5 mm of depth depicted in the figure.  Another important 

caveat is that diffusion will continue during polymerization.  Nonetheless, this analysis provides 

an idea of the amounts of infused monomer and their depth dependence.  Furthermore, the depth 

of the surface layer of the eventual IPN is not just limited by diffusion of the polymer.  The 

diffusion of the initiator and the transparency of the sample to UV light will both affect the 

thickness of the surface-layer IPN.  As such, the final polymerized IPN may not have the same 

concentration profile as the monomer itself. 

  

Figure 3-3. Modeled concentration of DVB in TDP7-1199 after 1, 2, and 3 minute soaks at room 

temperature.  Model assumes diffusion in one dimension from one side of the slab. 

We tested a variety of initiators for the polymerization of the infused monomers.  

Thermal initiation was found to be problematic.  The monomer was found to completely 

evaporate from the host polymer at the elevated temperatures needed for initiation.  Additionally, 

using benzoyl peroxide as the thermal initiator resulted in browning of the plastic, likely due to 

the initiator‟s reaction with the host polymer rather than the monomer.  UV initiators were found 

to be both successful and advantageous.  In addition to their ability to initiate polymerization at 

room temperature without problems of polymer degradation and rapid monomer evaporation, UV 

initiators also allowed for the photo-patterned polymerization of the infused monomer.  Two 

initiators in the Irgacure
®
 line produced by Ciba were found to be optimal and readily available.  

Irgacure
®
 651 was chosen for use with non-polar solvents and polymers, and Irgacure

®
 2959 was 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0 0.5 1 1.5

M
a
s
s
 F

ra
c
ti

o
n

 D
V

B

Depth Beneath Surface (mm)

1 min. sorption
2 min. sorption
3 min. sorption



77 

 

chosen for use with polar chemicals and aqueous conditions (Fig. 3-4).  In particular, 

Irgacure
®
 651 was chosen as our preferred radical initiator due to its universal solubility in all of 

the studied monomers and TPUs.   

 

Figure 3-4.  Chemical structure of Irgacure
®
 651 (2,2-dimethoxy-1,2-diphenylethan-1-one) (left) 

and of Irgacure
®
 2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) 

(right). 

Samples were soaked in a 99 % w/w solution of monomer and 1 % w/w Irgacure
®
 651, 

thoroughly dried to remove any uninfused monomer on the surface, and polymerized using a 

4 W, 365 nm UV light source at a distance of two inches.  The sample was placed under a quartz 

plate during polymerization, such that the UV light could reach the sample but monomer 

evaporation was minimized.  The key to the successful polymerization was found to be the 

absence of O2.
209-214

  Thus, polymerizations were done under flowing N2 gas.  Photo-patterning 

was achieved via the same process with the addition of masking of the sample during 

photopolymerization.  Samples were soaked for 20 min. at room temperature in a 99 % w/w 

solution of EGDMA and 1 % w/w Irgacure
®
 651.  A 4 W, 365 nm UV light source at a distance 

of two inches was used to polymerize the monomer within the sample through a chrome-plated 

glass mask.  Fig. 3-5 shows an optical microscopy image of the results of this patterned 

photopolymerization on the surface of an injection molded TDP7-1199 sample.  The sample 

shown in Fig. 3-5 was sectioned perpendicular to the sample surface at a point far from the edge 

of the sample.  Note the birefringence of the poly(EGDMA) IPN portion, likely indicating frozen-

in stress following the polymerization due to the elongation of the TPU polymer chains while 

swelled by the guest polymer.  No additional material is seen in the masked region, as 

unpolymerized monomer is allowed to evaporate in a post-polymerization bake step at 70 °C.  A 

series of samples was observed in this manner in order to determine the thickness of the IPN 

layer, with the results shown in Table 3-2.   
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Figure 3-5.  Optical microscopy image of the patterned surface of a TDP7-1199 sample infused 
with EGDMA.   The poly(EGDMA) IPN is clearly seen in the exposed region at the right due to 

the birefringence and the slight bulge at the surface. 

Table 3-2. Thickness of poly(EGDMA) IPN layer in TDP7-1199 samples, as determined by 
optical microscopy. 

Sample       Soak Time/Temp. UV Cure Time  Layer Thickness (μm) 

TDP7-1199          60 min. / 22 C            5 min.    (difficult to judge)   

(injection molded) 60 min. / 22 C          10 min.         155  10 

  60 min. / 22 C          15 min.          157  10   

  60 min. / 22 C          20 min.          155  10  

       60 min. / 22 C          25 min.         177  10  

  20 min. / 22 C          25 min.         180  10  

  5 min. / 22 C          25 min.           45  10  

  20 min. / 60 C          25 min.           400  10  

TDP7-1199 (thin film)  20 min. / 22 C          25 min.  70  10  

 

With a better understanding of the diffusion of the monomer and the subsequent 

polymerized IPN layer, we moved forward to evaluate property changes in the modified polymer 

samples.  Sessile water contact angle was measured for a TDP7-1199 sample containing a 

poly(EGDMA) surface layer IPN.  Before modification, the contact angle was found to be 81.8° 

+/- 1.9°, while after creation of the poly(EGDMA) IPN, the contact angle was 96.9° +/- 6.5°.  
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This result demonstrates the potential to change surface hydrophobicity using surface layer IPNs.  

The tensile behavior of the infused sample was also tested (Fig. 3-6).  The addition of a 

poly(EGDMA) IPN layer was seen to produce a definite increase in the Young‟s modulus of the 

TDP7-1199 sample.  However, the IPN layer is apparently glassy and soon begins to show visible 

cracks, corresponding with the decrease in stress seen for the treated samples with increasing 

strain.  The end result is stiffening of the material at the surface but lowering of the energy of 

failure.  It is worth noting that in similar testing of T250, no cracking was seen, nor was any 

evidence of the IPN layer being glassy observed.  In fact, Young‟s modulus was not necessarily 

improved in the T250 tests, and stress continues to increase with strain up to 20 % strain.  Harder 

grades of Texin
®
 were found to take up less monomer, so it is plausible that this result is due to a 

greater swelling of the TDP7-1199 with EGDMA monomer relative to the T250.  Thus, the 

amount of monomer infused is an important parameter in optimizing the improvement to 

mechanical properties as a result the IPN layer.   

 

Figure 3-6.  Uniaxial tensile testing results of both untreated and EGDMA-modified TDP7-1199. 

 Finally, the barrier properties of the sample were tested by swelling treated and 

untreated TDP7-1199 samples in hexanes (Fig. 3-7).  The presence of a poly(EGDMA) surface 

layer has a definite effect on slowing the uptake of the solvent.  Further hexane swelling tests 

were performed on samples of T250 and TDP7-1199 with poly(HEMA) IPN layers, produced 

using the same method as the poly(EGDMA) IPNs (Fig. 3-8 and Fig. 3-9).   While the 

poly(HEMA) IPN inhibits the swelling of the T250 sample beyond about 0.1% for the time 
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period tested, the poly(HEMA) IPN in the TDP7-1199 sample initially retards the swelling of the 

sample in the hexanes.  Eventually, however, the treated sample reaches the same level of 

swelling as the untreated sample.  With identical processing conditions used to make these 

samples, this difference likely comes down to the different structures of the two TPUs.  T250 is a 

harder TPU, which allows less monomer or solvent uptake to begin with.  Addition of the small 

amount of the thin poly(HEMA) monomer which it will accomodate serves to further inhibit 

swelling.  TDP7-1199 is a softer grade of TPU.  A large amount of HEMA swells the polymer, 

likely producing a thicker layer of poly(HEMA) at the surface.  Once this layer is permeated by 

the infused hexanes, the inner TDP7-1199 swells just as it would with no barrier layer. 

 

Figure 3-7.  Mass uptake of TDP7-1199 samples, both untreated and with a poly(EGDMA) IPN 

layer, in hexanes at 22 °C. (Data collected by Morgan Iannuzzi) 



81 

 

 

Figure 3-8.  Mass uptake of T250 samples, both untreated and with a poly(HEMA) IPN layer, in 
hexanes at 22 °C. (Data collected by Morgan Iannuzzi) 

 

Figure 3-9.  Mass uptake of TDP7-1199 samples, both untreated and with a poly(HEMA) IPN 

layer, in hexanes at 22 °C. (Data collected by Morgan Iannuzzi) 
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3.1.2 Application – Improvement of a Golf Ball Polymer Coating 

Knowing that the potential for material improvement was dependent on the optimization 

of the processing parameters, the addition of a scuff-resistant IPN layer to the TPU surface-

coating of a golf ball was attempted.  The golf ball coating is a proprietary blend of Texin
®
 

920280-7 and Texin
®
 920280-9 in unknown proportions.  Each of these materials is an aromatic 

polyether TPU.  Texin
®
 DP7-1196 was also tested, due to its similarity to T920280-7, particularly 

with respect to the hard segment concentration.  The primary difference between the two is the 

lower molecular weight of the polyether polyol used in the synthesis of TDP7-1196, resulting in 

smaller, better dispersed hard segments than in T920280-7.   Samples were used as received from 

Bayer MaterialScience.  TDP7-1196 was supplied as a 0.30 mm thin film, while T920280-x was 

supplied as a 15 cm square molded plaque of thickness 3.18 mm.  As such, the T920280-x 

samples were sectioned by razor blade to produce thin (0.5-1 mm) sections for infusion and 

mechanical testing.  Also tested was the actual aromatic TPU polymer blend from the surface of a 

golf ball.  Samples were cut off of the golf ball by razor blade, and found to have a thickness of 

about 1.1 mm, although the dimples in the golf ball surface introduce significant variability. 

Initial tests were done using 20 min. soaks in 1 % w/w solution of Irgacure
®
 651 in 

EGDMA.  Significant swelling was found in each of the materials tested (Fig. 3-10).  Samples of 

all three TPUs and the aromatic golf ball polymer blend were subjected to uniaxial elongation 

using a TA instruments Q800 DMA.  Samples of approximately 0.5 mm x 3 mm x 5 mm were 

stretched at 5 % strain per minute to 70 % strain or fracture, whichever came first (Fig. 3-11).   In 

general, the mechanical properties of the polymers appeared in these preliminary results to be 

improved by creation of the IPN layer.  Additional tests were performed on the aromatic golf ball 

polymer blend, specifically attempting to determine the effect of infusion time and temperature 

on the resultant mechanical properties (Fig. 3-12).  It was here found that, although the Young‟s 

modulus tended to be increased by the presence of the IPN layer, the elongation at break was 

drastically reduced by the presence of the EGDMA.  Stretching by hand was found suitable to 

break the treated polymer but not the control sample.  In the treated polymer, small cracks were 

plainly apparent as the glassy IPN layer fractured.  As a result of these problems, a new monomer 

system was investigated. 
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Figure 3-10.  Mass uptake of EGDMA and Irgacure
®
 651 in TDP7-1196, T920280-7, and 

T920280-9 following 20 minutes of infusion at room temperature.  Mass increase was determined 
following UV polymerization and one day in a 60 °C oven to allow evaporation of volatiles. 

 

 

Figure 3-11. Uniaxial elongation of TDP7-1196, T920280-7, T920280-9, and the aromatic golf 

ball polymer blend. 

0% 2% 4% 6% 8% 10%

TDP7-1199

T920280-7

T920280-9

Mass Uptake (% of Original Mass)



84 

 

 

Figure 3-12.  Uniaxial elongation of aromatic golf ball polymer blend at a variety of EGDMA 
infusion conditions. 

It is important to make two key notes about the testing done here.  First of all, the aim of 

the project is to improve the scuff resistance of the polymer surface coating.  As such, the 

Young‟s modulus and elongation at break are not necessarily optimal parameters to measure this 

improvement.  However, they were chosen here for use as preliminary results in order to 

determine if sufficient change to the properties of the polymer was being made to warrant testing 

of the scuff resistance by the golf ball manufacturer.  Further, it must be mentioned that 

elongation at break is a particularly fickle measurement.  A thorough analysis of this parameter 

requires multiple tests and rigorous statistical analysis in order to acquire conclusive data.  Here, 

the elongation at break was used as an indication of the glassy nature of the EGDMA IPN layer, 

which was confirmed by stretching the samples by hand and observing the cracks in the surface 

with the unaided eye.  It is this obvious problem which ultimately led to the decision to try a new 

monomer for IPN formation. 

A monomer mixture consisting of 80 % w/w pentaerythritol triacrylate (PETA) and 

20 % w/w 1-ethenyl-2-pyrrolidone (NVP) was made, and 1 % w/w Irgacure
®
 651 was added.  

