ABSTRACT

HUANG, HONGLU. An Investigation of Polymer DegradatiDniven by Photothermal Heating
of Metallic Nanoparticles. (Under the direction of Dr. Russell Gorga and Dr. Laura Clarke)

In this study, an alternative method to drive thermal polymer degradation by photothermal
heating of metallic nanoparticles is developed. This method allows a polymeric material to be
heated, and subsequently degraded from within. This is different foonentional heating and
thermal degradation where the degradation cascade would occur from the sutitdge The
method can be further developed as an alternative strategy to purposefully degrade plastic products
at endof-service. There are threelpdethyl cyanoacrylatebased model systems adopted in this
study to study polymer thermal degradation driven by photothermal effect. Silver nanoparticles
are embedded inside the polymer during fabrication. By irradiating the polymer/AgNPs with lasers,
the photothermal heat from AgNPs will heat the polymer and can further lead to polymer
degradation. To quantify the degradation, mechanical properties and thermal stability of
photothermallyheated polymers are studied and compared with those of convelgtioeated
polymers. Fluorescence dyes are adapted to track tkieuimemperature during photothermal
heating. The results show that photothermal effect of embedded silver nanoparticles creates
heterogenous heating inside the polymer. The average sanpgerature during photothermal
heating at which heterogeneous degradation of PECA occurred was much lower than degradation
temperature using conventional heating. The electron images of polymers before and after
treatments further provide information abdhbée dispersion of AgNPs and defects created by

heterogenous heating.
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Chapter 1 Introduction
1.1 Overview of Objectives

With the increasing consumption of plastic products, huge amount of discarded plastics
has been accumulating in landfills and in oceans throughout the world. The degradation ef plastic
can take hundreds of years and will cause severe environmental harm (Thompson 2009).

The motivation of this study is to develop an alternative method to purposefully degrade
waste plastics utilizing sunlight.

The purpose of the present study is to dgvelo alternative strategy to degrade polymeric
objects as a waste management. This method is realized by thermally degrading polymers using
photothermal heating of embedded metal nanoparticles. This degradation method takes advantage
of thelocalized surfae plasmon resonance of embedded nanopatrticles in polymers (Madden et al.
2015). When exposed to lights at certain wavelengths, the nanoparticles are excited and therefore
heat up from the inside of the polymer. The heat generated has been shown to eansalkng
affect in polymer Yiswanth 2013)and can further degrade the polymer. The model polymer
system in this study consists of poly (ethyl cyanoacrylate) (PECA) and starch. The embedded
nanoparticles used are silver nanoparticles (AgNPs). The meémolde further applied to other
polymeric systems utilizing other lewost nanoparticles such as aluminum nanopatrticles.

In this study, three PEGRAased model polymier systems are fabricated in the lab.
Polymers are embedded with AgQNPs during fabricatidre polymer is heated by conventional
oven at different known temperatures as references to further study polymer treated with
photothermal effect. Tensile test is adapted as a primary tool to study thermal degradation of
polymers. The weaker mechanigabperties can indicate the increase of defects, shorter polymer

chain length or fewer chain entanglements. Fluorescent dyes as the internal thermometers also



2
provide information about inner sample temperature during photothermal heating. Microscope

imagesdemonstrate dispersion of AQNPs and heterogeneous heating by photothermal heating of
AgNPs under different intensities of lasers. These characteristics show how PECA degrades by
heterogeneous heating and help to predict the process of degradation gripkatdthermal
heating of other polymeric systems.

1.2 Literature Review

1.2.1 Polymerization of PECA

Cyanoacrylates (CA) are reactive monomers that are widely used as instant adhesives,
which are known for their fast curing times. Ethyl cyanoacrylate (E@MAich polymerizes to
form PECA is a common type of cyanoacrylate adhesive. It is colorless liquid at room temperature
with a low viscosity about 5¢cp (K&R international Inc, 2003). The reactivity of cyanoacrylates
results from the presence of two stragigctron withdrawing groups: the nitrileGN) group and
the esteri(COOR) group (Hoover 1990). Due to the electronegative characteristics of nitrile and
ester groups, in other words, the tendency of these groups to attract electrons, they make the nearby
carboncarbon double bond more susceptible to attack (Han 2008).

Polymerization of CA can occur either go through either free radical or anionic
polymerization mechanisms (Han 2008). Anionic polymerization of cyanoacrylate is an
exothermic process, whiobnables cyanoacrylate monomers to polymerize rapidly at ambient
temperature with weak bases such as iOms dissociated from water as initiators (Kim 2012). On
the other hand, polymerization througe free radical pathway requires heating and radical
initiators such as azobisisobutyronitrile (AZBN) and benzoyl peroxide (Bevington 1976). The rate

of radical process depends on heating temperature and the amount of initiators (Bevington 1976).
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Ethyl cyan@crylate has been reported to polymerize at a fast rate with weak bases as

initiators by the anionic pathway (Han 2008). The amount of initiator does not change the ultimate
molecular weight, but it greatly alters the rate of polymerization at the fag §Birkinshaw &

Pepper 1986). The polymerization can be terminated either by the presence of strong acid, or when
the monomers are exhausted (Dunn 2010). The schematic diagram of anionic polymerization of
cyanoacrylates is shown in Figurel 1

(1) Initiation

HO,

CN CN
oH  HL=c —— N\~
COOCH2CH3 Hao COOCHCHs
(2) Propagation
HO HO CN
CN / H
._—~CN 2 CN
HeC—C™ + n Ho=c{ —>\g+0—c — g
2 n
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COOCH2CH3 COOCH2CH3

COOCH2CH3

Figurel-1. Scheme of anionic polymerization (Kim 2012)

Polymerization of cyanoacrylate via the free radical mechanism is demonstrated in the
following schematic diagram in Figure-2L R. represents radical initiators. Free radical
polymerization of CA can benhibited by antioxidants, which contain usually basic functional

groups that are capable of initiating anionic polymerization (Bevington 1976).
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Figure x2. Scheme of free radical polymerization (Hoover 1990)

Free radical polymerization usually proceedth other types of polymerization such as
anionic and cationic addition polymerization and it is more likely to occurth&tanionic routes
(Hoover 1990). One of the advantages of free radical CA polymerization is its ability to modify
t he p octhgineechitécture. Branching and crosslinking can be achieved when introducing
initiators with more than one functional groups.

Han (2008) has reported that number average molecular weight (Mn) ranges from 851,700
to 1,119,000g/mol when the anionic patyerization is initiated by N,Mimethytp-toluidine
(DMPT). The weight average molecular weight (Mw) is calculated to range from 954,240 to
1,432,320 g/mol. The resulting high molecular weight PECA can be obtained by using tertiary
amines as initiators fahe polymerization of ECA monomer (Klemarczyk 2001).

Han (2009) reported free radical polymerization of ECA with -@&@bis(2
methylpropionitrile) (AIBN) as a radical initiator. The mw is around 679,000 g/mol and

Mw/Mn=1.54.



1.2.2 Thermal degradation ofPECA

In general, degradation of polymers can be classified as biodegradation, chemical
degradation, thermal degradation and photluced degradation (Celina & Wiggins 2009).
Thermal degradatiois a common method to degrade bulk chgiowth polymers. Dung thermal
degradation, polymers decompose when sufficient heat is provided and degrade into oligomers or
monomers. The efficiency of thermal degradation can be affected by whether degradation takes
place in vapor, liquid or solid phase. The degradata@ can also be controlled with stabilizers
or catalysts.

In general, there are two main mechanisms of thermal degradation for chain growth
polymers: unzipping and random scission (Celina & Wiggins 2009). During thermal degradation
by random scission meahism, polymers degrade by a random breakage of {eb@nds that
hold the atoms of the polymer together. A commonly agreed example of random scission is
depolymerization of polyethylene. Unlike random scissions, the bond breakages only occur at
polymer dain ends in the unzipping mechanism (Birkinshaw & Pepper 1986). Thedehdtie
polymer chains gradually decrease during unzipping.

The mechanism of thermal degradation is evaluated by the analysis of the degradation

products. If the scission produstsch as olefin and paraffin have a wide distribution of molecular

weight, the scissions can be regarded as Aran
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Figure 13 demonstrates how carbon number is distributed for two mechanisms. The
scission products distributions are relatively flat in lower carbon number if only random scission
occurs. Ifscission products with lower carbon number are significantly greater than higher carbon
number products, then it is evident that chain unzipping has occurred.

It has been reported that the degradation behavior of the poly cyanoacrylates occurs by an
unzippng process (Birkinshaw & Pepper 1986). Most of poly cyanoacrylates, such as poly (alkyl
2-cyanoacrylate), poly (methy@-cyanoacrylate) and poly {outylcyanoacrylate), are found to
degrade by the unzipping mechanigtim@rbadjievandNovakov1991, Birkinsha 1986). Due to
the shared characteristics among cyanoacrylates, PECA is commonly believed to degrade by an
unzipping process.

I n Handés study, he stated that It was mos
PECA was an unzipping process throudtpalymer chains (Han 2008). Polymerization of ECA

was processed by anionic mechanism with DMPT as a zwitterion initiator. DMPT is a tertiary
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amine and is commonly used as a catalyst or accelerator for polymer synthesis. The degradation

kinetic is determiad based on weight loss, rates of weight loss and molecular weight of degraded
samples. In this study, anionic polymerized PECA was thermally degraded in acetone solvent. The
resulting molecular weight of degraded polymers were examined using gel permeatio
chromatography (GPC), as shown in Figuré. JA gradual decrease in molecular weights was
observed from GPC results. Tlmemation of thesecond peain the highly degradesample (Fig

1-4 (A) (d) and (e) waslikely due to fast unzipping degradation after being dissolved in acetone.

It was also likely that lownolecularwe i ght fAdaughtero PECA was rep
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Figure 4. (A) GPC curves after thermal degradation at 200 C for 0 min (a), 10 min (b), 20 min

(c), 40 min (d) and 80 min (e). (B) Number average molecular weight (Mn) change taken from

GPC and the residual weight % obtained by thermogravimetric anal@#) @s a function of
isothermal degradation time. Circle plot is the weight remaining anglet is the number

average molecular weight. Normalized number average molecular weight versus lost weight % is

shown in the inset (Han 2008).
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Thermogravimetric analysis (TGA) was adapted to investigate the thermal degradation

behavior of bulk PECA bgemonstrating the weight loss during increasing temperature (shown in
Figure 15). During TGA, it was assumed that there was no repolymerization since ECA
monomers are volatile. As Figured{B) shows, the curve of weight residue recorded on TGA and
thatof the molecular weight changes observed by GPC match closely. Additionally, there was no
intermediate state, in other word, a wide range of carbon number in weight distribution. In this

case, they concluded that degradation process of PECA is an unziopaegs throughout the

whole polymer chains.
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Figure 5. TGA curves of poly (ethyl cyanoacrylate) synthesized in bulk phase under nitrogen

obtained at a scanning rate of Zmin (Han 2008).

Similar phenomena ka been reporteth the study othermaldegradation of poly (alkyl
cyanoacrylates) (PACA) in THF solvemyan and McCann 1995, Robello et)allhe final stage
of depolymerization is rapid, which is independent of presence of catalysts. They concluded this

phenomenon as degradation by ppiang process at first followed by random scission mechanism.
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Although there is argument on mechanisms of thermal degradations of PECA, both of these

two theories support that PECA degrades sow rateinitially and become more rapid when
close tathe g¢age at which the polymer is completely degraded

It has been suggested that thermal degradation properties are dependent on the
environmental conditions, nature of polymers, catalyst, diffusion of monomers, etc. (Han 2009).

It has been found that PCA palgr can undergo rapid depolymerization and often
accompanied by simultaneous repolymerization during thermal degradationgRy&ttCann
1995). Whether repolymerization occurs is affected by any factor that can alter the diffusion of
unzipped monomers, Wth include the total mass of polymers and the phase where degradation
takes place Rirkinshaw & Pepper 1986 The rate of repolymerization depends tire
concentration of monomers that unzip from the long chains in the phase. It is also dependent on
factars including viscosity, thermal conductivity, heat capacity, density, or interaction between
solvents and polymers (Han 2008).

