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ABSTRACT

STUDIES ON NEW LUMINESCENT POLYMERS FOR
LUMINESCENT SOLAR CONCENTRATOR

Kee Shin Yiing

The Luminescent Solar Concentrator ()S€ made up of golymer plate
(host matrix)that containsluminescentdye with solar cells attached to its
edges.The luminescent dye absorbs sunlight aneemats light at random
direction.Partof the emitted lights trapped within the plate and transported by

internal total reflection to themallareasolarcellsat the edges

In this study, two types of luminescent dyesommercially available
and laboratory synthesized dy@m®used. The commercially availableatyare
PolyfluoreneVinylene (PFV) and Polyfluorenr€inylene Copolymer (PFV
Copolymer) while laboratory synthesized dye is polymerizable naphthalimide
dyei 4-butylamineN-allyl-1.8-naphthalimide. Rhodamine 6G digused as a
reference luminescent matdribecause of its high luminescent quantum
efficiency. Itis also used to copolymerize with polymerizable naphthalimide
dye to form multipledye PMMA LSC.The results show that theSC with

PFV copolymer dye and the multiple dye of polymerizable naphthradirdye



to Rhodamine 6G dye ratio of12have higher emissionrradiance and longer

lifetime thanRhodamine 6G dye.

Besides, LSds constructed using 3 different polymer host ntasi-
poly(methyl methacrylatefPMMA), epoxy and unsaturated polyester (UP).
The results show that epoxy can become a good host matrix for LSC. Large
amount of micrevoids that scatter the incident light can be formed in the
epoxy LSC. So, its emission irradianisehigher than the LSC made by other
host matrices even though tharse dydas used. Moreover, epoxy LSC alsash
the highest short circuit current density and power conversion efficiency. The
photostability of epoxy LSC with micreoids scatterings also higher than

that of PMMA and unsaturated polyester LSC.

In summay, various LSG are constructetb conductexperimentghat
evaluatethe performance of different dyeand host matricesin addition,
analysis and discussiaf results are carried out wikbmerecommendations

of high performance LSQ astly, proposal of future workrealso suggested.
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CHAPTER 1

INTRODUCTION

A Lumines@nt Solar Concentrator (LSC) & transparent plate that
contains a luminescent specimen with mirrors aatér cells attached to its
edges as shown figurel.1l. Luminescent dye absorbs any incoming sunlight
and then reemits at random directisn(Lim et al. 2012) Since the refractive
index of the transparent polymer plate is much higher than that of the external
medium, a large proportion of the emitted lightrapped within the plate and
transported byhe total internafeflection to the edgesyhere it is aborbed by
smallareasolar cells (Samini et al. 2009; Teh et al. 200®)astly, the solar

cells will convert the trapped lumescent emission into electricity.

Mirrors Incident light

W .
f_

/
Luminescent
centre

Guided light

Figure 1.1 Construction of LSC

The advantage of LSC is that it can concentrate the direct and diffuse

sunlight into a small area of solar aNithout usng any tracking and cooling



systems because its large surface area allows solar heat to be dispersed across
the surface. Therefore, it can reduce the cost and improve the efficiency of the

building integrated photovoltaic system.

Several types of lumineent materials have been used.-BC, such as
laser dyes or organic dyes, semiconductor quantum(Bataham et al. 2000)
rare earth material@Verts et al. 1997)and semiconducting polymefSholin
et al. 2007) Organic dyes are commonly used in LSC because they have high
quantum efficiency, remitting about 9% of the energy fed intd.SC.
Examples of the dyes used in the early development of ksoémt solar

concentrators are Rhodamine 6G and CoumatMegedith 1983)

However, many studies have already bearried outon organic dyes
and prove that organic dye has relatively large-adifs or pt i on of
emission and short lifetime. Therefore, polymerizable sdysuch as
polymerizable naphthalimide dyes can be an alternative dye in LSC.
Polymerizable dyes contain unsaturated bonds which could be ushé in
copolymerization process with polymer. In these copolymers, the chromogenic
of dyes are included along tipwlymer chain so they have excellent fastness

properties against heat, washing, rubbing and (lgahah et al. 2010)

Besides, discovery of new luminescent matsriglnecessary to keep
the innovation development of LSCCommercial available Polyfluorene

Vinylene (PFV)and its copolymer dye are the potential new dyes that are

t



worth to be studiedbecause they have manufacturgported peak emission
wavelengths of 507nm and 522nm respectively. Their peak emission
wavelengths are in the range of high silicon solar cetereal quantum

efficiencyi 500nm-900nm (Green et al. 2012)

The compatibility of dyes in host
and lifetime. In general, the Poly(methyl methacrylate) (PMM3ark et al.
2008; Soti et al. 1996; Earp et al. 2004; Currie et al. 2008; Slooff et al. 2008;
Rowan et al. 2007and glasse¢Kinderman et al. 2007; Bomm et al. 2011,
Bomm et al. 2010; Kastelijn et al. 2009; Drake et al. 1988)the standard
host matrices for LSQn this studyPMMA as well astwo more alternative
host matrices, namelynsaturated polyester and eppayeused to be the host

of LSC.

The objectives of my research are:

1. To study the efficiency of new luminescent dyesSC,

2. To study and evaluate the performance of different commercially
available polymer host matrices for LSC,

3. To analyze and verify thehotostability of LSC with different

concentration of dyes in different host matrices.
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The layout of thighesis is presented in the following.

In chapter 2a brief review of LSC and its materiaseintroduced

In chapter 3chemicals and the mold fabrication procassdescribed
The procedures on the dye synthesis and construction of LSC sameple
preented in detail The experiment set up and instruments used for the

measurement of the LSC sangdge also presented.

In chapter 4, the results BMMA luminescent solar concentrasavith
different dysi PFV, PFV copolymer, Rh6G and synthesis polynadie dye
in different concentratianare presented and discuss€le characteristis of
the synthesized polymerizable dyes are determibgdusingattenuated total
reflectance- fourier transform infrared spectroscopy (AFRIR) and mass
spectrometry NIS). The absorptiomand emissios of all LSCs are measured.
Besides, their emission irradiascare determined toidentify which dyes

produce thenaximumemission irradiance.

In chapter 5, the studies on the LSCs containing PFV and PFV
copolymer are descrdal. The absorption coefficieatand emissios of LSCs
with different matrix are studied in that chapteMicro-voids scattering in
epoxy LSC and the effect mhicro-voids concentration to scattering intensity

aredescribed as well.