This mixture essentially mimics the formulation of the scratch-resistant surface coating Gafgard
®
 

233 without the addition of nanofillers.  The motivation here was to use a similarly scratch-
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resistant polymer coating as an IPN for better adhesion than is possible with a material like 

Gafgard
®
 233, which is simply deposited on the surface and polymerized.  Pieces of the aromatic 

golf ball polymer blend of approximate dimensions 1.1 mm x 20 mm x 60 mm were infused with 

this mixture at 60 °C.  Significant mass uptake was found for short times (~20 min.), and 

equilibrium swelling was not reached for much longer times (t > 4 hours) (Fig. 3-13).   Swelling 

for 20 min. at 60 °C was also attempted in each monomer individually, with the result being that 

PETA caused a 4 % mass increase to the sample with minimal change to sample dimension, 

while NVP was found to completely dissolve the sample.  Initial uniaxial tension tests, analogous 

to those performed on the EGDMA-modified samples, were used for samples of both the golf ball 

polymer and T920280-9 infused with the triacrylate monomer mixture for 20 min. at 22 °C 

(Fig. 3-14).  In both instances, increases in both Young‟s modulus and elongation at break were 

observed.  Additionally, it appears that the toughness of the material, as observed via the area 

under the stress-strain curve, was significantly increased.  In order to optimize the infusion time 

and temperature, Young‟s modulus measurements were made for a variety of conditions on 

T920280-9 samples of 3.2 mm width and 0.9 mm thickness.  Young‟s modulus was chosen 

primarily for its ease of measurement, compared to the toughness and elongation at break.  The 

results are summarized in Table 3-3.  Temperature had the largest influence on the Young‟s 

modulus, while soak time had a significantly smaller influence.  As such, 20 min. at 60 °C was 

chosen for testing of the golf ball polymer blend.  A number of golf balls were infused using 

these conditions.  UV irradiation was achieved via constant agitation of an N2 filled box 

containing a golf ball under a Dymax
®
 Lightwelder

®
 PC-2, with wavelength of irradiation over 

the range 300-500 nm and power output of 20-45 mW/cm
2
, for 3 min.  Over-exposure was found 

to cause a yellowing of the golf ball polymer.   
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Figure 3-13.  Mass uptake as a function of time for infusion of the PETA/NVP monomer mixture 

into the aromatic golf ball polymer blend at 60 °C. 

 

 

 

Figure 3-14.  Uniaxial elongation results for the aromatic golf ball polymer blend (left) and 

T920280-9 (right) treated with the triacrylate monomer mixture. 
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Table 3-3.  Young‟s moduli of aromatic golf ball polymer blend measured for a variety of soak 

conditions.  (Data collected by Dr. Jun Zhao and Dr. Huipeng Chen at Texas Tech University) 

Sample 

Soak T 

(°C) 

Soak Time 

(min.) Young's Modulus (MPa) 

0 N/A N/A 9.7 

1 21 5 11.7 

2 21 10 15.6 

3 21 20 17.6 

4 40 5 26.2 (questionable) 

5 40 10 14.8 

6 40 20 14.5 

7 60 5 - 

8 60 10 21.4 

9 60 20 41.2 

The processed golf balls were sent back to Bayer MaterialScience for thorough testing.  

An important observation made during our drop tests was the equal rebound height of the treated 

and untreated golf balls, indicating that no deleterious effect had been made to the elastic 

response of the golf ball as a whole. 

3.1.3  Synthesis of an Interpenetrating Network for use as a Reducing Agent  

The use of a surface layer IPN as an "in situ reduction" method for the production of a 

polymer/metal nanocomposite was investigated.  By choosing an IPN monomer with the proper 

functionality, such as pendant amine groups, an immobilized, cross-linked reducing agent can be 

synthesized.  Subsequent infusion of metal precursor salts results in auto-reduction to elemental 

metal by the IPN, with no further processing step needed.  

TDP7-1199 was supplied by Bayer MaterialScience (Pittsburgh, PA).  Large extruded 

sheets, of thickness 0.5 mm were used as received from the supplier.  Tg of the material is -23 °C, 

as quoted by the supplier.  The synthetic scheme of TDP7-1199 is proprietary.  Irgacure
®
 651 

(Ciba) and 2-(diethylamino)ethyl methacrylate (DEAMA) (99 %, Aldrich) were used as received.  
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Chemical structures of DEAMA and Irgacure
®
 651 (2,2-dimethoxy-1,2-diphenylethan-1-one) are 

shown in Fig. 3-15 and Fig. 3-4, respectively.  

 

Figure 3-15.  Chemical structure of 2-(diethylamino) ethyl methacrylate (DEAMA). 

TPU samples were allowed to soak in a 0.036 M solution of Irgacure
®
 651 in DEAMA 

for 20 min. at room temperature.  The samples were then wiped well to remove any excess 

monomer on the surface and exposed to 2 min. of irradiation under a Dymax
®
 Lightwelder

®
 

PC-2, with wavelength of irradiation over the range 300-500 nm and power output of 20-

45 mW/cm
2
. 

The key step in this particular process was the creation of a functionalized IPN layer on 

the surface of the TPU.  It was found that no solvent mixture was needed to swell the TPU with 

the DEAMA; rather, the polymer absorbed DEAMA via immersion in the pure chemical 

(Fig. 3-16).  In order to successfully photopolymerize the methacrylate monomer, Irgacure
®
 651 

was added at a low concentration as a radical initiator.  The swelling of the network with 

monomer was sufficient to carry in this initiator, as evidenced by the success of the 

photopolymerization using a high-power UV light source.  As before, it was of critical 

importance that this photopolymerization step not be done in the presence of oxygen.  The present 

work was done under flowing N2 gas, which proved to be successful at sufficiently removing the 

oxygen so as to allow the polymerization to proceed.  Optical microscopy revealed the 

poly(DEAMA) layer to be approximately 50 μm thick, with a gradient in concentration appearing 

to trail off over the next 50 μm (Fig. 3-17). 
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Figure 3-16.  Uptake of DEAMA, containing 0.036 M Irgacure
®
 651, into TDP7-1199 thin films 

as a function of time at room temperature.  Polymer samples were 1 cm x 1 cm x 0.5 mm, and 

masses were taken after wiping excess monomer off thoroughly but before photopolymerization. 

 

Figure 3-17. Optical microscope image of the poly(DEAMA) layer on the surface of TDP7-1196. 
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3.2 Interpenetrating Network Reduction of Metal Precursors 

Once the poly(DEAMA) IPN layer had been synthesized, the TPU samples were 

immersed in a 0.007 M solution of HAuCl4 in a 70:20:10 (by volume) mixture of water, BCS, and 

DEG for 3 min. at 60 °C.   Hydrogen tetrachloroaurate trihydrate (99.99 %, Alfa Aesar), ethylene 

glycol monobutyl ether [butyl cellosolve (BCS)] (99 %, Alfa Aesar), and diethylene glycol 

(DEG) (99 %, Alfa Aesar) were used as received from the suppliers.  Following the gold infusion, 

samples were placed in an 80° C oven and left for at least 24 hours.  Each solvent in this solution 

has a specific role, as has been previously discussed.  It is observed that the sample turns brick 

red rapidly upon being immersed in the HAuCl4 solution (Fig. 3-18).  This observation is in 

contrast to the previous chemical reduction method, where the polymer article turns a bright 

yellow during the initial HAuCl4 soak and subsequently loses this color during the reduction soak 

step.  The final color of the sample in the prior process only develops when the polymer is left in 

an oven for at least a day to allow the evaporation of solvent and the diffusion of Au
0
 through the 

sample to form larger particles and aggregates.  It would appear that there is not as much growth 

and aggregation of the Au
0
 over time in the currently considered IPN process, as the brick red 

color forms during the HAuCl4 infusion and remains essentially unchanged both during and 

beyond the subsequent baking step.  Thus, it seems that the particle size does not change 

significantly throughout these events.  However, this is not to say that there is little or no 

diffusion of the Au
0
 through the TPU sample.  In fact, it appears to be quite unlikely, due to the 

fact that particles are found throughout the thin film, even beyond where the DEAMA layer 

appears to extend, as is discussed below.  

 

Figure 3-18.  Photograph of IPN-reduced gold nanocomposite sample. 
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3.3 Sample Characterization 

3.3.1 Optical Microscopy 

Samples were sectioned perpendicular to the original surface at a location far from the 

edge using a razor blade, and the cross-section was observed edge-on to determine the 

approximate thickness of both the poly(DEAMA) IPN before the HAuCl4 soak and the infused 

surface layer of gold following said soak.  Samples were characterized via orthoscopic 

observation (in transmission) using an Olympus BX51 microscope with a UMPlanFL 10x 

objective.  Images were recorded using a 2.0 megapixel Diagnostic Instruments model # 11.2 

Color Mosaic digital camera equipped with Spot
TM

 digital imaging software.   

3.3.2 Transmission Electron Microscopy 

TPU samples were microtomed following HAuCl4 infusion and the post-processing bake 

step using a Leica EM UC6 Microtome with Leica EM FC6 Cryo-attachment at -100° C to take 

90 nm thick sections.  Sections were taken perpendicular to the surface of the sheet, such that the 

entire thickness could be examined in a given section.  In contrast to the samples prepared using 

the chemical reduction method, the gold nanoparticles were present in high enough amount and at 

small enough sizes that a large number of particles could be seen on a single section. The 

collected sections were placed on 400 mesh copper grids and examined using a JEOL JEM 1200 

EXII TEM, equipped with a Tietz F224 camera, at an accelerating voltage of 80 kV.  Images 

were taken such that successive images could be overlapped to create a continuous image from 

surface to surface, other than at the copper grid lines.  Particle sizes were measured over a 1 μm × 

1 μm box every 50 μm in the TEM images using the “Measure” capability in ImageJ 1.38x 

(created by Wayne Rasband, National Institutes of Health).  The particle size distribution, 

number, and volume fraction were calculated for each box and examined as a function of depth 

from the surface. 
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3.3.3 Small Angle X-ray Scattering 

Small angle x-ray scattering (SAXS) was performed on Au
0
-containing samples of TPU 

and on unprocessed TPU samples for background subtraction.   A Rigaku pinhole SAXS system 

utilizing a Cu Kα (λ= 1.54 Å) sealed microfocus tube and a 120 mm multi wire area detector was 

used.  Beam diameter at the sample was approximately 1 mm, and the sample to detector distance 

was 1.5 m. All measurements were made at 25 °C, with counts being recorded for two hours per 

sample.  Background was subtracted as  

)(
bb

ss
bs

tT

tT
III 

        (3-3) 

where I is the scattered intensity, Is and Ib are the sample and background scattered 

intensity, Ts and Tb are the transmission intensity of sample and background, and ts and tb are the 

scattering times for sample and background.
215

  Error shown in all SAXS plots is 10 % of the 

corrected scattered intensity. 

Two particle size distributions were considered.  The first was a Gaussian size 

distribution, and the second was a Schulz distribution.  The Gaussian distribution is calculated 

using:
216

 

 𝑓 𝑅 =  
1

𝜍 2𝜋
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1

2𝜍2 (𝑅 − 𝑅 )2  (3-4) 

where R is the particle radius, 𝑅  is the average particle radius, and ζ is the standard deviation.  

The polydispersity of this distribution is defined as:
216

  

 𝜌 = 𝜍/𝑅   (3-5) 

The Schulz distribution is described by the equation:
217,218
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where R is the particle radius, 𝑅  is the average particle radius, and z is the Schulz “width factor,” 

which must be greater than -1.
217,218

  A z value of 10
4
 corresponds to an essentially monodisperse 

sample.
218

  Note that the final term of the Schulz distribution equation makes use of the gamma 

distribution.  The polydispersity index of the Schulz distribution can be calculated as:
217

  

𝜌 = 𝜍𝑅/𝑅 =  
1

 𝑧+1
 (3-7) 

where ζR is the root-mean-square deviation from the mean size in the distribution, given by:
217

  

𝜍𝑅 = 𝑅 /(𝑧 + 1)1/2 (3-8) 
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The polydispersity is physically limited to have a value between zero and one such that negative 

particle radii are not considered. 