Thermal degradation of bulk PECA in solid phase can be an open system when the total
mass of PECA is as low as 50 mg. In thisega® repolymerization is likely to happen due to the
volatility of ECA monomer. If the total mass of polymer higher than 50 mg, the ECA monomers
are likely repolymerized and formlemo | ecul ar we i g htLednhdrdeta B9H6e r 0 p o
When thermaldegradation of PECA occurs in liquid phase, there are interactions between
remaining initiators and degraded polymer chains. Thermal degradation in liquid phase usually
occurs at lower temperature than that in solid phase (Ryan and McCann 1995). Atldibase
substances inhibit degradation since it accelerates the reinitiation and repolymerization of anionic

polymerized PECA. (BirkinshaandPepper 1986).
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As TGA results demonstrate (Han 2008), aniggotymerized PECA starts losing weight

at around 160C and show maximum degradation around Z6%nd degradation is completed at
300°C. Accordingto Han(2009), PECA polymerized by free radical mechanismsskasing mass
at about 220°C, shows maximum degradation at around 265and completely degraded at
around 310°C (using identical TGA parameters). Therefore, it can be inferred that PECA
polymerized by free radical mechanism demonstrates better thstabdity. As stated before,
molecular weight of PECAhat was polymerizedia anionic routes higher than that for the free
radical produced PECA. In most cases, polymers with higher molecular weight are likely to be
more thermally stable. However, i the opposite situation for this case. Therefore, one can
conclude that bonds formed by free radical pathway are more stable than those formed by the
anionic polymerization of PECA.

Rooneyds research suggested t harbeindieased at e
by faster diffusion of the volatile monomer through the layer of degrading poliRnenéy 198}
In this study, when producing PECA/starch composite, ECA monomers are more dispersed by
mixing with starch. So the diffusion of volatile E@#onomers may be more efficiantthis case
Degradation of PECA is likely to be altered with the incorporation of starch. Depending on how
PECA and starch interact and the relative composition of each.
1.2.3 Starch

Starch i s ¢ omp-D-glecdse units joines pyeghydsitdiabgpnds) Depending
on different sources, starch contains different amount of amylose and amylopectin. As fagure 1
shows, t he amy l-4) dinked ®glucasé wnitsswhichfleadlto linelr structures,
while the amylp e ct i n h ads) baont@hlinkages( Mhich lead to branched structures

(Shank & Kong 2012). Due to the structure difference, amylose is more crystallized than

(
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amylopectin. Starch from different sources demonstrates variations in physical psopeitig

to the different content of amylose and amylopectin.

» alpha 1-4 and
alpha 1-6
glycosidic bonds

Amylose QO Amylopectin
Figure 6. Comparison of amylose and amylopectin (Shank & Kong 2012).

Starch is commonly adapted in polymer composite producti@n ssrganic filler. The
advantages, including its biodededility, compatibility and abilities to improve strength, have
been studied by many researchers (Peng 2005). The improving progestiesnly due to good
adhesion between polymer matrix and starch filler, owing to-mtdecular hydrogen bonds
betweerstarch and polymer (Xu 2005).
1.2.3.1 Effect of starch on tensile strength

It has been reported that tensile strength is improved with starch as filler of polymer
composites (Ge et al. 2004, Ismail 2010).

Ge and his group (2004) synthesizsaly (propylere carbonate)/starch composites and

studied the mechanical properties. Tensile tests showed that starch improves the stiffness and
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tensile strength of composites significantly. As Figuré g§hows, tensile properties are most

optimized when starch contest35 wt% and the composite starch to lose strength after that.
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Figure 17. Experimental and theoretical tensile strengths for pure PPC and PPC/starch

composites (Ge et al. 2004).
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Figure 18. Loss modulus and storage modulus curve for pure PPC, PR@S8tarch, and

PPC/70 wt% starch (Ge et al. 2004).
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In the DMA resultin Figure 18(a) shows, the glass transition temperatugg iSTshown

as the transition peak of the curve. It can be observed §latr€ases with increasing amount of
starch contetnin the composites. In addition, storage moduli for PPC/starch composites (shown in
Figure 18(b)) is significantly higher than that of pure PPC. In generglrepresents the
temperature/heat required to move the polymer chains and convert from gédesty stibbery
state. Polymers with highery have more entanglement/crosslink in polymer chains, indicating
higher modulus. It means polymers are more rigid and less flexible. For polymer compgsites, T
usually lies betweenglof starch and Jof polymer matrix. In this case, the incorporation of starch
makes the PPC/starch composites become more rigid.

Similar test results have been reported by many researchers. Ismail stated that structure
becomesdenserwhen adding starch content in pol{@droxybutyrate)/starch composite. The
composites achieve optimum tensile properties when starch content is 10 wt% in P(3HB)/starch
composites (Ismail 2010). Jagannath et al. (2003) blended starch with different proteins to increase
their tensile strengtiStarch has much better tensile properties than proteins, tensile strength and
elongationatbreakr e bot h i mproved when starch is adde:q
(2005), tensile strength of chitosan/starch composites is optimum wheartttete chitosan ratio
is 1:1, at which the greatest integrity of the two main components is formieen starch to
chitosan ratio is higher than l:ignsile strengtlof the composite films starts to decrease (Xu
2005). The SEM results show thatth exists phase separation when starch and chitosan is higher
than 1:1, which lead to the decreasing tensile strength.

All the above test results indicate that a proper starch content is critical to tensile properties

of polymer composites. When the starcontent is too high, intranolecular hydrogen bonds
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among starch domain rather than intavlecular hydrogen bonds between starch and polymer

matrix are formed, which lead to phase separation between the two main components (Xu 2005).

In many cases dissged above, the tensile properties are improved when adding starch
content and start to be weakened after passing an optimum ratio of starch to polymers. This
phenomenon may be one of the reasons why tensile strength of PECA/starch composites is
decreasedfter heating. When applying heat onto the composites, the ECA monomers vaporized.
Apart from the weaker strength caused by degr :
composites sampleo may be al so cauCA/starchhy t he
composites after heating. When starch content is too high, phase separation may occur between
PECA matrix and starch filler.
1.2.3.2 Thermal stability of starch

It was found that adding starch filler can imprélvermal stabilityof PPC/starla composite
significantly. As Figure 9 shows, by adding 50 wt% starch content, the maximum weight loss
temperature of PPC/starch composites changes froiQ6&®) 300°C, which means composites

become more thermal stable.
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Figure 9. Typical thermognametric curve for pure PPC (a) and PPC/50 wt% starch composite

(b) (Ge et al. 2004).

1.2.3.3 The role of starch in PECA/starch composite
Kim (2012) developed PECA/starch composites and studied the mechanical and thermal

properties when altering the starcontent.
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Anionic polymerization of PECA is an exothermic process. Temperature as high%s 125

can be measured during polymerization (Kim 2012). As Figui® Shows, the temperature
variation of the reaction mixtures is shown as a function of reattim® In the experiments,
polymerization of 64wt% starch sample reaches highest temperature &€ @0d finishes at 5
min of reaction timePolymerization of 50% starch sample reaches highest temperature®& 125
and finishes at 11 min of reaction time.

Since the moisture on the surface of starch is used as the only source of initiator for
polymerization, it is reasonable that the rate of polymerization is increasing when adding more
starch into the composites, which means adding more anionic initibothe polymerization
system.The higher reaction temperature at lower starch content can be explained that more ECA

content can lead to higher temperature because polymerization of PECA is an exothermic process.
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Figure 210. Progress of reaction mitored by the change in the temperature of the reaction

mixture at various compositions of starch (Kim 2012).
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Figure 111 demonstrates glass transition temperatures dCAPEarch composites
measured by DSC at different starch contents. The results show that increasing starch content can
lead to lower §. As discussed before, lower Thdicates more flexiblg@olymer chains. The

increasing starch content in PECA/starch lower thantd makes the composites more flexible.
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Figure 212. TGA thermograms of composites with different staammtentgKim 2012)
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The thermal degradation properties of PECA, starch, and PE@Aposites were

investigated by TGA, as is presented in FigwE211t describes the effect of variation of starch
content on the overall profile of TGA data. The thermal degradation of PECA/starch composites
is a twostep degradation because starch giemdid not degrade until it reaches around Z30
The first maximum mass loss temperature is increase fromMi&® about 210C when adding
starch content. It is found that when the starch content is 52 % to 64 %, the amount of starch does
not influerce the maximum mass loss temperature, it only matters the weight residual.

TGA data of PECA/starch (60/40) composites made within the lab is simoigure
13. The TGA curve shares the same trend with
loss of moisture and degradation of PECA. The second step of mass loss starts when the residue
weight is 40% (the mass ratio of starch). The maximum mass loss temperature4€ 25Ghe
1st derivative curve shows (however, it cannot be concluded thahehmal stability of our

composites is necessarily better than theirs as the testing condition is unknown).
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Figure 213. TGA results of PECA/starch composites miadde current studythe starch

content is 40 wt%n the total mass
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1.2.3.4 Influencingfactors

There are several aspects that need to be noted when using starch as filler in the composites.
First of all, moisture in starch can affect properties of starch in several ways. Moisture content
contained in starch can be as high as 15 wt% at reoipdrature (Kim 2012). Therefore, knowing
moisturecontroli s essent i al before introducing starch
study (2003), starchispeeondi ti oned at room temperature an
study (2004), starctsivacuurrdried for 2 hours before mixing with PPC. Fortunately, one of the
benefits of adapting starch as filler of PECA/starch composites is that moisture on the surface of
starch particle can perform as anionic initiator. Therefore, when mixing statdhEADA at room
temperature, it is certain that anionic polymerizatiglhproceedspontaneously.

Moreover, types of starch can also lead to different influence of starch on resulting
composites due to different content of amylose and amylopectin. difeeseveral types of starch
depending on different sources and modifications. The weight fraction of amylose and amylopectin
in the starch content can be changed by modifications depending on what properties need to be
realized.

Apart from moisture aatent and types of starch, the behavior of starch is also dependent
on starch particle size. The size of starch determines its surface area, which directly affects
interface adhesion between starch and other polymers, leading to differences on water uptake
thermal stability and so onln the current case, mixing the starch before blending it with ECA
monomers can eliminate chunks of starch particles, which will allow moisture to attach onto the

surface of starch particles.
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1.2.3.5 Thoughts and opequestion

It is known that the mass ratio of starch (52 wt% to 64 wt%) in the composites does not
influence the thermal degradation. It only matters when the second step of mass loss starts. On the
other hand, the mass ratio of starch has more influentensile properties of composites. The
increase in tensile properties relies on how well starch and polymers are mixed, which is dependent
on interfacial adhesion of the componer@sme inorganic salts can increase the mixability of
starch with polymerd~or example, microencapsulated ammonium polyphosphate was introduced
in PU/starch composites to improve the compatibility of matrix in PU/starch composites (Gavgani
2014).

In my research, samples were heated conventionally and photothermally anchiilgr te
properties were tested at room temperature. L
with degraded PECA, higher starch content due to evaporation of ECA monomers, and with
oxidized starch. Apart from thermogravimetric measurement, the tdesitiaesults of these
Adegraded sampleso can also indicate the pr
properties are greatly influenced by molecular weight of PECA and starch content in the composite.

As molecular weight is reduced, PECA demaatstiweaker tensile properties due to the shorter
polymer chain lengths and disentanglements. Spontaneously, the mass ratio of starch content is
higher, which may lead to an increase of tensile properties of composite, followed by a sudden
decrease due the phase separation between starch and PECA.

Though the mass ratio of starch in the composites does not influence the thermal
degradation, it has an important role in the thermal degradation of PECA/starch composites with

AgNPs. When we mix silver nanopates (AgNPs) with starch to degrade PECA/starch/AgNPs
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composites by laser irradiation, the content of starch/AgNPs can decide how efficient the heating

is, which greatly influences the degradation.
1.2.4 Silver nanoparticles

Silver nanoparticles (AgNPsyea known to have unique optical, thermal, electrical and
chemical properties. Therefore, they are commonly utilized in electronics, catalysts, biosensors,
medical applications. The performances depend on size, shape and aggokgadiaion state of
AgNPs (Yu andLiu 2015).
1.2.4.1 Photothermal heating of silver nanopatrticles

Photothermal heating, one of the photduced characteristics of nanoparticles, enables
AgNPs to be utilized in various related applications owing to the ability to convert lighieat.
The outstanding optical characteristics of AQNPs can be revealed by high efficiencies of absorbing
and scattering light, which is basically due to the strong interaction of AQNPs with light occurs
(shown in Figure 114) (Madden et al. 2015). Theteraction is strongly enhanced because the
conduction electrons on metal surface undergo an oscillation when excited by light, known as
surface plasmon resonance. Due to the extraordinary optical characteristics, AQNPs have been

widely used in photinduced applications.

z
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Figure 114. Incident light upon the surface of plasmonic metals generates propagating surface
plasmons in bulk metals (a) alotalized(standing) plasmon resonances in nanostructured

plasmonic materials (b) (Madden et al. 2015).
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1.2.42 Current understandings and applications

Many researches arapplicationshave beenaking advantage of photothermal heating of
AgNPs such as laser patterning, structure modification and medical therapy. Heseost
researclabout photothermal effeof AQNPs in solid state.