In chapter 6the perfomanceof LSC integrated with various solar cells
is evaluatedTheshort circuitcurrent densies power conversion efficiemnes
and the photalegradationrates of PMMA LSC, unsaturated polyest&rSC

and epay LSC were presented in details.

The lastchapter contains the conclusion of this thesis as well as some

recommendatiosfor future work.



CHAPTER 2

LITERATURE REVIEW

A Luminescent Solar Concentrator (LSC) basically consists of a
transparent plate that contains luminesabss with solarcells attached to its
edges. The transparent plate is usually a dlésslerman et al. 2007; Bomm
et al. 2011; Bomm et al. 2010; Kastelijn et al. 2009; Drake et al. 1882)
PMMA plate (Sark et al. 2008; Soti et al. 1996; Earp et al. 2004; Currie et al.
2008; Slooff et al. 2008; Rowan et al. 200Zuminescent dye absorbs any
incoming sunlight and then +#@mits at random directio(Lim et al. 2012) A
large proportion of the emitted light will be trapped untithe plate and
transported bytotal internalreflection to the edgesyhere it is absorbed by

smallareasolarcells(Samini et al. 2009; Teh et al. 2009)

In this chapter, the LSCand commonlyusedluminescent dyg are
reviewed The novel organic dye such as polymerizable naphtidgi dye,
PolyfluoreneVinylene (PFV) and PFV copolymer dyleathave not beensed
in LSC before arealso studied to identifyhe potential of theskiminescent
dyes for LSC. Besides, recent development of unsaturated polyester and epoxy

asthehost matrices in LSGasalsobeenreviewed in this chapter



2.1 LuminescentSolar Concentrator (LSC)

In 1973, Lerner constructed the first solar concentrator system based on
a solution of laser dye between two glass plates, but finally his ideas were
rejected (Hermann 1982) Three years later in 1976, Weber and Lambe
puldished the first paper on the topic afluminescent solar concentrator
(Weber & Lambe 1976)The paper describes a planar solar concentrator that
was constructed using a luminescent medium (rare earthddglpeses and
organic dyes) to absorb radiation and collect the ligatthe total internal
reflection The results show that the medium strongly absorbs a portion of light

from the solar spectrum and then emits it at longer wavelengths

In 1977, Zewail ad Terry Cole published a paper in the Journal of
Optics Letters describing a new type of energy cascade concentrator that was
used to reduce the cost of silicon in solar electricity system and to alleviate the
tracking problem(Meredith 1983) Basically, the flat sheet of PMMAvas
doped with several dyes. They are spectrally matched so that radiation emitted
by one kind of dye can be almost completely absorbed by another, producing a
cascade in which shewavelength solar radiation is transformed to longer,

more usable waveletigs for solar cells.

After that, this topic gained popularity very quickly withuch research
efforts being carried out to study luminescent concentrator for solar
application, until its further development was hinderegbyr performance of

luminescenmaterialsHermann 1982)
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In recent years, there has been a&veed interest in LSC due to the new
development in luminescent materials, matrix materials, new theoretical
insights and a strong drive to make solar energy cheaper by using the solar
spectrum more efficiently. Materials suchsotonic layer§Rau et al. 2005)
and liquid crystalDebije et al. 2007have also been used to reduce the losses

in the LSC and further improve the its efficiency.

Therefore, there ard main criteria that should be met by the LSC
materialsto overcome the challenges faced in LSC developniBatvan et al.

2008)

4. Absorption of all wavelengths < 95@m with high absorption
coefficients and an emission peak near wavelength of A000

5. Minimum reabsorption losses due to overlap of absorption and
emission spectra.

6. Nearunity fluorescence quantum vyield.

7. Long-term stability under the exposure of sunlight.

2.2 CommonLuminescentDyes Used in LSC

The common luminescent dyes used in LSClaser dyes or organic
dyes, semiconductor quantum dots, rare earth materials and semiconducting
polymers. Their dye properties and application wkgscribed in detalin this

section.



2.2.1 Organic Dyes

The organic dyes used in the early development ofriasuent solar
concentrators are Rhodamine 6G and Coumarin 6 because they are widely
available andhavewell characterized properti¢sieredith 1983) For example,
luminescent quantum yield of Rhodamine 6G is 98% and it is ideally suited to
be used in LSC. In recent year, a feworsn commercial available important
organic dyes were introduced to be used in LSC. They are listEabie 2.1
with their corresponding absorption, emission peak ‘Vesnghs and

luminescent yieldSark et al. 2008)

The advantages of using organic dyes are their availability in a wide
range of ctours and also their extremely high luminescef@ark et al. 2008)
Besides, organic dyes also can be easily dissolved in a wide range of organic
polymers, such as poly(methyl matmyate) (PMMA), which are thecasted

into sheet forn{Wilson 2010)



Table 2.1 Overview of the organic dyes with the corresponding absorption,

emission peak wavelengths and luminescent yields

Commercial Chemical Absorption  Emission  Luminescence

dye nane structure amax ( &max (quantum
yield (%)

Makrolex Coumarin 520 600 87

fluorescent

red G

Lumogen F Naphthalimide 377 411 >80

Blue 650

Lumogen F Naphthalimide 378 413 94

Violet 570

Lumogen F Perylene 476 490 91

Yellow 083

Lumogen F Perylene 505 528 >90

Yellow 170

Lumogen F Perylene 524 539 99

Orange 240

S13 Perylene 526 534 100

Lumogen F Perylene 578 613 98

Red 305

However, organic dyes have relatively large-sdi§orptionof the dyes
emissionbecause they have an overlap of absorption and emission spectra. The
re-absorption increases the probability that a photon is lost byrathative
decay of the dye molecul®esides, organic dye typically has an absorption
bandwidth & only 100nm (Wilson 2010). The lifetime of organic dye is also
short because the organic dye LSC degrade rapidly after exposing to

sunlight for several week®rake et al. 1982)
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Several research effortsvere carried out to maximize the LSC
performance. Sah et al. addedl®%6 of dimethylsulfoxide (DMSO) to the
PMMA host matrix because the DMSO could stabilize the excited state,
lowering its energy and cause the emission spectounate a reghift of 50
100 nm (Sah et al. 1980)Overall, it reduceshe spectral overlap and the

degree of reabsorption.

Another research team, Richard & MclIntosh constructed a muttiyge
PMMA LSC using Lumogen series of organic dyes manufactured by BASF
(Ludwigshafen, Germanay). Multiple dyes with different absorption range
were incorporated into the same sheet to increase the overall absorption.
Besides, the photons in multiple dye system vedrsorbed and fremitted by
successively longer wavelength dye, creating a cascade effect where any
absorbed photon passing through the chain of dyes and was emitted by the
longestwavelength dye where its emission was more usable by solar cell
(Richards & Mcintosh 2006)The maximum efficiency at 4.4% has been

reported for thisnultiple dye LSC.