IGOR Pro version 6.0.4.0 with the NIST NCNR analysis and reduction package was used 

to model the scattering.
216

  Using the Gaussian distribution, a Gaussian spheres model for 

scattering was attempted.  This model calculates scattering from a polydisperse population of 

non-interacting spheres with uniform scattering length density.
216

  The input variables into the 

NIST NCNR software package for the Gaussian spheres model are particle radius, polydispersity, 

volume fraction of particles, scattering length density of the spherical particles, scattering length 

density of the polymer matrix, and a background correction.
216

  The Gaussian spheres model 

calculates scattering intensity as:
216

 

 𝐼 𝑞 =  
4𝜋

3
 

2
𝑛𝑝2  𝑓

∞

0
 𝑅 𝑅6𝐹2 𝑞𝑅 𝑑𝑅 (3-9) 

where n is the total particle number density, q is the modulus of the wave vector (q = 4π sin(θ)/λ 

with scattering angle, 2θ, and wavelength, λ), p is the numerical difference in the scattering length 

densities of sphere and medium, and f(R) is the Gaussian distribution, given in equation 3-4.
216

  

F(x) is the scattering amplitude for a sphere and is calculated as:
216

 

 𝐹 𝑥 =  
[sin  𝑥 − 𝑥𝑐𝑜𝑠 (𝑥)

𝑥3  (3-10) 

As particle interactions are not considered, there is no structure factor contribution to this 

model.
216

 

A polydisperse hard sphere model, wherein scattering from interacting hard spheres is 

modeled for any degree of size polydispersity that is describable by the above Schulz distribution, 

was also used to model the measured scattering.
218

  The input variables into the NIST NCNR 

software package for the polydisperse hard sphere model are particle radius, polydispersity, 

volume fraction of particles, scattering length density of the spherical particles, scattering length 

density of the polymer matrix, and a background correction.
216

  Scattering intensity is calculated 

for a continuous distribution of particles of radius Ri and scattering amplitude Fi(q)  using the 

equation:
218

 

𝐼 𝑞 = 𝑛 𝐹𝑖
2∞

0
 𝑞 𝑓 𝑅𝑖 𝑑𝑅𝑖 +  𝑛   𝐹𝑖 𝑞 𝐹𝑗  𝑞 𝐻𝑖𝑗  𝑞 𝑓𝑖

∞

0

∞

0
 𝑅𝑖 𝑓𝑗  𝑅𝑗 𝑑𝑅𝑖𝑑𝑅𝑗  (3-11) 

where 

 𝐻𝑖𝑗  𝑞 = 𝑆𝑖𝑗 (q)-1 (3-12) 

are the partial structure functions, related to the partial structure factors, S ij(q).
218

  n is the total 

particle number density, q is the modulus of the wave vector (q = 4π sin(θ)/λ with scattering 

angle, 2θ, and wavelength, λ), and fi(Ri) is the Schulz distribution, given in equation 3-6.
218

  The 
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scattering amplitude for spheres with uniform scattering length density and a given diameter is 

calculated as:
218

 

𝐹𝑖 𝑞 = 4𝜋𝑝  sin 
𝑞𝑅𝑖

2
 − 1

2 𝑞𝑅𝑖 cos(
𝑞𝑅𝑖

2
)  (3-13) 

where p is the contrast between the particle and the surrounding medium.
218

  In modeling the 

scattering data with the polydisperse hard sphere model, it must be kept in mind that the volume 

fraction and the scattering contrast are correlated.
216

 

3.3.4 Discussion 

In order to achieve an accurate depiction of the particle size distribution within the 

nanocomposite sample and determine how it varies with depth, sections were microtomed far 

from the sample edge in a manner such that the full thickness of the sheet was intact.  Such 

samples allowed for overlapping TEM images to be taken and subsequently concatenated into a 

series of continuous images from surface to surface (Fig. 3-19), with the exception of gaps of 23 

μm thickness due to the grid lines of the copper TEM grids.  Fig. 3-20 shows the locations of the 

TEM image series, as well as the approximate locations where particles were measured and 

counted, as discussed below. 
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Figure 3-19.  An example of the continuous TEM images constructed for the IPN-reduced gold 

nanocomposite sample.  The arrow added indicates the direction of the surface, and the red square 

represents a point 200 μm from said surface. 
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Figure 3-20.  Optical microscope image of IPN and gold infused TDP7-1199 sample on a copper 

TEM grid.  Blue lines indicate areas where TEM images were taken.  Boxes indicate 
approximately where particles were counted, every 50 µm throughout the sample.  Wrinkling 

observed at the section edges are due to beam damage during TEM imaging. 

The first feature of note from the TEM images was the first several micrometers on each 

surface of the sheet, in which no nanoparticles were found (Fig. 3-21).  This result was 

counterintuitive, as the highest particle size and concentration was expected immediately next to 

the surface.  We believe that this surface "dead zone" is a result of the use of a water rinse 

following the HAuCl4 infusion step.  The gold precursor was able to diffuse out of the still-

plasticized polymer into the aqueous rinse.  Alternatively, DEAMA monomer at the surface may 

evaporate during the UV curing step, before it is able to polymerize. 
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Figure 3-21.  TEM image depicting, from right to left, empty space, the surface layer of the 

sample devoid of any particles, and the beginning of the presence of gold nanoparticles 

approximately 3 μm beneath the surface.   

In order to get accurate statistics on the size of the nanoparticles depicted in the TEM 

without the need to count every particle from surface to surface, 1 µm
2
 boxes of particles were 

counted and measured every 50 µm, traveling perpendicular to the surface.  As expected, the bulk 

of the particles are within the first 50 µm from the surface (Fig. 3-22).  An image of the density of 

particles near the surface can be seen at the left of Fig 3-21.  However, there is still a noticeable 

concentration of particles within the central part of the sample (Fig. 3-23 and Fig. 3-24).  

Although not visible by optical microscopy, it is apparent that the gold salt is able to migrate a 

significant distance during infusion and nucleate the growth of nanoparticles deep into the plastic.  

Interestingly, the average particle diameter does not change throughout the thickness of the 

sample, despite the large change in particle number density beyond the initial surface layer (Fig. 

3-25).  The final results of the measurement of all particles considered are shown in Table 3-4. 
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Figure 3-22.  Number of particles in a 1 µm square box every 50 µm based on measuring 

particles in TEM images.  The sample was approximately 500 µm thick, so the middle of the 

sample is approximately the 250 µm point. 
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Figure 3-23.  Example TEM image, 100 μm beneath the surface of the polymer. 

 

Figure 3-24.  Example TEM image at the center of the sample, 250 μm from either surface.  
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Figure 3-25.  Mean diameter based on measuring particles as a function of depth from the surface.  

Note that the sample was approximately 500 µm thick, so the middle of the sample is 
approximately the 250 µm point.  Error bars are one standard deviation for the diameters of the 

particles counted within each respective 1 μm
2
 box. 

Table 3-4. Counting statistics for all particles measured in TEM images. 

Number of Particles 626 

Total Volume 1.10·10
7
 nm

2
 

Number Density 5.68·10
-5

 particles/nm
2
 

Volumetric Density 6.31·10
-7

 particles/nm
3
, assuming 90 nm thick sections 

Volume Fraction 6.50·10
-4

, assuming spherical particles and 90 nm thick sections 

Mean Diameter 10.7 nm 

Standard Deviation of 

Diameter 4.52 nm 

Despite the quantity of information yielded by the TEM, it would be advantageous to 

have a faster method of characterizing the particle size for a given sample.  As such, SAXS was 

employed as a high throughput, beam based characterization technique.  In order to quantify 

particle size and polydispersity by SAXS, an appropriate scattering model must be assumed.  The 
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statistics from the TEM data were used as initial guesses for the fitting algorithm (Fig. 3-26).  

Both Gaussian and Schulz distributions were attempted as fits for the TEM-determined particle 

size distribution.  Use of these models assumes that the particles throughout the sample are 

spherical.  In each case, the measured average radius of 5.35 nm was used to minimize the sum of 

squares difference between the modeled distribution and the measured distribution by altering the 

width factor and standard deviation, respectively.  The sum of squared differences was 0.05 for 

the Schulz distribution with a polydispersity of 0.607 and was 0.04 for a Gaussian model with a 

polydispersity of 0.701.   Both models fit the data relatively well, particularly considering the 

error in the radii of the measured particles.  However, the Gaussian distribution must consider 

unphysical negative particle radii (not shown in Fig. 3-26) in order to fit the data, indicating its 

use is likely not desirable.  

 

 

Figure 3-26.  Fit of the particle distribution throughout the sample containing poly(DEAMA)-
reduced gold nanoparticles using both a Gaussian and a Schulz distribution.  Note that the 

average radius used here is that measured with the TEM analysis.   (Line added to data as a guide 

to the eye.) 

Both a Gaussian sphere model and a polydisperse hard sphere model of the measured 

scattering were considered.  The primary differences between the two are the size distributions 

(Gaussian and Schulz, respectively) and whether interactions between spheres are considered (no 

and yes, respectively).  The TEM measurements were particularly important as initial guesses, 

considering the large number of adjustable parameters required by the two scattering models.  It 

is important to note the intensity units of our SAXS data are arbitrary and not absolute, and the 

scattering length density and volume fraction of the fits are coupled and therefore non-
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quantitative.  However, the shape of the plot was determined by the polydispersity and average 

radius of the particles.  The fit shown in Figure 3-27 for the polydisperse hard sphere model 

corresponds to an average radius of 4.82 nm and a polydispersity of 0.62.  The fit shown in 

Figure 3-28 for the Gaussian spheres model corresponds to an average radius of 2.1 nm and a 

polydispersity of 1.79. Comparing Figures 3-27 and 3-28, it is apparent that that Gaussian spheres 

model does not fit the measured data well at low q.  Furthermore, the calculated values for radius 

and polydispersity based on the polydisperse hard sphere model are in better agreement with the 

values determined via TEM than those using the Gaussian sphere model.  As such, the 

polydisperse hard sphere model will be considered for the remainder of this work.   

 

Figure 3-27.  SAXS data for the same IPN-reduced gold nanoparticle sample that was tested via 

TEM, along with the fit done using the polydisperse hard sphere model. 
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Figure 3-28.  SAXS data for the same IPN-reduced gold nanoparticle sample that was tested via 

TEM, along with the fit done using the Gaussian sphere model. 

3.4 Combinatorial Optimization of Interpenetrating Network Method 

Combinatorial samples were synthesized by creating a gradient in the DEAMA infusion 

time in one direction along with an orthogonal gradient in HAuCl4 soak time (Fig. 3-29).  

Samples are slowly lowered into the monomer bath, removed, and polymerized via UV 

irradiation.  Samples were subsequently immersed in the metal salt infusion solution, producing a 

combinatorial library where the "x coordinate" corresponds to monomer soak time and the "y 

coordinate" corresponds to metal salt infusion time.  A BPI
®
 Advanced Computer Gradient III

™
 

system set to the parabolic gradient setting was used to immerse the 5 mm square pieces of TPU 

into the respective solutions in a controlled manner.  The parabolic gradient protocol produces a 

gradient in soak time as shown in Fig. 3-30.  Samples are lowered into the solution at an 

increasing rate with time.  This program was chosen as the simplest gradient available on our 

10
2

10
3

10
4

10
5

10
6

In
te

n
s
it
y
 (

A
rb

it
ra

ry
 U

n
it
s
)

7 8 9

0.01
2 3 4 5 6 7 8 9

0.1
2

q (Å
-1

)

 Scattering Data

 Gaussian Sphere Fit



104 

 

dipping apparatus.  5 cm x 5 cm squares of 0.5 mm thick TDP7-1199 were used, with 20 min. 

gradient dips along each axis. 

 

Figure 3-29.  Schematic of combinatorial infusion.  Samples are lowered into the infusion 

solution at a known rate, producing a gradient in the infused species within the polymer.  

Successive orthogonal immersions in the two processing solutions results in a combinatorial 
library. 