Cheng (2010) has proposed a technique of laser direct patterning of metallic patterns on a
polyimide (PI) substrate using photothermal effect of AQNPs without further thermal annealing
postprocess. The fabrication process is désct in Figure 115. First, a continuous 405 nm laser
with power of 60mW is applied onto the designed regionassannealing proces®uring the
irradiation AgNPs aggregate into larger conducting grains and bond with Pl substrate. Finally, the

conductivepattern is finished after unirradiated AgNPs are washed away.

AGNP V% UV laser
= s o .
(a) (b) (c)

Figure 215. The fabrication processes of the laser direct patterning method using photothermal

effect of AgNPs: (a) drying the dispersion AgNPs colloids onto a polyimide film. (b) Irradiating
the AgNPs with a UV laser beam and the AgNPs aggregating into larger grains. (c) Washing the

unirradiated AgNPs and then forming the conducting line patterns (Cheng 2010).

It has been found that the optical absorption is affected by the concentrddR oivhich

is the dispersant of AQNPs. PVP controls the dispersion of AQNPs and can alter the formation of

Ag grain.
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Figure 216. The optical absorptions of two PdPated AgNPs solutions measured byiulg

absorption spectroscopy (Cheng 2D1

According to the test result shown in Figuréd, AgNPs with thicker coating of PVP have
stronger optical absorption. The maximum optical absorption of AgNPs with thinner coating of
PVP has a slight shift to longer wavelenth (426 nm) due to more aggrégatggain and the wide
range of size distribution of AQNPs.

An adhesion test was conducted by using Setatpk to assess the adhesion strength of
AgNPs with Pl substrate. As Figurel¥Y shows, AgNPs with thinner PVP coating are mostly

peeled off.The tes result suggests that AQNPs with higher PVP content exhibit a better adhesion

with to Pl substrate.
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Laser annealing area

(a) (b)
Figure 217. Adhesion test results (using Scetape) of AQNPs micropatterns on PI film after

laser direct patterning method (a) thin Redated AgNPsrad (b) thick PVPcoated AgNPs

(Cheng 2010).

Cheng (2010) stated that apart from the PVP dispersant, the stability of resulting patterns
is also dependent on the laser profile and moving speed.

In RenteriaT api ads resear ch (20 1w8aps prodacedsbpthking s el ¢
advantage of photothermal effectsiffiver nanoparticles. The film is made by dispersing AgNP
into transparent organic resin and spoating the resin on the silica. Th/-vis measurement

indicates the resulting Agpoxy(matriy/Cu(substrate) obtain good optical absorbance.
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Figure 118. Optical absorption spectrum of silver nanopatrticles prepared with 0.1 M of
precursor salt after several days of reaction time. The sheetsthe deep dark aspect of the

black suspension @ilver particles of large siz&enteriaTapia 2013)

As Figure 118 shows, the absorbance is maximized at around 500 160 is known
that thelocalizedsurface plasmon resonance of AgNPs is located at 450 nm when particle size
around 60 nm (Yu & lu 2015). The wide and shifted spectrum absorbance is mainly contributed
by aggregated silver nanoparticles after heating. It is also affected by the broad distribution of
particle sizes of AgNPs. In this study, AgNPs are synthesized by dissolving siteée m the
resin and subsequently adding dimetfoylmamide (DMF) under constant agitation at ambient
temperature.

It has been found that with the presence of a biocompatible poly@tduramide)
copolymer, named PEBA, neagueous AgNP dispersionstaimed by reduction of silver cation
from Ag salts chemical preparation of highly concentrated-bytanol can be improved (da S.

Oliveira 2015). A high optical absorption with a higher concentration of PEBA in Ag salts.
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1.2.4.3 Degradation of AgNPs

As discussed above, the aggregation state of AgNPs is affected by heating temperature.
This phenomenon has raised the importance to investigate the dependences of performance of
AgNPs. Before utilizing AgNPs into applications, it is essentialutmlerstandhow their
morphology are changed when the environment conditions are changed. Due to the strong thermal
conductivity and photothermal effect, ANPs are highly sensitive to heat and light in solid state.

To understand how light will alter the morphology of Mis, Grillet (2013) exposed
AgNPs under light illumination and studied the change of AgNPs. AgNPs aqueous suspension is
coated on thin resin film. The collimated light from a white lamp (tungsten filament heated at a
color temperature of about 3200 K) isctised onto the surface of the sample. The overall

extinction result is demonstratedFigure 119.
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Figure £19. Time evolution of the experimental extinction cresstion of a silver NP
(stabilized with PVP) under illumination; schematic on the rggis the scaled views of the NP

for the different oxidation volume ratios corresponding to the calculated extinction cross sections

(Grillet 2013).
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With light exposure, AQNPs undergo a photadation, which can be described as growing

an oxide shell arond a metallic silver core (Grillet 2013). The test results demonstrated that as the
oxidation volume increases, the curve of the extinction spectra is flatter and slightly Stifted.
phenomenois mainlydue to theoxidation of AQNPs antbtal volume ircrease of nanoparticles

as optical density is very sensitive to size of hanoparticles. Suppose the size of oxidized AgNPs is
the same with unoxidized ones, what is the efficiency of the former compared with that of the latter
during laser irradiation?

As dscussed before, when heat is applied, the aggregation of AgNPs happens and the
presence of dispersant can slower the aggregation. But how much heat is adequate to melt ANPs?
Do AgNPs melt at melting point of bulk silver, 982?

Melting point (Tn) is independent of size effect in bulk system since surface to volume
ratio is very small. However, for nanopatrticles, surface to volume ratio is large, which makes Tm
of nanoparticle size dependent (Asoro 20009) .
to 20nm were heated igitu in the TEM starting from room temperature until all the NPs melted
and vaporized. TEM result shows that the smallest AgNPs, which obtain the highest surface to
volume ratio, disappear at the lowest temperatures.

Asoro (2009xoncludes how radius of AgNPs influences the melting point as the following
expression.

c”
01

Y Yo
where T, is the melting point of a NP with radius 1y i€ the bulk melting temperaturge, is the
solid-liquid interfacial energy, andolis the bulk latent heat of fusion.

The resulting melting point of different size of AgQNPs is shown in Figt#28.The author

explained the difference between calculated and experimental melting point as a change in the
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solid-liquid interfacial energy dut curvature effectéAsoro 2009). This result may be closer to

the calculated one if the equation takes pressure into account. The difference may also be caused

by interaction of AgNPs due to their high thermal conductivity.
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Figure £20.Melting point ¢ vs size of AQNPs (Asoro 2009).

Though degradations of AgNPs induced by light and heat are discussed separately, the
effect on AgNPs by light only or heat only barely happens in real applications. Heat generated by

photothermal effect will continue befe€tive on AgNPs.
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1.2.4.4 Degradation utilizing AgNPs

Though many researches have been focusing on applications that take advantage of
photothermal effect of AgQNPs, researches about thermal degradation induced by photothermal of
AgNPs have not been fod yet.

Unlike the conventional approaches, thermal degradation with AgNPs is processed by
applying heat within the polymer.

Volkova (2015 has conducted a research on thermal degradation of polycarbonate films
containing AgNPs. A constant heat at 3Z7 is applied on the films and the efficiency of
degradation is found to improve with great thermal conductivity of AgQNPs. This research indicates
that thermal conductivity of AQNPs can be greatly accelerate thermal degradation of polymers.
Due to the stronghmtothermal effect of AgQNPs, thermal degradation induced by photothermal of
AgNPs can be with higher efficiency.

Thermal degradation induced by photothermal heating is a-stalid process, which
makes AgNPs easy to aggregate. Therefore, it is impodaggtimate the aggregation state of
AgNPs and the adhesion between AgNPs and polymers as they can alter the effect of AQNPs of
photothermal heating. AgQNPs can be substituted by other metallic nanomaterials such as aluminum
nanoparticles and gold nanotube.

1.2.5 Temperature measurement by fluorescence dyes

Fluorescence dyes have been adapted as an internal temperature sensor. It was first
discussedby Maity (2012) that emission spectrums have a linear change with temperature.
Viswanath (2013) embedded diltencentration of gold naparticles(AuNPS9 in poly (ethylene
oxide) (PEO) and conducted a noncontact measurement using perylene to monitor the average

temperature of PEGNR nanocomposite during photothermal heating. Perylene shows multiple
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emissionpeaksas shownin Figure 121. In particular, the ratio of the emission intensity at the

Atrougho at 465 nm to that of the -Zipieladaro at 4
with sample temperature. T h e rioeahdaaveragensanplep b et
temperature was calibrated by heating the PEO/AUNPs sampleknown temperature using
conventional heating while measuring the ratio. The average temperature during photothermal

heating of AUNPs was further calculated using the alwadibration.
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Figure 221. Full emission spectrum of embedded perylene at 25 °C; vertical lines indicate
spectral locations of the peak and trough used for temperature measurement. Inset: ratio of
perylene emission intensity under conventional heatngd | es cal i brati on of

temperature relationsh{/iswanath 2013)

It was found that by irradiating the sample with 514 nm light with the intensity range from

0.078 to 0.125 W/ch) the sample reached steastate temperatures of 40 + 20480 + 1.8 °C. It
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indicates that photothermal heating can be utilized as a tool for annealing metal particle polymer

nanocomposite systems.

Maity (2014) used a similar method to measure the temperature change of PEO/gold
nanorods (GNR), which indicated tphaysical rotation of the nanorods in the polymer melt with
applying electric fields.

Perylene was uniformly dispersed throughout PEO/GNR nanocomposite with a weight
fraction of 0.09 wt%. The sample was excited with 405 nm laser with a low intensityfrange
5 to 20 mW/crA while emission spectrum of perylene was measured in situ. Characteristic
perylene emission spectra as the sample rotated from parallel to perpendicular are presented in
Figure 122(a). The change in trough to peak ratio, representimaggehin average sample
temperature, indicated the polarizatidependent absorption of the nanocomposite film due to
relative alignment. The corresponding steady state temperatures of perpendicular and parallel
alignments when excited by different laseteimsities were calculated from ratios of perylene
emission and are shown in Figur2(b).

In this research, perylene provided amsitu temperature profile of PEO/GNR with
different GNR orientation. The average temperature measured with perylene icateiride
rotation of the GNRs in polymer melt.

In conclusion, measuring emission from fluorescence dyes is a simple andlibeHted
approach to monitor sample temperature. It can be applied to different polymeric systems. In my
study, Lumogen orange4@, a derivative of perylene, was utilized to measure average internal

temperature of PECA/starch samples during photothermal heating.
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Figure 22. Nanocomposite film samples under ultrafast pulsed excitation. (a) The characteristic

perylene spectrumoeresponding to parallel (blue) and perpendicular (red) emission detection

for a 20 mW/cri photothermal excitation of GNRs. The differences in overall amplitude of the
spectra depict the difference in populations emitting parallel or perpendicular pblagize (b)
The raw spectrum can be converted to temperature using the calibration system explained in the
Experimental section, and thus corresponding to different photothermal intensities we obtain two
different temperatures; Bnd Tu. The T (Ty) compnent reveals the steadiate temperature of

the sample far away from (closer to) the GNRs. Dashed horizontal lines indicate room

temperature and PEQnTrespectively(Maity et al 2014)
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Chapter 2. Experimental (fabrication and characterizations)

2.1 Materials
2.1.1 Polymeric systems

The model polymer systems are composed by poly (ethyl cyanoacrylate) (PECA) and
starch. The advantages of using them as the model systems are as foHostedhermal
degradation of PECA starts at about 1®I) which isa much lowertemperaturehan most
polymers. Second, PECA can be fabricated at room temperature by controlled exposure of water
or organic solvent to the monomdihe polymerization is fast and easy to process. By mixing
water or organic seents (such as ethananhd methanol), with ethyl cyanoacrylate (ECA)
monomers, OHions dissociated from the solvents initiate the polymerization of ECA. The
corporation of starch makes the fabrication msiamplersince no additional solvent is needed for
polymerization, by mixing starch and ECA monomers. The resulting biodegradable polymer
composite can obtain decent tensile properties anddeétied thermal degradation.