The most recent development of organic dye is the synthesis of a new
orgarc dye, perylenewith a Hgh Stokés shift of 300 me\{Sanguineti et al.
2013) The LSC doped with the new organic dye has fluoresqaahtum
efficiency of 70% with high chemical and photochemical stability. The
quantum vyield in the LSC is very high due to the completaparated

absorption and emission peaks.
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The effort to maximize the performance of LSC is not limited only on
the improvement of organic dye properties, but also on scatterer effect in LSC.
Filatov et al. invesfjated the luminescent spectaad excitatio spectra of
Rh6G in polyvinylacetate (PVA) matrix with embedded {fdispersed
particles ofsilicon oxide §i0,) andaluminium oxide Al,O3). The presence of
scatterers, such as Si@nd AbOs, in LSCs increased the amount of incoming
light trapped in LSC and hence reduced éseape cone lossd3epending on
the sizes of the scatterers, the incoming light with different wavelsemgth
scattered to different directions and then the scattégbt propagated to the
edges of LSCs througthe total internal reflection, as described in the paper
(Filatov et al. 2003)Besides, Debijie et al. also studied the scatterer effect in
LSC. They addevhite scattering layers to the bottom side of the luminescent
solar concentratowhich was made up of polycarbonate sheet waveguide
containng 35 ppm of Lumogen red 303t was found that a rear scatterer
separated from the waveguide by an air gap reduit 37%650% increase of

energy output from the waveguid@ebije et al. 2009)

The photostability of organic dye is also a key factor that detiees
the performance of LSC. A study showed that the dyes can last for only a few
weeks under solar illuminatio(Drake et al. 1982)But after a few year
Seybold and Wagenblast reported that the BAlS¥eloped Lumogen F range
of dyes had high quantum vyields and begtieotostability, and they appeared

to last for many yearnsSeybold & Wagenblast 1989)
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Some studies shothat he dgradation rate of organic dyes in polymer
matrix is influenced by the minor compounds, whaske present in the LSCs
such as remaininginpolymerizedmonomer, stabilizet initiator and other
additives(Sark et al. 2008 Recently, anothestudywas carried out to studyn
the photedegradation mechanism of a peryldased thirfilm organic
luminescat solar concentrator (OLSC). By exgig the OLSC to the sunlight
in the presence of oxygesubstantial changes to the molecular structure of the
organic dye werenoticed. Such changewere identified by means of
photoluminescence, UWis and FTIR spectroscopy. The potential degradation
medanism in the dye molecule could therefore be proposed. These findings
provided an important insight to the phaettegradation mechanism of perylene
based OLSC devices. As a result, variestablishing ideas to prolong the
lifespan of OLSC could be devetap The use of radical scavging molecules
was one of the options for maintaining fiteoto stability of the dyesHindered
Amine Light Stabilizers (HALS) auld be used toavenge radicals generated
during thesunlight exposure. In addition, protectiviens with refractive index
similar to that of the polymer matrix could be ugedninimize the molecular

damagegGriffini et al. 2013)

2.2.2 Quantum Dots

Nano crystals of inorganic compound, or more commonly known as
guantum dots have been doped in PMMA to produce luminescent solar
concentrators. The advantages of using quantum dots over organic dyes are

ther ability to sustain its emissiolongerthan organiadyeswhen they were
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exposedo ultra violet light Besidesthe specificemissionwavelengthsn the
solar spectrumcan be tuned from 850m to 1900nm by choosing the

appropriate size dhequantumdot§ Du et al . 200.2; Mi il

However, the optal efficiency andthe concentration factoof the
guantum dot solar concentrators are restricted by the low luminescent quantum
efficiency of the quantum dotsand the large reabsorption loss Thar
luminescent quantum efiency is about 80%, lower than P@Cfor organic
dyes (Peng et al. 1997)Moreover, the preparation of good quality acrylic
plates containinghe quantum dots by polymerization is more complicated than
those using organic dyes becaute quantum dots are passivated by
hydrophobic ligands, which caustt&® quantum dots to form turbid dispersions
in the hydrophilic monomer such as MMA. The luminescence of hydrophobic
guantum dots in hydrophilic media is quenched as a consequence of the

formation of agglomerataeshich reduces the quantum yidBark et al. 2008)

In year2008,Reda embedded a luminescent quantumi doadmium
sulfide (CdS)in thin film by solgel spin coating on sil&c matrix to study and
control the optical properties of the quantum dot solar concentratorCd8e
crystallite structure in thseilica matrixwas hexagonal and that the size of the
CdS crystallitesvas 3.56.5 nm. Their sizes increagkwith rising annealing
temperature. A reghift in the absrption and emission spectra wasserved in
the nanocrystalline Cd8oped silica by increasing the annealing temperature
from 373K to 673K in order to increasthe particlesize The photostability
of CdSbased solar concentrators wasamined after 4 weeks of exposure to
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sunlight. The results shaad that the absorption loss incredsafter the
sunlight exposure and thate quantum dotsvere sensitive to oxygen and
sunlight. Besides, it wasalso showed that the sample annealed at lower
temperature increadethe emission at the edges diminescent solar

concentratofReda 2008)

Another research team, Kennedy et al. ddin he optical efficiency
and concentratiofactor of a singleplate quantum dot solar concentrator using
near infrared (NIR) emiting quantum dots in year 200%he results shoed
that the re-absorptionlossescould account for 58% and 57% of incident
photonsbeing absorbed in LSC if it contagtl commercially available green
and orange visiblemitting quantum dotsrespectively However, if thenear
infra-red emitting quantum dowas used in the LSC, the-absorption loss
could be reduced to 43% ofdident photons. Iteptical efficiencywas higher
thanthoseof the green and orange quantum dot solar concen{iatonedy et

al. 2009)

Besides, the development of multiple dyes quantum dot LSC has also
been reported. Hyldahl et al. constructed tuminescent solar conceris
made ofthe combined quantum dotsamely CdSe cores and ZnS shells in
year 2009 The emission intensity anphotostability of the combinedjuantum
dot solar concentrators werassessed and compared with that of the
luminescent solar concentrator containing trganic dye, Lumogen F Red
300 (LR). The measured fluorescenceamfum vyields of the combined
quantum dotsvere lower than that of LR. However, the phategradation rate