 

 

Figure 3-30.  Normalized distance of the solution level from the bottom edge of the surface as a 

function of immersion time using the parabolic gradient dipping protocol. 
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With an efficient method for particle characterization in place, a combinatorial sample, 

with one axis having varying soak time in DEAMA and the other axis having a varying soak time 

in the gold precursor solution, was produced in order to understand how particle size and 

polydispersity varies with these processing conditions (Fig. 3-31).  Although the combinatorial 

sample appears to be splotchy and uneven, the pictured pattern was found to be repeatable 

through the production of several such combinatorial samples.  Four points were analyzed using 

SAXS (Table 3-5, labeled in Fig. 3-31).  The parameters pulled from the polydisperse hard sphere 

model, again used to fit the SAXS data, are concomitant with both the visual observation of the 

combinatorial sample, as well as with the analysis of the original, non-combinatorial sample 

discussed up to this point.  Scattering data for the four points on the combinatorial sample are 

shown in Fig. 3-32.  The fit of the model to one tested point on the sample is shown in Fig. 3-33, 

while the results are summarized in Table 3-5.  Fig. 3-34 shows the Schulz distributions for the 

points studied, as determined by the average particle radius and polydispersity given using the 

polydisperse hard sphere model to fit the SAXS data.  The original sample does not necessarily 

fall in line with the trend in particle sizes of the combinatorial sample, as the HAuCl4 solution 

temperature in the original sample tended to overshoot the 60 °C target by 2-3 °C, while the 

temperature in the combinatorial sample was more carefully regulated.  Also, note that the 

polydispersity of point D is at its maximum value of 1.  The blue band at this point is narrow 

enough that the beam, of diameter 1 mm, is scattering off of smaller, red particles as well as the 

larger blue particles observed by the eye.  Thus, the average radius is increased by the presence of 

the blue particles as expected, but the polydispersity is likely inflated by the area interrogated 

during SAXS.   
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Figure 3-31.  Photograph of the combinatorial IPN-reduced gold nanocomposite sample.  Axes of 

infusions are indicated, as are the four points interrogated by SAXS. 

 

Figure 3-32.  SAXS data for the all points studied on the IPN-reduced combinatorial sample. 
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Figure 3-33.  SAXS data for the point „A‟ on the IPN-reduced combinatorial sample and its best 

fit using the polydisperse hard sphere model. 

Table 3-5.  Processing times and fitting results for SAXS data from the four points tested on the 
combinatorial sample, in addition to the original, previously discussed sample for comparison.  

Sample 

DEAMA Soak 

Time (min.) 

Gold Soak 

Time (min.) 

Particle Radius 

from SAXS (Å) 

Polydispersity 

from SAXS 

Original 20 3 48.2 0.62 

A 20 10.25 45.2 0.54 

B 20 18.5 32.0 0.83 

C 8.5 9.75 25.0 0.75 

D 13 17.5 35.8 1 
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Figure 3-34.  Schulz particle size distributions for the original IPN sample and the four points 

studied on the IPN combinatorial sample based on the average radii and polydispersities 
determined using the polydisperse hard sphere fit to the SAXS data. 

 The effect of DEAMA and gold soak times can be analyzed by comparing the Schulz 

distributions of the points tested.  Comparing point A to point B, it is seen that an increase in gold 

soak time (tAu) at constant DEAMA soak time (tD) produces smaller particles of a significantly 

higher polydispersity.  In a somewhat contradictory result, the original IPN-reduced sample and 

point A also have equal tD and different tAu (again, taking into account the slightly higher gold 

soak temperature in the original sample), with the result here that a somewhat narrower 

distribution of smaller particles is observed for the longer tAu.  Looking into the effect of tD, 

samples A and C have similar enough tAu to observe that increased tD yields larger particles with a 

smaller polydispersity.  However, this seems to be directly contradicted by the consideration of 

points B and D.  Here, an increase in tD at roughly constant tAu leads to slightly smaller particles 

with a smaller polydispersity.   

 In order to rectify these conflicts and fully understand the particle size distribution trends 

seen in the investigated points, recent work in our group by Dr. Huipeng Chen (Texas Tech 

University) must be considered.  Dr. Chen produced linear poly(DEAMA) in pure BCS at a 

concentration of 3.5 g polymer per 100 mL of solvent.  HAuCl4 was subsequently added at a 
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variety of loading ratios relative to the polymer.  It was found that there is an optimum ratio 

between moles of HAuCl4 and moles of amine-functionalized monomer units (l) to produce a 

large number of small particles, at l~0.15.  Moving slightly off of this ratio in either direction, the 

production of small, red particles is still observed by the unaided eye.  Further increasing or 

decreasing the loading ratio resulted in the production of larger navy blue particles, represented 

on the combinatorial sample at point D.  At very low molar ratios of HAuCl4:DEAMA (l~0.01), 

particles were large enough to precipitate out in solution.  Conversely, at a ratio of l=1, no 

particles were produced and the solution remained the color of HAuCl4, corresponding to the 

upper right corner of the pictured combinatorial sample (Fig. 3-31).  Although the exact chemical 

mechanism of the gold reduction is not known, it is likely that multiple amine groups are 

necessary to reduce one molecule of HAuCl4.  Therefore, there is a limit to the number of gold 

molecules a poly(DEAMA) network of a given size can reduce, and the IPN must not be 

overloaded with HAuCl4.  Additionally, HCl is produced by the reduction, which may react with 

amine groups, further increasing the apparent consumption of reducing agents by the reaction.  

From this, we conclude that a key parameter in determining the particle size distribution for a 

given tD and tAu is the molar ratio of the two species that results within the host polymer.  Thus, 

for a given soak time of one chemical, trends in the particle size distribution as a function of the 

soak time in the other chemical are not linear.  Rather, the average particle size is minimized at a 

molar ratio of l~0.15, and moving off of this ratio produces larger particles.  Further analysis 

would be useful in order to produce a plot of the molar ratio of HAuCl4:DEAMA as a function of 

soak time in each solution for the given processing temperatures.  Such a plot, in conjunction with 

the scattering results herein, would allow for relatively accurate prediction of average particle size 

and polydispersity for any combination of soak times. 

3.5 Combinatorial Optimization of Nanoinfusion Method 

In addition to combinatorial samples produced using the IPN reduction method, samples 

were produced using the initial chemical reduction method.  Large extruded sheets of thickness 

0.5 mm of both TDP7-1199 and T250 were cut into 5 cm x 5 cm squares.  20 min. parabolic 

gradient dips were done into 7.0010
-3
 M solutions of HAuCl4 in the ternary AURA solvent at 

60 °C.  Following a water rinse, the samples were subjected to 20 min. parabolic gradient dips 
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into 0.072 M TEA in distilled water at 60 °C.  Samples were left in an 80 °C oven for at least one 

day following reduction, consistent with the non-combinatorial processing method. 

SAXS was run on 8 points on the T250 sample, as well as on one point on a TDP7-1199 

sample, using the equipment and methodology described above.  In addition, SAXS was taken on 

two samples of T250 that were processed in a non-combinatorial fashion with matching times to 

two of the combinatorial points tested.  This redundancy was used to validate the combinatorial 

methodology.  Table 3-6 summarizes all points tested via SAXS.   

Table 3-6.  Conditions of chemical reduction method samples measured with SAXS. 

Sample 

Infusion 

Time (min.) 

Reduction 

Time (min.) 

Combinatorial 

T250 

  A 8 10 

B 15 18 

C 20 19 

D 18 10 

E 14.2 13.2 

F 14.2 18.4 

G 19.4 13.0 

H 19.8 18.0 

   TDP7-1199 

  I 19 14 

   T250 

  A1 8 10 

D1 18 10 

The scattering for these gold nanoparticle samples are shown in Fig. 3-35 and Fig. 3-36.  

The non-combinatorial points tested (A1, D1) were found to have nearly identical scattering to 

the corresponding combinatorial points (A,D), validating the use of a continuous gradient with 

the spot size of 1 mm provided by the SAXS beam.  The “hump” observed at a q value of 

approximately 0.065 Å
-1

 was not present in the scattering of the IPN-reduced samples and 
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presented a significant amount of difficulty in achieving a good fit of the polydisperse hard 

sphere model to the data.  No “hump” was observed in samples B, D, or D1.  Rather, a sharp drop 

off at q lower than the “hump” was seen in these samples.  Regardless, no physically possible 

fitting parameters resulted in a good fit using the polydisperse hard sphere model.  The “hump” 

was nonetheless present in samples produced with both T250 and TDP7-1199, so it was not due 

to use of a different TPU formulation than in the IPN-reduced samples.  The maximum was 

shifted slightly to a q of approximately 0.05 Å
-1

 in the TDP7-1199 sample.  The Gaussian sphere 

model was tested as well, with no good fit found for either model to the chemical reduction 

method samples' scattering.   

Recall that aggregates were observed in the TEM images of the chemical reduction 

method samples, and more aggregates were likely lost when the samples were microtomed.  As 

such, it appears quite probable that the local maximum is a correlation peak due to the proximity 

of the nanoparticles within the sample.  Such a peak is very difficult to model given the 

information available on our samples and would explain the difficulty in achieving good model 

fits of the data.  However, 2π/q can be used to calculate the average distance between particles for 

a correlation peak.  Using the q value at the maximum of the “hump,” the average distance 

between particles was found to be 9.7 nm for the T250 samples and 12.6 nm for the TDP7-1199 

sample.   
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Figure 3-35. SAXS data for the points A through D on the chemical reduction method 
combinatorial sample.  Note the maximum at q ~ 0.065 Å

-1
  for points A, A1, and C. 

 

Figure 3-36.  SAXS data for the points E through I on the chemical reduction method 

combinatorial sample.  Note the maximum at q ~ 0.065 Å
-1

 for points E through H and its shift to 

0.05 Å
-1

 for point I. 
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UV-vis spectra were also taken for the points A through D using a Perkin-Elmer Lambda 

950 UV-vis-NIR spectrophotometer in transmission.  Point A, which appears pink to the unaided 

eye, had the smallest absorbance (Fig. 3-37).  Point B appears blue, indicating larger particles 

than point A.  As expected, the absorbance peak at point B is significantly broadened and red-

shifted relative to point A.  Points C and D, which appear as increasingly darker shades of purple, 

were only slightly red-shifted from A, indicating that the particle size at these points was likely 

closer to that observed at point A than at point B, though slightly larger.  The primary change 

between point A and points C and D, as seen with the UV-vis, was the increased absorbance at 

points C and D, likely indicating a higher number density of particles.  This observation is 

congruous with the longer infusion and reduction times at points C and D relative to point A.  

Note that the UV-vis data is insufficient to make more than qualitative comparisons between 

points, due to the fact that the surface plasmon resonance absorbance can change due to not only 

particle size, but also particle shape and agglomeration.  As such, particle radii cannot be 

determined directly from this data, as the shape and level of agglomeration are not constant from 

one point to another. 

 

Figure 3-37.  UV-vis spectra of points A through D on the combinatorial T250 sample. 
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3.6 Electrical Characterization of Interpenetrating Network Samples 

Physical properties of TPU elastomers such as elasticity, high elongation at break, impact 

resistance, light fastness, oxidation and hydrolysis resistance, and low-temperature flexibility 

have facilitated their widespread commercial production and use in consumer products, medical 

applications, and military applications.  However, due to their electrically insulating nature, 

electric charge that builds up, most often triboelectrically, may not easily move across the surface 

of the article to recombine.  As such, some method of conduction is needed to allow this 

migration in cases where surface charge may be detrimental.  When surface resistivity falls in the 

range 10
4
 - 10

11
 Ω/square, the material may be referred to as possessing electrostatic discharge 

(ESD) properties.  Polymers with ESD properties are used in a wide variety of applications, 

notably for the prevention of explosions due to charge build up in engines and turbines
219,220

 and 

for the protection of electronics.
221-224

     

ESD properties have been conferred to polymer articles in a variety of ways.  Inherently 

conductive polymers can serve as an ESD medium.  For example, an acid-cured, solvented resole 

can be synthesized with no additional additives to possess sufficient conductive properties for 

ESD applications.
225

  Other examples include the synthesis of a poly(urea-urethane) based on 

PDMS, which exhibits sufficient conductivity at high humidity for ESD applications.
226

  Addition 

of moieties capable of conduction within the polymer backbone can also be a successful strategy 

for ESD.  For instance, a method has been developed for achieving ESD in a transparent polymer 

material, made from conductive polymer, cross-linkable polymer, and cross-linking agent, for use 

as a thin film for packaging materials.
227

 Addition of metallocene moieties to the polymer 

backbone has also been found to confer ESD properties.
228

   

In another class of ESD polymers, a chemical additive can be either applied to the surface 

or incorporated beneath the surface of the article.  Note that surface coatings are subject to wear 

and thus may not be permanent.  As such, additives introduced beneath the surface may 

potentially be more resilient.  For example, ESD properties may be achieved in a shaped resin 

without damaging physical properties or causing discoloration.
229

  A nitrogen-containing 

compound is added during molding, followed with corona discharge treatment to the surface of 

the shaped article. 