Three types of PECAased polymeric systeshave been developed as the modelsudyst
polymer thermal degradation through photothermal heating. The first polymer system is composed
by 60 wt% PECA and 40 wt% starch (short as PECA/starch (60/40)). The polymerization reaction
was performed in 100 mL plastic container at room temperat@@. \i#as poured into starch
powder with a weight ratio of 3 to 2. In particular, 1.2 g ECA monomers and 0.8 g starch were
mixed in a plastic container at room temperature. The mixture was stirred well for 30 seconds and
poured into a plastic mold. The resodf PECA/starch (60/40) was ready for demolding after 5
minutes and was stored in a 85 convention oven for 18 hours to ensure the completion of
polymerization while not degrading PECA. Thefalsricated 60/40 polymer obtains decent tensile

properties. Bver nanoparticles (AgNPs) are introduced into the system by stirring starch with



34
AgNPs powder (Sigma) for at least 1 hour. The advantage of this method is that the fabrication of

PECA and distribution of AgNPs in the polymer is facile. However, AgNPsastly in the solid
phase, which largely diminishes the photothermal effect of AgNPs.

The second polymer system is composed by 98 wt% of PECA and 2 wt % of starch
(shorenedas PECA/starch (98/2)). Samples were prepared by mixing ECA monomers with water,
acetone, and starch respectively. The polymerization reaction was performed in 100 mL plastic
container at room temperature. Acetone and water mixture was added into ECA monomer as
initiators with a volume ratio of 9 to 1. Acetone was adopted to increasgigsolution between
water and ECA. A typical fabration procedure is as follo ml water/acetone mixture was
added into 4 g ECA dropwise when stirred magnetically at a rate of 2000 rpm. During the stirring
process, ECA was gradually polymerized wheater was mixing with ECA by acetone, while
acetone gradually evaporated. After abowmia stirring, 0.1 g starch was added into the mixture
and stirred for another 2 minutes. The mixture was poured into a plastic mold and the resulting
PECA/starch film vas removed from the mold after about one hour. The resulting PECA/starch
films were stored in a 65 °C convention oven for 18 hours to make sure the polymerization was
complete,and acetone was completely evaporated. PECA/starch (98/2) sample with AgNPs can
be made by adding AgNPs/water/acetone mixture when fabrication and every other step was kept
the same with that of PECA/starch fabrication. Due to the low amount of starch, this polymer has
good optical properties. Nicely dispersed AgNPs can be incorpariat this system by adding
AgNPs/water that is chemically synthesized.

The third polymer system is composed by pure PECA. ECA monomers are polymerized
by (dimethylformamide) DMF. Samples were prepared by mixing ECA monomers and DMF. The

polymerizationreaction was performed in a 100l plastic container at room temperature. 1 ml
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DMF was added into 4 g ECA monomers dropwise. The mixture was then transfer into a glass

mold. The resulting PECA was ready to be demolded after 1 hour. Samples were dried in a
vacuumoven at 65°C for 48 hours to minimize DMF residual in PECA. This polymer has decent
optical and tensile properties.
2.1.2 Silver nanopatrticles
2.1.2.1 Fabrication

AgNPs were fabricated using the Turkevich method gP2D03). A 100 miolume of
agueus solution containing 1 mM silver nitrate (Agi)Qvas prepared in a closedp bottle to
prevent evaporation of water. The solution was heated with a water bath for 1 hour until reaching
boiling point. After boiling had commenced, 10 mM sodium nitrate a@ded into the solution
and mixed well. The solution became bright yellow aften80 heating and it was further heated
for another 30 min to make sure the growth was complete. After the solution was completely
cooled, 100 mg PVP was added to prevegregation of AQNPs. The AgNPs/water was purified
and concentrated by centrifugation andlileting with certain amount of PVP/water to achieve
desired concentration of AgNPs in PECA/starch/AgNPs samples. PVP is added to prevent
aggregation of AgNPs durirgample fabrication.
2.1.2.2 Characterizations

Ultraviolet-visible (UV-vis) absorption spectrophotometmwas used to characterize the
resulting AgNPs. The absorption spectrum of diluted AgNPs in water is shdvigure 21. The
primary absorption peak #&gNPs occurs at 419 nm with a FWHM of 120 nm. Transmission
electron microscopy (TEM) was also adapted for characterization of produced AgNPs (shown as
Figure 22 (a)). The resulting AQNPs are mostly spheres and have an average diameter of 50 nm.

The histogam of particles size is shown as Figus2 ).
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Figure 21. A spectrum of purdgNPs in water, diluted with water by)>6 (FWHM = 126 nm).
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2.2 Heat treatments

2.2.1 Conventional heating
PECA/starch samples wetenventionally heated in an ambient oven at different heating

temperature range from 100 °C to 200 °C for 1 hour at 10 °C increments. Each heat treatment

included 10 specimens. ABade and oveheated samples are shown in Figwe 2

Figure 23. Asmadeand overheated PECA/starch (98/2). Heating temperatures are annotated

in the graph. Heating time is 1 hour.

2.2.2 Photothermal heating

PECA/starch/AgNPs samples were fabricated with two differing AgQNPs concentration and
were irradiated wit 445nm laserfor 1 hour. The intensity of the laser was range from 0.3 to 1
W/cn?, adjusted by combining two lasers or adding beam splitter. The schematic diagram of the
treatment ishown inFigure 24. As the diagram shows, the center area of samples, which was the

gauge length of tensile test, was photothermal heated.
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Figure 24. Scheme of setup for photothermal heating

2.3 Characterizations
2.3.1 Tensile test

Test specimens of PECA/starch and PECA/starch/AgNPs were prepared into rectangular
films with plasticmolds before being conventionally or photothermally heated. The specimens
were 7 to 8 mm wide and about 0.5 mm thick. The samples were tested with Instron Testing
Machine (5944) equipped with a 2 kN load cell. Bluehill 3 software handled data recording and
manipulation. For all the tested samples, the tests were conducted at room temperature with a
relative humidity of 65 % and the extension rate of 0.5 mm/min was used. The gauge length was
set to 30 mm regarding AST695 standard. Paper frames were usedrévent failure from
grips during tensile tests.
2.3.2 Thermogravimetric analysis (TGA)

Thermal stabilities of PECA/starch (60/40) and PECA/starch (98/2) were characterized by

thermogravimetric analysis (TGA). TGA experiments were carried out with PElkier Pyris 1
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TGA. The sample was heated in a platinum sample holder under nitrogen gas at a heating rate of

10 °C/min from 20 °C to 400 °C.
2.3.3 Gel permeation chromatography (GPC)

Molecular weight measurements of PECA via gel permeation chromatog(&h®)
utilized a Water HPLC with Alliance 2696 pump and 2414 Rl detector with a flow rate of 1 mi/ml.
Molecular weight was calibrated with Agilent EasiCal GPC Polystyrene standards A & B. Each
standard spatula contained 5 polymer weights to calibratege from 580 Daltons to 6,8700,00
Daltons. PECA/starch (98/2) sampledasricated and oveheated at several temperatures were
dissolved in tetrahydrofuran (THF) at a concentration of 10 mg/ml. Starch wékquesl before
run. Numberaverage and wght-average molecular weight were calculated from GPC results to
examine how molecular weight and distribution changed under different heat treatments.

2.3.4 Dynamic mechanical analysis (DMA)

Glass transition temperatureg{ Wwere assessed by dynamic metbal analysis (DMA)
by using TA Instrument DMA Q800. DMA spectra were taken in the stress mode at 1 Hz frequency
from 20 to 250 °C with a heating rate of& per min.

2.3.5 Transmission electron microscopy (TEM)

TEM (Conventional STEM JEOL 2000FX) wasised to characterize AgNPs in water and
PECA/starch/AgNPs sample. Conventiogated and photothermlagéated samples were also
examined using TEM to characterize the degradation using different heat treatments. The AgNPs
in water was concentrated by centgé and dropcast on TEM grids. Polymer samples were

microtomed by Leica UC7 Cryo Ultramicrotome.
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2.3.6 Fluorescence microscopy

Fluorescence microscopy waonducted using Mon eclipse 90ito observe the
degradation by photothermal heating. DAI®IGO filter was used to excite the object with light at
350 to 400 nm and allow emission at 450 to 500 nm.
2.3.7 Ultraviolet-visible spectrophotomety

Ultraviolet-visible (UV-vis) absorption spectravere taken using (Cary 50 Scan UV
Visible Spectrophotometer) to characterize AgNPs and degradation of PECA. Absorption spectra
of solution samples were measured in @niquartz cuvette.
2.3.8 Fourier-transform infrared spectroscopy

FTIR (Fouriertransfom infrared spectroscopyanalysis was carried out with Thermo
Nicolet Nexus 470 FTIR system to detect residual DMF in PECA/DMF system with different post
treatments. PECA made without was also analyzed by FTIR and the absorption spectra was
compared with ECA made with DMF.
2.3.9 Fluorescence temperature measurement

Average sample temperature during heat treatments was monitor using embedded
fluorophores. Lumogen Orange F 240 (BASF, "lumogen") was embedded in PECA/starch/AgNPs
samples during polymerizatioA.homebuilt system was adagd to measure emission spedfa
lumogen during conventional (see Figur®)2and photothermal heating (Figure6R A weak
probe laser collimated to 0.3 cm diameter and amphtmddulated at 1 kHz, was used as an
excitation source. Fluorescence from the excited spot of samples during heat treatments was
projected onto a spectrometer (SPEX 1680B), whose output was measured with a photomultiplier
tube (PMT, Hamamatsu 931B). Dielectric filters (FGL 455 Thorlabs, 108@ANewpaot) were

utilized to reject scattered 445 nm (from the heating beam) laser light. The PMT output signal was
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passed into a loekr amplifier (Stanford Research Systems, SR830 DSP). When samples were

being photothermal heating, a brief interruptionH® 83% duty cycle) of the 44Bm heating
laser were triggered with a data pulse generator (100A Pulse Generator, -Bystran
Corporation) which was triggered by the function generator (3MHz Function Generator, CFG 253,

Tektronix) to avoid saturating the pbatultiplier tube during emission measurement.
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Figure 25. Schematic diagram of horelilt temperature measurement for samples being

conventional heated.
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Chapter 3. Investigation of polymer degradation by mechanical and thermal properties

3.1 Degradation behavior via conventional heating

Tensile testing was used as a primary measurement tool to characterize thermal degradation
of PECA/starch dung the degradation processé¥eaker tensile properties of hdetated
polymers indicate shorter chain lengths, and therefdosvar entanglemerdensity,caused by
degradation
3.1.1PECA/starch (60/40)

Conventional heating was conducted on PECAZkt&60/40) from 100 °C to 190 °C for 1
hour. When the PECA/starch blend was conventionally heate@0a"C for 1 hour, the structure
underwent a breakdown since PECA was severely degraded and starch itself was not able to hold
the structureThetensiletests of heatreated samples were conduct at room temperature. Typical
stressstrain curve of PECA/starch sample are shawlhigure 31. Figure 32 (a) to (c) show the
average tensile properties of PECA/starch (60/40) sampiiedasated and oveheatel at 100
°C to 185°C for 1 hour. Each data point represents 10 specimens heated under each condition for

1 hour. The error bars indicate the standardr of all the test specimens.
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In this case, AgNPs were introduced into PECA/starch (60/40) by physical stirring ANPs

powder with starch and mixing into ECA during polymerization. Tensile properties of
PECA/starch (60/40) witB.04 wt% and 0.2 wt% AgNPs powder were also examined to study the
influence of the addition of AgNPs in polymer on tensile properties of samples with AQNPs. The
tensile results show that tensile properties of PECA/starch/AgNPs (0.04 wt% and 0.2 wt%) were
consistent with those of dabricated PECA/starch (Afyee), meaning the addition of AgNPs of

the current weight fractions did not influence the tensile properties of PECA/starch (60/40).