15



of the quantum dot LS@as approximately5 times slower than the LR LSC
unde the same sunlight exposureThe photedegradation of the quantum dot
LSCos absor pti oneddwnmpd prédloadey dark ecycle v e r

(Hyldahl et al. 2009)

Another new development is the multishallbgtum doLSC. Bomm et
al. synthesized and characterized @@Secore andmultishell quantum dots
which were embedded in@olymer matrix,namelypoly(lauryl methacrylte-
co-ethylene glycol dimethacrylateh year 2011 The inorganic shells of the
guantum dots consist of 2 monolayers of CdS, 3 monolayers,@ZGg:S and
2 layers of ZnSThe multiple layers of shells were able to avaggjlomeration
of the nanocrystalsThe resuls showedhat the inorganic fluorophoresere
stable under intense illumination over long periods of time. The LSCaha
final quantum vyield of 45% and an overall power conversion efficiency of

2.8%(Bomm et al. 2011)

Recently, another research team, Chandra et al. enhanced the
fluorescence of CdSe/ZnS ceskell quantum dots (QDsih LSC by adding
gold nanoparticles Au NPs). In the optimal concentration of Au NPs, a
maximum quantum efficiency of 53% is achievedthe particular QD/Au NP

compositgChandra et al. 2012)
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2.2.3 Rare Earth

Rareearth (lanthanide) ion such as ¥%tand Nd* were used in the
early development of LSC because of their high quantum yield and excellent
photostability (Friedman 1981; Reisfeld & Kalisky 198 Rare earth complex
was then synthesized to increase the absorption coefficient and reduce the
amount of rareearth ion required. Besides, some researchers also complexed
the ion with several different ligands that have different absorption ranges to

extend its absorption rang#/ilson 2010)

Rareearth elements such as Europium (Ill) complex, Ytterbium (lll),
Neodymium (Ill) and Erbium (lll) chelatelsave beerused as luminescence
materials in PMMA luminescent solar concentrator. Rare earth complexes are
attractive because of their larggo8ed shifts, narrow emission bandwidths

andexcellentphotastability (Jiu et al. 2006)

J e U o Wrzdbiatowska et al studiel the luminescent solar
concentrators using neodymium and chromdoubly doped on the specially
made lithium aluminium phosphate glagsJ e U eTwsblatawska et al.
1986) The dependence of the light concentration coefficient versus dopant
concentration and attenuation of the guided light in the W®@ studied. The
best results shosd that a 0.25m? triangular plate LSC receives-féld
concentrated power at the edge, equivalent t®W30rhe light concentration
efficiency was estimated to b8% for the 1 rfirectangular solar concentrator

containing chromium and neodymiun.
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In year 2000, Machida et al preparedrafarm and trasparent solar
concentratorsby having quartz plates dip coadl by organically modified
silicates (ormosil) solutions gether with europium phenanthroline complex,
[Eu(phen)]Cls. The ormosil solutionsvere derived from tetraethoxysilaaed
diethoxydiphenylsilane The characteristics of the Iluminescent solar
concentrators coupleditii crystalline solar cells werstudied. The results
showed that the solar cell poweroutputs were increasedby 10-15% as
compared with the values of uncoated LSC. This is because the ormosil
solution mixed with [Eu(phep]Cls convertsultraviolent radiation to the high
red emission to be utiked by thesolarcells for power generatiofMachida et
al. 2000) Recently, Wu et al. also constructed solar concentrator with
minimum selfabsorption loss and maximum geometric gayndoping a rare

earth complex, Eu(TTAPhen, into a polymer opttfiber (Wu et al. 201Q)

2.2.4 Semiconducting Polymer

Semiconducting polymers are originally developed for the light
emitting diode industry. They often have very high quantuetdgi and long
lifetime. When polymers are excited, they undergo a change in structural
conformati on, which increase the Stok
absorption lossegPeeters et al. 2011)Furthermore, the width of their

absorption and emission bands can be tloyecbntrolling the chain lengths.

Sholin et al. studied he efficiency of LSCs consisting of

semiconducting polymers in liquid encased in gkass$ compareavith that of
18



organic dyes and quantum dots. The results suggiebtit commercially
available quantm dots may not be the viable LSC dyes because of their large
absorption/emission band overlaps and relatively low quantum vyields.
Materials such as red polyfluorene (Red F) demonsttate semiconducting
polymers with high quatum yield and small absdrpn/emission band overlap

are good candidates for LSCZholin et al. 2007)

2.3 Progress inOrganic LuminescentDye

There ae number of luminescent dyes that have not been used in LSC.
Polymerizable naphthalimide dye, PFV and PFV copolyarersome of these
dyes Their propeiies and initial application are described in detail in the

following sectiors.

2.3.1 Polymerizable Naphthalimide Dye

The polymerizable naphthalimide dyase commonly used itight
emitting diodes(Bouché et al. 1996; Morgado et al. 1998; Zhu et al. 1998)
liquid crystals for utilization in electroptical device(Wolarz et al. 1992,
Grabchev et al. 200(nd ion probegCosnard & Wintgens 1998However,

they have never been used in LSC before.

Synthesis of some polymerizable naphthalimide dyes such-as 4

methylamino or ethylamindl-allyl-1,8-naphthimide had been reported
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(Konstantinova et al. 1993; Bojinov & Konstantinova 200B)e presence of
various alkylamino groups on -4ubstitued can affect the fluorescent
characteristis Besides, it was also reported that the derivatives-ainiho
1,8naphthalimide contain an unsaturated group, which could be used in
copdymerization with vinyl monomerThis hasa good resistance to wet

treatment and solveXonstantinova et al. 1993)

Moreover,researchers also found that f@ymerizable naphthalimide
can be copolymerized with rhodamine dye. Tian et al. repdtiad the
naphthalimide moieties carctaas a good energy pumping antenna and an
internal photostabilizer for rhodamine moleculde results showed that the
lasing efficiency,thermal stability andphotostability of these copolymers

increase greatlyTian et al. 2000)

