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ABSTRACT

Noble metapolymer nanocomposites are a desirable and useful class of material due to
their combination ofhe beneficial processibility and mechanical properaépolymeis with the
optical, electrical, barrier, and other engineering properties of metal nanoparti€lesential
applications of such materials include Horear optical materials with ¢ nanoparticles or
conductive polymer substratesth percolatedsilver nanopatrticles. A processing approadias
been developedhereby metal nanoparticles, especially silver and gold, can be infused into the
surface of a thermoplastic elastomer following the melt processing opeftisnreaction
diffusion approach (nanmiusion) 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 stte. nanoinfusion process invek
immersion of a molded, cast, or extruded plastic article in an aqueous plasticizer solution (Bayer
MaterialScienceAURA® Infusion Technology) containing a metal salt such as HAoCI
AgNO:s. Infusion of the metal salt into the plastic surface is aeliewell below the melt
processing temperature due to plasticization of a thin surface lagéfs@0 & m. The met a
is subsequently reduced to produce aatent metal nanoparticles by a second infusion of a
reducing agenor a thermal or photocheadl reduction proces§ he 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, combinatoriakthriginghput screening
methods have been applied. Particle size distributions are tdv@rad rapidly by smathngle
x-ray scattering (SAXS) using a "dual gradient" nanoinfusion malmiaddition,an improved
method of the nanoinfusion process has beamonstratedthat displays significant
enhancement$o nanoparticle concentration (volume fraction) irerthoplastic polyurethane
elastomergTPUs) as well as decreased average pa&titte. This latter method involves the
creation of an interpenetrating layer of a functionalized monomer via an infosipmerization
approach. Said functional group is subsequently used to reduce the metal precursor as it is
infused using the sameqeessing step as the above methodEMTimages show significantly
higher volume fraction ohanoparticles using this method, providing the potential for more

drastic improvements in optical and other properties
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Another material of interest for synthesid nanocomposites are liquid crystalline
elastomers. Liquid crystalline elastomerbave received attention for their uniqgue mechanical
properties, which underlie their potential for use in applications such as artificial muscles (due to
the electrocliniceffect) andconstrainedsibration dampingapplications(due to their broad peak
in tan U versus either temperature or frequencyn interesting feature observed in the liquid
crystalline elastomers produced in our groupghie formation of a neck the sample under
uniaxial tension. The mechanical response of thesmectic mairchain liquid crystalline
elastomes (MCLCE) has been characterized at a variety of strain rates and temperatures in order
to understand the cause of the observed neck formation. Adefeled yield stress is observed
at a critical strain that is essentially independent of strain ratewkd by necking and cold
drawing. Colddrawing is rarely observed iiquid crystallineelastomers, but we believe that it
is observed in MCLCHElue to the unfolding of hairpin chains at the start of the polydomain to
monodomain transition. A neck fornas the hairpins straighten out, resulting in a decreased
crosssectional area that promotes yieldintnfusiors of both metal nanoparticles and diciaro

dyes were attempted.
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Chapter 1

Introduction

The term Aelastomer o encompasses a wi de
thermosetting and thermoplastic, which are characterized by their elasbicigyto their rubbery
nature,this classof materials has achieved a great deal of commercial suotegsplications
suchas seals, adhesives, and molded flexible parts. Herein, two primary elastomes sygtem
considered: thermoplast polyurethane elastomers (TPUsahd smectic ma chain liquid
crystalline elastomerdMCLCE). This dissertation deals with nanocomposites of these
elastomers with both organic dyes and noble metal nanopartithese systems are interesting
due to the addition of features on the size scale ofdhener 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 conductivitgetul
optical properties, to thdlexible elastomer sample. In the latter case, liquid crystalline
elastomers exhibit unusual mechanical behavior due to the coupling of the order inherent in the
polymer chainswith that of the rigid liquid crystal mesogens.Processing methods for
syntheizing nanocomposites within these elastomers via diffdsémed techniques are
investigated herein. The following sections introduce the key techniques used, such a% AURA
Infusion Technology and combinatorial sample preparation, as well as the mopéttie TPUs
and LCEs tested.

1.1 AURA® Infusion Processing

AURA® Infusion Technology(hereafter simply referred to as AURAefers to a
collection of patented processing technologies developed at Bayer MaterialScience as a means of
coloration for polymearticles that have already been molded or extrdethe color is infused
via immersionof a plastic articlan a proprietary solvanmixture 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 ugefusion is usually done a
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temperature greater thanoro temperaturéo expedite thaliffusion of solvent and dye into the
plastic AURA processingan be performed on opaque and translucent parts made from a variety
of matrials, including polycarbonate (PC), acrylic, and thermoplastic polyure#ias®mmers
(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
apparatu$. Spray coatinglso improves uniformity, requires less solution heating, and eliminates
transport problems to a water rinse stepen compared to digying at an industrial levél. At
the end of processing, remaigidye solution can be collected and separated into unused dye and
solvent using activated carb6riThe processing system is considered toetstively sustainable
due to the ability toeusethis recoveredolvent Most recently AURA has been extended as a
means of infusing various propemyhancing agents, such@gaviolet UV) stabilizers, optical
brighteners, mold release agents, artitstgents, thermal stabilizeisfrared (R) absorbers, and
antimicrobial agent§®

One of the key advantages AURA is thefrugal amount of solvent and dye used.
Traditionally, d/es or pigmentiave beerdirectly incorporated into a polymefor instance via
compounding of the dyiato the molten polymet. Slightly colored or tinted articles are difficu
to create via such direct incorporation methbds such instances, a large quantity of dye is
used, and it is difficult tesufficiently reduce the amount of dyehile still achieving an even
coloration Methods ofintroducingdyes 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
temperaturef infusion, and are thus better suited to slightly colored and tinted applications.
AURA, the article is processed as long as needed hax the desired color, after which
immersion or spraying is stoppedrhis 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 glaré:®> The amount of solvent and dgensumedtan befurther decreased via process

improvements.
1.1.1Solvent Compositionand Infusion Conditions
AURA usesa ternary solvent system, consisting of 70 % water, 20t tellosolve (BCS), and

10 % diethylene glycol (DEG) (see Fity1).>® Eachcomponenthas a specific purpose the

process BothBCS and DEG serve as plasticizing agdatshe 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 agénit allows for the evertoloration of the article, without
patchiness.Instead of BCS and DEG, a variety afernativeplasticizing agents may be used,
such as propylenglycol propylether or tripropylene glycol propyletiehpwever, the present

work will be concerneanly with the DEG formulation Water is a poor solve for the polymer

article and, as such, is present in order to prevent congiéstelution 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 faolorationis generally 0.1 to 15% w/w and is

most commonly abou@.4 to 2% w/w.*?

PN

HO\/\O /\/OH

Figure 11. Chemical structures of the nagueous components of the infusion solvent:
2-butoxyethanol (BCS, tomnd2-hydroxyethyl ether (DE&yottom).

The dyeing takes place at a time and temperature suitable to allow a sufficient amount of
dye enter the polymer tiale. Time is kept to a minimum, and thus temperature of the solution is
increased to speed up the infusion wherever possiidéh higherdye concentrations and higher
temperatures can be used to increase the rate of dyelsgsuch, 90 to 99 °C is typically used
for infusions such that temperature is as high as possible witldirtgo™>’ However, lower
temperatures can be used where appropriate. For insteahBé) sample with much lower glass
transition temperature than gohlrbonate can be sufficiently dyed in less than ten minutes at

50 °C to 60 °C. Processingemperatures are generally at or above room temperature.

1.1.2Relevant Dyes and Polymers

AURA can be applied to both thermosetting and thermoplastic polyrasrsyell as
blends and copolymers of two or more of the relevant polymers. Such relevant polymers include
polyesters, polycarbonates (includindpoth aromatic and aliphatic polycarbongte
polyesterpolycarbonate copolymers, acrylonitbl¢adienestyrene (ABS), copolymers of
polymethylmethacrylatdPMMA) and styrenic polymerspolyalkyl(meth)acrylate polyamide,

é,2,4,5,7

and polyurethan Note that although styrene copolymers are included in this list,
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particularly ABS, AURA is not applicable to homopolystyrene.The focus of the patent
literature is on polycarbonates, andnore specifically on thermoplastic aromatic
polycarbonate$** AURA can be applied torticles produ@d viaa variety of methods, including
compression molding, injection molding, rotational molding, extrusion, injection and extrusion
blow molding, and casting. Furthermore, He articles to berocessednay contain a wide
variety of fillers and propertgnhancing moieties, such as metal flaklzsne retardant agents,
opacifying agents (such ditania particle} light-diffusing agents (such asosslinked PMMA
minisphere} UV stabilizers, hydrolytic stabilizers, and thermal stabilizérs

Numerous organic dyes are suitable for AURA infusion into plages Fig. 12).
The prerequisite for successful use of a given dyes is its solubility witkirplastic. For
diffusion into a plane sheet, permeability cardbscribed by the equation

0=10Y (1-1)
where P is the permeabilitgonstant D is the diffusion coefficient and S is solubility
coefficient? As such, adequate solubility is absolutely required for successful infuBimadly,
the dye is chosen from static dyes, photochromic dyes$ combinations of the twoStatic dyes
are those which do not substantially change color upon exposuié light, while photochromic
dyes ae those thatdo change color upon exposure to UV lightThe latter functions via
reversibly converting into an open or active form, whichoied, 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 yellof?'3.More generdly, satic dyes of the classes of azo,
diphenylamine, or anthraquinone compoutfgise readily into plastics of interegd Bayer
MaterialSciencé™’ Dyes known as solvent dyes, suah solvent blue 35 and acridine orange
base, are found to h@ablewith AURA, but theircolor is noticeably less intense than that of the
disperse dye§? 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, thougtlyasiavork wellwhen
used with nylon?’ Of the photochromic dyes, spfindoline)naphthoxazines,
spiro(indoline)bemoxazines and benzopyrarere examples of dyes that infuse readily into TPUs
and PCS However, it is interesting to note that the photochromic natfitese dyes is lost
upon infusion into thermoplastics, likely due to their conformation becoming trapped upon
infusion into the polymer matrik.Polymers with sufficient free volume to allow the dye to make

conformational changes do not exhibit this suppression of photochromic praperties
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Figure 12. Static dyes containing anthraquinone groups (e.g. disperse blue 3, left) or azo groups
(e.g.disperse ré 1, middle), and certain phataromic dyes (e.g. spiro(indoline)naphthoxazine,
right) have all been infused usiddJRA.

1.2 Polymer Nanocomposites

Polymerinorganic nanocomposites are an interesting and potentially useful class of
materials with combine the ease of processing of a polymer with the optical, barrier, and
electrical properties of an inorganic nanofiller. Examples of nanofillers include ehasewl
(carbon nanotubes, carbon black, nanographite, nanodiamond), oxides (clay,iuaircon
phosphate, silica), and metals/intermetallics (gold, siplatinum, palladiumj® Herein, we will
primarily discuss the nanocomposites of polymers with clays, carbon nanotubesnasid
particularly,metal nanoparticles.

The term nanocomposite was first used in the polymer field ipaper in 199
"Polymer nanocomposite”" has evolved to refer to a rooltiponent system that is primarily
polymer with some minor constituent (or constituents) with a dimension less than 183*hm.
These gstems have received a great deal of research attention since polymer/layered silicate clay
nanocomposites were first demonstrated in a Rglalay system synthesized at Toyota Central
R&D Labs Inc. in 1983%!* This first demonstratiogenerated tremendous interdse to the
large incease observed in elastic modulus, strength, heat resistance, and gas barrier properties, in
addition to a decrease in flammability. These propentiee largely due to the quality of the
exfoliation of the clay, which was separated into almost sinquitelets'®** Automobiles
which made use of theylon-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.

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, natwrediyrring fibers, phase
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separated polymer blends, and organarganic composites from sgkl chenistry have all
existedwith the potential fo features on a nanometer schifore the recerthlossoming of the
polymer nanocomposite fiefd Larger scale composites, such as those with glass fiber, talc,
calcium carbonate, carbon black, and many othlerdi have all been used to confer pripe
improvements to polymerfer some time! Generally between 280 % w/w of these fillersare
incorporated resulting in aphase separated composite By moving toa smaller nanofiller
contenta more uniform distribution can be createdich that the interfacial area between
nanofiller is greatly increased as is the interaction between the polymer afiflethe For
instance, compared to glafiser composites, polymer/clay nanocomposites are lighter, have a
longer useful life, are much smoother and paintable, are maptreent, and more recylabe.