In generalPECA/starch (60/40) demonstrates typical tensile prigséor brittle polymers.

The corporation of starch enables the polymer to have excellent tensile properties. Tensile strain
gradually reduced with the increasing temper
remained constant until the temperatteached 180C.

3.1.2 PECA/starch (98/2)

Conventional heating at different temperatures was also conducted on PECA/starch (98/2)
system. 98/2 samples were heated at temperatures between 80 &@dar9Dhour respectively.
Tensile properties of amade ad ovenheated 98/2 samples were measuBainples underwent
a catastrophic failure when heating temperature was ovetCL90T he tensile results are shown
in Figure 33 (a) to (c).

As the results show, tensile strain and tensile strength of 98/2 started to decreaS€ at 120
while Youngds modulus renf@i aé¢ed wbhoroétdetmpentatil
modulus decreases dramatically. Concentrations of 0.05 nM and 0.4 nMsAgR&mically
synthetized) were added to PECA/starch during polymer fabrication. The weight fraction of
AgNPs in the samples are 0.00004 wt% and 0.0003 wt% respectively. Tensile properties of as

made and oveheated AgNPs samples were consistent with tAgsiree samples.
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(c)

Youngos

heating (1 hour) at 8%C, 100°C, 120°C, 150°C, 160°C, 170°C 180°C, 185°C and 19CC.

mo d
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3.1.3 PECA (by DMF)

The third polymeric system was made by polymerizing PECA with the initiation of DMF.
Rectangular films were fabricated using molds to measure the tensile properties. Since DMF is
nontvolatile, it is likely hat some fraction of DMRemained in the samples. Therefore, PECA
films were treated with different post treatments. These post treatments include drying samples in
ambient oven at 78C for 18 hours, vacuuravening samples at AC for 48 hoursand washing
the samples in DI wateTensile properties of PECA samples with different post treatments were
measured to study the influence of DMF on tensile properties of resulting PECA. As Fggure 3
(@) shows, PECA behaved ductile whereasuring theensile properties withouany post
treatment. Figure-& (b) and (c) show that tensile strength of PECA was increased and tensile
strain was decreased after post treatments. In other word, PECA behaved more brittle after DMF
was reduced by the drying prese It was found that DMF slowly evaporated with the drying
process and led to change in tensile properties of resulting PECA.

To quantify the residual DMF in the samples, FTIR analysis was conducted on samples
with different post treatments. Figure53(@ demonstrate the normalized absorbance spectra of
PECA from 4000 cm to 500 cm'. 1670 crml was reported to demonstrate C=Qide stretch,

which exists in DMF while not in PECA.
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As Figure 35 (b) showgJacob and Araf 2000RECA polymerized with the initiation of

water did not have absorbance at 1670'cifhe absorbance at 1670 ¢rof vacuumovened
PECA was much lower than that of fresh PECA, indicating the amount of DMF in PECA sample
was lowered, but not completely rensolv PECA with more post treatments was analyzed by FTIR
and the absorbance at 1670%nas listed in Table-3. The results showed that the current drying
process can greatly lower the amount of residual DMF. However, DMF could not be completely

removedwhich would lead to ioonsistency of tensile properties.
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Figure 35. FTIR spectra of PECA samples with different post treatments (treatments are

annotated in the graph). (a) full spectra (b) zoomed 1620 cn'.
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Table 31. Absorbance at 1670 chof PECA with different post treatments from FTIR analysis

1 No treatments 0.6081
2 Room temperature vacuub® hr 0.3468
3 70°C oven 18 hr 0.3437
4 70°C vacuum 24 hr 0.2853
5 wash 0.5 hr RT vacuum 18 hr 0.2612
6 70°C vacuum 48 hr 0.1711
7 1-monthold sample (no heat) 0.143
8 waterbased 0.0224

3.1.4 Analytical characterization of PECA/starch blends

From the stresstrain curves of amade and conventionallyeated PECA, the tensile
strain was as low as 0.03, indicating PECA is a brittle polymer. Since ECA is sensitive to moisture,
slight difference of the surroundings could cause variation from batedtch. The addition of the
current concentrations of AgNPs in both systems did not affect the tensile properties. For both
systems, the tensile strengths were reduced catastrophically when the heating temperature reached
180°C.

Polymers undergo a cataophic failure in mechanical properties they reached their critical
molecular weight (M. Mc could be calculated as the following equatidfopl 1993).

0 ot 0 0
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Where C represents characteristics ratio and M the molecular weight of monomers.

Characteristics ratio of PECA was report&tenarczyk, 2001= 9.15. And the molecular weight
of ECA is 125 g/mol. Therefore, the calculatedd¥IPECA is 34300 g/mol.

Gel permeation chromatography (GPC) was conduotedaracterize the thermal stability
of PECA initiated by OHdissociated from water. The heating temperature at which PECA reached
its critical molecular weight could be estimated from GPC results. The molecular weights of
PECA/starch (98/2) in tetrahgafuran with different conventional heat treatments were
determined by GPC calibrated with polystyrene standards. Nuaveeage (M), weightaverage
molecular weight (M) and polydispersity index (PDI) were calculated from GPC results to
examine how moladar weight and its distribution changes with different heat treatments. Figure
3-6 (a) demonstrates the change of the GPC curve of PECA samples with increasing heating
temperature. It is clear that-fabricated PECA had two distinct peaks in GPC cumnaicating a
wide distribution of polymer chains. With increasing heating temperature, the peak signifying long
chains (short elution times) shifted to the right. This indicates longer chains degrade prior to shorter
chains during thermal degradation of PEEigure 36 (b) shows molecular weights and PDI as
a function of heating temperature. Molecular weights and PDI decreased with increasing heating
temperature. The critical molecular weight was reached when samples were heated between 200
to 215°C for 1hour.

Heating temperature at which PECA reachednds close to but slightly higher than that
measured from tensile properties. Several reasons could cause the differences. According to weak
link effect, mechanical failure of polymers happens at the wepkas in the samples. Produced
PECA had a wide distribution of molecular weights, causing different degrees of degradation

under the same heating condition. It is likely that chains started with shorter lengths reached a
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critical point at lower temperate. Defect were created on the sample, leading to a weaker tensile

strength.
Thermal degradation of PECA/starch (60/40) and (98/2) were invested by TGA (shown as
Figure 37 (a) and (b)). The analysis was conducted in nitrogen gas with a heating raté was 1

°C/min from 20 °C to 400 °C.
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Figure 36. (a) GPC curves of PECA/starch (98/2) heated with conventional oven ranging from
100 to 215°C, heating time was 1 hour. (b) NumizareragedMn), weightaveraged molecular

weight (Mw) and polydispersity index (PDI) of each sample.
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Figure 37. TGA thermodiagrams of (a) PECA/starch (60/40) and (b) PECA/starch (98/2) as

fabricated in nitrogen gasganning rate = 10 °C/min.

TGA curve of PECA/starch (60/40) (Figure73(a)) shows the twetep degradation of
60/40. PECA started losing mass at around°Cs@8nd was completely degraded at around°@60
Degradation of starch began when temperature eghalound 280C. The process of the two
step degradation was mainly determined by the weight fractions of PECA and starch. On the other

hand, due to the low amount of starch in PECA/starch (98/2), degradation of this sample can be
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regarded as orgtep. Tkermal degradation of PECA/starch (60/40) and (98/2) have similar trend.

Both polymer systems started to lose mass at aroun8CL58s the 1st derivative curves show,
the most dramatic degradation happened at 250 t8@ Awhich can be regarded as degtemha
temperature of PECA/starch. From the tensile results, PECA start to demonstrate weaker tensile
properties at 156C, at which samples start to lose mass in TGA. Samples undergo a catastrophic
mechanical failure at a lower temperature than degrad&toperature measured from TGA.

Glass transition temperature of PECA/starch (60/40) was measured using DMA. Sample
was tested under tension film mold heating fron?QQ@o 250°C with a heating rate of &/min
at 1 Hz frequency. As Figure@shows, the gak ofTan { ) appeared at 15% which indicates

the glass transition temperature.
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Figure 38. DMA data of adabricated PECA/starch (60/40), heating rate = 5 °C/min.
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3.2 Degradation behavior via photothermalheating

3.2.1 Laser(e= 445 nm) treatment

PECA/starch/AgNPs (98/2) samples were made with two differing Ag concentrations by
centrifuging AgNPs in water (spectrum shown in Figur@ @)). The molarities of AgNPs
calculated using Bedt a mb er t 6 s 05 aM axdvOedrn® reSpectively,ra the weight
fraction(wt%) of AgNPs in the samples are 0.00004 wt% and 0.0003 wt%. The prextamgtion
peakof AgNPs solution occurs at 419 nm witfu#l width at half maximumEWHM) of 120 nm.
As Figure 39 (b) shows, thextinction peaks of samples are both at 439 nm with a FWHM of
about 140 nm. The shift in position and increase in width are mainly due to the change in the
dielectric constant of the surroundings from water to PEBécording to Mie Theory, the
localizedsurface plasmon resonance of AgNPs with a diameter of 50 nm is expected to shift by

30 nm when changing the substance from water to PECA (Paramelle 2014).
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Figure 39. (a)Extinction spectrum of AgNPs water. (b)Extinction spectrum of

PECA/starch/AgNPs, with 0.05 nM and 0.4 nM AgNPs
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Samples with 0.05 nM and 0.4 nM AgNPs were photothermally heated 4dthnm laser

with intensitiesfrom 300 mW/crito 1 W/cnt for 1 hour. Tensile properties of photetmally

heated samples were measured and further compared with those of conventionally heated samples.
Different from conventional heating, photothermal heating leads to heterogeneous degradation.
When samples are being photothermally heated, embedded sAghi® reach very high
temperatures and further degrade the nearby polymer. As PECA, near AgNPs is degraded, defects
are created, leading to weaker tensile properties. The heat will continue to transfer to region farther
from AgNPs and continue degraded PEEigure 310 shows the tensile properties of samples as

a function of laser intensity.

The results show that photothermal heating of embedded AgNPs degraded
PECA/starch/AgNPs samples when samples were irradiated by 445 nm laser. Tensile strengths of
photothermaheated samples remained constant until the laser intensity was high enougeto ca
degradation of PECATensile properties of 0.4 nM samples were weaker than those of 0.05 nM
samples when heated with the same intensity of 445 nm [Bker.is because with higher
concentration of AgNPs, more heat was generated with applied 44&sem degrading more
volume of PECA. As PECA was degraded heterogeneously, defects were formed and lead to

weaker tensile strength.
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heating PECA/starch (98/2) with 0.05 nM and 0.4 nM AgNPs, photothermal heating time is 1 hr.
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3.2.2 Blue LED box

A blue LED degradation system (Figurel B) was built as a physics senior degigoject.
The box was installed with a webcam, a temperature sensor and bluelLEE9@ to 450 nm)
with an intensity from 0.1 to 0.3 W/&rEach batch holds 5 samples to be uniformly irradiated in
the box. The highest temperature during operation ibdtevas measured at 40.

The effect of this light treatment was evaluated using PECA/starch/AgNPs (60/40/0.04
wt%). A significant color change (visual inspection) after the treatment was observed. The
photothermal effect was further examined by expotieg8/2 samples in the box and measuring
the tensile properties. PECA/starch (98/2) with 0.4 nM AgNPs was treated in the light box for 1 to

3 days and their tensile properties were measured and plotted in Fig2ire 3

A - N
Figure 311. Blue LED light boxleft) and the sample chamber inside the box (right)

The results show tensile properties monotonically decreased for the strain and strength
with increasing treatment time when treated under a weak and broad light source. However, there
was nosignfient change in Youngdés modulus after 24

AgNPs samples can be degraded with a weak light source given a long enough treatment time.
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PECA/starch/AgNPs (98/2/0.4 nM) treated in blue LED box for 0, 24, 48 and 72 hours.
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3.3 Conclusion

PECA/starch (60/40) and (98/2) exhibited a similar trend of decreasecktprgierties
after conventional heating though-msde PECA/starch (60/40) had greater tensile strength and
Youngds modulus due to the higher starch cont
more sensitive to heating temperature. Modulus readladonstant until close to critical molecular
weight. Both systems had dramatic loss of tensile properties after heating°@fb83. hour, at
which molecular weight of PECA reached critical molecular weight (as correlated to GPC.results)
TGA results Bow that starch did not degrade until 28D, much higher than degradation
temperatureof PECA This implies the change of tensile propertidssamples conventionally
heated below 288C is mainly due taveaker strength caused thermal degradation of PECA.