In year 2001, two novel highly fluorescent polymerizable
naphthalimide dye, -alkylaminoN-allyl-1,8-naphthalimide dye were
synthesized and their basic phgioysical properties have been determined.
They are 4outylamineN-allyl-1,8-naphthalimide and -thexylamineN-allyl-
1,8naphthalimide. These two dyes exhibit intense yeljpeen colorwhen
they are copolymer with styrene polymer chain. The peak absorption
wavelengths for these two dyes are 41% nm and the peak emission
wavelengths are 49800 nm. Besides, the results also showed tha®2% of
the dyes were chemically bondedftom styrene polymer chai(Grabchev et
al. 2001) This implies that the dyes are suitable for production of colored
fluorescent copolymers.
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Another research team, Panah etsinthesized and characterized 2
fluorescent polymerizable naphthalimide dyesprdpylamineN-allyl-1,8
naphthalimide and -ButylaminaN-allyl-1,8-naphthalimide. After that, they
copolymerized these two types of dyes with poly(methyl methacrylate)
(PMMA) by bulk process. The results showed that the emission of these two
copolymers occurred in the wavelength of &P nm. The luminescent
quantum efficiency for 4propylamineN-allyl-1,8-naphthalimide and -4
butylaminaN-allyl-1,8-naphthalimide are 70% an@®, respectively. Besides,
the dyes were involved in the polymerization process: they were about 97%
99% covalently bonded along the polymer chain, giving fluorescent
copolymeric sideggroups (Panah et al. 2010)In these copolymers, the
chromogenic of dyes are included along the polymer chain so they have

excellent fastngs properties against heat, washing, rubbing and light

2.3.2 PFV Homo-polymer and PFV Copolymer

PolyfluoreneVinylene (PFV) is a derivative class of light emitting poly
(p-phenylenevinylene), also known as PPV. PPV and its derivates are classified
as conjugateg polymers with high photoluminescence efficiency, excellent
charge transport ability, and film forming propefgurroughes et al. 1990;

Zheng et al. 1999; Wu et al. 2004)

These conjugated polymers could emit different cbgits from blue
to red regios by modifying the chemical structure fhe main chain or orthe

side chain. Therefore, they are commonly used as light emitting diode and
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polymer light emitting diode materia(8urroughes et al. 1990; Gustafsson et
al. 1992) However, here is currently no publication reporting their application

in LSC.

In year 2003,Hwang et al. synthezed poly(9,9di-n-octylfluorenyt
2,7-vinylene) (PFV), and its copolymerpoly[(9,9di-n-octylfluorenyt2,7-
vinylene}co-(1,4-phenylenevinylene)]® improve electroluminescence device
performance. They found that the polymer electroluminescent devices
constructed from thé?FV copolymer,poly(FV-co-PV)s showed 10 times
higher efficiency than the devices constructed from the PFV homopolymer.
Both the PFV ad its copolymer showed their peak absorption and band edge
at around 41%m and 490m respectively. The peak emission wavelength of

PFV and its copolymer are approximately 468 (Hwang et al. 2003)

Another research team, Jin et al. synthesized and characterized novel
PPV derivatives, which are poly(9¢8-n-octylfluorenyt2,7-vinylene)
poly(FV) and its copolymer, poly(98i-n-octylfluorenyt2,7-vinylene)}co-{2-
methoxy5-(2-ethylhehayloxy)-1,4-phenylenevinylene}] poly(FV-co-
MEHPV) with various feed ratios of MERPV. Both poly(FV) and its
copolymers have high molecular weight, high thermal stability and
applicability for LEDs. The resulting electroluminescent polymers showed
high thermal stability up to 415°C. The peak electroluminescent emission
wavelengths of poly(FV) and poly(F¥o-MEHPV) were at 507 and 58am
respectively, which correspontb greeniskblue and orangeed Overall,
poly(FV-co-MEHPV) improved the device performance of LED. The
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luminescent efficiency of poly(F¢o-MEHPV) was much higher than that of

pure MEHPPV and poly(FV)Jin et al. 2003)

Since PFV andts copolymerwere already commonly used in light
emitting diode and the results showed tihaise cojugated polymer have high
photoluminescent, they have potential to be used as novel luminescent
materials in LSCFurthermore, the commercially available PFV and its co
polymer from Sigma Aldrich have manufactureeported peak emission
wavelengths of 507nm and 522nm respectively. Their peak emission
wavelengths are in the range of high silicon solar cell external quantum

efficiencyi 500nmto 900nm (Green et al. 2012)

2.4 Polymer Matrix

The polymer matrix is the host material of LSC which seras a
medium for doping the luminescent materidlee material of polymer matrix

will influence the optical properties and performance of LSC.

In this researchstudy, the standard host matrix, PMMA and two other
alternative host matrices: unsaturatedypster and epoxy aresedto construct
the media of LSC. The characteristics of these 3 polymer matrices are

discussed in the following.
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2.4.1 Poly(Methyl Methacrylate) (PMMA)

Poly(methyl methacrylate) is the most common host material for LSC,

also known as PMA , Pl exi gl ass, Lucite or si

was used by many researchers in the early development of(\WeGer &
Lambe 1976; Goetzberger 1978; Goetzberger & Schirmer 1979; Batchelder
1982; Drake et al. 1982; Goetzberger & Greube 19f/yecent years, there

are many more researchers who used PMMA as the host matrix for LSC
construction(Sark et al. 2008; Soti et al. 1996; Earp et al. 2004; Currie et al.

2008; Slooff et al2008; Rowan et al. 2007)

The main advantages of PMMA are its low cost, high refractive index
and high optical clarityBakr et al. 1999; Mansour et al. 2005; Kinderman et
al. 2007) Besides, the dyes can be dissolved easily in the monomer of PMMA
prior to polymerization. Thehotostability of PMMA is high and the lifetime

can be up to 17 yeafRainhart & Schimmel Jr. 1975; Hermann 1982)

However, there are a few disadvantages of using PMMA. phiotc
stability of luminescent dye in PMMA deteriorates very rapidly becahse
required additives react negatively with luminescent dye or by the presence of

monomer residue due to incomplete polymerizatiinderman et al. 2007)

Another disadvantage of using PMMA is that it has peak absorption

wavelength above 700neven though it has good ogdi transparency in the
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visible region of the spectrum. This phenomena is caused by harmonic and
overtones of the @€ and GO bond vibrations in the molecu(Ballato et al.
2004) The host absorption loss therefore become significant if the emission

wavelength of luminescent dye is above hd@

2.4.2 Unsaturated Polyester (UP)

Unsaturated polyester (UP) is a clag®olymer containing reoccurring
-C(=0)-0O- group in the main chain. They are generally prepared from saturated
or unsaturated dibasic acids, which are condensed with dihydric alcohols.
Mostly, styrene is used to cross link polyester background with @ vin
monomer to form a three dimensional struct(fdaq 2007) The catalyst to
initiate the crosdinking reaction is generally organic peroxide such as methyl

ethyl ketone peroxide.

The mainadvantages of unsaturated polyester are its low production
costs and simple fabrication technigi#endjelkovic et al. 2009)Besides, the
curing process of unsatueal polyester is fast and easy to control. This is
because unsaturated polyester can cured under room temperature via free

radical polymerization mechanism.