In addition to structural, barrier, and flame retardance applications, nanositesphold
potential in a varigy of other areas, such as polymer blend compatibilizers, biomedical materials
(such as nanofiber scaffolds and drug delivery applicatidne),cell membranes and electrode
binders, photovoltaic anodes, hole injection layers, light emittingeré&ay and sensor
applications® One nascent field of research is in the production of bionanocomposites, which
use naturallyoccurringpolymers. These materials possdsssame property enhancements seen
in synthetic polymers, but also possess biocompatibility, biodegradability, and, depending on the
biological or inorganic moiety employed, functional propertfesn addition to their synthesis
characterizationand applicationsthe rise of nanocomposites as ansbitdied material has
catalyzed a large effort itoxicity 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, reactigihdthermal reponse*’

Successes on the level of the nylday system are rare, possibly due to a lack of a
complete understanding tife 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 nanocompoSitymer
nanocomposites are distinguished by shmilarity 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 particlsh 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 compoSiteNotably, nanofillersalter the crystallinity and
glass transition temperatuoé the polymer matrixamong other effesf® For example,tican be

argued thathe favorable interactions between the polymerasdrfacemodified nanoparticle in
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a stable nanocomposite will cause the glass transéioperature (J) of the polymer to increase

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

there is not a favorable interaction between filler and polymer, may see a decreg$er ith@
polymer’® Early nanocomposite researdended to focus on understanding the underlying
synthetic and physical chemistaspects 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 undangtam the physics of

the polymer in such materials, such that better nanocomposites may be engineered for specific
applications? In order forpolymer nanocompositds transition to truly engineered, designe
functional systems, a better understanding of the struptopertyprocessing relationship is
needed? Additionally, our understanding and control must be extended beyond the interfacial
interactions of th particles to the extent, spatial arrangement, and ordering of the fillers within

the polymer:?
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Figure 13. An example of the increasof glass transition of a polyurethane sample as silica
particles, synthesized via addition tdtraethyl orthosilicate (TEOS$honomer to the matrixThe
functionalized silica interacts favorably with the polyester segments. A laggecréase is seen

for in situ polymerization (a.) than for melt blending (b.) due to the increased opportunity for this
interaction to take place. [Source: ChéiGol Int Sci2004]

Below is an introduction to three primary classes of polymer nanoconmgpoditeugh
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.



1.2.1Clay/Polymer Nanocomposites

Clay/polymer nanocomposites arene of the most widely studied polymer
nanocomposite systems, certainly owing in no small part to the success seen in ti&@atgjon

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

refer to fillers in the fam of sheets of a few {2) nm thick and hundreds to seal thousand
nanometers lon§. The clay portion of these nanocompositan 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 micaiofbmica, hectorite, fluorohectorite, saponite, and
montmorillonite (MMT), the latter of which is the most commonly ugéd. 1-4)."**° Layered
silicates have a crystal structure defined by layers of two tetrahedrally cooddsiladen atoms
fused to an edgshared octahedral sheet of eitheluminum or magnesium hydroxide.
Substitutions can be made within the layers (such dsbdl Mg?* or F€*, or Mg by Li",
generating negative charges that are counterbalanced byaaiiadilkaline earth cations. Thus,
such layered silicates have a moderate surface cHa@ee key feature of these nanocomposites
is the low fraction of filler needed impacta useful change of properties. For instance, addition
of as little as 35 % of MMT into a polymer matrix can produeesignificant improvement to
mechanical strength due to the dimensions and high aspect ratio of the clay'*she€isr
example, additiof 4 % w/w NaMMT to poly(vinyl alcohol) results in a three times increase in

Youngés modulus compared®to the unmodified

bul
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Figure 4. Schematic ofhe layered structure of montmorillonit®range tetrahedra represent
silicon atoms, red spheres represent oxygen atoms, white spheres represent hydrogen atoms,
green octahedra rement aluminum, pyle octahedraepresent magnesium atoms, and blue
spheres represent sodium iof&ource: PaulPolymer2008]

The applications of clay/polymer nanocomposites are numerous. Of the various forms of
polymer nanocomposites, nanodisperse clays are the mastndent for partial improvement of
thermal stability and elastic modujuas well as gas permeabiliy. In addition to these
properties, addition of small amounts of clegnaofillers to a polymer impartscreased tensile
strength and modulus, large increase in heat distortion temperatusgsedn smoothness and
paintability, increase in transparency, and similar recyclabilittdiowever, care must be taken,
as adding too much of the clay nanofiller actually harms these charactétisbese to these
property enhancements, clay/polymer nanocomposites have seen use as coating, structural, and
packaging materiaf§. Improvements to the polymer all depend on both the degree of
nanodispersion of the layst inorganic filler and the inteaicid interaction of the clay witlthe
polymer8*®

Pristine layered inorganic materials are hydrophilic, and only miscible with hydrophilic
polymer such as poly(ethylene oxidBEO) and poly(vinyl alcohol)(PVA). As such, ion
exchange modification witcationic or anionic surfactanbearing long alkyl chains is generally
used to make intercalation with the polymer more viable. For example, ammonium cations with
long (G4+Cig) alkyl chains may be used to obtaihe hydrophobic character necessary for

dispersal?® Four primary methods exist to prepare clay/polymanocomposites in situ



10

polymerization, intercalation from a polymer solution, direct intercalation by molten polymer,
and solgel methods? 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 degradatidehavior of the polymer.

1.2.2Carbon Nanotube/Polymer Nanocomposites

Carbon nanotubes (CNTs) were first synthesized in 1991 by [fif{d> CNTs possess
high flexibility, low mass density, anlhrge aspect ratiogs well asother useful engineering
properties, such dsgh thermal conductivity along the tube and the ability to be synthesized with
conductivities in either thesemiconductingor metallike range”” Due to these remarkable
properties they are a logical dispersant polymer nanocomposites for improvement of thermal
electrical,and mechanical performant®&*?? CNT/polymer composites wefest synthesized by
Ajayan et al. in 1994%* The prerties 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, dspersion state, alignment of nanotubes, and interfacial adhesion between polymer and
nanotub&? Two primary varieties of CNT exist.Singlewalled 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 mutlled CNTs (MWNTSs) are formed from
concentric SWNTs, and thus have larger diteme (Fig. 1-5).® In addition to tubes,
nanographene sheets with thicknesses of 0.34 nm to 100 nm habee&sovestigated as useful
nanofillers® Although CNTs are more expensive and difficult handle relative to other
nanofillers, the improvements that they offer to the mechanical and electrical properties of a
polymer aresignificant enough to motivate widespread consideration as a commercial pfoduct

One drawback to CNTSs is their negative health effgmsticularlydue to inhaltion.'’
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SWNT

Figure 15. Schematic structures of singleand multiwalled carbon nanotubes. [Source:
itech.dckinson.edu/chemistry/?p=422 02/12/10]

The major challenge of dispersing n@NTrsacwiito
between tubes, in addition to entanglements, which results in a strong tendency to form
aggregates of 10800 CNTs packed togeth®?** It is very difficult to achieve homogenous
distribution of CNTs using melt blending procesSesWhile several strategies have been
developed to dispergeNTs reasocably 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 polym@NT interaction while deterring CNTNT
interactiors® Two main approaches are preval8rt 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 thAproachwould be an excellent approach for
mechanical property enhancement due to an improved load trapsferelm polymer and CNT,
the current methodsf achievinggrafted functional groupssuch as ball milling and chemical
reaction in solvenbnly functionalize a fraction of the nanopartidésln addition, theemethods
may disturb the delocalized electronic system of the CNT, which is yargsponsible for its
electrical and mechanical propertfés.A second strategy aims to nonvalently modify the
CNT, such as through surfacteassisted dispersion, polymer wrapping, and plasma
polymerizatior?® While such processingoes not perturb the electronic nature of @MT, it
also does not optimizée CNT/polymer surfadeteraction as well as the first methdd.

Much effort has been put into producing strong, lightweight CNT nanocomposites for a
variety of applications, including electrochemical, field emission and nanoesizéeelectronic
devices, sensors, and functional materials for space and air It«a‘:gjleelab8 Increased electrical

conductivty and a low percolatiorthreshold have been achieved in a variety of materials
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including PMMA and PC, as well as, tol@sserextent, polyolefins® There is also interest in
mechanical applications, as CNTs can improve tensile modulus and strength. However, strain at
break, and thus polymeluctility, is generally decreased by the presence of CRITs.

1.2.3Noble Metal/Polymer Nanocomposites

Metal nanoparticles have been utilized for catalytic properties for several decades and are
more recently becoming interesting for nanocompasitehesis, particularly faapplicationghat
leverage theicatalytic and optical propertié$. Noble metal nanoparticdén particula have a
dramatic &ect on the optical properties of a polymer, most obviously due to the real, natural
color imparted to the article by the addition of the nanoftfleFor this reason,ald nanoparticles
have been used for centur@s pigments, such as stened glass®* Contemprarily, inorganic
materials, both ionic precursors and elemental nanoparti@de®, been recognized dssirable
for dispersal throughout a polymer matrix for their physical properties, particularly their high
electrical conductivity andatalytic capaliity.?® Metal nanoparticles are also industrially useful
when embedded in a polymer as a means of istrgdhe adhesion of metal layers deposited via
electroless deposition, which is very often employed to metallize polymer surfaces due to its
ability to unifamly coat complicated shap#s.Gold and silver nanoparticlesn particular,have
applications in many fids, including catalysis, sensing, recording mediarface enhanced
Raman spectroscopy substratascrowave absorptiorhiotechnology, and optics

Thebright mlors of metal nanoparticles resulthen 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’*®' As nanoparticles increase in size, the surface plasmon absorbance is seen to
broaden and reshift.?*3" In order to understand this broadening andgfeifting, the Mie thear
of scattering must be considered. Mi e sol ved
conditions for spherical particles, resulting in an expression for the total extinction coefficient
cross section due to absorption and scattering as a simnaser all electric and magnetic
multipole oscillation$** The result of this analysis are two regsnéor small spherical
particles. For particles much smaller than the wavelength of the exciting lightitindiameter
(2r) less than 25 nniMlie theory reduces t&"%*
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wh e regis tifle extinction cross sectigim units of nm), V is the spherical pade volume, c is
the speed of light, ¥ is the agthpediélariccohstagquency
of the surrounding medium (assymddAtwal Ha ef rt e
real and imaginary part of the dielectiimction of the particle material, respectively. Resonance
occursy(wh2i i  small and weRafkidesizathypealdss od ¥ .
intensity through V in this equation, but experimentally the plasmon bandwidéeriste vary
strongly with diameter®** To reflect this size dependence in equatie?) the dielectric function
is assumed todssize depedentfor these small particlesJ ¥, r ) ¥a, At Bgdause of this
assumed size dependence, changes in the optical absorption spectra in this size regime are
referred to as 2l Fotpariiclessith @ >85 nm,ehe extirfctiorccoesficiant
explicitly depends on the nanopatrticle size because higher order terms, which diepethdon
particle radius, begin to contribud®®® With increasing size, the plasmon absorption maximum is
shifted to longer wavelength and thlesorptiorbandwidth increases as the size becomes closer to
the wavelength of the incident light. The changes in the absorgpiectra with particle size in
this larger size regime are termed fAextrinsic
through the full Mie equation, with no assumptions about the complex dielectric fufiction.

Due to the surface plasmon resonargd nanoparticlesould simply be applied as a
method of coloring polymersuch that the colawill not photobleach in the way that organic dyes
will, but it also provides access to ntinear optical poperties when combined with shaped (i.e.
nonspherical) particles and/or anisotropic distributions of parti€lesinterest in metal
nanoparticless due not only to the bright colors that theshibit, but also to the ability teune
the electronic and opticapropertiesby fine control of paameters including: particle size and
shape, aggregation state, and the nature of the nanoparticle ¥h#triurthermore, gld
nanoparticles are useful as a model system for mmetabparticlesin general due to their
chemical stability as elemental nanoparticles and their easy reduction to saitl state.

It can be difficdt to achieve weldispersed 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 areénsuffibreak the
agglomerates. The result is that adequate dispersion is not achieved, thus melt mixing is rarely
employed'®®** If nanoparticles can be successfully introduced to a polymer without aggregation

then suspension in a polymer is advantageousheagolymer matrix serves to prevent further
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agglomeration of the embedded particfesAs such, other strategies must be pursued in order to
achieve a quality dispersion of metal nanoparticles within the polymer mthie.tvo primary
classes of methods involve the useetiher presynthesizedmetal nanoparticles or tha situ
synthesis of the nanoparticles within the polymer.

Whether in situor in solution, the synthesis of metal nanoparticles is frequently
accomplished through the reduction of an ionic metal precursor to elemental nafes@itc
1-6). Thermal decompositiomethodsmay also be used, such abe heatingof Fe(CO} to
200°C in the presence of the proper stabilg agents, but purely thermal methadsd to
involve precursors that are both expensive and t8XicChemtal reduction is more economical,
as well az=mployingtemperatures viable for in situ reaction in polymeReducing agents such
as sodium borohydride sodium hydroxide, sodium citrate N,N-dimethylformamide, or
formamidecan be used to reduceetalpreairsors such aslAuCl, to elemental nanoparticles in
solution®3#** Sodium borohydride is one of the most often usatlicing agest found to be
successfulvith a number of metal precursdfs Reduction ofHAuUCI, with NaS has also been
shown to be viabl& Silver ions (often in the form of AgNg can be reduced witkodium
hydroxide sodium carbonatesodium borohydride, sodium citrate,N,N-dimethylformamide,
formamidetriethylamine, pyridine, and formaldehy&&**’ Because sodium in ionic reducing
agents may contaminate the metal namtples, use of organic reducing agents is preferable
when possible. Along these linesHAUCI, is reducable tagjold nanoparticleby a variety of
amines, including ©minophenol, triethylamine, and glyciffe A thoroughstudy has been done
in order to ascertain the reduction potential range required for various amines to be successful
reducing agents for HAuG1® Generally, these reductions are of the f8fm

HAUCl; + 3NR;- Au’+ 3 NRA + H' + 4Cr (1-3)
AgCIO, is also asuccessfumetal precursor, whicban be reduced with sodium borohydrf&&’
Platinum has also been studied, withPtCl being reducibleto nanoparticleswith sodium
borohydride** Some more interesting systems involve the use of reduction triggered by thermal
or photochemical meanslrgacuré 2959 (t[4-(2-hydroxyethoxy)phenyip-hydroxy-2-methyt
1-propanel-one) isa radical initiator that produces ketyl radicals upon irradiation by 350 nm
light.*® These radicals can redueuCl to AW’ via a twostep reaction, providing a means for

photochemical reduction.
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Figure 16. Sodium borohydride (left) and triethylamine (middle) are two common reducing
agents for the formation of metal nanoparticles. Radical initiators such as Ifgaeaee(right)
are also useful as Uwiitiated reducing agés.