Tensile properties of conventionalheated and photothermalheated 98/2 samples also
shared a similar overall trend, that is, tens
modulus remained constant until teeatment condition (temperature or intensity). Tensile
properties of samples with 0.4 nM AgNPs heated with 1 WAum 1 hour were similar in
magnitude to those of samples heated at°’C8for 1 hour.

Different from conventional heating, photothermal tivep leads to heterogeneous
degradation of PECA. It is likely that PECA around AgNPs was thermal degrading at a local high
temperature caused by photothermal heating of AgNPs close to the particle; while PECA away
from AgNPs was much cooler. The localizB&CA (near the AgNP) was highly degraded,
creating defects in the bulk PECA film, leading to deterexttgnsile properties of treated samples.

The degree of degradation was influenced by laser intensity, AQNPs concentration and treatment

time.
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To bettequantify heterogenous degradatioy photothermal heating by comparing tensile

properties of conventional heated aplotothermal heated samples, fluorescence dyes were
incorporated to conduct narontact insitu temperature measuremer@arrespondinganalysis

will be stated in the followinghapter.
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Chapter 4. Investigation of polymer degradation by localized temperature

A thermometry method was adaptedstudy the heterogenopslymer degradation due to
the photothermal heaif embeddednetallic nanoparticles:luorescence dyesere embedded in
the polymerto measurehe insitu sample temperature durimgnventional anghotothermal
heating.This method was based on ttleange of fluorescence emissicaused by temperature
change.

In this experiment, Lumogen orange F 240 (short as lumogasitilized as an internal
thermometer to tracthe sample temperature during heating by photothermal heat of embedded
AgNPs. Lumogen, a derivative oénylene, demonstrates temperatdependenthanges in its
emission spectrunDilute concentration of lumogen was dissolved into acetone and introduced
into PECA:starch:AgNPs system during fabrication with mass fraction of 0.0005 T¥i&o.
absorption spectrum is shown in Figuré.4The c&ulated nolarity of lumogen in PECA/starch
(98/2) is about = M It should be noted that average sample temperature was measured by
lumogen emission sincairhogenwas evenly dispersed throughout the polymer samplee
detailed setup of measuring system was desdrity Chapter 2.

Figure4-2 showsthe absorption anémission spectrusmof lumogerat room temperature
Theratio of the trough formed by overlamffluorescence peakothe pealof fluorescencéshort

as ratio 1)was measured during heatitigrepresensample average temperature
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4.1 Excited by 445 nm probe laser

To investigate how the ratio 1 changes as a function of temperatie@#/starch (98/2)
system, the emission spextf lumogen were collected as the samples were being heated at
different known temperatures with a hgéate. The sample was clamped onto a copper block to

ensure even heating throughout the sample. Each sample was heated on the hot plate for 15 minutes
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before emission measuremémimake suréhe sample wastabilizedat the designated temperature.

Figure4-3(a) shows the emission spectra of samples heated at different temperatures. The overall

emission signalas found todecrease with increasing sample temperatlihe ratios were

collected from the measured spaand plotted as a function tfie sampé temperature, which

were measured by embedded thermocoupiasthis system, the ratio of the emission intensity at

t he

Atrougho

at 558

nmm showed & rhoadtonio dhange lasea fuingiiana k 0

of temperature when excited by 445 nm prddeer. By comparing thenormalized emission

specta, monotonic increase was found to be originated from the homogeneous broadening of the

peaks as the temperature increa8d.line (asFigure4-3(b) shows) was grapheddemonstrate

the correlation ofratio 1 and average sample temperature andutimer calclate sample

temperature during photothermal heatiflge ratio 1 was found to linearly eetate with average

sample temperature.
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The sampleswith 0.4 nM AgNPswere photothermally heated with 44%m laser at

intensities of 0.3 W/c#y 0.45 W/cm, 0.6 W/cnt and 1 W/cm. The heating laser was modulated
by data pulse genator to createa small windowfor recordng lumogen spectruswhile the
heating lasewasbriefly off and to turnt backto continuephotothermaheating.The ratio of on
and off time of the heating laser was 85:Whder eachaserintensity, the sample was irradiated
for 15 minutes before measuririge lumogen spectrum. The emission speainder all the
conditiors were showrin Figure 4-4. Ratio 1of samples beinghotothermal heating at different
laser intensities wereneasured an@veragesample temperatures weoalculatedusing the

reference linen Figure 43(b). Thelist of calculated samplkemperatureis shown asTable4-1.

Table4-1. Calculated sample temperatures of samples being photothermal bed48 nm

laser with intensities range from 0.3 to 1 Wfcexcited by 445 nm probe laser

0. 3 0.618 48
0.45 0. 698 80
0. 6 0. 838 140
1.0 0.944 138
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in situ Lumogen measurement while photothermal heating
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Figure4-4. Lumogen emission spectrum of sampiath 0.4 nM AgNPseing photothermal

heated at 0, 0.3, 0.45, 0.6 and 1 Wicm

As Table 41 shows, thén-situaverage sample temperature of samp&ng photothermal
heated increased with increasing laser intensity. As Figuwtesdows, the overall lumogen
emissionsignalsdecreased with increasing laser intensity. Howeveenwcomparing lumogen
spectrun of sample being conventional and photothermal heatinggrtiission spectéf which
represent the relaxatiatatusof lumogen, did not necessarily coincide when they were at the same

average sample temperature. It indicates the difference of heterogeamedunomogeneous

heating.

4.2 Excited by 532 nm probe laser
It was found that degraded PECA had a broad emission centered at 4@tennmexcited
by 445 nm lasemwhichmay contaminatéhe emission signal when conventichalating samples
over 150°C. Theexcitation scame asur ed by PTI| Qu a mtFiguwkads)t er E 4

shows thathe intensity of excitatioat 445 nnof degraded PECA and lumogen were similaew
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the emission was at 575 nm, indicating the influence of emission of degraded PECAit@as q

unneglectable
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Figure4-5. Excitation scan of PECA:starch:lumogen and PECA:starch with different heat

treatments (emission at 570 nm, extoita scan from 300 nm to 560 M

At 532 nm,excitationby lumogemmoleculess muchgreaterthan degraded PECAvhich
could minimiz the influence of degraded PECA during lumogen measurei@eme the probe
laser was in the emission range of lumogen, the emission spectrum could only be seen partially.
Luckily, the trough and peatould still be measureaind not affected bthe signak of the probe
laser PECA begins to degrade at 150 °C and degradation can be rapid at 185 °C. When excited
at 532 nm, the selected lumogen ratio showed no changes with polymer degradation; indicating
that the temperature measurement thus obtained was robust to underlying degradation of the
polymer. Figure 4% (a) shows lumogen emission before and after a sample was conventionally
heated to 185 °C for one hour, duringigfhthe specimen experiences¥20nass loss and a
complete loss of mechanical stability, indicating significant degradation of the PECA into volatile
ECA (Figure 46 (b)). The spectra before and affSECA degradation hdan identical shape and

the resultantatios at room temperatuneatched within error. Duringheating, the ratio remained
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constant throughout the degradation process, correctly reflecting that the samyeaturevas

maintainedat 185 °C.
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Figure 46. (a) Lumogen emission spectrum at room temperature before and after degradation,
excited by 53z2m probe lasefb) PECA:starch:lumogen sample before (left) and after (right)

heated on a hot plate

Therefore532nm probe laser was adaptedital out thecorrelation of ratio 1 and sample
temperaturen hot plate The emission speetat different heat treatments are as Figui&(4)

shows. It has been found that overall emission spectra decreased with increasing sample
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temperatureThe ratiol as a funabn of temperature is plotted Figure 47 (b). It shows that ratio

1 wasalso linearly correlated with sample temperature when excited by 532atra laser
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Figure 47. (a) Emission spectrums of lumogen when heating at different temperature, probe by

532 nm lase(b) Ratio 1 as afunctionof sample temperature

Gated emission measurements were conducted usingrb3#tobe laser whilsamples
with 0.05nM and 0.4 nMAgNPswerebeingheated by 44Bm laselintensities range from 0.3 to
1 W/cn?. The ratios and calculated sample temperature is shown in Z-@bor samples with
either AJNPs concentration, average sample temperature increased with the increasing laser
intensity. Under the heating laser with the same intensity, average temperature of samples with 0.4

nM AgNPs was higher than that of samples with 0.05 nM AgNPs.
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Table4-2. Calculated sample temperatures of samples being photothermal bga48 nm

laser with intensities range from 0.3 to 1 W#cexcited by 532 nm probe laser

0. 3 25 48
0. 45 35 80
0. 6 76 140
1.0 95 185

4.3 Results and Discussions
4.3.1 Comparison of tensile properties of conventional heated and photothermal heated
PECA/starch/AgNPs

Tensile properties of photothermal heated samp@esplotted as a function of sample
temperature and compared with those of conventional heated sarRgase 48 (a)(c)
demonstratéhe comparison of tensile properties of conventional and photothermal heated samples.
AgNPs concentrations and laser intéiesiareannotated in the graphs.

For both AgNPs samples, tensile properties were gradually reduced with increasing laser
intensities. Photothermal heated samples demonstrated weaker tensile properties than those of
samples conventional heated at the saemeperature. For the heterogeneous degradation by
photothermal heating, PECA near AgNPs was at a much higher temperature than that of away

from AgNPs.
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Samples with 0.05 nM AgNPs reached an average temperat@s€@fvhen heated by 1

W/cn? laser. Tensilestrain and tensile stress were much weaker than those of conventionally
heated at the same temperature. However, You
matched with those of conventiorfaated at the same temperature

The average sample temperatof 0.4 nM sample heated by 1 W/€taser was 188C. It
behaved like samples conventionally heaethe same temperatuiee 1 hour.It may indicate
heterogeneous degradation gradually became homogeneous degradation when with adequate
embedded AgNPs draser intensity.
4.3.2Influencing factors

In general, when polymer is thermally degraded by photothermal heating of embedded
metallic nanoparticles, there are several factors that can influence the degree of degradation such
as intensity of heating laseand concentration of AQNPs. The degradation of PECA can be revealed
by in-situ average sample temperature.

Lumogen emission demonstrates an average sample temperature during photothermal
heating. Sample temperatures of 0.05 nM and 0.4 nM AgNPs samples different laser
intensities are showin Figure4-9. It shows that average sample temperature of 0.05 nM samples
was lower than that of 0.4 nM samples when heating with same laser intensity. However, the
temperature increase was abolt éather than X, which is not consistent with the AgNPs
molarity. It indicates AgNPs were not evenly dispersed in the samples as single particles as

expected. Itis likely that 0.4 nM sample had moreclugters oaggregation than 0.05 nM sample.
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4.4 Conclusion

In conclusion, the lumogen measurementsystem enablesa norcontacted in-situ
temperature monitoringith high resolution when samples being photottedieatedThe ratios
as well as the shape of emission spectavide information of average temperature and
heterogeneity of samptemperature

At a given average temperature, there is greater decrease in tensile properties when heating
photothermally lieterogeneously) than under conventional (uniform) heating. This is because the
temperature represents an average sample temperature during heat treaDuants
photothermal heating, intense localized heat was generated by photothermal heating of AgNPs.
The regions near AgNPs were much warmer than the average sample temperature. Therefore,
defects were created by photothermal heating under this condition. The heat could further transfer

to region farther from AgNPs to continue degrade PECA. The locatemegerature can be
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calculated by knowing the distant between particles estimate the spacing between AgNPs,

transmission electron microscopy was adapted to analyze the dispersion of AQNPs in samples.
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Chapter 5. Investigation of polymer degradationby imaging

Eledron imaging was adapted to observe and analyze polymer degradation qualitatively
and quantitativelyThe imagingechniqueghat were used in this study include scanning electron
microscopy, fluorescence microscopy and transmission electicnoscopy. These approaches
revealed the detailedorphologyof PECA degradation under different heat treatments.

5.1 Scanning electron microscop

Scanning electron microscop8EM) was used to characterize PECA/starch before and
after heat treatmentH. provided evidences for a better understanding of degradation mechanism
of PECA/starch with conventional and photothermal heating.