Since unsaturated polyester has so many advantages, it becomes one of
the most important thermosetaterials used in composites industry for the

preparation of moulding compounds, laminate, coating, and adhesives
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(Andjelkovic et al. 2009)Since it was inventedjnsaturated polyester have
made significant structural and performance adva(fees 2005) resulted in
its broader application in automotive, building construction, and marine

industries.

In year 2012unsaturated polyester was introduced to be the host matrix
for LSC for the first time. Lim et al. blended unsaturated polyester with MMA
to enhance the optical properties of LSC by modifying the chemical structure
during polymerization. They reported thiaé photedegradation of organic dye
during curing process can be minimized because it was cured under room
temperature instead of ultraviolet curing. The UP has double bonds in its
structure that form a three dimensional structure during polymerization
process, hence making its mechanical strength to be high and thus the LSC is
suitable to be installed on roofs, windows or walls. Besides, the results also
showed that mixing unsaturated polyester with 5% MMA concentration can
optimize the crostinkage ofthe polymers. The emission from the edge of
LSC dropped about 0.4% after 500 hour heat treatrflant et al. 2012)
These results again proved thasaturated polyesteSC possess thability to
maintain its absorbance and transmittance of light over a period of heat

treatment.

2.4.3 Epoxy

Epoxy, also known as polyepoxide is a class of reactive polymer

containing epoxy groups capable lsécoming athermoset form. Epoxys
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cheap and has extmmt optical clarity, high refractive index and high
transparency with peak absorption range at UV region, i.e. low absorbance in
the range of dye emission and solar cell absorgii@ram et al. 2011)These

properties make the epoxy to be a potential host matrix for LSC.

The epoxy covers a broad range of application such as adhesives,
bonding, construction materials (floogirand paving), composites, laminates,
coating, moulding, and textile finishing. Recently, it has been developed to be

used in aero and spacecraft indugBliatnagar 1993)

In year 2007, Gallagher et al. constructed a quantum dot solar
concentrator using different host materials such as Alumilite, Biothan, Plexit
55, Crystal clear 200, Water clear 781, Water clear 782 and epoxy Thasin.
results showed that the plexit 55 and epoxy have the highest overall emission
intensities. The epoxy retained 77.5% of integrated emission compared to the
reference sample. Furthermore, it exhibited around 30% lower absorption in

the visible region thaplexit 55(Gallagher et al. 2007)

Another research team,afam et al improved the performance of solar
cell using epoxy plate doped with Rhodamine 6G dye. They prepared the LSC
plates in different thickness and concentration of Rhodamine 6G dye. The
optical properties of dydoped and undoped epoxy and its amtdility in

solar cell were studied. The results showed that LSC plate withm#n5
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thickness at 5xI®mol/L dye concentration gave the highest conversion power

efficiency of solar cel{Daram et al. 2011)

2.5 Summary

In this chapter, the LSC developméras beenmeviewed. The 4 main
categories of commonly uségminescent dygin LSC were discussed: organic
dyes, quantum dots, rare earth materials and semiconducting polymer. Besides,
the progress of novel organic luminescent materialshthetv e n 6used lme e n
LSC - polymerizable dye, PFV and PFV copolymédrasalso been reviewed.
Their properties and application in other fields were presemtedetails
Furthermore, polymer matrix materials were reviewed in thiptenaas well
because host matrice¢so play an important roli@ the performance of LSC.

The sandard host matrix, PMMA and other 2 more alternative, unsaturated
polyester and epoxy were discussed in term of their advantages and

applicatiors.

28



CHAPTER 3

MATERIALS AND METHOD OLOGY

This chapter details the main experimental mataad techniques
used in this study, includingcommercidly available luminescent dyes,
polymerizabledye, host materials, construction of LSC and measurement

setup.

3.1 LuminescentDyes

Organic uminescent dygareused in this study. They advided into
two main categories which are commercially available luminescent dye and
polymerizable dyeCommercially availablduminescentdyeswas purchasd
directly from the chemical company whileheé polymerizable dye was
synthesizedby using the method describedin the publication(Panah et al.

2010)becawse this dyas na commercidly availablein the markeyet

3.1.1 Commercially Available LuminescentDye

Three commercidy available luminescentlyes are usedto construct
LSC as listed in Table 3.1 with their labe$ and company names. Their

chemical structuieare shown irFigure3.1.
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Table 3.1 Commercially available luminescent dyes useith LSC

No Dye Label Company
1 Rhodamine 6G (dye content ~95%, ) Rh6G Sigma
Aldrich
2  Poly(9,9di-(2-ethylhexyl}9H-fluorene2,7- PFV Sigma
vinylene) Aldrich

3  Poly((9,9di-(2-ethylhexyl}9H-fluorene PFV Co Sigma
2,7-vinylene}co-(1-methoxy4-(2- Polymer  Aldrich
ethylhexyloxy}2,5(phenylenevinylene))--

90:10 mole ratio

CH,

MNP

Poly(9,9-di-(2-ethylhexyl)-9H-fluorene-2,7-vinylene)

Poly((9,9-di-(2-ethylhexyl)-9H-fluorene-2,7-vinylene)-co-(1-methoxy-4-(2-ethylhexyloxy)-2,5-(phenylenevinylene))

Figure 3.1 Chemical structures of three commercially available dyes

3.1.2 Synthesis ofPolymerizable Dye ( 4-butylamino-N-allyl-1,8
naphthalimide)

The polymerizable dye namely  4butylamineN-allyl-1,8
naphthalimidewas synthegied in the laboratory by using the published

methodsThe polymerizable dye was then characterized usttenuated Total
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Reflectance Fourier Transform Infrared Spectroscopy (A&THR) and Mass

Spectrometry (MS)

3.1.2.1 Materials and Methodology forthe Synthesis ofPolymerizable
Dye

There are four stage® synthesie polymerizable dg namely 4-
butylamineN-allyl-1,8-naphthalimide The product obtained inone stage is

usal in the next stage.he final products obtained in théaststage.

The first stage ishe syrthesis of Sbromoacenaphthené solution of
N-bromosuccinimide (18) in dimethylformamide (50mL) was added to a
suspension of acenaphthefi®.4 g) in dimethylformamide (50nL) at room
temperature. The solution wH#senmixed for 2 lours After that, he solution
was poured into.b L of cold water and filtered tobtaincrude productThe

crude productvas recrystallized from ethanol to giséoromoacenaphthene.