Nickel, copper, and iron nanoparticlase more difficult to synthesizehan gold, silver,
and platinum nanoparticleas they arenoreeasily oxidized. Nonetheless, successful reduction
methods have been developed for these meté@lspper nanopauies can be produced via
reduction ofCuCl, with sodium borohydridé' FeCl, can be reduced to iron narficles with
sodium borohydridewhile FeCk is reducibleby sodium borohydride, hydrazine, and lithium
borohydride®®3"*? NiCl, has been successfully redudedelemental nanoparticlesith either
hydrazineor sodium hydroxide to produce nanoparticiésDue to thelower standard reduction
potentialof metals such as iron, nickel, and cobalt relative to noble metals, the addition of a small
amount of noble metalon can help promote nucleation when using both the thermal
decomposition and chemical reduction synthesis metfioNstably, the addition of palladium to
the reduction ofFeCk with sodium borohydride resulted in particles of noticeably smaller
diameter®

It is important to note that, although timeetal salts and reducing agents have been
concentrated oin the above discs$on of reduction methodshe pH, solvent, and stabilizers
used are also very importaint determining both the viability of the nanoparticle synthesis and
the quality (shape, size, etm} the nanopartickeproduced Aqueous reduction methods are
geneally desirable, and such instances make use of hydrated forms of the metal salts, such as
Ni(NO3),-6H,O or HAuUCI,-3H,O. With respect to polymer/metal hanocomposites, it is often
noted that the relative amounts of polymer, reducing agent, and metal premad in the in situ
nanoparticle synthesis methqgalay a part in the final particle size, shape, and distribdfion.

Use of presynthesized metal nanoparticlelows for the leveraging of the many
nanoparticlesynthesis methodavailableto produce nanoparticles with controllabdéize and
shapeas may be desirable for optical and other applications. Howswdace modification is
required in order to ensuo®mpatibility of the nanoparticle to the polymer maffixDue to this
requirement, thesmethods may be undesirable for an industrial setting due to time and cost

constraints® Two primary methods of dispersing the surfavedified nanoparticlesare the
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polymerization of a monomer around therface modifiegarticles or 1a solution casting of a
mixture of dissolved polymeand nanoparticleS. Interestingly, the use of psynthesized metal
nanopartles with appropriate surface functionalization has been shown useful in controlling the
dispersion of particles within the polymer matrix. A prime example invdlvegsapping ofold
nangarticles with a PSand poly(ethylene glycoPEG)block copolyme.>® These particles are
dispersed in ®Sblock-PMMA, where the outer PEG layer compatibilized the nanoparticles with
the PMMA segment. Upon thermal treatment to break th®PS linkage, the nanoparticles,
now coated in PS, migrated to the PS segsnefthe block copolymer matrix.

In situ formation of metal nanoparticles wiitthe polymer matrix is a relatively simple
process that usually involvéise heating and/or UV irradiation of the metal precursor, resulting in
the formation ofelementalnanoparticles that are stabilized and sesricted by the polymer
matrix2*°"*® Reduction can also be accomplished via chemical means, such as the exposure of a
polymer article cotaining a metal precursor to hydrazine asDespite its simplicity the
rigorous control of the particle shape and size isatyrecompromisedcompared to pre
synthaized nanoparticle methods In situ methods can be further broken down ithe
simultaneous synthesis of polymer and metal nanoparticles or the production of nanoparticles
from a precursor that is embedded withir fiolymer’*3? In the latter casehe 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 thelissolved polymercreates a more homogeneous
distribution of metal precurspand thus of metal nanoparticles following reductitmpughout
the film than methodsvhich introduce therecursor to the solid polymé&t. However, methods
which introduce the precursor to a finished polymer article allow for the creation of a metal
nanocomposite in geometries other than thin filmk. is worth noting that conversion of
precursors to nanoparticles within the polymer can generate unwanted bypredciotas gases
that may remain in the articf® Fortunately, careful choice of chemistry can avoid such
situations.

A variety of examples dfin situr e d u cntethadsexist. Reduction viadt treatment
works by either decomposing the precursor or causing some chahgeptmymer, leading to the
matrix itself becoming the reducing agéhtFor instance, HAuGladded topolystyreneblock
poly(2-vinylpyridine) (PSb-PVP) and subsequently heated to 200 °C results in octahedral gold
nanoparticle$?  Similar heating works for films of PMMA containing (1,1,1,55,5
hexafluoroacetylacetonato)Ag(l) to form silver nanopartiété®wing casting and irradiatiof!

An example of UV irradiation is found in the system containing HAWRId ethylene glycol,



17

added to solutions of PVA, allowing for production of gold nanocompdSit€orel et alalso
produced gold nanoplates withRVA.*® Aqueoussolutionsof HAUCl, and PVAwere spin

coated onto glass or quardnd heatedo 100170 °C for between 5 and 60 minutes. The PVA
serval to both reduce and stabilize the synthesized nanoparticles. The shape and size of the
resulting gold nanoplates was found to depend on the H/ARMNA ratio, the heating time, and
theheating temperature?VA is often use@s a polymer matrix for metal nanocomposdes to

the ability ofthe hydroxy groups on the polymeio reduce the metal salinder mild thermal
treatment?

Another"in situreduction"strategyis 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 HAugto form gold nanoparticles or witAgNO; for silver
nanoparticle§®® Such methods have some potentially interesting applicatiGilsis of gold
nanoparticles in PVA, formed by casting and UV irradiatidrsolutions of HAUCG] and PVA,
were found to remain colorless while at 0 °C, twrhedpurple as the temperature increased to
room temperatur® Due to this transitionthe films were demonstrated to be useful as a freeze
indicator, suchas for the prevention of spoilage of frozen food&amples othese commonly
used methods extend beyond goldhotoreduction oAgNO; infused into blensd of PVA and
poly(acrylic acid) (PAA) from a methanol solution has been demonstrated to form silver
nanoparticle$*®® and AgNO; in solution with PVA can be cast and heated to form silver
nanocomposites, via reduction of the silver néray the polyme?®

It is alsopossible tause the structure of a block copolymer as a nanoreactor to produce
metal nanoparticle¥. PSblock-PVP films immersed successively in % w/w solutions of
HAuCl, in ethanol andsodium borohydriden ethanol yielded metal nanoparticles within the
PVP portion of the system, due to tb@ordination of the HAuGIwith the pyridine unit of the
PVP® Another unique system involves polymer blend$@A and sulfonated poly(etharther
ketone) (SPEEKY®> When irradiated with 350 nm light, the benzophenone groups of SPEEK
abstract hydrogen atoms frorhet PVA.  The resulting benzophenone ketyl radicals reduce
AgNO; to silver nanoparticles.As with many UV methods, photopatterniigypossible via
masking during the cure stephich has utility in a variety of applicatiaffs

Recently,another class ofii n si t u r e chascréceivedc aitentimreSugero d
critical CQ, (scCQ) methods for producing nanocomposites allow for the in situ formation of
nanoparticles after the polymer has been processed into its finaf¥8t*h.ScCQ is used as a

solvent for an organometallic precursor, such as -¢¥¢fooctadiene)(1,1,1,5,5,5
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hexafluoroacetylactonat&(l). Following infusion of the metal precursor, subsequent
reduction can be accomplished via heating in an autoclave filled with hydfdgemany
polymers are known to swell in scgQvhich is why itfacilitates rapidinfusion of the metal
precursor into a polymer, such as polycarboff&t&® Swelling of a polymer with a penetrant
dissolved in scC®was demonstrated in 1986, while the first demonstration of this technique to
produce nanoparticles washievedin 1995 using dinmtiyl(1,5-cyclooctadiene)rl).®”%° By

changing the pressure (while remaining above the critigat ppCQO;) and time of infusion, both

the size and the depth of penetration of the particles can be contf6fi&d¢CQ, 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 diffsivity, and ease of removal from the polymer once the system is returned to
ambient temperatur®®’ Other examples of scGOinfusion involve the use of (1;5
cyclooctadiene)dimethii(ll) or Pd(I)hexafluoroacetylacetonate as metal precurSsPs.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 esistbf a nanoparticfé.

An example is the introduction ofpalladium nanoparticles via exposure to
bis(acetylacetonato)Pd(ll) with subsequent heat treatfhent.

The shape and size ofetal nanoparticles is dependent on a large number of variables,
including the relative concentratiorof precursor ad polymer stabilizer and thehemical
structureof the polymer used®’* As the optical, mechanical, and electrical propertiethese
particles ardargely determined by size and glea tunable methods are needed to predictably
control these variables. For instandk/es nanoparticles in solution have been synthesized using
irradiation from afluorescenttube. Significantly, it was found that when filters were used to
expose thedution (containing borohydrate as a reducing agent and silver nitrate as the metal
precursor) size and shape could be controlled tdegyree via the wavelength of lighsed’
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 sipes’® Such methods, when coupled with the steric limitations of synthesis within a
polymer matrix, may be an avenue for enhanced particle comdrdin situ reduction” synthesis
methods

As an example of thepplicationof shape control of metal nanoparticlestat nanorods
are potentially useful as polarizers in optical materials, due to their larger absonaficients

and higher photostability relative to organic moieffesPolarizing films using silver and gold
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nanorals have been synthesized by dryingamueoussolution of prefabricated particles and
PVA, followed by a slight warming up and drawing of the sample in order to align the patticles.

It was also found that laser irradiation caused a rod to sphere transition, which cosketite
pattern the polarizing portions of a sample. Further, it has been noted thphdteo laser
irradiation methods, when applied to films of HAwW&hd PVA, can be used to produce patterned
lines of gold nanoparticléd. This latter work was done with an eye on using metal nanoparticles
as a means of imparting electricainductivity or increased mechanical strength to a polymer.

It has been recognized for some time that the melting point of a metal nanopatrticle
affected by the particle siZé Decreasing theadius of metal particles decases the melting
point of the material dramatically compared to the bulk melting goiit.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 @dages as the particle gets smaller and the free energy
makes it more favorable to be a liquid at a lower temper&tufég. 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 pointsgafid and silver nanoparticles evags small as 2 nm in

diameter arstill well above thamelting point of an average thermoplastic polymer
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Figure 7. Nanoparticle size dependence of the melting temperature of a) silver ayuidb)

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 @008;(b.) Cortie,Mat For 2002.]
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1.2.4 Characterization of Nanocomposites

It is important to be able to accurately charactensmocomposite morphology,
specifically particle size, shape, and spacial distribution within the polyfevide range of
characterization technigs 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, UWs, 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 nanocompos§iiferent sample
preparation and AFM modes may be used to examine a sample. For instance, part of the polymer
matrix may beemoved 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 p8lymer.
Alternatively, samples may be microtomed to a smooth surface to allow for phase imaging in
tapping mode?®® 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 soendistance 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 micr(SEdpHyusingsimilar
methods to those used fé&M as they are both topological methodslowever, it may be
necessary to thinly coat the surface of the sample with gdidipodissipate charge builg and
avoid sample damageThe polymer matrix may also be comiglg dissolved or evaporated
leaving only the particles remaining on a substrate suffadéowever, data pertaining to the
p ar t idistribetienéthrough the sample is lost using such metffodEhin nanocomposite
films, such as those produced via spoating from solution, are also useful for SEM
investigation’® Often included as an attachment to SEM instruments, energy dispensiye x
spectroscopy (EDS) allows for elemental analysis of a sample surface. Such analysis in useful i
confirmati on of successful nanocomposite syn
methods® Transmissin electronmicroscopy (TEM), primarily in bright field mode, is very
commonly used as manocomposite characterization toorhough TEM is time and labor
intensive and is often criticized for only analyzing small areas at a'lithe, ability to create

clear images of pécles, particularly when the electron density contrast between filler and matrix
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is good, makes the method almost indispensable in the characterization of nanocomposites.
Electron diffraction patterns can also be generated using TEM for structuraiaffaly