Fillers, such as metal particles or carbon fibers, can also be added to a polymer article in 

order to achieve sufficient conductivity for ESD.  Carbon black has been demonstrated for this 

purpose, as have carbon nanotubes and metal nanocomposites.  A plethora of examples of these 
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methods exist.   ESD can be achieved through a dispersion of non-insulating particles, such as 

gold or carbon black, and an inherently dissipative polymer within a thermosetting resin.
230

  A 

polymer composition consisting of a poly(aryl ether ketone), a poly(biphenyl ether sulfone), and a 

fibrous carbon nanofiller has been demonstrated to have sufficient conductivity for ESD 

applications.
231

  One particularly relevant demonstration of ESD polymers describes a high 

temperature, high strength polymer which uses a metal oxide to achieve ESD for read/write heads 

in magnetic media.
232

  These polymers may be dyed via a pigment while maintaining their 

conductive properties, which may be useful in consideration of ESD materials produced via 

AURA processing.  Still further examples of ESD-capable polymer systems include the use of 

non-carbonaceous fillers, such as metal oxide particles, within thermoplastic polymers,
233

  the 

polymerization of a thermoplastic in the presence of a lithium salt,
234

 graphite-filled polymer 

composites,
235

  oriented nanotubes within a polymer matrix ESD-capable material,
236,237

 and 

degradable polymers with metal flakes, fibers or powders.
238

 

Preliminary testing done by Bayer MaterialScience indicated the potential for 

conductivity sufficient for ESD properties in the IPN-reduced gold nanoparticle samples 

described in section 3.2.  Gold nanoparticle composites prepared via the chemical reduction 

method did not exhibit a change in conductivity from the unmodified polymer.  We performed a 

more thorough characterization of the surface resistivity of a variety of samples using a Keithley 

6517b ultra high-resistance electrometer with surface Model 8009 resistivity test fixture.  

Samples were injection molded slabs of thickness 3.3 mm, and dimensions 3 in. x 3 in. square.  

The surface resistivity of unmodified TDP7-1199 was found to be (7.06 +/- 0.33)·10
13

 Ω/square 

over ten measurements.  The quoted uncertainty is one standard deviation.  A poly(DEAMA) IPN 

sample of TDP7-1199 was prepared via 25 min. soak in DEAMA and 1 % w/w Irgacure
®
 651, 

followed by a 5 min. UV cure on each side of the sample using a 100 W long wavelength UV 

lamp.  Curing was done under in a nitrogen atmosphere at a distance of 5 inches.  Without gold, 

the sample was found to have a surface resistivity of (2.98 +/- 0.27)·10
13

 Ω/square (n=10).  A 

second piece, processed identically, had surface resistivity (2.89 +/- 0.13)·10
13

 Ω/square (n=7).  

Finally, an identically prepared poly(DEAMA) sample was produced and immersed in a solution 

of 0.025 M solution of HAuCl4 in AURA at room temperature for 43 min.  The sample was baked 

overnight at 75 °C to ensure gold reduction and solvent evaporation, resulting in the typical dark 

red color.  The surface resistivity of this gold-containing sample was found to be (2.55 +/- 

0.24)·10
12

 Ω/square (n=5). 
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The above samples show an increase in surface resistivity by about 27 times after the 

introduction of gold nanoparticles.  However, we know from TEM images in the previous sample 

that percolation is unlikely in this system given the current processing conditions.  It is unlikely 

that a large increase in conductivity is due to the presence of a large number of non-contacting 

conductive particles.  As such, we believe that the increase in surface conductivity is due to the 

reaction of the HCl produced by the addition of HAuCl4 to the poly(DEAMA) IPN layer, 

essentially creating an ionomer, where mobile ions can move along the polymer backbone in 

response to an applied electric field.  To test this hypothesis, Dr. Huipeng Chen (Texas Tech 

University) prepared a poly(DEAMA) IPN layer after the TDP7-1199 was soaked in a 0.2 N 

solution of HCl in AURA at 60 °C.  Increasing soak times in the HCl resulted in lower surface 

resistivity values.  Dr. Chen has produced samples with surface resistivity as low as 

10
10

 Ω/square, well into the range needed for ESD properties.  Thus, while the IPN-reduction 

method yielded a large number of nanoparticles in the TPU, the use of gold nanoparticles is both 

unnecessary and prohibitively expensive for the production of an ESD material. 

Several applications of a surface layer IPN have been discussed, including enhancement 

to mechanical properties, barrier properties, electrical properties, surface hydrophilicity, and 

optical properties.  Using infusions of polymerizable monomers, IPNs can be produced that are 

otherwise not possible, such as IPNs of thermosets that could not be prepared via melt processing.  

A thin surface layer IPN can be produced which alters the barrier properties or surface energy of 

the host polymer without affecting its mechanical properties.  The production of nanoparticles 

within the host polymer using a functionalized IPN has also been demonstrated, with a significant 

decrease in agglomeration of particles relative to that seen in other similar methods. 



 

 

Chapter 4  
 

Smectic Main Chain Liquid Crystalline Elastomers 

The polydomain to monodomain transition (P-M) of smectic main chain liquid crystalline 

elastomers (MCLCE) was studied through a variety of methods.  In working towards the study of 

the P-M transition at the molecular level via small angle neutron scattering (SANS) of a 

deuterated LCE sample, the synthesis of an end-linked LCE was attempted.  Though a network 

was produced, improvements still need to be made before synthesis of a deuterated end-linked 

sample can be realized.  The P-M transition was also interrogated via the uniaxial elongation of 

LCE samples at varied temperatures and strain rates, yielding insight into the origin of an 

observed necking instability.    

Materials used for the syntheses detailed herein are as follows.  4-

dimethylaminopyridine, allyl alcohol, 1,1,1,2-tetrachloroethane, and terephthalic acid were 

purchased from Alfa Aesar.  1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, tert-

butoxystyrene, Pt(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane, and cis-dichlorobis(diethyl 

sulfide)Pt(II) were acquired from Sigma Aldrich.  Dichloromethane, hexane, toluene, and 

dimethyl sulfoxide were purchased from BDH.   Hydroquinone, terephthaloyl chloride, and 

trimethylsilyliodide were purchased from TCI America, and pyridine was acquired from J.T. 

Baker.  Tetrakis(dimethylsiloxysilane) (A4), 1,1,3,3,5,5,7,7-octamethyltetrasiloxane (90 %) (F4) 

and 1,1,3,3,5,5 hexamethyltrisiloxane (99 %)  (F3) were purchased from Gelest, Inc.  All reagents 

were used as received, unless noted otherwise. 

4.1 End-Linked Liquid Crystalline Elastomers 

An end-functionalized liquid crystalline polymer has been synthesized, as shown in the 

reaction schematic in Fig. 4-1.  Great care was taken to ensure that the product of each reaction 

was highly purified, primarily through column chromatography following each step.  To begin 

the synthesis, a 20 % molar excess of tert-butoxystyrene was added to F4 in toluene and stirred at 

45 °C.  20 µL of 6.0·10
-3

 M Pt(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane in toluene was added 
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to catalyze the reaction.  A 1:2 mixture, by volume, of dichloromethane and hexane was used to 

test the product via thin layer chromatography (TLC) and identify any unreacted chemicals or 

undesired side products.  A silica gel column, in conjunction with TLC, was used to isolate the 

product of the reaction.  In reaction II, the product of reaction I was added to a 10 % molar excess 

of trimethylsilyliodide in dichloromethane.  10 mL of dichloromethane were utilized for every 

gram of the reaction I product.  The reaction was allowed to proceed for 2 days at room 

temperature under anhydrous conditions.  The product of reaction II was cleaned with a saturated 

solution of sodium bicarbonate, washed with dichloromethane and water in a separatory funnel, 

and vacuum-filtered.  A silica gel column was again used in conjunction with TLC to further 

isolate the desired product of the synthesis.  In a glove box under anhydrous conditions, a 5 % 

molar excess of terephthaloyl chloride was added to the product of reaction II via a saturated 

solution of terephthaloyl chloride in toluene.  Pyridine was also added as an acid scavenger. The 

product was again purified via separatory funnel, using toluene and water, and with vacuum- 

filtration.  Finally, the product of reaction III was dissolved in dichloromethane, to which was 

added 0.3834 g 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, 0.1189 g 

4-dimethylaminopyridine, and 0.6615 g allyl alcohol for each gram of polymer, as determined by 

previous work.
239

  The mixture was allowed to react for at two days at room temperature.  The 

product was dissolved in toluene and fractionated via the addition of small quantities of methanol 

over several days.   
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Figure 4-1.  Schematic of the synthesis of the vinyl-terminated polymer used in the end-linking 

reaction. 

The resulting polymer was characterized using nuclear magnetic resonance spectroscopy 

(NMR), gel permeation chromatography (GPC), and x-ray diffraction (XRD).  
1
H NMR was 

performed on a Bruker DRX-400 NMR using deuterated chloroform as the solvent.  A Waters 

Alliance GPC/V2000 with refractive index, light scattering, and intrinsic viscosity detectors was 

used for GPC.  Measurements were taken at 40 °C using tetrahydrofuran (THF) as a solvent, with 
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a flow rate of 1 mL/min. Samples were dissolved at 1 mg/mL in THF and 20 µL injected to the 

GPC for testing.  XRD was done using a Rigaku DMAX-Rapid Microdiffractometer with a 

copper tube.   

NMR data indicate that the polymer is end-functionalized with the desired allyl groups, 

as indicated by the peaks found between about 5 and 7 ppm (Fig. 4-2).  Number average 

molecular weight (MN) of the polymer, following fractionation, was determined using NMR.  

This calculation was done by comparing the integrated area of the peak corresponding to the 

aromatic protons (AAr) of the rigid mesogen portion to that for the allyl protons of the end groups 

(AAl).  The large peak at approximately 7.2 ppm is due to the 12 mesogen protons per repeat unit 

(plus four aromatic protons on one end group, when viewed as shown in the final product of 

Fig. 4-1), while the three peaks at 4.9, 5.4, and 6.1 ppm correspond to the 5 end group protons per 

side.  The ratios of the peak areas can be compared to the ratio of the number of corresponding 

protons using the equation 

AAr

AAl
=

12DPn+4

10
         (4-1) 

from which the degree of polymerization, DPn, can be calculated.  With DPn, MN can be easily 

calculated, knowing that the molar mass of the repeat units is 653.04 g/mol and the combined 

molar mass of the two end groups is 246.26 g/mol.  In order to help confirm this calculation, GPC 

was also used to determine the weight average molecular weight (MW) of fraction 3.  The value 

for MW from GPC agreed within 10 % with the NMR-determined MN value (Table 4-1).   



121 

 

 

Figure 4-2.  
1
H NMR of a 12,400 g/mol fraction of synthesized LCP.  Peaks at 4.9, 5.4, and 6.1 

ppm confirm the presence of the desired allyl end-groups. 

Table 4-1.  Molecular weights of fractionated LCP, as determined by 
1
H NMR and GPC. 

Fraction 3 4 5 6 7 

NMR 12,300 g/mol 12,200 g/mol 12,400 g/mol 11,900 g/mol 10,200 g/mol 

GPC 13,300 g/mol     

In order to identify the phase of the LCP, optical microscopy and XRD were performed.  

Optical microscopy did not produce any identifiable texture, but XRD yielded the intensity versus 

2Θ data shown in Fig. 4-3.  A nematic LCP would exhibit little or no peak in intensity at low 

angles, due to the lack of any sort of long-range ordering, while smectic LCP should have a high 

intensity peak at low angles due to the added degree of positional ordering found in the phase.  

Here, however, we see a peak of moderate intensity.  This discrepancy is explained by the NMR 
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data.  Assigning the peaks found in the NMR to their appropriate hydrogens and considering their 

relative amounts, we see that reaction I yields about 60 % of the desired product and 40 % of an 

isomeric side product, shown in Fig. 4-4.  As a result, the LCP cannot fully align into the smectic 

phase that it seeks to attain, and is left in a “frustrated” smectic state. 

 

Figure 4-3.  XRD data for the synthesized polymer, as well as a known smectic LCP for 
comparison. 

 

Figure 4-4.  Side product of reaction I in Fig. 4-1.  This side product was found by NMR to 

account for 40 % of the yield of this reaction. 

Cross-linking of the LCP was performed via the reaction shown in Fig. 4-5.  

Stoichiometric amounts of LCP and A4 were added, based on the molecular weight of a given 

fraction as determined by NMR.  20 µL of 5.2·10
-3

 M cis-dichlorobis(diethylsulfide)Pt(II) in 

toluene was added for every gram of polymer present.  Following addition of the cross-linker, 

samples were stirred vigorously by hand for 3-5 minutes before catalyst addition.  After 3-5 

minutes more stirring, samples were placed in a 35 °C oven for one day.  Note that a solvent is 

needed for this reaction due to the fact that the tetra-functional cross-linker is not miscible with 

our LCP.  Further, the viscosity of the polymer is very high at room temperature.  Increasing the 

temperature is not an option, as this change would lead to an increased number of side products in 
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the hydrosilation reaction.  As such, the effect of solvent on the cross-linking reaction was studied 

using polydimethylsiloxane (PDMS).   