The second stage the oxidation of product fronthe first stage. The
product 5-bromoacenahthene(2 g) was mixed with potassium dichromate
(7.69) in glacial acetic acid (2@0L). The reaction mixture was heated under
reflux for 2.5 hours After that, he solvent wasvaporated and then the
chromium salt wasdissolved using boiling water angmoved from the
residue The white crude product was recrystallized from glacial acetic acid to

give 4-bromo-1,8-naphthalic anhydriderhite needlerecipitate
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In the third stagethe productfrom the second stagaamely4-Bromo-
1,8naphthalic anhydridg2.8 g), was dispersedn ethanol (50mL), and
allylamine 0.8 mL) was added at 55°C. The solution wesated under reflux
for 3-4 hours andhen cooledo room temperature. Finallyhe producin this
stage- 4-Bromo-N-allyl-1,8-naphthalimide waseparated from the mixture by

filtration, thenwashed with water and dried at 30.

In the final stagethe product fromthe third stagenamely4-Bromo-N-
allyl-1,8-naphthalimide (2 g), was mixed with butylamine (6.2 mL) and
dissolvedin dimethulsulphoxde (17mL). The solution wasstirred at80 °C
overnight. The resulting solution was then pouriedo ice (50g). Thefinal

product is 4-butylaminaN-allyl-1,8-naphthalimideyellow powderprecipitate

3.1.2.2 Characterization of Polymerizable Dye

The polymerizablaedye - 4-butylamineN-allyl-1,8-naphthalimidedye
was taracterized byttenuated Total Reflectand®urier Transform nfrared

SpectroscopYATR-FTIR) andMassSpectrometry {1S).

3.1.2.2.1 ATR-FTIR

The ATRFTIR instrumentused in this studys Thermo Scientific
Nicolet iIS10as shown irFigure 3.2. Attenuated Total Reflectance (ATR) a

useful sampling accessorythat virtually eliminate the need ofsample
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preparationTherebre, it can make the sampling faster and impsampleto-

sample reproducibility.

The function of Fourier Transform Infrared SpectroscopyT(R) is to
determine thestructural informationof a molecule.Absorption ofthe same
type of bonds oftenfound incertainsmall portionsof the vibrational infrared
region.Therefore, amall range of absorptiomave numbecan be defined for
a particulartype of bond. Outside this ranghe absorption isusuallydue to
some other type of bond. Besides, teeemblancef two substances cdme
determinedby comparing their infrared spectruthboth their spectrhave the
same absorption peghkbenin most casethe two substansawill be identical

(Pavia et al. @00).

Figure 3.2 Thermo Scientific Nicolet iIS10 ATRFTIR
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3.1.2.2.2 MS

The MS instrumentusedin this studyis Agilent Technologie®520
AccurateMass guadrupole timeof-flight (Q-TOF) liquid
chromatographynass spectrometry (LC/MS)s shown inFigure 3.3. The
samplein this studywas directly injectedo the MS without passng through

theliquid chromatograph{l C) for separation.

Figure 3.3 Agilent Technologies 6520 Accurate Mass-QOF LC/MS

The MS instruments electrospray ionization mass spectrometry (ESI
MS). This technique producens from macromolecule by the addition of a
hydrogen cation and denoted [M+¥H]The resulting ions, called molecular
ions, are then accelerated, sent through magnetic field, and det&fitieolut
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any fragmentationn/eratio that correspnds to the molecular ion can be used

to determine the molecular weight of the sample mold&4deia et al. 2000)

Furthermore, modern M$strumentis generally equipped with a
computer that can be used ¢ollect process and display the mass spectral
data. The computer can compare the mass spectral datalithagedwith the
spectra in library databas&he outputof such a library search ia list of
possible compounds havingiolecular weightof the sampleand their

molecular formulas

3.2 Host Materials

Three types of commercially available polymer were used as host
materials in this study. Thewre poly(methyl methacrylate),nsaturated
polyester and epoxylheir monomer/resin, initiator/hardener andpmymer

are listed inTable3.2.
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Table 3.2 Monomer, initiator and co-polymer for the 3 types of polymer

host materials

No Polymer host Monomer/resin Initiator/hardener Co-polymer
material
1 Poly(methyl Prepolymerised Azobisisobutyronitrile -
methacrylate) poly(methyl or AIBN
methacrylate)
syrup (Asia
Poly)
2 Unsaturated Reversol P9133 Butanox M50 (Akzo Methyl
polyester unsaturated Nobel) methacrylate
polyester resin (Sigma
(Synthomer) Aldrich)
3  Epoxy D.E.R. 331 Jointmine 908S -
epoxy resin (Yun Teh)

(Dow Chemical)

3.3 Construction of LSC

The materials and methodology for LSC constructiomdiscussed in

this section. Thenould design and the fabrication methodologre the main

key factorghatdetermine the quality of LSC.

3.3.1 Mould Design

Two types of moulds ardesigned for different matrices LSC. The

PMMA glassmouldis for PMMA cell casting methobecause it can produce a

LSC with better optical clarityfAshby & Johnson 2010)This designfollows

the mould design for celcasting method irthe industry, which is sealed
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properly during the polymerization processdrwater bath Another mould
design is for unsaturated polyester and epdd®¢. The purpose of the design
is to cast unsaturated polyester and epoxy LSC in cuvette size that can fit into

the cuvette holdan themeasurement setup.

3.3.1.1 PMMA GlassMould

The materialaisedto construcPMMA LSC mould are two pieces of
heatresistancepolishedglassplate one silicon gasket aniur clamps. The
mould was prepared by separating theotpieces of glasglate with silicon
gasketaround the edgedhe glass plates were thkdd together bythe spring
loadedclamps so thatthe platescould becompessed together as the reacting
mixture shank during the polymerization proce¢Sadek et al. 2011)The

glass mould design is illustraten Figure3.4.

Gasket Glass plates Clamp
! /]
b | /
,)’ 7 ,)’ A g
X h
/ A

Figure 3.4 lllustration of assembled glass mould for casting PMMA LSC
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3.3.1.2 Unsaturated Polyester andEpoxy Mould

The materialsusedto constructunsaturated polyester and epdx$C
are two pieces of steel plat®ur pieces ofPVC block, one PVC shegtwo

clamps andsuper glueThese materials areadily available in thenarket.