Scattering and diffraction methods, such as wide angéy diffraction (WAXD), small
angle xray scattering (SAXS), and small aagieutron 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* For metal particles, Scherrerés equation,
Q= 0.9_/1 c§i— (1-4)
may be used to determine the mean diameter, d, of particles based on the waveltegtnaof
source (@), the full wi dth at hal f ma x i mu m
angle( o#3®.1n the casef clays,x-ray diffraction allows for the determination of thespiacing
of the layered structurd®® However, care must be taken in interpreting results. For instance, a
peak shift to larger-dpacing due to intercalation of clay within a polymer may be canceled by a
shift to larger angles due to surfactant degraddfioSpatial distribution is information is also
not provided by WAXD, thus use of complementary methods such as TEM is often déSirable.
Small angle xay scattering $AXS) provides a means of interrogating, with relative ease, the
size distribution of nanoparticles innoninvasivefashion, giving an averaggze taken over the
population of particles in the path of the be&ff The difficulty with SAXS comes in finding an
appropriate model for interpretation of the scattering data. Small angle neaftiering
(SANS) is very similar to SAXS in its usesd difficulties. The size scale accessible to each is
approximately 1 nm to 20 pm (not including small angle instrumentatiohjowever, there are
very important differences. To begin with, SANSilities 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.ayighesed in
SAXS scatter due tohanges in average electron density, such as at the interface of a low electron
density polymer and a high electron density metal nanopafticlEhe neutron beam used in
SANS scatters due to contrast in the nuclear scattering cross section (also called scattering length
density)®” Similarly to the more widely used SAXS, SANS is useful in cberization of the
particle dispersion in nanocomposite samffés. However, by areful choice of deuterated
solvent or deuterated polymers to provide contrast, other structures which are not readily
accessible to SAXS may be characteriZed=or 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 usind®SANS.
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Non-destructive spectral techniques such as ultravieg#ble absorption spectroscopy
(UV-vis) and Fourier transform infrared spectroscopy (FTIR) have utility in the dberation
of nanocomposites as well. WS is an important characterization method, particularly in the
case of noble metal/polymer nanocomposites, where the surface plasmon absorbance is clearly
detectablé® Polarized U\vis is important for the observation of dichroic behavior in organized
collections of particles, such as nanorods in a stretched s#TpIETIR may be used to probe
chemical changes tooth polymer and nanoparticdeas a result ofite combination of the two
such as changes in surfactant molecules at the particle surface or as a measure of the intercalation

SL828  Hln situ reductiond met hlmeeslsoof cr e

of clay nanofiller
been probed using FTIR as a means of determining how the metal precursor salt is°feduced.
Differential scanning calorimetry (DSC) is a common method for thermal evaluation of
nanocomposite materials. For instance, DSC is often used for determinatigrbefiorie and
after addition of a nanofilléf Spectroscoig ellipsometry is a useful alternative or complement
to SAXSfor monitoring the development of pargslfrom metal precursors within polymer/metal
thin films, as it allows for a rougtietermination of the particle size and metal content within the
film.** Nuclear magnetic resonance spectrosodiyiR) allows for the gathering of data about
the interaction between polymer and filler that is inaccessible via methods such as TEM and
SEM?! For clay nanocomposites, solid state NMR measurements seek to correlate the measured
longitudinal relaxations of the interrogated nuclei with theality of the clay dispersiot.
Researchers have seen success in correlating
modulus, degree of clay disgsion, and polymer mobility in polymer/clay nanocomposités.

In thisthesis, TEM, SAXS, and W¥is are chosen for their suitability to characterization
of polymer/metal nanocomposites. The remainder of this review will examine these technigues
and their applicability to characterizing the nanocomposite morphology in gsiEhmns. SAXS
has been used extensively to characterize both metal nanoparticles in solution and in polymer
nanocomposite¥ At the simplest level, SAXS may be used to determine particle size and
spacing®>**** In addition, it may be used in tirsesolvel methods,providing insight into
growth or migration of particle€:®® Spacial correlations between arr@jarticlesmay also be
probed, such as in th@etermination of the struatel of colloidal crystal§® In addition to
information about the particles, the changehi@ morphology of an orded polymer due to the
presence of nanoparticles, swuasin block copolymers and liquid crystals may be obsef7éd.
Because of thealgecontrastin electron density between polymers and nanoparticles such as

metals nanoparticles may also be useful simplypesbes or model systerts
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SAXS measurements are often complemented byvidvand TEM2**%° 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 approximajel550 nm for gold nanopdicles and about 410 nm for silver
nanoparticle$®” The surface plasmon absorbance peak changes based on the size and shape of
the nanoparticles. For instanceglieasing particle size cause the surface plasmon absorbance to
broaden and redhift.®® As such, UWis 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 prét&ssing.

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" W/
is a very useful technique fatetermiring particle size distribution, mean paté size, and
nanoparticle shape due to the ability to directly image the particles within the pSiii&r
However, TEM is a complex techniquethat requires a great deal of timeskillful sample
preparation and instrument operator abiit™ Samples must be microtomed into slices of
approximately 58.00 nm thickness. In order to cut rubbery materials such as thermoplastic
polyurethane @lstomers, liquid nitrogeaooled 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 samplergtien, the
invasive nature of the method may produce-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 s&npreparation majyimit the number of
particles shown per image, leading to statistical problems in calculating particle charactristics.
User setctivity may also be a problem. For instance, areas of a nanocompaosite 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 anlaniper of sections at
both low and high magnifications in order to acquire a sufficient sampling of the nanocomposite
material-®

It has been claimed that the presence of large scale aggregates is not widely
acknowledged in the nanocomposites literattfreAggregatesare difficult to find and image
with the predominant electron microscopy techniques, largely due to the sampling and user
selectivity difficulties discussed abo¥®. TEM is in principle more useful than SAXS for
nanocomposite interrogation because an observed scatpatiegn may be explained by more

than one plausible structul®. 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 nemif 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, electro 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 selectivitify.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 aggregatd€€M and SAXS are both webuited for
characterization of polymer/metal nanocomposites due to the strong contrast between the less

electron dense polymer and the more electron dense metal particles.

1.3Combinatorial ProcessOptimization

Combinatorialhigh-throughput screeninmethodology has come to be an important tool
for the expeditious investigation of new materials systems. Originally championed by the
pharmaceuticals industry, highroughput screening techniques have been applied extensively in
materials science, espially in the areas of catalgsielectronic materials, and polymé?s
Significant work has been devoted to developing H#iigbughput synthesis and characterization
methods for discovery and optimization of polymeric matgrialith applications in polymer
formulations, thin film dewettind®**" polymer blend phase behaviSf and block copolymer
morphology'® among otherd”'°***®* Techniques have been developed to create libraries of
physical property information by gem#ing continuous gradients in film thicknés$
temperature, and surface emet'®'** In addition, highthroughput techniques have more
recently been applied to the synthesis of nanoparticles and for subsequent optimizatitol®f pa
size and propertigs®*

The key feature of aombinatorialmethod is the creation of a compaosition library, in
which many sample compositioase synthesized in an expeditious agdgtematiananner. Such
composition libraries can bgeneratedeither by preparing a single piece of material using
continuousproperty gradients oy systematic preparation of a matrix of discrete samples

Fig. 1-8 shows examples tioth continuous and discrete combinatorial libraries. F&adhows
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a discrete library on a silicon wafer, createdsgguentibsputtering or pulsed laser deposition of

a variety of rare earth and transition metal oxides through a seripogfessively different
masks™® The sample was annealed to allow phase formation in the respective layered oxides and
characterized to identify composites with blue photoluminescghceFig 1-8b shows a
continuous combinatorial sample with perpendicular gradients in molybdenum and cobalt
thickness for an investigation of binary metal cataljSts.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 sbults in a one dimensional gradient in
deposited concentration along an axis perpendicular to th&'sliCombinatorial methods
expedite exploration of a s@he space through rapid sample preparati@ne common issue

with continuous gradient sample libraries is the presence of variation across the samepled
which would not be present in a uniform sanmifé!* 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 Jusad as the beam diameter in bNé or

SAXS. It must be understood that results are an average ovsaitii@ed area and that statistics

may be useful to help determine the appropriate sample size.
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Figure 8. Examples of (a.) discrete and (b.) continuoombinatorial libraries[SourcesWang
Sciencel998 Noda,Carbon2006.]

One of the challenges of applying combinatorial methodology to polymers was the need
for new techniques to create sample libraries quickdyvariety of methodsveredeveloped for

producing continuous gradients in polymer samplesa study of the thin film dewetting of a
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polymer blend, Meredith et al. describe the creation of orthogonal gradierdsnpositionand
temperature on a substraté. The former was created via a deposition technique involving the
use of sample syringes containing a gradient in polymer blend compdsitipft9a), provided

that the paotmer wa dispensedefore molecular diffusionwould be able toequalize the
concentratior(Fig. 1-9a).'°*'?* Temperature gradientsvere createdising a linear temperature
gradient heating stag¥* Polymer thickness gradients can be createdguaivelocitygradient
knife-edge coating apparatus, whereby a dissolved polymer is deposited on a substrate and the
knife edge is drawiat an angle at constaatceleratioracross the surfadgig. 1-9b). With a

solvent that evaporates expeditiously, the result is a gradient in thicRhE8sMore recently, a
polymer "flow coater" has been demonstrated for producing similar gradients using rasyatio
knife and a translated sampfé.Gradients are not limited to time ateinperature. For example,

a gradientetching procedure can be used in order to create substrates with surface energies that
vary continuously between hydrophilic and hydrophobio. create this gradient,sdlicon wafer
passivated with an & surface layeiis introducedat a constant immersion rate a Piranha
solution at 80 °C% Piranha solution is a mixture of, 50, and HO,. Exposure to this solution
results in etching of the $1 surface and growth of an SISIOH oxide layer at a rate dependent

on both temperature and$0, volume fraction'®® Thus, a gradient from hydrophobic-8Bito

hydrophilic SiQ/SiOH is created across the surface of the wafer.
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Figure 19. (a.) Schematic of the technique used to create a gradient in polgtead
compositionwithin a film. Polymer A is pumped into a mixing vial amterial 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 acceleratimat® a
gradient in thickness. [Source: MeredithiRS Bulletir002]

Combinatorial methodology has also been appliedyathesis ofnanoparticles and

nanocrystals. Both Gljukil et al. and Dai et
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electode nanomaterials, using samples where fwemed silver, gold, and palladium
nanoparticles were deposited on glassy carbon microspheres both separately and in
conjunction:?**** Combinatorial wltammetric measurements were takemvaluate the samples
as electrodes for detection of an analyte. It was found that an electrode using all three metals
functioned equally well as an electrodéth only silver for the detection of bromid€ The
application of combinatorial methods has also been extended to the synthesis of nanomaterials
In order to study the effect of polymerush molecular weigh{MW) on gold nanoparticle
dispersion, Bhat et al. synthesized gradients in polymer brush MW and attactiedrme gold
nanopaticles of varying dimension$® UV-vis and xray photoelectron spectroscopyere
utilized for characterization of the nanoparticle dispersidRoth et al. employed the gradient
sputtering of a gold nanoparticle layer on top of polystyrene dicarssubstraté”® SAXS was
utilized asa nondestructive, higthroughputscreeningmethod to study the morphology of the
multi-layered system as a function of nanoparticle size, along with SEM and TEM fepeaea
verification of the SAXS dat&® High-throughput methodology hdsrther been applied tohie
synthesis of single and multietallic nanoparticles for catalytic testiflg. 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 depogand thus deposition time)lhe
electrocatalytic activity of the nanoparticless optimized by high throughput electrochemical
testing®'®

Beambasedtechniques such ddV-vis, FTIR, SAXS, SANS, and WAXS are ideédr
combinatorial sample characterization, as they are nondestructive and data acquisitiorti$ rapid.
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 compdson and temperature of the system. SANS wawmployedby Karim et al. to
investigatethe phase behavior of polystyrene/polyvinylmethylether blends containing MMT
platelets'®™*?? Optical microscopy and cloud point measurements, also done via scattering, have
also been employed in the investigation of polymer systems, parljcthin film dewetting
investigations*°>*3 AFM is a useful tool in instances where the gradientiucesa change in
topology orseparation intgoha®s have significantly different hardnesses. An example is the
work done by Smith et al., wherein the surface pattern of a dildopklymer combinatorial

samplewith gradients in film thickness and molecular mass investigated via AFN®*3
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1.4 Thermoplastic Polyurethane Elastomers

1.4.1Synthesis andProcessing ofThermoplastic Polyurethane Elastomers

Thermoplastic polyurethane(TPU) elastomers were the first, homogeneous,
thermoplastically meltprocessable thermoplastic elastoméos be commercializetf” Most
thermoplastic elastomers amdcrophase separatéaock or graft copolymers and TPUs are not
an exceptiod?® Many thermoplastic elastomers contain a hard block (eitflassy or
semicrystalline) and a soft block (rubbery, amorphol&rly 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 diisocyarsieh as naphthalerig5-diisocyanate (NDIJ?’

The melting temperature of such a material is higher than the decomposition temperature of the
urethane linkages, so they are not truly TB¥sSubsequent research led to widespread use of
diphenylmethand , -diiocyanate (MDI) instead of NDI, resulting in a variety of commercially
available TPUs in the 1966 s , such as Go 6 uhthé dniied Stated arfd Bayer T e x i n
AG6 s D e“imtorppeff

Early research into the structypeoperty relationship of TPUs established that their
elastomeric properties are due to the microphase separated nature of their domain Strusture.
hard segment is formed by addition of a chain extender to a diisocyanate, such agithreafd
butanediol to MDI. A soft segment is formed by a long flexible polyether or polyester chain that
connects subsequent hard segm&fitsAt room temperature, the low melting soft segments and
the polar, high melting point hard segments are microphase separated. Phase separation is
sometimegduein partto thecrystallization of the hard block’ A highly immiscible hard and
soft segment may also be used to cause or aid in phase separktiersoft segments form an
elastomer matrix that gives the TPU its elastic propeftfesThe hard segments serve as
multifunctional tie segments, acting as both physical einks and reinforcing filler$?® Due to
fact that the croskinks can be removed via heating above the hard segment melting atunpe
or by solvation, T P Watually aresslinkéde (Bign 1-1d)e Subsequéne d a s
cooling or desolvation returns the crdgks and the elastic prop@&s of the network In order
to ensure thermoplasticity, each monomer unit shoala lwo terminal reactive groups to ensure
that a high molecular weight linear chain with few or no branch points is foffhedcreasing

hard segment content results in an increase in hardnesshaglerglass transition temperature.
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Segmental mobility is loweregind free volume in the soft segment is decreased by the increased
concentration of physical crosisks as the hard segment content increases, leading to this
increase in § Once hard segment levels reach 60 to 70 % w/w, a phase transition from an

elasbmeric polymer to a brittle, higlnodulus plastic occurs®

1 I 8 or SOLVENT

SOFT warp SOFT  Hagp SOFT  napp SOFT  Hamp  SOFT

(b}

Figuret1 0. Schematic of the structure of a TPU.

crossil i nkedo by the crystalline hard segments
crosslinks and results in a homogeneous viscous melt [®ource: BhowmickHandbook of
Elastomers1988.]