As Figure 51 shows, afabricated PECA/starch (60/40ptained a flat surface amstarch
was barely seen under the surfadéhe crosssection of the sample shows excellent binding

between PECA and stardo obvious voids or texture can be seen from this sample.

)
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Figure 51. Suface (left) and crossection (right) of adabricatedPECA/starch (60/40)



R
4] o '
b ™ .
L ]
.4
-
7y 5
- = . .
(el
e bt
” oo B,
S0 @ P

A

,,,,,,,

4 € et S o 2 <
MAR 8 2 510 2
I e — e . SR %
| n 392 CF ION62

92 um

Figure 53. Suface (left) and crossection (right) oPECA/starch/AgNPs60/400.4 wt%)

irradiated unde#45 nm laser with an intensity 600 mwW/cn3 for 1 haur.



77
As Figure 52 shows,after thesamples were conventional heated, starch became more

obvious toobserveas PECA was thermally degradethe evaporation of ECA monomers left
voids throughout the sampléss the heating temperature reached 990the PEEA was sevellg
degradednd almost no trace of PECA could be observed in the SEM image.

When the samples were photothermal heatgd 445 nm laser at an intensity of 600
mW/cn¥, theobservedsurface feature was similar to that of samples heated £C1d 1 hour.
Starch seemed to Istightly more obvious than samples heated at@7@or 1 hour. It could be
concluded that average sample temperature of 60/40 with 0.4 wt% AgNPs was at €&t 170
when treated with 445 nm laser with an intensity of 60®/cn?. The crosssection image of
photothermaheated samples show dispersed voids originated from evaporation of ECA,
indicating heterogenous degradation of PECA.

5.2 Fluorescence microscopy

Fluorescence microscopy was used to demonsthateheterogenes degradation by
displaying the dispersion of degraded PE@Aas been found that degraded PECA has a broad
emission centered at 490 nm when excited with light at 350 to 400 nm, whitkegoaxded PECA
does not. The emission of dedeal PECA is shown iRigure 54. As Figure 54 shows, in general,
the intensity of emission at 490 nm from degraded PECA increased with increasing heating time.
Therefore, the emission at 490 nm could indicate the degree of PECA degradation. fHgure 5
demonstrate the excitah and emission of the filter used. The addition of this filter in the
fluorescence microscope allowed emission only from 450 nm to 500 nm, enabling only degraded
PECA to be displayed.

Figure 56 demonstrates aide-by side comparisonf degraded a nedegraded PECA

under fluorescence microscope with the addition DAPI filitee sample that was conventionally
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heated at 18%C for 1 hour was greatly degraded as proved by TEM and tensile tests. The left side

of the images displayed tleenitting light rangdrom 450 nm to 500 nm, indicating the observed
PECA sample was highly degraded. In contrast, the right side showsnzedasPECA/starch

sample. No sign of degradation can be observed.

] PECA/starch/AgNPs
2.0x10° T T T T T T T
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Figure5-4. Emission of PECA/starch when ated at conventional 18C oven for 0 to 60 min,

450

excited by 445 nm probe laser
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Figure 55. DAPI filter used on fluorescence microscope

Figure 56. PECA/starch oveheated at 183C for 1 hour (left) and asnadePECA/starch

(right).



Figure 57. Samplewith 0.05 nM AgNPs treated with 445 nm laser at 0.6 W/wmn1 hour

Figure 58. Samplewith 0.05 nM AgNPs treated with 445 nm laser at 0.6 \W/@n1 hout

80
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Figure 59. Samplewith 0.4 nM AgNPs treated Wi 445 nm laser at 0.6 W/&for 1 hout

The fluorescence microscope was then used to observe samples that were photothermal
heated under different conditions. Figur& &ndFigure5-8 show samples with 0.05 nM AgNPs
photothermal heated under 445 taser with intensity of 0.6 W/cfrand 1 W/crd for 1 hour
respectively. Larger bright spots can be found in images of samples treated at a higher laser
intensity, which indicates larger volume of PECA were degraded when heated under higher laser
intensity.

Figure 59 demonstrates the sample with 0.4 nM AgNPs treated under 445 nm laser with
intensity of 0.6 W/crafor 1 hour. Comparing it with Figure B it can be easily found that samples
with higher Ag concentration were heated at a higher temperaturbew@gradation of PECA
was more severe under the same laser intensity. The result was consistent with temperature

measurement from lumogen emission spectra.
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Figure 510. Samplewith 0.4 nM AgNPs treated with 445 nm laser at 0.6 W/fam30 min

Figure5-10 showssamplewith 0.4 nM AgNPs treated with 445 nm laser at 0.6 W/fon
30 min. The image has fewer bright spots compared to Figérarilicating less PECA was
degraded when treatment time was shorter.
5.3 Transmission electron microscopy
The chaacteristics of AgNPs artieterogeneougegradation of PECAave been analyzed
by transmission electron microscopy (TEMjnages with high magnifications were taken to
examine the detailed characteristics of samplegenty TEM imageswith low magnifications
were taken for each type of samplestmduct statistical analysis @&@NPs and degradespots
in asfabricated and hedteatedsample he | mages wer e icl®tomethsalmples 8 ¢ m

were 0.1 em t hi c kbservddlvadume Wvas OB , ¢ Bih ¢ it At aIm & 12 ¢

em3. The expected particles or degraded PECA i

compared with the experimental number.
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As Figure 511 demonstrate§,EM image of dropcast AgNPs solution sholysAgNPs

were50-nm on aveage 2) few number of rods existed in the produced AgNPs solétgvP
formed via this method are heterogeneous with some fraction of nanorods, wkitdss/éghan

5%, based on analysis of TEM images.

o .
S Y 8 .
: i3

i A | %

Figure 511. Dropcast AgNP#abricated from chemical routes in the.lab

5.3.1 asfabricated PECA/starch/AgNPs

As-made PECA/starch/AgNPs with 0.05 nM and 0.4 nM weharacterizedoy TEM
(shownin Figure5-12 andFigure 513). Size and spacing of the particles were analyzed.

It canbe observed that the average size of AQNPs were consistent with size measured from
solution. It has been found that both dispersed AgNPs and clusters existed in samples with 0.05
nM and 0.4 nM. Particles with spacing smaller than 500 nm were regardac@ssc|20 TEM
i mages (8 em by 8 em) were randomllyshowvskren t hr
example of TEM images used to do statistical analysis. Number of particles and clusters were

counted from these images. The results are shown in Tdble 5
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Figure5-12. As-fabricated PECA/starch/AgNPs with 0.4 nM AgNPs

Figure 513. As-fabricated PECA/starch/AgNPs with 0.6 AgNPs
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s

Figure 514. Example of TEM images used tount particles and clusters in samples

Table 51. Counted number dfiPs in agabricated PECA/starch/AgNPs from TEM images

14 S 8

0.4 nM 32

0.05 nM 10 4 3 1

Assuming all particles are well dispersed in the sample, the theosgtamahg of particles
in 0.05 nM and 0.4 nM are 8 em and 1.5 em res|
expected in 20 images. As Tabld Shows, the counted number is much higher than theoretical
number assuming all particles are evenggributed in the sample. On the other hand, the counted
particles in0.4 nM samplas about 2Xto thatin 0.05 nMsamples. The result is consistent with

temperature change of the samples.
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5.3.2 Photothermal heated samples

Photothermal heatesamplesy 445 nm heating laser with intensitiesto6 W/cnt and 1
Wi/cn? were observed by TEMo characterize the heterogeneous degradation of PECA by
photothermal heating of embedded AgNPFgure 515 and Figure 516 show samples with 0.05

nM irradiated witt445 i laser with intensities &.6 W/cnf and 1 W/crifor 1 hour respectively.

s
F

Figure5-15. Samples with 0.05 nM AgNPs photothermal heated with 445 nm laser at 0.6 W/cm

for 1 hour.

Figure 516. Samples with 0.05 nM AgNPs photothermal heated with 44&semn at 0.6 W/ch

for 1 hour.
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In general, when samples were photothermal heated, Ag spheres started to transform into

muchbigger substances which were close to round shepedark contrast from these images
showmassthicknesscontrast. Since the lotzed temperature during photothermal heativasp

much lower than melting point of Ag, the dark substances were not aggregated AgNPs. It has been
learned that when PECA is thermally degraded, part of ECA can quickly repolymerized into short
chain oligomers Therefore, hesedark substances werdegradedPECA that densely packed
aroundAgNPs When Ag samples were irradiated by 445 nm laser, photothermal heating of
AgNPs degraded PECA around the themselves and transport further to degrade PECA far from
the paticles. As these images showhen there was 0.05 nM AgNPs embedded in the samples,
the degraded PECA had greater size when increasing the laser inteAgi®s could not be
observed in samples treated with 1 Widmcause PECA around all the AgNPs evdegraded

under laser intensity of 1 W/@When the intensity was 0.6 W/énthere were several particles

not surrounded by degraded PEQ# s likely that photothermal heating of some AgNPs did not
cause the nearby PEGQAreach the degradation tempteira.

Figure 517 and Figure 518 show samples with 0.4 nM irradiated with 445 nm laser with
intensities of 0.6 W/chand 1 W/cm for 1 hour respectivelySamples treated at a higher laser
intensity had bigger degraded PECA for sample with 0.4 nM AgiNRieh was similar in trend
with sample with 0.05 nM AgNPsAdditionally, it can be easily observed that the degraded PECA
of samples with 0.4 nM AgNPs were much greater in size compared to the samples with 0.05 nM
AgNPs treated under the same conditidhis is possibly because there were more clusters in 0.4
nM samples than 0.05 nM samples. The clusters could lead to a much bigger degraded PECA.

Additionally, from emission measurement of embedded lumogen, it has been found that the
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average temperature @4 nM sample when photothermal heating was much higher than samples

with 0.05 nM when treated at the same condition.

Figure 517. Samples with 0.4 nM AgNPs photothermal heated with 445 nm laser at 0.6 W/cm

for 1 hour.

Figure 518. Samples with 0.AM AgNPs photothermal heated with 445 nm laser at 1 \Afom

1 hour.
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To further analyze how Ag concentration and light intensity could influence the

heterogeneous degradation of PECA, sizes of degraded PECA have been measured and number of
degraded PECAave been counted to compared with that €bbsicated samples. The numbers

and size were analyzed using 20 TEM images which were randomly taken throughout the
microtomed samples. The number of degraded PECA in photothermal heated samples were
counted ad shown in Table. As Table 8 shows, when laser intensity was lower, several NPs

did not degrade the nearby PECA. More neacted NPs appeared in samples with 0.05 nM
AgNPs than in sample with 0.4 nM AgNPs. When compared to the theoretical nuratewy¢ne

more particles in real case. However, the total number ofemcted NPs and degraded PECA

was consistent with the number counted frorflelsicated PECA/starch/AgNPEable 53 shows

the measurement results of diameter of degraded PECA. It shatitke size of degraded PECA

near AgNPs increased with increasing laser intensity.

Table5-2. Counted numbers of degradeBCAIin photothermal heated samples from TEM

images
0.05 0.6 10 8 1
0.4 0.6 3 10 1
0.05 1 15 15 8

0.4 1 0 25 8
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Table 53. Average diameter of degraded area with differeriiRgmolarities and laser

intensities

0.05 0.6 180+20
0.4 0.6 200+
0.05 1 215+45
0.4 1 450456

1200L = 0.4nMAgNPsinPECA, 1hr |

1000

800 | .
600 | .

400 | . -

Void diameter (nm)

200} * ]

O 1 1 1 1
0.6 0.8 1.0 1.2 14 1.6

Laser Intensity (W/cmz)

Figure 519. Degraded PECA volume in sample with 0.4 nM AgNPs as a function of sample

average temperature
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Figure 520. Conventional heated samples, (If§5 C for 1 hour, (right) 150 C for 1 hour.

Figure 520 demonstrags the samplesthat were conventiondleated at different
temperatures for 1 hownder TEM. The images show rough surface structures caused by
degradation and the roughness increased witieasing heat treatment temperature. By
comparing TEM images of conventiofiaéated samples and the sample with 0.04 nM AgNPs
photothermal heated at 1 W/gnit can be found that degraded PECA in photothermal heated
samples were like conventional heasaghplesThe similar rough surface could only be observed
when the Ag concentration and laser intensity were high.