Figure 4-5.  Cross-linking reaction used to form an LCE from the above synthesized LCP. 

PDMS can be cross-linked using the same reaction shown in Fig. 4-5 without the need for 

solvent.  Key parameters of interest here are r, the ratio of the number of end groups on the cross-

linker to the number of end groups on the polymer; wsol, the fraction of the mass of the network 

which is washed out when the system is swollen and then deswollen with toluene; and Q, the 

swelling ratio, which is the ratio of the volume when swollen with toluene at equilibrium to the 

volume of the network following deswelling.  r is determined by the chosen ratio of LCP to A4 

during the synthesis reaction and sets the values for wsol and Q.  Minimum values of wsol and Q 

indicate a tighter network, with fewer dangling bonds and entanglements.  Fig. 4-6 shows a 

comparison of these variables for a range of r values in PDMS networks formed both with and 

without 1,1,1,2-tetrachloroethane as a solvent.  We have found that the optimal r value for the 

system increases from about 1.5 to about 2.3 when solvent is used in the production of the 

network.  Note that these minima are rather broad due to the use of unfractionated 20,000 g/mol 

PDMS.  Fractionated PDMS networks, with a narrower molecular weight distribution, result in a 

sharper minimum of soluble fraction at 1.5.
240

  Interestingly, though the r value needed increases, 

the minimum soluble fraction is about 5 % in both cases.  Q, however, is changed due to the use 

of solvent, increasing from a minimum of about 4 to a minimum of 6.  We would expect such a 

change, due to the fact that the PDMS in solvent will have fewer entanglements.  When the 

network is formed, less trapped entanglements will therefore be present, which in turn increases 

the average molecular weight between effective cross-links in the network and allows for 

swelling to take place to a greater degree. 
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Figure 4-6.  Soluble fractions and swelling ratios found at various r values for PDMS networks.  

While the minimum soluble fraction does not change, the r value at which it is attained increases 

with the addition of solvent to the system, as does the minimum swelling ratio achieved. 

Using the knowledge gained from the PDMS networks, end-linked networks of the 

synthesized LCP have been attempted in 1,1,1,2-tetrachloroethane, based upon the earlier success 

of Patil et al. with cross-linking in CH2Cl2.
239

  Despite the apparent purity of the starting LCP and 

the care taken in all reaction steps, no visually transparent networks were ever produced.  All 

networks synthesized were cloudy and opaque, likely due to the presence of some impurity or 

unwanted side product.  As such, work is needed to further clean up the synthesis of the end-

linked networks before this avenue of research can be continued.   

4.2 Smectic Liquid Crystalline Elastomer Synthesis 

A previously utilized synthetic scheme for producing smectic MCLCEs of a similar 

structure to the end-linked LCP was used in order to make samples for mechanical testing 

(Fig. 4-7).
239

 MCLCE samples were synthesized via nonlinear polymerization of allyloxy-

terminated mesogens, siloxane spacers, and a cross-linker using a Pt(0)-catalyzed hydrosilylation 
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reaction.  The mole ratio of Si-H to allyloxy end groups (r) was set to 1.5, while the mole fraction 

of SiH groups belonging to cross-linkers (ρ) was set to 0.06.  The elastomer studied here is 

similar to those described in earlier work by our group,
149,153

 except cross-linking was conducted 

in toluene at 80 C.  Cross-linking occurred in the isotropic state due to the presence of the 

solvent.  Following cross-linking, the LCE was swollen and extracted in excess toluene for 7 d to 

remove solubles, during which time the toluene was replaced with fresh solvent daily.  The 

MCLCE was de-swollen by slow addition of methanol (a poor solvent) to the toluene over a 

period of a few days in order to avoid cracking from rapid evaporation of solvent.  Networks were  

air and vacuum dried at 50 C.  All mechanical experiments were performed on the dry, extracted 

elastomer.  Domains were found to be 30-100 nm long.
149,153

  Due to this relatively small domain 

size, the samples were always transparent and the opaque to translucent transition at the P-M 

transition was not observed. 
239

 

 

Figure 4-7.  An alternate LCP synthesis scheme.  Note that in the current work, all samples tested 

have R = -H. 

4.3 Necking Phenomenon in Smectic Liquid Crystalline Elastomers 

Necking has rarely been reported in the LCE literature, though it has been observed to 

depend on both the temperature and the rate of elongation in mechanical testing of a variety of 

other polymers, as was discussed in Chapter 1.  The influence of both temperature and strain rate 
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on the mechanical response of a smectic polydomain MCLCE which can develop an obvious 

neck upon uniaxial elongation was examined.  Necking is observed in unaxial elongation at a 

constant strain rate as a maximum at the yield point, followed by a significant drop in the nominal 

stress
153

 to a local minimum value, ζN, which will here be referred to as the post-necking stress.  

The value of ζN can be significantly lower than the yield stress, ζy, which may be determined by 

construction of a Considére tangent if the true stress and strain values are known.
153

  While 

Griffin et al. reported similar yielding behavior in a smectic elastomer having "transverse rod" 

mesogens in the main chain,
175

 other studies only reported a plateau during uniaxial elongation, 

without any neck formation or any measurable decrease in the nominal stress in the plateau 

region.
133,155

  In order to determine under what conditions neck formation may be observed in our 

smectic MCLCE, constant strain rate uniaxial deformations were performed at a variety of 

temperatures between the glass transition temperature, Tg, and the smectic to isotropic clearing 

temperature, Tsi, as well as at a variety of strain rates at a constant temperature within this range. 

4.3.1 Mechanical Testing 

Stress-strain behavior was characterized in uniaxial elongation using a TA Instruments 

Q800 DMA.  Standard dogbone-shaped samples were prepared, having initial length of 7 mm, 

width of 1.15 mm, and thickness of approximately 0.4 mm.  Prior to mechanical testing, samples 

were subjected to a thermal pre-treatment that was found to produce a repeatable mechanical 

response.  Samples were heated to 100 C for 5 min. (slightly above the smectic-isotropic 

clearing temperature), then cooled quickly to room temperature and allowed to equilibrate 

overnight.  Strain ramp measurements were obtained by allowing the sample to pre-heat at the 

desired temperature for 15 min., followed by the application of strain at a given rate, up to an 

overall draw ratio of =2.5, where = (L/L0) is calculated from L and L0, the final and initial 

sample lengths between the clamps, respectively.  The compliance of the machine was assumed 

to be negligible in calculating the yield stress.  Variation of strain rates was performed at a 

constant temperature of 35 °C, while variation of temperature was performed with a constant 

strain rate of 2.08×10
-3

 s
-1

.  For optical microscopy experiments, samples were allowed to relax at 

an overall draw ratio of =2.5 for at least one hour before being removed from the DMA clamps.  

The local or mesoscopic draw ratio (m) was measured at the center of the necked portion 

immediately after removal from the DMA, using an "ink dot" technique (Fig. 4-8).  Small dots of 
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black ink were placed throughout the necked portion of the elongated sample.  The distances 

between five pairs of points were measured.  The sample was then “reset” by heating to 100 °C 

for 5 min., after which the distance between the same five pairs of points was again measured.  m 

is the ratio of the elongated distance to the reset distance for a given pair of points.  An average of 

all points measured for a given sample was used for the values reported herein.  

 

Figure 4-8.  Schematic of "ink dot" technique for measurement of the mesoscopic draw ratio (λm), 

given by the ratio of the distance between ink dots on the surface of the sample after and before 

deformation, respectively. 

Samples were stretched in the Q800 DMA, allowed to relax for 1 h, and then removed 

from the clamps at room temperature (22 C).  The residual stress in the sample was negligible 

after 1 h, allowing samples to be removed from the clamps and observed in the microscope 

immediately after stretching without any observable relaxation of the neck.  Samples were 

characterized via orthoscopic observation between crossed polarizers in an Olympus BX51 

microscope with UMPlanFL 5× objective.  Images were recorded between crossed polarizers 

using an Olympus DP25 Color Digital Camera.  



128 

 

4.3.2 Results 

Strain Rate Variation 

The MCLCE studied has Tg of about 8 °C, and the Tsi occurs near 95 C. Under uniaxial 

tension, the MCLCE proceeds through three distinct regions of stress-strain behavior (Fig. 4-9).
153

 

Region I (deformation of the polydomain) is characterized by the increase of the nominal stress 

(n) until yielding/necking is observed.  Region II involves the growth of the necked region, at 

the expense of the polydomain regions, producing either a local minimum or a plateau in the n 

versus strain curve.  The necked region was previously determined to be a monodomain via 

XRD.
153

  Finally, Region III is characterized by a strong upturn in n, which is observed at overall 

draw ratios (above4.0 for this particular elastomer. 

 

Figure 4-9.  The result of uniaxial elongation on our LCE samples using (a.) increasing stress and 

(b.) increasing strain.  Region I is the initial increase in stress with strain, up to the yield point in 

(b.), while Region II includes the subsequent minimum and slow increase in stress over a wide 
range of strain. 

Fig. 4-10 shows stress versus strain curves for the MCLCE obtained at extensional strain 

rates (𝜀 ) ranging from 1.67×10
-5
 s

-1
 to 8.33×10

-3
 s

-1
, for uniaxial elongation to a final  of 2.5 at 

35 C.  (Note that values of 𝜀  quoted are overall or nominal strain rates, and significant local 

variations in 𝜀  occur once necking begins.)  The Young‟s modulus (E) of the network in the 

polydomain state (λ<1.17, Region I) is essentially independent of 𝜀  (Fig. 4-11).  Within the range 
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of 𝜀  values examined, the polydomain MCLCE behaves like a stiff rubber at low strains, and any 

elongation to λ<1.17 is recovered completely upon release of the tension.   

 

Figure 4-10.  Dependence of nominal stress on macroscopic draw ratio for smectic LCE at 

different strain rates (35 °C). 
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Figure 4-11.  Young‟s modulus (Region I, polydomain state) determined at different strain rates 

(35 °C).  Error bars represent the standard error of the slope from a linear least squares fit to the 

data at 1.0<λ<1.04. 

At 35 C, a yield stress (ζy) is observed for 𝜀  greater than or equal to about 1.67×10
-4

 s
-1
.  

The nominal stress sometimes drops to a local minimum value (N) after yielding.  However, for 

the lowest value of 𝜀  studied (1.67×10
-5

 s
-1

), ζn increases continually with strain, with only a 

decrease in slope noted above λ=1.17.  For simplicity, y was taken to be approximately equal to 

the maximum value of n at the yield point (though it is more accurate to apply the Considére 

construction,
241

 true stress and strain cannot here be measured reliably).  Fig. 4-12 compares y to 

ζN, determined as the lowest nominal stress observed after yielding.  N is undefined for the 

lowest strain rate tested.   The ratio (ζy/N) increases steadily as 𝜀  increases, reaching a value of 

about 1.5 at the highest 𝜀  tested.  The drop in ζn after yielding most likely results from 

geometrical effects due to contraction at the neck boundaries, though it is possible that viscous 

heating at the neck may also contribute to the drop in the nominal stress.
242
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Figure 4-12.  Yield stress and necking stress for different strain rates (35 °C). 

Though ζy depends upon 𝜀 , the critical draw ratio for yielding (λc=1.170.03) was 

essentially independent of 𝜀  (Fig. 4-13) over the range of 𝜀  studied.  It is possible that a different 

value of λc might be observed at very high strain rates beyond those accessible with our 

instrumentation, however.  The local or mesoscopic draw ratio (λm) was measured within the 

necked portion of the sample after stretching to λ=2.5 at 35 C.  A value of λm2.7 was observed 

within the necked portion (Fig. 4-14), independent of 𝜀 .  No significant difference in m within 

the neck was observed between runs at both 35 C and 55 C (Fig. 4-14), but m within the neck 

does depend on the overall draw ratio (, as values of λm up to 5.0 can be observed after 

stretching the MCLCE to higher .
153
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Figure 4-13.  Yield strain at different strain rates (35 °C).   