Polyurethanes are formed via a simple exothermic polyaddition reaction involving an
isocyanate end group and an alcohol end gtup:

Y060 + YBHO  YO'WBOL'YR+ YO (1-5)
TPUs are generally ade from lonechain diols, chain extenders, and short diisocyanate Hhits.
Despite the large number of possible starting materials, only a few are of practical iAterest.
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.

The long flexible diol is responsiblerfthe lowtemperaturdlexibility of the sample, the
resistance to solvents, and the weatiesistant properties of TPU&. The diol is typically a
high molar massgolymer of 5084000 g/mol (usually 1002000 g/mol)**® This segment
comprises the majority of the TPU, around@D% w/w*?* Two primary flexible segment types
includehydroxykterminated polyesters and hydrosgtminated polyether$® It is also possible
to use hydroxyterminated hydrocarbons, but these have found few applicaffonshe
polyester diol is typically made from adipic acid and an excess of a diol such as ethylene glycol,
1,4-butanediol, 1,éexanediol, neopentyl glycol, or mixtures ther&4fAzelaic acid or ortheor

terephthalic acid may also be used, though the presencendditiz@r cycloaliphatic rings tends

to increase the pol yes t% Affersreagitnastemperatuses pitot i o n
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200 °C, the resulting polyester issamicrystalline solid at room temperatwéh a melting
temperature up to about 60 °C. Two special classes of polyesters used in TPUs are
polycaprolaco nes and aliphatic polycarbonat es-. Pol

caprolactone and a bifunctional initiator such ashieganediol-*®

Aliphatic polycarbonates are
useful for their exemplary hydrolytic stability and are synthesized from either a diol and phosgene
or via transesterifaction with a lomwolecular weight carbonate, such as diethyl or diphenyl
carbonaté”® Polyether diols of relevance include the poly(oxypropylene) diols and the
poly(oxytetramethylene) diol$® Poly(oxypropyene) diols are synthesized by the base catalyzed
addition of propylene oxide in bifunctional initators, such as propylene glycol or water.
Poly(oxytetramethylene) diols are magging the cationic polymerization of tetrahydrofut&h.
In order to achieve specific TPU properties, mixtures of polyethers and polyesters are often
employed-*®

Table 11 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 amorptie in the TPU. Only at very losoncentratios of hard segments or after
prolonged cooling is any soft segment crystallization observed, due to increased hardness of the
sample'®® However, elongation of the TPU can induce crystallization of the soft segment,
leading to a selfeinforcing effectwhich is seernin the higher modulus compared elastomers
with noncrystallizablesoft segment§® 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. Important polyols and propertie$ their corresponding TPUs. .1 the temperature

at the lower end of the glass transition range apndsTthe melting temperature. [Source: Holden,
Thermoplastic Elastome2004].

Polyol nomenclature Polyols Elastomers Hydrolytic
T. T. T.(°C) stability

ccy ("G

Poly(ethylene adipate) diol —46 52 =25 Fair

Poly(butylene-1.4 adipate) diol -7l 56 =40 Good

Poly(ethylene butylene- 1.4 adipate) diol —6() 17 =30 Fair/good

Paly(hexamethylene 2,2-dimethylpropylene adipate} diol -57 27 —30 Good

Polycaprolactone diol =72 59 =40 Good

Poly(diethylene glycol adipate) diol 53 / =30 Poor

Poly( 1.6-hexanediol carbonate) diol -62 49 -30 Very good

Poly(oxytetramethylene) diol =100 32 80 Very good
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Because TPUs often have a glass transition that takes place oveadrange of
temperatures, quoting a single value fgrcén be misleading. As suche iB defined as the
temperature at the onset of the glass transition reglaw to medium hardness TPUs have a
glass transition range which starts around 20 to 30B@veathe corresponding temperature of
pure soft segmerdue to the loss of segmental mobifitf§ 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 degadeetd
poor low temperature properties. As such, greater low temperature flexibility is achieved by
creating a TPU with Jwell below room temperature along with a narrow glass transition
temperature rang€® Such a TPU is synthesized using soft segments that are less compatible
with the hard segments, suah 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 Mcompatibility can be further
increased by increasing the soft segment molecular weight or annealing the eld$tomer.

The diisocyanate is a relatively small molecule witblar massapproximately 15250
g/mol*® Only a few commercially available diisocyonates are industrially useful for producing
TPUs. Most important among them is MBf. Other useful hard segment materials include
toluene dsocyanate (which produces TPUs with prohibitively low softening temperatures),
hexamet hyl ene -dliidyolcoymaenay leme t4h aimethyld | -dighengly anat e
diisocyanate (TODI), and 1-denzene diisocyanat® The most useful diisocyanates are those
with cyclic, compact, symmetricadtructurd units that produce hard segments and urethane
groups that associate and pack well with one andther.

MDI is the most commonly usediisocyanatedue to its combination of desirable
performance in consumer products with its low cosAliphatics suchas 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 need&dncreased hard segment content is found to broaden
and shift tle glass transition of the TPU to higher temperattffeShe observed rise inghas
been explained by an increased amount of hard segr@issolved" in the soft matrix, which
decreases the free volume of the soft segmente length of the hard segment block determines
the upper limit of the size of the hsegmentlomains in turn determining the melting point and
thermal stability of the TP&® Increasing hard segment length thus tends to increase the

observed melting temperaturé.
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In addition to the diisocyanate itself, tbkain extendealsoinfluencesthe properties of
the hard segment of the TPU. The chain extender is another small difunctional molecllie, usua
a glycol of molar mass100-350 g/mol*?® As with the diisocyanate, chain extenders that
encourage good association and packing within the hard segment are the most d€sifaiale.
key chain extenders are linear diols such as ethylene glyddbuianediol, 1,81exanediol, and
hydroquinone t(2-hydroxyethyl etherj?® Addition of the small diol to the diisocyanate forms a
urethane that isrystallizableand melts without decomposition during processing. As such,
ethylene glycol is avoided for TPUs with high hard segment content disghermal irstability
at higher temperaturé® Properties of the ost commonly used chain extenders are shown in
Table 12. 1,4butanediol and hydroquinoés(2-hydroxyethyl)ether are the modtequently
used chain extenders for TRU Nonlinear chain extenders are rarely used as the resulting
urethanes do not formell-crystallized hard segment€ but mixtures of straigt-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 TPUBecause the resultingea linkages raise the melting temperature of the

hard segments and make processing temperatures prohibitivef{high
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Table 22. Common diisocyanate and chain extender combinations. Melting temperatures before
and after reaction of these components are indicated, as is the state of dtysialistudied via
X-ray scattering. [Source: Holdehhermoplastic Elastome2004.]

Diisocyanate Tw Chain extender Tw X-ray" Hard segments
1°C) (“C) Melting point determined hy
DsC T Visual evaluation
measurement  (“C) in the melting
Curve profile tube
MNaphthalene- 131 1,4-butanediol 195 € Thermal effects Sintering as from
1 S=diisocvanate as from 190 °C, abou 260 °C,
(NI no real meling no melting up
up to 320 °C 1o 320 °C
Diphenylmethane- 42 1,4-butanediol w5  C 2300 Imital softening
44 -dusocyanate al ahout 120 °C,
{MDI) melting w 230 °C
to 237 °C*
Hexamethylene 1T 1, 4-butunediol w5 C Swpat75°C 165  Initial softening up
dusocyanate to 100 °C Lo about 100 “C
{HI} and 148 °C,
melting at 166 °C
o 172 °C
24-TI 24 1L 4-butanediol 193 A Step at 70 °C 217" Initial softening
o 110 °C at TH 0 1 120 °C,
melting at 220 °C"
NI 131 1 4-bisi Fhvdroxy- 104 C Swpar133°C 302 Brown discolo-
ethoxyv) benzene and 210 °C ration as from
288 °C, melting at
208 *C w302 °C
MDL 42 | 4-basfFhvdroxy- 104 C 252 [Initial softening
ethoxy) benzene it 243 70, meling
at 247 *C 1o
260 "
HIM LE 1 4-bis{ #hydroxy- 104 C 214 Imivial softening
ethoxy) benzens at 140 °C to
150 °C, melting at
212 °Cn 226 “C°
24-TDI ML d-bis(fhvdroxy. 104 C Separ 140°C 197 Initial softening

cthoxy) benzene

at 140 °C, meling
at 200 °C 1o

216 *C, breakdown
as from 250 °C

Xeray wide angle study

" Melis with breakdown

i, crystalline: A, amaorphous
Afer Ret. [31], with permission

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 1.0wRealatio 0f0.96,

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

ratios above 1.1 due trosslinking reactions®® An average number average laromassof
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40,000 g/mol is generally sufficient for the desired TPU applications and should be easily
achieved at ras of 0.98 and up. Care must be taken in the choice of synthesis method, as the
polyaddition reaction is exothermi¢. Either a onestep or a prepolymer methdslused in the
polymerization of TPUSZ® In the former, all of the TPU components are mixed together at once,
while in the latter the longhain dol and diisocyanate are mixed to form a low molecular weight
isocyanategermined polymer before the addition of the chain extetf8éf 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 extru§&ibrgain, choice of process is
very important, as the phase separation of the BPdé&termined by the temperature and shear
conditions during synthest& 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 produsattiia
extrusion show less pronounced phase separation, and thus lower cryst&llimtyariety 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
resstance of plyesterbased TPUsinorganic materials such as calcium carbonate that act as
crystallization promoters or surface rougheners, and plasticizers when a soft grade of TPU is
desired:?’

Traditional rubber elastomers are largely amorphgustlike masses with low Jthat
must be covalentlgrosslinked at high temperaturés a slow, irreversible process known as
vulcanization in order to be useful for mechanical applicatibtEhe absence of the need for this
vulcanization step in thermoplastic elastomers is a key reason for their commercial pre¥alence.
As opposed to traditional rubbers, thermoplastic elastomers can change from a processible melt to
a solid rubbery article quickly and reversibly. eTfast 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 thereeasome property tradsffs. 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'*® The thermomechanical behavior of TPUs is fundamentally different from that of
chemicallycrosslinked elastomers?® The application of mechénal stress to a TPU results in
disruption and recombination of hydrogen bonds to an energgticalie favorable posan,
which may explain the high tensile strength, tear strength, and elongation generally observed for

TPUs!®® 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, moletar weight of the soft segment, and crystallinity of the hard segttfent.

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?® However, not all grades are suitablest@ry processing operatipso 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 proses'?® Cooling back to room temperature causes bothréghe
segregation to hard and soft segments and, as a result, the return of the elastomeric pfoperties.
Different varieties of TPU are often blended together during processing in order to achieve, for

instance, intermediate hardnesses or improved processing profférties.

1.4.2 Properties of TPUs

Understanding the structupeoperty relationship of TPUs has beemlitficult
challenge, as crystallization, interphase mixing, hydrogen bonding in both rasgrtieermal
history, etc. all fiect the morphology?® By definition, thermoplastic elastomers are neither
conventional rubbers nor typical thermoplastics. As such, there has been some debate as to how
they should be chacterized. In general, it has been accepted that the majority of physical
property tests for vulcanized rubbers are suitable for thermoplastic elastdim@mnmon sense
must be applied, asarder 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, subtbnasectia¢ures
used in ageing and compression set tests. As such, a knowledge of the transition temperatures for
the thermoplastic elastomer is important when determining characterization paratheters.