5.3.3 Summary of TEM analysis

TEM has been used to characterize AQNPs and heterogenous degradation. By counting
numbers of particles and degled PECA in certain size of observed volume in TEM images, the
influence of dispersion and concentration of AgNPs and intensities of heating laser on
heterogeneous degradation of PECA were studigtilPs were found to disperse in clusters or

single partite for both two concentrationRatio of number of clusters/NPs of 0.4 nM sample/0.05
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nM is about 2:1, which was consistent with the average temperature change measured by lumogen

emission.

Photothermal heating dhgNPs heatd andfurtherdegradd the PECA The degradation
of PECA started from the region near the AgNRsd the region then grew bigger with higher
light intensity. The number of nemeacted NPs reduced with increasing laser intensities. The total
number of norreacted NPs and degraded PECAIted from TEM images was consistent with
that of asfabricated samples and the temperature change measured by lumogen emission.

5.4 Conclusion

The electron imaging techniquéscluding SEM, TEM and fluorescence microscopy
reveals thecharacteristics oheterogenous degradatiai PECA by photothermal heatingf
embedded AgNPgqualitatively and quantitatively. They showed the process of degradation and
the factors that influenced the degradation, which includes AgNPs concentration, AgNPs
dispersion and gjht intensity.

The SEM images demonstrates the detailed morphology of PECA/starch (60/40). It showed
good binding between PECA and starch Hiicsicated samples. The trace of evaporation of ECA
monomers when samples were heated was found in the imagéso provides evidence about
the degree of thermal degradation and whether the sample was conventional or photothermal
heated.

Fluorescence microscopy demonstrate the heterogeneous degradation of photothermal
heated PECA/starch/AgNPs (98/2) with 0.4 nMl&@.05 nM dispersed AgNPs. Different sizes
and numbers of bright spots have been found in microscope images of samples treated under
different conditions. It has been found that PECA degradation can be affected by concentration of

AgNPs and the intensiyf applied light.
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TEM images reveals that AQNPs were dispersed as single particle or in clusters using the

current fabrication technique. Clusters and dispersed particles were found in samples with both
0.05 nM and 0.4 nM AgNPgfter samples were phototheal heated, PECA around the AgNPs

was heated and degraded. The size of degraded PECA was influenced by concentration of AGQNPs
and intensity of applied light. By taking 20 TEM images with low magnification, statistics were
collected from the details of thmages to conduct quantitative analysis. Numbers of dispersed
particles and clusters were calculated. It has been found that the total number of clusters and
dispersed particles in samples with 0.4 nM AgNPs was ahautimesof that in samples with
0.05nM AgNPs.Instead of 8 times difference as expected from spectromié&yesult showed
thatthe effective AgNPs waabout double in 0.4 nM sample than in 0.05 nM samplbiEh was
consistent with the temperature change measured from lumogen emissitra. $pindicated

AgNPs in general had a better dispersion in samples with 0.05 nM than in 0.4 nM. More

aggregation and cluster of AQNPs were formed in samples with higher concentration of AgQNPs.
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Chapter 6. Conclusion and future work

6.1 Conclusion

The goal of thisstudy was to developolymer heterogeneous degradation utilizing
photothermal heating of embedded metallic nanopartiale$ to perform a comprehensive
investigation about the factors that influence the heterogeneous degradation.

In this work, application of light ta?ECA/starch/AgNPsdrives thermal degradation via a
primarily depolymerization pathwayThis methodprovides an alteating strategy to degrade
polymer for the current waste managemdPECA degradation was determined by teasil
properties oPECA/starchafter heat treatment$he tensile properties of the model polymer were
mapped by conducting tensile tests on PECA/starch samples that were convertieataity at
differing temperatures. Then the tensile properties of phototidneated samples were compared
with that of samples heated by conventional oven. THs#tunsample temperatures under different
conditions were investigated by tambeddedumogenin the polymerFluorescence dyes such as
lumogen are excellent tool tmnduct norcontact temperature probing. By thesitu temperature
monitoringby lumogen emission measuremehe effect of thermalegradation can be predicted.
Electron imaging techniques such as TEM and fluorescence microscopy were adapted to observe
and analyze the heterogeneous degradation.

In this study, it has been found that

1) Photothermal heating creates a steady state, heterogeneous temperature distribution

within polymer nanocomposites under continuous wave he&hajothermal heating
shows h&erogeneous degradation behavior.

2) Photothermal heating results in polymer degradation at lower average sample

temperature than conventional heating due to increased local temperature near NPs.
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Heterogeneous heating by photothermal heating carahddegradegolymer around

AgNPs while the part away from AgNPs is much cooler. Samples that degraded by
photothermal heating of AQNPs demonstrateducedtensile properties than those
heated by conventional oven when sample average temperatures were the same

3) Size of the degraded region increases with AgNPs concentration and applied laser

intensity.
6.2 Future work

The future goal of this study is to apply this method on other polymeric system and utilizing
other metallic nanoparticles and to use more tegles to optimize the quantification of
heterogeneous degradation.

One of the future goal is to apply this method on other polymeric system, such-as low
density polyethylene (LDPE). LDPE is a common type of plastic with a great consumption. It is
commonlymade into plastic packaging. Waste management of LDPE is difficult because LDPE
is usually lightweight which is not likely to be landfilled. It has been reported that LDPE waste in
ocean is severe and causing great environmental problem. By making LBfrEmbedded
particles, it may allow waste LDPE degrades under sunlight. Preliminary studies in our group show
that AgNPs can be embedded in LDPE and can accelerate the degradation of LDPE with the help
of cobalt additive. Lumogen has been successfully dodxkin LDPE and demonstrate linear
dependence on temperature.

Another goal is to replace AgNPs into other metallic nanoparticles such as aluminum
nanoparticles (AINPs)Aluminum-based nanoparticles have been studied and used in various
applications dueottheir physical and chemical properties including high thermal conductivity and

excellent corrosion resistanffdahdiehand Fattahi2015) Additionally, AINPs are low cost.
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The current method to quantify degradation of polymers is to measure tensildigsagfe

treated samples. Mapping tensile properties is a simple tool to quantify degradation. However, it
fails to demonstrate the dispersion of mechanical properties throughout the samples that have been
heterogeneously degraded.

One of the possible impvement can be achieved is to measure the dispersity of molecular
weight of treated samples. The current model polymer PECA was fabricated within lab at room
temperature. The process was beneficial to introduce AgNPs and lumogen into the system. The
advanages of using PECA also includes that PECA degraded at a lower temperature. However,
the resulting aabricated homemade polymer had a wide distribution of molecular weight. When
choosing a model polymeric system, the dispersity of molecular weightsidieamall to begin
with for better study the resulting dispersity of molecular weights after treatments.

The current method can also be optimized by improving dispersion of AgNPs. Currently,
dispersion of AgNPs is a combination status of monodispersedustdrs of particles. Dispersion
of AgNPs can affect the efficiency of heterogenous degradation. For monodispersed particle, heat
generated from the particle can degrade the polymer around it and increase the global temperature.
If particles are well digersed, the volume of degraded polymer and the efficiency of each particle

are likely to be maximized.
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APPENDICES



Appendix A. Tensile test raw data

Al. Tensile data of conventionallyeated PECA/starcl6Q/40.

Heat Tensile | Tensile | Young's | Standard| Standard| Standard
temperature strain strength | modulus | error of | error of | error of

(°OC) (MPa) strain strength | Modulus
20 0.024713| 34.83412] 1963.793| 0.001181] 1.500842 41.63219
120 0.020666| 31.33537| 1945.044| 0.001687| 1.305242| 34.18721
150 0.018354| 30.45409| 2075.214| 0.00161 | 2.02258 | 38.85855
170 0.017934| 32.77073| 2226.198| 0.001715 2.545863 72.22056
180 0.012761] 19.40506| 1734.43 | 0.00069 | 1.326501| 65.5543
185 0.01279 | 18.10104| 1652.473| 0.0012 | 1.08144 | 61.76822

A2. Tensile data of conventionallyeated PECA/star¢AgNPs(60/40/0.04.

Heat Tensile | Tensile | Young's | Standard| Standard| Standard
temperature strain strength | modulus | error of | error of | error of

(°C) (MPa) (MPa) strain strength | Modulus
20 0.013799 25.94477| 2181.752| 0.000751| 1.372786| 58.86699
120 0.011703| 19.02003| 1979.547| 0.000773 1.160692| 59.23048
150 0.0114 | 18.34485 1759.18 | 0.001168 1.252803 43.30183
170 0.013799| 25.94477| 2181.752| 0.000751] 1.372786| 58.86699
180 0.011703| 19.02003| 1979.547| 0.000773 1.160692| 59.23048
185 0.0114 | 18.34485 1759.18 | 0.001168 1.252803 43.30183
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A3. Tensile data ophotothermaheated PECA/star¢AgNPs(60/40/0.04.
Laser Treatment Tensile | Tensile | Young's | Standard| Standard| Standard
Intensity | Time strain strength | modulus | error of | error of | error of
(mW/cn?) | (hr) (MPa) (MPa) | strain strength | Modulus
170 0.5 0.02927 | 35.29396| 1706.254( 0.00224 | 1.57568 | 51.36918
170 1 0.02193 | 25.97472 1496.891| 0.00236 | 1.94037 | 30.04843
350 0.5 0.02648 | 32.93217| 1746.71 | 0.00165 | 1.39298 | 49.44374
350 1 0.02062 | 27.61219 1729.139 0.00115 | 0.99154 | 31.01144
350 2 0.016618 22.22808| 1659.434( 0.002106| 2.272965| 31.77718
600 1 0.012672 20.00699 1699.01 | 0.001253| 2.153955| 59.27625
A4. Tensile data ofonventionallyheated PECA/starch (98/2)

Heat Tensile | Tensile | Young's | Standard| Standard| Standard

temperature strain strength | modulus | error of | error of | error of

(oC) (MPa) (MPa) strain strength | Modulus

20 0.030413| 26.81222| 1313.489| 0.002079| 1.024145| 50.07364

70 0.02959 | 26.998 | 1380.891 9.00E04 | 1.31415 | 35.9852

100 0.03033 | 24.2981 | 1389.491] 0.002324| 1.6789 | 40.596

120 0.023474] 20.19135| 1358.377| 0.003367| 1.583004( 56.19032

150 0.015977| 16.05253| 1287.321| 0.001256| 1.616437| 93.33453

160 0.0151 | 14.38921] 1267.32 | 0.00198 | 1.314 60.4321

170 0.012235| 12.75429 1380.124| 6.58E04 | 1.035835| 62.98688

180 0.012244] 13.18839 795.2244| 0.002343| 0.927718| 37.19015

185 0.01007 | 7.131515| 660.6225| 0.001647| 0.806 58.1941

190 0.009157| 3.036238 360.6225| 0.00164 | 0.383368| 48.79877




Ab. Tensile data gbhotothermaheated PECA/star¢AgNPs(98/20.003.

Laser Tensile | Tensile | Young's | Standard | Standard | Standard
Intensity | strain strength | moudulus | error of | error of | errorof
(Mpa) strain strength | Modulus
0 0.02959 | 26.998 | 1350.891 | 0.00251 | 1.31415 | 45.9852
0.3 0.02861 | 27.8876 | 1308.094 | 0.00188 | 1.00297 | 31.72948
0.45 0.02092 | 23.36 1350.76 | 0.00141 | 1.95499 | 40.06415
0.6 0.01232 | 9.92707 | 893.3606 | 4.36E04 | 0.53463 | 34.72988
1 0.00946 | 5.58411 | 672.282 | 7.73E04 | 0.48904 | 98.38741

AG6. Tensile data gbhotothermaheated PECA/star¢AgNPs(98/20.0004).

Laser Tensile | Tensile | Young's Standard | Standard | Standard

Intensity | strain strength | moudulus | error of error of error of
(Mpa) strain strength | Modulus

0 0.02959 | 26.998 | 1380.891 | 9.00E04 | 1.31415 | 35.9852

0.45 0.02733 | 25.3321 | 1305 0.0025 1.52 59.66

0.6 0.02 21.35 1350 0.0025 2.3 89.68

1 0.01256 | 10.46 1320 0.0011 2 50.39
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Appendix B. TEM images
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Figure B1. TEM images of spersed AgNPs iasfabricated PECA/starch/AgNPs
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FigureB-2. TEM images of clustered AgNPs infabricated PECA/starch/AgNPs
















