 

Figure 4-14.  Measured mesoscopic draw ratios (m) in the center of the necked region after 

elongation to =2.5 at different strain rates and temperatures.  Values are averages based on five 
measurements, and error bars represent one standard deviation. 
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Temperature Variation  

Additional elongation experiments were conducted at temperatures between Tg and Tsi at 

𝜀  = 2.08∙10
-3
 s

-1
.   Fig. 4-15 shows the mechanical response of the MCLCE at different 

temperatures, and Fig. 4-16 illustrates the values of y and N observed as a function of T.  The 

effects of increasing T at constant 𝜀  are qualitatively similar to the effects of decreasing 𝜀  at 

constant T, in that Napproaches y (compare Figs. 4-12 and 4-16).  Fig. 4-17 shows the Young's 

moduli (E) determined from the slope of the stress-strain curves at low strain.  A decrease in E is 

observed in the polydomain state as temperature increases, in contrast to the behavior of 

conventional (amorphous) elastomers above Tg, which stiffen as temperature increases.
243

  The 

Young's modulus of the smectic MCLCE is not set by the free energy cost for elongating elastic 

chains, as in an unordered rubbery network.  Rather, the modulus is significantly enhanced by the 

resistance of the polydomain microstructure to deformation at relatively low temperatures, due to 

the elastic free energy cost associated with disrupting smectic ordering by rotation, elongation, 

and other deformations of domains.  As T increases toward Tsi, the energy cost for deforming the 

polydomain structure appears to lessen significantly.  

 

Figure 4-15.  Dependence of nominal stress on macroscopic draw ratio at different temperatures 

for smectic LCE.   All data were acquired with 𝜀 = 2.08·10
-3
 s

-1
. 
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Figure 4-16.  Yield stress and necking stress at different temperatures (𝜀 = 2.08·10
-3
 s

-1
). 

 

Figure 4-17.  Dependence of Young‟s modulus (Region I, polydomain state) on temperature.  

Error bars represent the standard error of the slope from a linear least squares fit to the data at 

1.0<λ<1.04. 
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At a fixed strain rate of 𝜀  = 2.08∙10
-3

 s
-1
, the critical strain for yielding was again reached 

at λc=1.170.03 at all temperatures examined (Fig. 4-18).  Thus, no dependence of λc on either 

temperature or strain rate could be discerned for this elastomer.  This observation suggests that 

yielding occurs once the sample can no longer elongate by simple rotations of the director within 

smectic microdomains.  At low strains, local director rotations allow anisotropically shaped 

smectic microdomains to align with the axis of elongation.  Once most of the domains are 

aligned, this mechanism of strain accommodation is depleted, and yielding occurs.  Fast director 

rotations in the polydomain state may account for the constant value of c observed in this 

sample.  Prior to yielding, if local director rotations are relatively fast compared to the overall 

time scale of the deformation, then no dependence of c on 𝜀  would be expected.  The 

polydomain sample would appear to respond essentially instantaneously to the applied load by 

elongating through local director rotations, until further rotations become energetically 

unfavorable.  If so, then it is possible that lower values of c may be observed at very high rates 

of deformation beyond those accessible to our instrumentation. 

 

Figure 4-18.  Yield strain determined at different temperatures (𝜀 = 2.08·10
-3
 s

-1
). 
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Interpretation 

The appearance of the necking transition is dependent upon both T and 𝜀 .  Fig. 4-19 

shows the appearance of the neck after drawing to =1.35 at different T and
 
𝜀 , as observed in a 

light microscope between partially crossed polarizers.  At 𝜀 =2.08×10
-3
 s

-1
 and T slightly above Tg, 

a sharply defined boundary between polydomain and monodomain regions is observed (Fig. 

4-19a).  If 𝜀  is reduced substantially (Fig. 4-19c) or T is increased much above Tg (Fig. 4-19b), 

the necking instability becomes less localized, occurring gradually over a larger portion of the 

sample's length.  Although the contraction is more difficult to observe with the unaided eye, the 

elongation is still quite inhomogeneous, judging by the birefringence isochromatics in Fig. 4-19.  

The geometry of the neck may depend on the rate of stress relaxation in the material, with slow 

stress relaxation favoring the formation of a more localized, sharply-defined neck.  By 

comparison of the optical micrographs to the results in Figs. 4-12 and 4-16, formation of a  

localized neck results in N/y <1.0.  The drop in the nominal stress from y to N after necking 

begins is likely attributed to the sudden reduction in cross-sectional area.  

Necking was more clearly defined at temperatures slightly above Tg and at comparatively 

high elongation rate.  The less localized neck observed at temperatures approaching the smectic-

isotropic clearing transition may explain why necking was not always reported in previous studies 

of polydomain smectic MCLCE.   The necking process involves the breakdown of the original 

polydomain structure in a localized fashion, which is followed by cold-drawing or propagation of 

the neck.  Neck formation may be favored under conditions where stress relaxation is slow 

compared to the rate of deformation.  Despite the differences in neck geometry observed under 

different conditions, it is interesting that the neck appeared at approximately the same value of  

at all temperatures and elongation rates studied, and the mesoscopic draw ratio within the neck 

was essentially constant given a fixed final overall strain.  The neck geometry appears to have 

little influence on the final strain within the neck.   
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Figure 4-19.  Polarized optical microscopy images of the MCLCE sample after elongation to 

λ = 1.35 at (a.) 𝜀 =2.08×10
-3
 s

-1
 at 30 °C, (b.) 𝜀 =2.08×10

-3
 s

-1
 at 65 °C, and (c.) 𝜀 =1.67×10

-6
 s

-1
 at 

30 °C. (Images taken by Dr. Huipeng Chen at Texas Tech University) 

4.4 Infusion Attempts with Liquid Crystalline Elastomers 

With the success of the nanoinfusion processing of TPU elastomers along with the 

synthetic and mechanical investigation of our smectic MCLCE samples, it was a logical step to 

interrogate the possibility of using AURA to introduce nanofillers to the LCEs.  In situ synthesis 

of gold nanoparticles within an LCE sample could, for instance, have applications as a non-linear 

optical material due to the lack of restoring force observed once the LCE is stretched into Region 

II.  By elongation of the LCE with gold nanoparticles present, an anisotropic distribution of the 

nanoparticles would be produced that could be reverted to the original isotropic distribution via 

heating the sample to 100 °C for several minutes. 

Gold nanocomposites with various liquid crystal moieties have been previously 

demonstrated.  The synthesis of gold nanoplates of controlled shape has been reported using the 
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synthesis of lyotropic liquid crystals in aqueous solutions of HAuCl4.
27

  The lamellar structure of 

the liquid crystal restricts the growth of the plates, with variability in nanoplate size found when 

reaction conditions were varied.  Gold nanoparticles coated with discotic liquid crystals have 

been dispersed in a matrix of similar LCs.
244,245

  The resulting material combines the self-

assembling properties of a discotic LC, unperturbed by the presence of the gold nanoparticles, 

with enhanced electrical conductivity.   Similar ordering with liquid crystals has been attempted 

with other LC systems.
246

  Precedent is also found for the benefits of nanoparticle synthesis 

within a polymer network.  Batra et al. have demonstrated a polymer gel which, when deswollen, 

contains chains of gold nanoparticles within the lamellar structure of the polymer.
58

  Upon 

swelling with ethanol, the particles are found to separate into isolated particles.  In another study, 

it was noted that, following uniaxial elongation, nanocomposites of gold and PVA exhibited 

dichroic behavoir.
29

 

Another possibility for an infusable substance is a dichroic dye.  Dichroic dyes are long 

rod-like compounds that are optically active and possess the property of absorbing plane 

polarized light more along one molecular axis than the other.
187

  A great deal of attention has 

been given to the so-called guest-host effect, which refers to the tendency of the dichroic dye to 

align itself with the molecular orientation of the matrix into which it is introduced.
186

  When 

dichroic dyes are dissolved in liquid crystalline media, they line up their long axis preferentially 

with the liquid crystalline director.
185

  Dichroic dyes have been added to liquid crystalline 

matrices for a variety of reasons, including studying the electronic spectra of the dyes and 

studying the interactions of the guest and host molecules.
184,185

  Dichroic dyes are used in liquid 

crystal displays, both passive and active, to improve color contrast, brightness, and viewing 

angles.
184,185

  A wide variety of dichroic dyes have been used with liquid crystals, such as 

derivatives of 4-amino-(N-ethylnaphthalimide), or azo dyes that have a cylindrical shape.
184,185

  

Disperse red 1 and disperse yellow 7 have both been used to probe the orientational order of the 

mesogen layers in smectic A liquid crystals that do not exhibit a layer contraction when going 

through the smectic A to smectic C transition (which normally involves such a change of 

dimension, due to the change in thickness as the angle of the mesogens relative to the layers 

changes from perpendicular to oblique).
247

  Disperse red 1 is also a useful dichroic dye in that the 

hydroxyl group on one end can serve as a hydrogen bond donor for applications where hydrogen 

bonding to the liquid crystal may be useful, as in some liquid crystalline displays.
187

  

Azo dyes are generally found in the more stable trans conformation at ambient 

temperatures, giving them a largely linear structure.  However, the molecules can be induced to a 
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cis conformation via thermal or photochemical means.
248

  This cis-trans isomerization is 

reversible
248

 and has potential applications, such as in optical storage due to the reversible, 

photoinduced dichroism and birefringence of the dye molecules.
249

  Information can be “written” 

by applying plane polarized irradiation and “erased” by applying circularly polarized light or 

heating the polymer matrix above its glass transition temperature.
250

  Disperse red 1 (DR1), for 

instance, has been investigated in polymer matrices for this purpose, largely due to its familiarity 

in the literature as a dye with a well-known cis-trans isomerization behavior.
248,251,252

  Generally, 

polymer films containing DR1 are cast from solution.  Though these investigations have utilized 

non-covalently bound dyes, the bonding of the dye to the polymer matrix has been shown to 

produce a larger reversible effect.
251,252

 

Camacho-Lopez et al. introduced a dichroic dye to a nematic side chain LCE via 

solution.
253

  The LCE was soaked in a toluene solution of disperse orange 1, an azo dye.  The dye 

was infused into the LCE, where it aligned with the nematic director.   By illuminating the dye-

infused samples with 514 nm irradiation from an Ar
+
 ion laser, the samples were found to rapidly 

bend at angles greater than 45°.  The bending is caused by a contraction along the nematic 

director, which is likely due to some combination of laser heating and the reduction of 

orientational ordering due to photoisomerization of the dichroic dye.
253

  Beyond the bending, the 

paper also demonstrated that, when floated on water, the bending of the dye-infused sample could 

be leveraged to make the sample “swim” away from the laser irradiation. 

4.4.1 Gold Nanoparticles in Smectic MCLCEs 

Gold infusion was attempted using both the chemical reduction and the IPN method.  The 

chemical reduction method was unsuccessful, but the IPN method succeeded in creating colored 

samples concomitant with the TPU samples previously tested.  Samples were immersed in a 

solution of 1 % w/w Irgacure
®
 651 and DEAMA for 20 min. at room temperature, polymerized 

with the Dymax
®
 Lightwelder

®
 PC-2, and soaked in a 0.007 M HAuCl4 AURA solution for 

5 min. at 60 °C.  The observed color was only visible in the stretched LCE samples, while the 

unstretched LCE samples appeared to be solidly gold-plated.  Only upon inspection in a 

microscope was it apparent that a large number of small islands of gold plating were causing this 

appearance (Fig. 4-20).  In the microscope, the purple color associated with the surface plasmon 

resonance of the gold nanoparticles is plainly apparent in the unstretched sample.  Once 
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elongated, the islands of gold plating were moved sufficiently far from one another to allow the 

color of the nanoparticles in the LCE to be observed by the unaided eye.  Wide angle x-ray 

diffraction (WAXD) was also employed in an attempt to observe any ordering or periodicity of 

the gold nanoparticles along the stretching direction in a uniaxially deformed sample.  The 

sample was deformed at 5 %/min. up to 150 % strain on the TA Q800 DMA and WAXD was 

done using a Rigaku DMAX-Rapid Microdiffractometer with a copper tube.  The observed 

scattering (Fig. 4-21) was no different than that seen for the same LCE without gold particles 

present.  It appears that the current processing conditions and elongation protocol does not 

produce any unique features in the distribution of the gold nanoparticles.  Further, it is possible 

that the gold nanoparticle concentration is too low within the sample to produce a strong pattern, 

particularly in light of the plating out of the gold on the sample surface.   