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 spectrunotéagte as high as 1:20:¥£TPUs
exhibit high tensile sength and ultimate elongatioff. Their high resistance tearing makes
them excellent for high durability applicatiolf8. Young's modulus for a TPU can range from 5
2000 MPa depending on hard segment corfténEsterbased TPUs are generally used when

favorable mechanical properties are desired, while more expensivédatieet TPUs are reserved
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for specialty applications requiring high resistance to hydrolysis orobiadr deterioration or
improved low temperaturgexibility ( Table 13).'%®

Table 13. Qualitative omparison of TPUs prepared from different diol segments. [Source:
Holden, Thermoplastic Elastome004]

Ester Ester Ether Etherester
(adipate or with
caprolactone) carbodiimide

Tensile strength ++ ++ 0 +
Abrasion resistance ++ ++ 0 -
Low swelling in oil, grease, water + + 0 +
Weathering + + 0 +
Stability to highly energetic radiation  + + 0 +
Tear strength, Graves ++ ++ 0 +
Rebound resilience +H =+ ++ =+ ++ =+ +
Microbe and fungus resistance + = - 0—- + ++
Low-temperalure impact resistance + =0 + = - ++ =+ +
Hydrolysis resistance 0 +/0) + +

++ excellent. favorable

+ good

0 indifferent

- poor, unfavorable

Most TPUs are useful over a temperature range of adoutC to 80 °C for longand

shortterm applications?® For short term applications, temperatur@s high as 120 °C, and
potentially higher depending dhe TPU compositianmay be tolerated. TPUs with higher hard
segment content are in general capable of sustaining higher tempeltukdditionally, TPUs
tend to be resistant to attack by microorganisms after long contact with moist conditions,
althoudh soft estebased TPUs can be susceptible to such atfdtkdJV absorbers are a
beneficial additive in TPUs containing aromatic isocyanates to minimize yellodieg to

128 The ease

oxidation though the mechanical properties are minimally affected byxnigtion
of adding such additives to TPUs, as well as their ability to be heavily loaded withnpégme

make them further desirable as commercial proddtts.
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1.4.3Applications

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, combin&deNéhte
mechanical properties and wear resistdfite. Other applications may call for specific
characteristics, such as transparency, adhesion, or paintafilifyhe most commonly leveraged
properties of TPUs, depending on formulation and additives, are abrasion resistance, clarity, cut
resistance, flexibility, heat sealability, load bearing capacitytlEwmperatre flexibility, non
marking, oil resistant, toughness, and vibration damffihndzor example, thin films of between
20 em and several mm can be p#% obeuhardndss anda e xt
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 spefgal gmataining
poly(ethylene glycol) soft segments for breathable films in textifeExtrusion 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 Hs&@ompared to
conventional rubber hoses, TPUs allow for a thinner wall thickitebg used as an inner lining
due to their high tensile strength, which in turn allows for production of lighter F3s&aie to
their mechanical properties and grease resistance, polyester TPUs are used as seals and bearing
bushes in the front axle constructions of vehitfesAliphatic diisocyanate TPUs are used for
parts requiring light stability and transpacgnsuch as instrument paséh vehicles'”® 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 interior$® Very prominently, TPUs are the material of choice for shoe
soles?® Finally, their hemocompatibility allows TPUs to be used in medical applications, such
as for catheters and hosé$However, there are exposure limits in some cases, such as fer MDI
based materials that should not be in contact with human tissue for more than %8 dégmy
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 jusfeaw.*?
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1.5Liquid Crystalline Elastomers

1.5.1 Introduction

Liquid crystalline polymers (LCPare a class of polymers that pess limited orientation
or positional ordering of segments yet retain ligliké mobility at the segment level. LCie
generally identified as containing a combination of both rigid units, called mesogens, and flexible
spacer units. Whemesogens arer@sent within the polymer backbone, the polynsereferred
to as a maithain LCP, whilef mesogens are present as pendant groups, the polymer is referred
to as a sidehain LCP (Fig. 111). Sidechain LCP were among the earliest studied, ag the
synttesis is more straightforward?**® Additionally, mairchain LCP were difficulto research
due to their tendency to have high transition temperaturep@orcolubility in common organic
solvents'®*  However, interest in maichain LCP has grown due to the incredgonstraints
on ordering inherent in having the rigid mesogem®rporated into the main chaift*** LCP
can be further subivided by their liquid crystalline phases. Though many phases exist, two
particularly common examples are nematic and sméetic 1-12). Nematic LCP are found to
possess some degree ofeatational order; that is to say, the rigid mesogensappeoximately
oriented in a common direction within a given domaifhe vector describinghts shared
orientation is termed the director. In smecticR,@nesogens not only shaméentational ordr at
a local length scalbut alsosharea limited degree of positional ordering, resultingsegment
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 phaseglistinaglare
nonetheless characteristically smectic with respect to their ditamahordering andhe presence
of layering The phase of a particular LCP sample can be determined using a combination of

polarized lightoptical microscopy and-kay diffraction.

a.) N\ T % <«— Rigid Mesogen

Flexible Spacer

== A0

Figure 211. Schematic of the structure of (a.)imahain and (b.)ide chain LCRB.

b.)
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Figure 112 Diagram depicting the alignment of the rigid mesogens in three common liquid
crystalline phases. (a.) Nematic, which possessesmatlyrientation of the mesogens. Smectic
phases add in a layerimgpnstraint and are defirg 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/Molecula®@rientationin-Liquid-CrystatPhases.htm 02/12/10]

LCP can beslightly crosslinked in order to form aiduid crystalline elastomer (LCE).
These LCE tend to have low glass transition temperatures and exhibit-likbberechanical
properties, despite the presence of liquid crystalline ordéfinhe same LC phasexhibited
by linearLCP are still identifiable in LCE. Furéhmore, LCE tend to have loW o u n rgodiugi
(E~0.5 MPa)** Finkelmann et alreported the first synthesis of LCE and LCP in 1881These
early experiments focused on synthesis and structural characterization-ohaiidd CE*3**4
The firstmainc hai n LCE was synthesized in 1997 by Fi.
De Gennesd prediction of exceptional mec hani ca
of mesogenic units with the backbori&®®’ Moving forward, a less difficult method of
producing mairchain LCEby a single step, nelinear polymerizatiorwas reported in 200t°
As a deeper understanding of synthetic methods developed, LCE research shifted towards their
behavior and possible us#8. LCE have potential applications as vibratidampingcoatings,
due to theirbroad mechanical loss spectrith. Smectic C LCE may also haveglications in
soft actuation, wher e fartificial muscl eso C
orientation of LCE under an applied field, called the electroclinic etf&&4¢ Light-driven
actuation has also been demonstrated in liquid crystalline polymer networks containing
azobenzene unit§’ The cistrans isomerization of the azobenzene units cadriven via high

wavelength light and leveraged to produce bending of the thin film saffpié.
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1.5.2 Polydomain to MonodomainTransition

Provided thatcrosslinking is not performed during or after flow alignmebhCE are
found to be in a polydomain state at equilibri(iiig. 1-13). The domains in such a tesial are
differentiated bycontinuouschanges in the directoorientaton over some distanceThese
domains are typically found to be on the order of one micrometer in size or snidikespatial
variation of the director results in the birefringent textures seen when an LCE is viewed under
crossed polarizer$® Of particular importance is the ®alled Schlieren texture, which results
from the isotropic polydomain nature of LQEig. 1-14). This texture, most often associated
with nematic LCE, consists of dark brushes,olhbegin at line defects called disclinatidrfs.
These disclinations result from abrupt discontinuities in the director field-he brushes are
visible where the director is oriented alogitherthe polarizeraxis or the analyzer asi**® Some
smectic L&E can also exhibit this texturéyus 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 seldomhave 6 or 8 brush disclinations duethe fact that the number of brushes scales
with the energy of the defecSpecifically, dfect energy scales &S where s is the strength of
the singularity, egal to Ys(number of brushesf? Measuring the distance betwedisclinations

allows for a rough estimate of the domain size of the saffiple.

2\
W=y

Figure :13. Liquid crystals that are crodimked 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: FridrikRhys Rev H999]
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Figure :14. Smectic G Schlierentexture with two, four, six, and eight brush disclinations.
[Source: PatiiMacromolecule2007]

If larger domainshaving dianeter on the order of the wavelength of visible light
highere present’ these polydomain LCE scatter light sufficiently to appepaquewhen
viewed with the naked eydn the nascent stage$ LCE research, Finkelmann et abted that
when a tensile force wgaapplied toa polydomain LCE sample, it becantensparent
(Fig. 1-15).%'% Later on, it was noticed that this transparency begins in the center of the sample
and moves out towardse grips of the tensile testing apparatus as strain is incré4satiis
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 thedirection of the tensile force.There are independent refractive indices parallel and
perpendicular to the director in these birefringent materidlserefore in the polydomain state,
light passes through numerous randomly oriented domains of different ikeframdex and is
scattered.When the sample is stretched into a monodomain state, these refractive index changes
are no longer present, and the sample becomes transpdist.polydomain to monodomain
(P-M) transition was first observed by Finkelmanraktin sidechain nematic LCE, identifiable
due to the visible transition from opaque to transparent, as well as a plateau in thstrstiress
curve during the transition (Fig-16).*® Additionally, a plot ofsegmatal orientatioral order
parameter versus stress will exhibit a sharp increase atih&rdhsition, as opposed to the linear

133 The first mainchain LCE also

relation observed in conventional elastoméegy. 1-17).
demonstrated this transition, accompanied by an everr lahgege in sample dimensions than
had previously been observEd.Since then, the4® transitionhas been observed in maihain

and sidechain, smectic and nematic elastomers of a variety of chemical compoSitioRer
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instance, makthain smectics dubit the RM transition with minimal lossof strain after
unloading*** Due to thedirect coupling of the mesogearientationto the backbone in main
chain LCE, it has been found to be advantageous to studythé&dhsition with such samples,
rather than with sidehain LCE, where the mesogens can behave somewhat independently of the
backboné?***? The plateau region has been found to be significantye pronounceth main

chain elastomers than in side chain elastoiér$t must be noted that some confusiom ¢ee
caused by t hpelydomaim end fimorodoairo A polydomain is not a sample
with discrete domains of different director orientation. Rather, the director changes its local
orientation in a continuoushion, eventually losing memory of its previous orientation over a
distance that we deem to be the domain size. Similampnodomain is a slight misnomer
because the orientation of the mesogens is not perfectly uniform throughout the sauchgleme
defectsarepresent™ The order parameter, S, within the monodomain is typically between 0.5
and 0.6"*

A=1.42

A=1

Figure :15. Demonstration of the change in opacity bef@edft) and after (right) the 1
transition, induced by applying a uniaxial tension to a nematic LCE sample. [Source: Clarke,
Faraday Discuss1999]
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Figure 116. Stressstrain curves showing theM transition. The plateau is seen when stress is
increased linearly, while the maximumdsubsequent valley is seen when the force needed to
linearly increase strain is measurfgurce: PatilMacromolecule2009.]
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Figure :17. Orientation parameter versus nominal stress plot for a polydomain LCE. Region Il
is the PM transition. [Source: Ortialacromoleculed998.]

Numerous attempts have been made to model the behavior seen in-Mhe P
transition'®>**® According to the models proposed by Terentjev et al., a director rotation will
take place within some of the domainshe sampleipon theapplication of uniaxial tensioft’

The director will rotate within each domain toward the direction of the applied tendiba.
result is a r egi ste stoamn indreages, thereeid emtropicirestoringyforo@ A
exerted by a sbflastic solidbecaus the deformation is accommodated by internal rotatifns

the mesogenS’ This accommodatiorauses the plateau seen in #teess ramstressstrain

curve during the transition. Though soft elasticity, attributed to this director rotation, isnseen i

nematic LCE, the effect is diminished for smeti@E.*** In the theory of soft elastity, director
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rotations do not result in a loss of configuratioeatropy 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 possildenfigurationsof the chains decreases, thus decreasing
entropy. By Terentjevéds model, the L"€Bs chains
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 tlthé domains do not deform in an affine
manner. The increase in en-end distance of a random individual chain is not necessarily
proportional to the strain seen in the bulk sample

I'n Ter ent j e wdnatic elastdneet, eaohfpolyaner chaan be modeled as
havingan ellipsoidal shape, with the long axis aligned along the dirEctowhen a stress is
applied, thdong axes of thellipsoids rotae toward the axis of extension such that the director
gradually becomes aligned with the axis of extension. The result is a macrosloogjation
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 directorfield throughout the polydomaiis cansidered. 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 rot&teAs a consequence, the gradients in
mesogen orientation between dansabecome localized into narrow domain walls between the
rotating domaingFig. 1-18).>*> For instance, the disclinations viewable in the optical microscope
become localized to sharp defects within the domain walls following the application of uniaxial
tension*** Once the domains are oriedt more closely with the applied force, the tenkitee
will be seen locally as a shear on each domain, having opposite character to the shear on the other
side of the domain walf$> In this way, the shear forces throughout the sample balance, resulting
in no global skar. Thus we see why the scalled "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 118. 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: Fridrikthys Rev B999]

Based on the preceding ideas, Terentjev et al. have shown that the "plateau” region in the
stressstrain curves for nematic LCE can be explained entirely in terms of director rotations,
without invoking ay other deformation mechanisiis. However, nematic elastongearenot
truly soft solids and stillexhibit elastic restoring forcéollowing stretching, as Finkelmann,
Clarke, and Terentjev have demonstrated with-sitiin nematic samplé&>**® 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 relaxatith. In addition, the ideas of soft elasticity are not readily
aplicable to smectic LCE, whichlso show a prominent plateau in the nominal stress under
uniaxial tensionAdams and Warner have shown that smectida&temers cannot have any soft
response, while smectic C elastomers can exhibit a limitedregiionse in one direction via
twisting of theC-director around the layer noat due to their lower point symmetty’. A
guestion then remains regarding why we see this plateau in s@eesiated with the -Ml
transition & a universal phenomenon in LCEAdams and Warner may have provided an
explanationt®® Director rotations are not the only possible source of a plateau in thesitesss
curve of a LCE. Mairchain LC polymers, both smectic and nematic, camtain hairpins:
segments awhich the chain folds back on itself in a parallel but oppositely directed fashion (Fig.
1-19)."° These hairpinexistas a means of ineasing configurational entrop$. Hairpins are
somewhat analogous to thbainfolding characteristic of polymer crystallization. thdugh the
hairpinned LCP chainkack the level of structure and lomgnge ordeiof polymer crystallites
chainfolding is also a meansf increasing entropy.Adams and Warnemodeled the uniaxial
extension of a maichainnematicLCE along the directoand showedhat a region of increasing
strain with constant stress is observed due to the pulling out of hditbifihat is, a plateain

nominal stress wagredicteddue 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 -tieeeaddength

of the chaing® Thus, the uniaxial extension of the sample could proogeth a pointwith no
change in entropy due to a lengthening of the distance between hairpins. Eventualynksoss
and potentially trapped entanglements will necessitate that the number of hairpins dediease

to loss of hairpins by unfolding, up to the end of the sts&s8n plateau The number of hairpins

in a chain can be investigated via SANS measuremeidsjirad for an experimental analysis of

this modelt®® More recently Watanabe et al. have attributed thdRransition in smectic &

main chain elastomers to a transition in the elastic backbone conformation from hairpinned to
extended®
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Figure :19. Schematic of hairpins in andE. Note how in (b.) the straism accomaatedby the
pulling out of the hairpins in the central chain, without changing the number of hairpins from the
unperturbed state in (a.). [Source: AdaMacromolecule2005.]

In summarywhile theoreticalmodels have shown that theMPtransition can tke place
entirely via director rotation in nematic maghain LCE,director rotationscannot be theole
causeof the RM transitionin smectic A orsmecticC LCE, in which soft elasticity is nqresent
in its purest senseThe pulling out ohairpins ca equallyaccount for the entirety of this plateau
in mainchainLCE models. Therefore, the degree to which these mechanisms work together to

produce the MM 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 looatraction that
propagates througd materialduring uniaxial elongation, eventually consuming the entire sample
as it extends to the clamps of the testipparatus>® Once necking begins, the draw ratig) of
the sample becoméshomogeneoyswith ay, within the neck always being higher thapin the
wider, nonnecked portion of the sample. Necking during edddwing ofnon-crosslinked linear

polymers & a well known phenomenon, theechanisnof which has been studied at lendfh.
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Necking has beerobservedin amorphous polymers at temperatures belgyab well asin
crystalline polymers at some point betwegraid T,,.'* Additionally, strain ratdas been noted
to have an effeabn neck formationas some polymers will yield hageneously at low enough
strain rateswhile forming a neckat higher strain ratef\s such the effects of strain rate and/or
temperature on necking and yield stress have been studied for a variety of polymers over several
decaded®'® Earlier papers report the phenomenon in a variety of materials and propose
theories for its mechanism, such as polycarbonate and poly(vinyl chitfidayh density
polyethylene'®® poly(methyl methacrylate’,**®and polyethylené®® More recent reports focus
onrefining these theories and associatethematial modelsfor polymers such as high density
polyethylené™ and isotactic polypropylené'’> Necking instabilities have not ofiebeen
reported in LCE even though the yield stress in thteain rampstressstrain curve foruniaxial
elongatonis consistently observe@ig. 1-16)."**'*"® However, neck formatiowas noted in a
recent publication by our group during the uigddeformation of a smectic M@CE.**® The
neckingtransition was showmo be adiscrete, localized manifestation of theMPtransition,
separating the necked (thinner) portion(s) of the sample, which have essentially reached the
monodomain state, from the noecked (thicker) portions of the sample, which remain in the
polydomain saiteuntil passing through the necking transition

Uniaxial elongation of smectic polydomain MCLCE can be described by three regions of
deformation (Fig. 416). Region | of the stresstrain curvewas found tocorrespond to elastic
deformationof the netvork. If the sample wanot strathed beyond this region, it did nagturn
to its original shap&® Regbon Il began when the sample yieldesdthe neck formeds some
of the polydomain sampl&asconverted to a monodomaiin a localized fashian Hairpins are
lost at the neck as the-H transition proceeds. If the sample was held at somenstant
elongation in Region Il, some relaxatiovas observeds the neck gw slightly, due to the
conversion of morenaterialto a monodomain state. Blie end of Region I, the entire sample
wasconverted to a monodomain, and further increases in sasttedin arapid increase of the
required stress. Thisbservationis similar to the strain hardening seen in conventional
amorphous elastomers due te tiinite extensibility of the network chaif§. WAXD analysis
reveals some degree of laymuickling during Region lll, in which the oriented and layered
mesogens in the chains collapse to a layering at some angle oblique to the axis of elongation in
attempt to accommodate the stress on the already elongated @hgink20).™>® In addition,
very slow stress relaxation wabserved in our smectic MCLCESs, withloss of the neck to the

unaided ey@at r oom t emper at u Tgforwebloyeat™ This propertgisnp | e 6 s
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likely evidence of the formation of new smectic domains within the neékemhodomain

portion of the LCE, such that an energy barrier must be overcome to disrupt the new smectic
layering and return to the origihnonnecked polydomain state. In fact, heating the sample to
justbel ow its cl ear i thgelastemapretur@ng it to &s ofigimddrersions O

ﬁ @/
L
s

5

within a few minutes.

b
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Figure 220. Schematic osmectic MA.CE with chains aligned and elgated (left) at the
beginning of Region Ill, and of the subsequent layer buckling as strain continues to increase
(right). [Source: PatilMacromolecule2009.]

MCLCP and MCLCE made with mesogens connected by highly flexible
oligodimethylsiloxane unitsare widely studied for their easily accessible, low temperature
mesophaseS> "™ Thus, it is plausible that tharge gap betweenyand Ty of our materals
have aided in neck formation, while conventional testing parameters have not been $aitible
formation in other LCE systemsThough it is possible that a clearly defined neck is observed
only under certain conditions of temperature and straaminasome LCE, it is also possible that
some LCE do not exhibit a necking transition or a drop in the nominal dirdag elongatiorat
any temperature or strain rate. A thorough study of the yield behavior and necking tréssition
needed in order to understand how and to what degree the temperature and sirdlnaate
these characteristics sinectic MA.CEs.

A further potential for practical gplications exist$n leveraging the change in alignment
at the PM transition. Theaddition of a rodike guest molecule could take advantage of the
change in order to produce a change in the optical properties of the naté&talAnisotropic
distributions of nanoparticles could also be created via the stretching of an LCE/nanopatrticle
composite to produce a similarly dichroic optical materi&lor instance, dichroism has been
demonstrated wh PVA/gold nanocomposites, in which the gold nanoparticles align following

uniaxial elongation of the sampfe.



Chapter 2

Nanoinfusion Processing of Noble Metal/ Polymer Nanocomposites

The creation ohanoparticlesn engineering thermoplasticsing AURA® color infusion
technology(AURA) is presented as proof of concept for the production pblgmermetal
nana@omposite via infusiointo a finished polymer articleéThe process is broadly applicable to a
variety of transition metals such as gold, silver, iron, copper, and nigkehetal saltwas first
infused into various prprocessed thermoplastimlymers including thermoplastic polyurethane
elastomers (TPUs), a copolymepated poly(methyl methacrylateheet (acrylic) and a
polycarbonat€PC) Due to the presence of solvent in a shallow sulta@s of the polymer, the
salt becamsoluble n the plasticized polymer and wable to diffuse into the surfacé second
infusion of triethylamine (TEA), followed by a dking/drying step, reduces the metal salt to
elemental metahanoparticles.

For systematic study, gold was chosen for a varietgasons. Gold nanoparticles have
been studied quite frequently and their properties are well known. r@oldparticlegpossess
brilliant colors dependentn the size, shape, and dispersity of the particles. Therefioe
success of infusions coulieinitially evaluated with the unaided eyEurther, gold nanoparticles
arechemicallystable and will not oxidize. The gold precursor salt used, HAwéls found to
be soluble in a variety of polymers. Gold has a high reduction potential, lendirfigatsiee
infusiontreduction 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.

2.1Experimental

2.1.1Materials

Themoplastic polyurethane elastomefBexin® 245, Texiff 255, Texif 285, and
Texin® DP7-1199 (henceforth referred to as T245, T255, T285, and TOIRY, respectively)
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were obtained from Bayer MaterialScience (Pittsburgh, PA). Each TPU was injection nwlded t
produce flat slas of approximate dimension&.5 cm x 15cm). The thickness of the T245,
T255, and TDP71199 samples was 3.5 mm, whereas the thickness of thesb2@des was 2.0

or 3.2 mm. T245, T255, and T285 are copolymers formed via a polycotidansibutylene
adipate polyester, methylene diphenyl diisocyanate, and 1,4 butanediol. The differing glass
transition temperatures of the TPUs, shown in Table are due to different ratios the
formulations TDP7%1199 is produced via a similar odn; however, the specific components
are proprietary. Cast acrylic shet (Plaskolit& abrasion resistantAR) acrylic) of 2.3 mm
thickness was ohtned fran Plaskolite Inc. and ged as received. The acrylic sheet was coated
with a copolymer of peaerythritol triacrylate (80% w/w) and tethenyi2-pyrrolidinone
(20% wiw). This mateal is marketed as Gafgdtd233 (G233)by International Specialty
Products. The abrasigrsistant copolymer layer was approximatelyndb 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 abrasistant
coating with sandpaper. Makrof®r2608 PC was obtained from Bayer MaterialSoien as
injection molded flat slabs of approximate dimemsi (5 cm x 7.5 cmyvith 2.6 mm thickess
Glass transition temperatures for all samples, quoted by the supplier, are shown RxTabblee
glass transition temperature for G233 was determinet ukfferential scanning calorimetry at a
heating rate of 10C/min., and the J was taken from the midpoint of the usual inflection.
Hydrogen tetrachloroaurate trinydrate (99%9 Alfa Aesar), triethylamine (9%, Alfa Aesar),
ethylene glycol monobutyéther (butyl cellosolve) (9%, Alfa Aesar) and diethylene glycol
(99 %, Alfa Aesar) were used as received.

Table 21. Glass transition temperatures for unmodified plastic samples

Plastic T4 C)
T245 -46
T255 -26
T285 -42
TDP7-1199 -23
Acrylic 102
G233 238

PC 145



51

2.1.2Metal Salt Infusion and Reduction

Thermoplastic samples were infused with HAu@ing AURA."*%" HAuUCI, infusion
was accomplished bgxposure to a dilute solution (7.00° M) of HAUCI, in a mixture of three
solvents (70 % distilled water, 20 % butyl cellosolve, 10 %hglene glycol, by volume) at
60°C. HAUCI infusion times for individual samples are summarized in Ta{#e HAuCL-
infused thermoplastics were subjected to a second processing step where triethylamine was
infused to reduce the metal salt precursor t8 #anoparticles. Reductions were performed at
either 23 °C (coated acrylic only) or 8C (all TPUs) by immersing HAuGlinfused plastic
samples in a stirred solution of 0.072 M TEA in distilled water. Samples were allowedity air
at 80 °C forthreedays prior to further characterization to encourage evaporation of volatiles,
during which time the growth of Auinanoparticles proceededhile the distinct pink, purple, or
gray color indicative oSuchnanoparticles stabilized.ittle or no change inaor was noted with
longer baking timessuggestingthat the rate of particle growth had slowed dramatically or

ceased.



52

Table 22. Processing conditions employed to preparé-ifused thermoplastic samples.

HAuUCI 4 infusion time

TEA reduction

Sample Name (min.) time (min.) Appearance
T285 TPU

T285A 15 5 Pink-Lavender
T285B 25 5 PurpleGray
T255 TPU

T255A 10 5 Gray

T255B 15 5 Gray

T255C 25 5 Gray

T245 TPU

T245A 25 5 Pink-yellow
T245B 25 10 Gray

T245C 25 15 Gray
TDP7-1199 TPU

DPT7-A 10 5 Gray

DP7-B 15 5 PurpleGray
DP7-C 25 5 PurpleGray
Copolymer-Coated

Acrylic Sheet

Acrylic-A 10 20 Light redpurple
Acrylic-B 20 20 Redpurple

In addition toHAuCI, infusions, AQNQO; infusions were attempted with TPUs, acrylic,

and polycarbonate. A solution of 0.7 M silver nitrate in AURA solvent was heated®® @095

°C for the TPUs/acrylic and polycarbonate, respectively. Samples are immersed in the solution

for 3 minutes. 9ver nitratecontaining samples of T245, TDHAZ99, and polycarbonate were

subjected to antibacterial testing by Bayer MaterialScience uBs@ndomonas aeruginosa

bacteria.

A variety of other metal saltweretested for their viability for infusion usg AURA
processing Samplesof TDP7-1199 were soaked in 0.007 M solutions 6u(ll)Cl,-2H,0,

Cu(I1)(Cl0,)-6H,0,

Cu(I(NO),-2.5H.0,

Fe(lll)Cl-6H.0,

Ni(I)(CHsCO5),-4H,0,

Ni(INCl 2:6H0, Ni(I1)(ClOg4)2-4H,0, or Ni(ll)(NOs),-6H,0O for 20 minutes at 60 °C.Standard
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reduction potentials for each metal, including gold and silver, are provided in T&bker2

comparison.