 

 

Figure 4-20.  Optical microscopy image of IPN-reduced nanoparticles within the smectic 

MCLCE sample.  Although the sample appears gold-plated to the unaided eye, the color 

associated with the surface plasmon resonance of the gold nanoparticles is clear in this image.  
The small black dots are islands of gold plating on the sample surface, which result in the 

macroscopically-viewed metallic appearance. 
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Figure 4-21.  WAXD of IPN-reduced gold nanoparticles in MCLCE before (left) and after (right) 

stretching to 150 % strain at 5 %/min. using the DMA. 

4.4.2 Dichroic Dye Infusions 

Two dichroic dyes were tested using AURA infusion with the LCE samples.  Disperse 

red 1 (DR1) and disperse yellow 7 (DY7) were infused from a solution of 5.0·10
-4

 M dye at 60 °C 

for 20 minutes (Fig. 4-22).  Both infusions were successful (Fig. 4-23), and the red dye was 

chosen to move forward with characterization due to the difficulty of seeing the difference 

between the innate LCE color and the yellow dye.  In order to investigate the dichroic nature of 

the infused dyes, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) and ultraviolet-visible spectroscopy (UV-vis) were performed.  ATR-FTIR was done on a 

Bruker IFS 66/S FTIR spectrometer with a Pike VeeMax II variable angle attenuated total 

reflectance accessory.  UV-vis was done with a Perkin-Elmer Lambda 950 UV-vis-NIR 

spectrophotometer. 
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Figure 4-22.  Chemical structure of disperse red 1 (top) and disperse yellow 7 (bottom). 

 

Figure 4-23.  LCE infused at various conditions with dichroic dyes.  Left to right:  unaltered LCE 

sample;  LCE infused with 0.010 M DR1 for 2 hours at 60 °C; LCE sample infused with 0.010 M 
DR1 for 2 min. at 60 °C, and stretched by hand to approximately 200 % strain; LCE sample 

infused with 0.00050 M DY7 for 20 min. at 60 °C. 

 ATR-FTIR measurements were found to require a high concentration of dye 

within the LCE.  As such, a two hour infusion of the LCE in a 0.010 M DR1 AURA solution at 

60 °C was used to produce a deep red color (Fig. 4-23, second from left).  Samples were uniaxial 

elongated by hand using a metal stretching apparatus to approximately 200 % strain.  Spectra 

were taken on stretched and unstretched samples of both dyed and undyed LCEs.  In order to try 

to observe the dichroic behavior of the dye, spectra were taken with the beam parallel, 

perpendicular, and at 45 ° angles to the stretching direction (Fig. 4-24).  The presence of DR1 

within the dyed sample was identifiable compared to the undyed samples, particularly in the 

symmetric stretch of the –NO2 group of DR1.  This peak was seen in the bulk dye at ~1338 cm
-1

 

and resulted in a slight increase of the reflectance of the dyed sample over the control.  It appears 

that the dye does align along the stretching direction of the sample, due to the larger increase in 

reflectance for the sample stretched perpendicular to the beam than parallel to the beam, with the 

45 ° sample demonstrating an intermediate value.  This result seems counter-intuitive, but the 

symmetric stretch of the –NO2 group is perpendicular to the long dimension of the rod-like DR1 
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dye, resulting in its strong presence when the stretching direction is perpendicular to the beam.  In 

this case, the symmetric stretch is actually parallel to the beam.   

 

Figure 4-24.  ATR-FTIR of smectic MCLCE sample containing a high concentration of DR1 dye.  

The y axis is reflectance in arbitrary units.  Orientation of stretching direction relative to the beam 

direction is indicated at left.  The circled area indicates the symmetric stretch of the -NO2 group 
of DR1. 

In spite of the evidence of the dye‟s alignment with the stretching direction and 

confirmation of its dichroism, there are definite caveats to these measurements.  The difference in 

the peaks of the dyed and control samples at the symmetric –NO2 stretch are negligible, and noise 

is apparent in the data.  Further, the asymmetric –NO2 stretch, which should be at approximately 

1514 cm
-1

, is not discernable due to the polymer‟s own spectra in this region.  The lack of a clear 

spectra of the assymmetric stretch presents a major challenge to quantitative measurements of the 

DR1 dichroism, as a ratio of the symmetric and asymmetric stretches is needed for a dichroic 

ratio analysis.  As a result of these problems, UV-vis was investigated as an alternative 

characterization technique. 

Contrary to the ATR-FTIR, UV-vis was found to require a low concentration of the dye 

within the LCE.  A 2 min. infusion from a 0.010 M DR1 AURA solution at 60 °C was used to 

produce samples (Fig. 4-23, third from left). Samples were again stretched by hand to 200 % 

strain, and tests were performed on stretched and unstretched, dyed and undyed samples.  In spite 
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of its relative ease compared to the ATR-FTIR measurements and the low concentration of dye in 

the samples, the results clearly show the dichroic behavior in a quantifiable fashion (Fig. 4-25).  

With the stretching direction both parallel and perpendicular to the beam polarization but no dye 

in the sample, no absorbance was observed.  The absorbance was identical for an unstretched 

dyed sample with no beam polarization, for unstretched dyed samples with parallel beam 

polarization, and for unstretched dyed samples with perpendicular beam polarization.  Finally, a 

repeatable difference was found between stretched and dyed samples interrogated with beam 

polarization parallel to the elongation direction and perpendicular to the elongation direction.  An 

absorbance approximately two times higher is seen in the parallel direction than in the 

perpendicular, again indicating alignment of the dye with the stretching direction.  An unusual 

feature of the parallel beam polarization absorbance for the stretched samples is a shoulder on the 

absorbance peak at ~460 nm.  A blue-shift of the UV-vis absorption of DR1 has been noted in 

cases where the molecules aggregate in an anti-parallel fashion, such that the dipole moment 

influences the optical response of neighboring dye molecules.
249

  Thus, this shoulder may be due 

to aggregation of the dye molecules into aligned bundles once they are oriented along the 

stretching direction of the sample. 

 

Figure 4-25.  UV-vis data of smectic MCLCE sample containing DR1, both stretched and 
unstretched, as well as an unmodified LCE sample. 



 

 

Chapter 5  
 

Conclusions and Suggested Future Work 

Two infusion-based methods for producing polymer/metal nanocomposites have been 

considered.  In spite of their different reduction methods, each synthesis scheme hinges on the 

introduction of a metal precursor salt to a polymer article via a plasticizing solution, with 

subsequent reduction by an agent introduced either before or after the metal salt.  Larger, more 

aggregated particles are produced when reduction is achieved via aqueous solution of 

triethylamine, while less agglomerated particles of smaller radius can be created using an amine-

functionalized interpenetrating network layer as a reducing agent.  Each method has some degree 

of tunability in particle size and distribution based on the infusion times and temperatures of each 

step.  Future work needs to test the in situ reduction of a wider variety of metals, including those 

already deemed successfully infused.  A combinatorial synthetic method has been set forth, along 

with high throughput characterization via SAXS, which will facilitate the expansion of the 

infusion/reduction methods to other metals, as well as help understand and leverage the tunability 

in size and shape control of the particles.  Further, gaseous reactants should be considered for use 

in the synthetic schemes.  For instance, a gaseous amine may be able to reduce the infused metal 

salt following evaporation of the AURA solvent in the chemical reduction method.  The polymer 

matrix, no longer plasticized during reduction, would further restrict particle growth and 

agglomeration, possibly resulting in smaller, less agglomerated particles more akin to those 

produced via the IPN reduction method.  

The research of our group on the synthesis and characterization of liquid crystalline 

elastomers has also been furthered.  An end-linking synthesis scheme was investigated at length, 

with improvements made to both the reactions and the purification protocols in order to ensure 

the purity and predictability of the resulting product.  However, despite spectroscopic evidence 

indicating synthesis of the desired product, the cloudy nature of the produced elastomer samples 

indicates that further improvements to the precision of the synthesis are needed in order to 

achieve the desired end-linked networks.  Once these improvements are made, deuterated LCE 

can be produced and subjected to small angle neutron scattering in order to more directly observe 

the molecular behavior during the polydomain to monodomain transition.   
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Nonetheless, our understanding of the P-M transition has been improved via the 

mechanical investigation of similar smectic MCLCE samples produced by a known synthetic 

method.  The effect of temperature and strain rate on the necking behavior of these samples 

demonstrates that there is a relationship between the time scale required for the polydomain 

sample to transition to a monodomain within the neck.  Fast director rotations may account for 

the observed constant critical yield strain, while the subsequent neck formation is caused by the 

necessity of other mechanisms to accommodate the strain beyond this point.  High temperatures 

and low strain rates produced no distinct neck, while a clear necking instability was observed at 

lower temperatures and higher strain rates.  Further research is needed to clarify these insights.  

Stress relaxation experiments would provide clearer detail of this time scale, allowing for a more 

accurate picture of the molecular behavior to be produced.  Characterization was done on only 

one elastomer variety.  Future work needs to investigate the mechanical behavior of samples of 

variable cross-link density and different thermal histories in order to gain further insight into the 

molecular basis for the observed necking instability.   

Finally, AURA infusion was tested with LCE samples using both gold nanoparticle and 

dichroic dyes.  In order for metal infusions into LCE samples to be useful, synthetic schemes 

must be determined which do not result in plating out of the metal on the sample surface.  A new 

LCE chemistry, with better solubility of the metal salt within the LCE, may be necessary in order 

to accomplish this goal.  Dichroic dye infusions, though found to be quite successful, have yet to 

produce any novel results.  The reversible isomerization of the dyes should be tested in order to 

determine if the samples are viable for any applications such as actuation, which has been 

previously demonstrated in a similar system.
253

 

Putting together some of these ideas, a logical next step is the investigation of an LCE 

that will allow for infusions of metal nanoparticles.  A key requirement of a new LCE chemistry 

is the solubility of several common metal precursor salts within the sample.  Introduction of 

DEAMA directly into the polymer is one possibility, as the metal salts tested herein are known to 

be soluble in it, and its use presents the potential for auto-reduction of the metal salt by the LCE.  

The DEAMA could be incorporated as a side chain unit, pendant to the flexible siloxane portion 

of the polymer.  A platinum-catalyzed reaction, similar to that described by Finkelmann et al., 

would be used to bond the DEAMA to a methyl group of the siloxane.
139

  Appropriate reaction 

stoichiometry would have to be investigated in order to ensure metal salt solubility while 

retaining the liquid crystalline nature of the material.  This latter point is of particular importance, 
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and full characterization of the liquid crystalline phases of the new polymer would need to be 

performed.   

Once an appropriate LCE is synthesized, the combinatorial method could be used to 

investigate the metal infusions and ensure solubility of the metal salts.  Two applications of this 

system are of particular interest.  In the first, shape-controlled metal nanoparticles should be 

attempted.  Modification of the method used by Stamplecoskie et al. may allow for such a 

synthesis to be accomplished within the polymer using discrete wavelengths of light for 

polymerization.
73

  Of particular interest is the synthesis of nanorods, which has been reported for 

citrate-stabilized silver using Irgacure
®
 2959 as a reducing agent with 720 nm irradiation.

73
  The 

production of metal nanorods within an LCE would create a material which can be uniaxially 

deformed to produce an array of aligned nanorods.
32,74

  The result would be a material with 

optically and electrically anisotropic properties that could be turned on and off via stretching and 

resetting (via mild heating) of the sample.   

A second approach would be the tuning of the metal nanoparticle surface plasmon 

resonance, via use of the combinatorial optimization method to control particle size.  The purpose 

of this approach is to produce an LCE sample which could be exposed to a low power laser at the 

surface plasmon resonance wavelength of the particles, resulting in a local heating of the 

elastomer in the vicinity of the exposed nanoparticles.  If the sample were stretched beyond the 

P-M transition prior to illumination and not cross-linked as a monodomain, the local heating 

would melt the smectic phase, “resetting” that region and resulting in internal stresses and 

deformation of the sample.  This deformation may lead to actuation similar to that observed by 

Camacho-Lopez et al. using dichroic dyes.
253

  Should this approach be successful, the potential 

also exists to use multiple sizes or elements of metal nanoparticles within one sample in order to 

produce a sample that deforms in different ways based on the wavelength of the incident laser.  

For instance, a gradient in one dimension in metal salt soak time may produce particles of a very 

different average size at one end of the sample than the other.  A laser of one wavelength would 

produce a strong deformation at one end of the sample, while a different wavelength laser would 

produce a strong deformation at the other end.  These possibilities need to be investigated, not 

only to take full advantage of the flexibility of the nanoinfusion method, but also to make use of 

the great potential for useful applications that leverage the coupling of LCE order with 

nanoparticle dispersion.  
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