Table 23. Standard reduction potentiade 25 °Cfor all infused metals[Source: Oxtoby,
Principles of Modern Chemist5" ed. 2002]

Metal Standard Reduction
Potential (V)

Au* +3eY Au (S 1.42
Ag'+eY Ag (s 0.7996
Fe'+1eY Fe 0.770

CU/" +28Y Cu( s 0.3402
FE'+2eY Fe( s -0.409

Ni?* +26Y Ni ( s -0.23

2.1.3 Transmission Electron Microscopy (TEM)

The Ad-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 surfheesaimple, in
order to obtain the largest possible number of garticles in each sliceEmbedding of samples
in epoxy was not necessaryhe depth of the slices taken was approxatya2 to5 nm beneath
the original surface of the sample. TPU samplere cryemicrotomedat-120 °Cinto slices of
approximate thickness 70 nmsing the Leica FCS attachmentGlass knives were cut
immediately before sectioning. The sample was faced at a low cutting speed and large (~200 nm)
sample thickness.Cutting eed was gradually increaséal convenienceand set thickness
gradually decreased until the desired sample thickness was achieved. Care must be taken to
constantly monitoboththe cutting speed anbeantistatic setting, as the TPU sections are prone
to rolling up and adjustments to these parameters may aid in collectiah cbmplete sections.
Following sectioning, all plastic slices were mounted on 400 mesh copperfrgrid<€lectron
Microscopy Sciences TEM images were obtained inJ&EOL JEM 200 EXII TEM, equipped

with a Tietz F224 camerat an accelerating volje of80 or 100 kV. Particle size distribution in
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the TEM i mages was quantified wusing the @0Meas
Wayne Rasband, National Institutes of Heglt

2.1.4Ultraviolet -Visible Absorption Spectroscopy

UV-Vis spectroscopy was performed flat slabs of thermoplastics aVarian/Cary 100
UV-Vis spectrometer itransmission Slab thickness was kept constant within each series of

samples.

2.1.50ptical Microscopy

Samples were sectioned perpendicular to the original surface at a location far from the
edge using a razor blade, and the cmsgion was observed edge to determine the
approximate thickness of the infused surface layer. Samm@es eharacterized via orthoscopic
observation (in transmission) using an Olympus BX51 microscope with UMPlanFL 5x or 20x
objectives. Images were recorded using a 2.0 megapDiagnostic Irstruments mode# 11.2

tTM

Color Mosaic digital camerequippe with Soot™ digital imaging software.

2.1.6Elemental Analysis

Energy dispersive -xay 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 FE 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 toofhnd um of the sample that EDS is able to
probe. For amore gquantitative analysisamples of TDP71199 were infused with HAu¢ht 60
°C using AURA, and an electron probe microanalyz¢dERMA) was used to interrogate the
surfaceimmediately thereafter. A CAMECA SE0 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 20m. Experimental uncertainties quoted are one standard deviation based

upon at least 7 independent measurements of atomic compositicietsndiurface locations.

2.2 Results andDiscussion

Plastic samples were subjected to HAuGfusion at 60 °C, TEA reduction at 23 °C or
60 °C, and posprocess drying in air at 80 °C. Processing conditions for individual samples are

summarized in Tabla-2.

2.2.1 Metal Salt Infusion

The first step in the processing sequence involves imneetbe plastic ira metal salt
solution ina ternary solvent mixture consisting wate, butyl cellosolve (BCS) and diethylene
glycol (DEG)**®" For all infusions discussed in this report, the composition of the solvent
mixture was held fixed at 70:20:10,6:BCS:DEG (by volume). Each of the solvents plays a
well defined role i 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 plasticizersvirathie®
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 dy&&®’

As has been mentioned, gold is a useful metal to serve as a model system for
nanoinfusion synthés due to a variety of reasons, such as its chemical stability, ease of
synthesis, and brilliant sizéependent colors. However, other metals may be of greater practical
interest, as gold is expensive and its practical applications in polymer nanoces st
presently largely limited to its nelimear 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 laantterial 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 tebaatierial testing. The
resulting samplesake on a slight yellow or brown color, indicatingtake of the silver salt.
99.93 % of bacteria applied to the surfata treated sample were killedompared to 37.93 %
killed on a sample treated with AURA but no silver nitrate, and 25.17 % kilieal completely
untreated sample. Thus, it is reasondableonclude that the silver nitrate was the cause of the
antibacterial propertiesHowever samplesvere also tested in artificial urine, with the result that
the silver treatment seemed to havedfiect. 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 KCI, 17.3 g urea, 1.9 g ammonia water (25 %), 0.60 g £La6dl 0.43 g MgS©Qin 1 L of 0.02
M HCL'® It seems thatwhile the samples exhilei antibacterial properties, theyere not
effectivefor medically relevanapplications.

Silverionswere alsaeducedo form A¢’ nanoparticles using processing methods similar
to the gold infusions. The yellow to deep brown color of the processed TPUs intticatason
of nanoparticles, whh was confirmed by UWis and TEM analysis (Fig. 2). TheT285
sampleused for the TEM image/as soaked in 0.01 M AgNOn AURA for 20 min. at 60 °C,
followed by reduction for 20 min. at room temperature in 0.033 M aqueous NaBkveral
irregularly $xaped, 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 21. Silver nanoparticles observed in T285 via TEM.

Energy dispersive spectroscopy (EDS) was used to TBR7-1199 samplesfor
measurable amounts afvariety of metal precursor salts within the polymer surface. A control
sample of TDP71199 soaked iMURA solventwithout any metal salt was also testéthe data

from this sample was compared to the sampksted with metal sattolutions in ordeto help
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ensure that noism the intensity versus energy platere not erroneously identified as peaks
Looking just at theontrol samplethe EDS softwarelentified 0.24 atomic% coppef).17 at.%

iron, and 0.01 at.% nické&h the noise Results from the attempted metal salt infusions are shown

in Table 24. Cu(INCl-2H,0, Ni(Il)(ClOg4),-4H,0, and Ni(l)(NO3),-6H,O were identified in

large enough amountsmpared to the control sample and the calculated standard deviation to be
safely considered successful infusions. Though the atomic percent of iron detected for
Fe(lINCI-6H,O 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 measuremee($IpCI-6H,0 is less

than the measured amount of iron. As such, it is reasot@wbtinclude that Fe(lll)CI-65D was

also successfully infused.

Table 24. Metal salts tested for infusion with AURA into TDR7199 and characterized using

EDS. Average atomic percent is given for each respective metal, based on 3 measurements on
each samie, along with the standard deviation.

Average Atomic | Standard
Metal Salt Percent Metal Deviation
Cu(Il)Cl,-2H,0 0.47 0.12
Cu(l)(ClO4)-6H,0 0.07 0.06
Cu(ll)(NO3),-2.5H0 0.06 0.11
Fe(I1)Cl;-6H,0 0.16 0.09
Ni(I1)(CH3CO,),-4H,0 0.02 0.04
Ni(1)Cl »-6H,0 0.10 0.02
Ni(11)(ClO 4)2-4H,0 0.28 0.07
Ni(I1)(NO 3),-6H,0 0.23 0.01

For the TPUs and the copolymepated acrylic sheet, immersion in the HAuS3Iution
at 60 °C produced a bright yellow tint after a few minutes due to absorption of HAUCI
However,the uncoated acrylic sheet showed little or no absorption of HAu€jardless of
infusion time or temperature. Thus, the HAU@hs assumed to be absorbed by the copolymer
surface coating on the acrylic shedfig. 2-2 presents the UWis absorptionprofiles of the
coated acrylic sheet after different HAy@ifusion times (without any further processing). The
total amount of infused HAugIn the coating increases continuously with increasing infusion

time, judging by the increasingly yellow colondthe increase in absorbancetlie (400 to
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500)nm range(Fig. 2-3). Like the uncoated acrylic, the polycarbonate showed no detectable

infusion of HAUCI, regardless of processing conditions.
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Figure 22. UV-vis of Plaskolit€ AR acrylic sheet followig HAUCI, infusion at 60 °C for
various times.

Figure 23. T285 infused with HAuGlwith 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 HAu&blution provided sufficient
infusion to producen obvious yellow color. Shorter infusion times may be possible with higher
HAuCl, concentrations anod higher temperatures. Increasing the external HAuCI
concentration would be expected to increase the overall flux of HAnftl the thermoplastic
suface, assuming that the concentration of HAuUG$ide 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 timgo article, which would also

presumably enhance the rate of infusion of HAu®reviousstudies ofthe infusion oforganic
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dyes clearly indicated that small increases in the infusion temperature produced dramatic
increases in dye sorption rateDS was used to confirm the presence of gold, buetie bars

on the concentration were too high to determine the quantity with any accuraog, EPMA

data (Fig.2-4) was used to furtheronfirm the presence of gold in sample TBEIR9as well as

obtain more quantitative data on the amount of Au in thentzgil um of the sample testedu
accounts for approximately 0.2 to 0.4 Wbw of the surface layer after 10 minutes or more of
infusion. EPMA also reveals some inhomogeneity of the gold concentrati the surface, as

seen by the variation in contrast (F&5). The bright spots in Fig.-2 (higher Au concentration)

may indicate local plating of gold on surface contaminants. EPMA measurements irdFig. 2

were therefore averaged over 7 locationghe sample suréa away from the bright areas.
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Figure 24. Weight % Au in the surface layer of TDRZ199 determined by EPMA after different
infusion times in HAuCJsolution at 60 °C.
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Figure 25. EPMA image of the TDRI199 sample infused for I&in. in the HAuUC] solution.
Bright areas indicate higher surface concentration of Au.

When a plastic dicle is immersed in the AURAolvent system, the rate of infusion of
each component depends on its concentration in the external mixture, amonfadtrer 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 HO). Although we did not attempt to characterthe 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 (T2 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 inZFalilestrate
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 BHif@ion step, a
mixture of solvents enters a thin surface layer of thetiplasThe presence of solvents in the
plastic, especially water, may enhance the solubility of the (hydrophilic) HAw@lich is
assumed to be coordinated by water (HA@H,0) and possesses ionic character. The rate of
permeation of HAuGlinto 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 25. Uptake (mass %) of pure solvents at 60 °C after 15 minutes in all plastics studied
(determined gravimetrically). Uncertainty is + 0.1 mass %.

T245 T255 T285 TDP7- | Acrylic | PC

BCS 433% |2.41% |5.73% |14.80% | 3.77% | 0.42%
DEG 1.07% |0.82% |1.63% |1.25% |0.07% | 0.06%
HO 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 (Fig2-6). While the TPUs andcrylic absorbed 1 mass % or macof 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 oAHCI, infusion. However, increasing the infusion temperature
to 95 °C and/or allowing longer times for infusion increased the uptake of combined solvents to

1.5mass %, but did not producealatectablencrease in HAuGlinfusion.
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Figure 26. Combined solvent uptake as a function of infusion timeAldRA 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 tritim 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'fiened increasing infusion times

and temperatures had little effect on the uptake of HAuGbolycarbonate or uncoated acrylic.
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These observations suggest that poor miscibilitytref HAuCL with these plastics is the
underlying cause for the lack of infas. The poor miscibilitylikely resuls in part from the

relatively low uptake of water in these plastics, especially given that HAsi€bordinated by
water molecules (HAuUGI3 H,0).

2.2.2 HAuCl , Reduction: Chemical Reduction Method

Following infusion withHAuCl,, the plastic samples are exposed to a d{0i@72 M)
solution of TEA in water to redudéAuCl, to AW, then baked at 80 °C to remove volatiles. The
infusion of TEA and subsequent redox reaction between HAaGt TEA are rapid at 60 °C,
judging by nearly instantaneous fading of the bright yellow color of HAu@bn immersion in
the TEA solution. Newman and Blanchard studied reduction of HAmCdilute solutionby
various amine reagents including TERand proposed the generic rede@action:

HAUCl, + 3NR;- Au’+ 3 NRA + H + 4CrI (2-1)

Au® nanoparticlesorm by a nucleation and grothi mechanism in solution, and the MRadicals

were found to form a polyamine fproduct in some instanc&$. In the system herein reported,
reductionof HAuCI, is apparently rapid, but growth of Amanoparticles within the plastic is
significantly slower. After reaction with TEA, swles ae bakedin an oven at 80 °C for a few
days(TPU samples) or two weeks (coated acrylic sheByringbaking thevolatile components
evaporate, while theharacteristic color of the Amanoparticle§generally pink, purple, or gray)
appears and stabilizégig. 2-7). Au® nanoparticles apparently form by arrested precipitation, at a
rate which is significantly slower than that of the initial redox reaction between HAun@l
TEA. Au’ nanoparticles may grow by diffusion of smaller’Alusters 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 27. T285 samples following 15 mi0.072 MHAuUCI, infusion and (left to right) 3, 5,
and 7 min. soaks in agueous triethylamine solution.

The depth of infusion of the Alinanoparticles into the plastic surface was estimated by
optical microscopyafter sectioning the samples with a razor blade perpendicular to the original
surface, at a location far from the edges.g. 8 illustrates crosssections ofseveral TPU
samples, where the darker (pink, purple, or gray) surface layer contains thet bigeentration
of nanoparticles. The Ainanocomposite layer is at least 20 ton®@thick in the TPU samples.
The fading of the color with increasing depth is attributed to the expected gradient in HAuCI
concentration beneath the surface after imfusi Fig. 2-9 shows a crossectional view of the
Au’-infused acrylic sheet. The wealkfined surface layer of approximate thicknessntbis the
acrylatepyrrolidinone copolymer coating. Judging by the reddish brown color of this layer and
the sharpcutoff at the interface with the underlying acrylic, the infusion of Aarticles is
confined to the surface coating. The uncoated acrylic control sample showed no significant

infusion of gold under similar processing conditions, supporting this asserti
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Figure 28. Optical micrographs illustrating infused surface layer of Aanoparticles in (a.)
T245B, (b.) T285B, and (c.) TDPB, while (d.) depicts an unmodified T285 sample.































































































































































































































