The dimension of mould wdsst printedon the tansparent PVC sheet
andthe mould wasut accurately according to the desired shape as shown in
Figure 3.5. The PVC sheet was then folded and assembled ssiperglue
The mouldwas designed withnopentop so that the mixturef polymerresin
could be pured from the top. PVC blocks were @itwo sides ofthe mould
to maintainits shape. After thathe steel plates werput at another two sides

of themouldand held by clamps as shown kigure3.6.
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Figure 3.5 Dimension of mould in millimetre, mm. The dottedline
indicates folding line and solid line indicates cutting line

Plastic mould
PVC blocks /
S - Clamp

iZ

Figure 3.6 Assembled mould ready to cast UP andpoxy LSC
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3.3.2 LSC Sample Fabrication

In this section, the materials and methody for fabricating
poly(methyl methacrylate), unsatted polyesteand epoxy LSC are discussed
in details.A few parametersuch aghe amount of initiator, curing temperature
and curing timeare determineth orderto produce a good quality LS@II of

the LSC pictures are shown in Appendix A.

Prepolymerised poly(methyl methacrylate) syruas used to cast a
number of LSCs with Azobisisobutyronitrile or AIBN as the initiatén
appropriate amount of PMMA syrup, dye and approximately 0.05% of AIBN
are added and weighed in a beaker. fitvgture wasstirred until the dyavas
dispersed evenly within the mixturéhe mixturewasthenpoured into a glass
mould through a small openirat the gasket. The glass mould deswas
illustrated inFigure3.4. After pouring in the syrup, the openingsclosed and
sealed by silicone sealafihe glass platewere heldogether by sprindgpaded
clamps so that the plates would clegeasthe reacting mixturehrank during
the polymerization proces$he glass moulavasthen put vertically into water
bath and cured at 5% for 10 hours. After the polymerizati process, itvas
placed in an oven at 8@ for 4 hours to relieve the internal stress of the LSC
This process is known as annealirgnally, it was slowly cooled down to
room temperature and the LS&as then taken out from glass mouldihe

methodolog for PMMA LSC castings summarizedn Figure3.7.
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The appropriate amount of The mixture was then poured into

chemicals were weighed the glass mould followed by After the glass mould
and mixed well polymerization process in water was cooled to room
bath. After that, LSC was then temperature, the LSC
placed in an oven at 80°C for was then taken out from
annealing process. glass mould.

Figure 3.7 PMMA LSC casting

3.3.2.1 Unsaturated Polyester(UP) LSC

Reversol P9133 unsaturated polyester reswas used to cast several

LSCs with Butanox Mb0 as the hardener and methyl methacrylate as the co
polymer. An appropriate amount of methyl methacrylate, unsaturated polyester
resin and dyeavereweighed in acontainer The mixturewas stirred until the

dye wasdispersed evenly within the mixture. Next, the hardener methyl ethyl
ketone peroxide (Butanox {80) was added into the mixture before was
poured into a mould. The mould design is showrigure 3.6. The mixing
weight ratio of unsaturated padgter and Butanox MO is 100:1.After that,

the unsaturated polyester LS@sthen left to cure at room tempéure.The

methodolog for UP LSC castings summarizedn Figure3.8.
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The appropriate amount of The mixture was then poured into The UP LSC was then
chemicals were weighed the mould . After that, it was left to taken out from the
and mixed well. cure at room temperature . mould.

Figure 3.8 UP LSC casting
3.3.2.2 Epoxy LSC

D.E.R. 331 epoxy resimasused to cast several LSCs with Jointmine
905-3S as the hardenekn appropriate amount of D.E.R. 331 epoxy resin and
dyeswere weighed in a container. The mixtuveas stirred until dyeswere
dispersed evenly within thmixture. Then, the hardener, Jointmine &1
wasadded into the mixture beforevitaspoured into a mould shown Figure
3.6. The epoxy LSCsverecasted using the same moulds as that of UP LSCs.
The mixingweightratio of D.E.R. 331 Epoxy Resin and Jointmine 335is
2:1. After this, the epoxy LS@asthen left tocure at room temperaturéhe

methodology for epoxy LSC casting can be summarizédgase 3.9.

A large amountof micro-voids were formed in epoxy LSCs. This is
beause epoxy hashigh viscositythat makesit easier to trapmicro-voids
during casting procesfd atorre et al. 2002)It is found that the amount of
micro-voids trapped in the resin dependn the duration of stirring. We have
also demonstrated that the formatiomatro-voidsis controlldle by using a

vacuum pump to withdraw thaicro-voids during casting process. These two
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are used to control the amount of mis@ds formed in the resirSeveral
epoxy LSCs with different amount of miexwids were created and examined
under Meiji TechnoMT4300L-NDC3200 PRO biological microscope. The
micro-void images were captured and their sizes were measured using VIS

Plus imaging software.

The appropriate amount of The mixture was then poured into The epoxy LSC was then
chemicals were weighed the mould . After that, it was left to taken out from the
and mixed well. cure at room temperature . mould.A

Figure 3.9 Epoxy LSC casting

3.4 MeasurementSetup

All the LSCwerecut intothe dimension of 7.5nmx12 mmx35 mm to
fit into a cuvete holder and polished for theeasurementThe measurement

setup and devicemedescribed in detail in this section.

3.4.1 Absorption and Emission Setup

The measurementlevices fo absorption and emission measurements
are Mikropack HL-2000FHSA tungsten halogen light source and Ocean
Optics USB4000 Spectrometeihe setups for absorption and emission

measurements aesshown inFigure3.10
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connected to
spectrometer

Figure 3.10 Experiment setup for (a) absorption and (b) emission
measurement

Before starting the absorptiormeasurement,dark spectrum and
referencespectrumwas storedThe darkspectrumD, (county was measured
by blocking the incident light from entering the spectrometer; theraete
spectrum R, (counts)was measured without any sample inside the cuvette
holder. After that, the LSC was put into the cuvette holdére amount of
incident light that pass through the LS, (counts)was measured by the
spectrometerOptical transmissignT (%) was calculated as the percentage of
incident light that transmit throughe sample, T = (8DJ) / (Rs-Ds) x 100%.
Lastly, the absorption coefficient) (cm') was calculated from theptical

transmissiord -in(T/100) / L, where L(cm)is the sample thickness.

In emission measuremerihe dark spectrunDe (counts)was stoed in
the same wayas that in absorption measurememhe emission setup is
different from the absorption setup. In emission setupsraall mirror was
placed opposite to the illuminated sample surfacestiect the incident light
back to the sampleThe emission spectrurg. (counts)was collected atthe
direction 90° to the incident light directionThe compensated emission
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spectrum (§De) was then calibrated usingcalibration curvepre-determined
by measuring alight source (S-D;) with known nommalized irradiance
spectrum(E;): calibrated emission spectrum =) / (§-D;) x E. The

measurement unif emission spectruns in spectrairradiance (Wrifnm™).

3.4.2 Setup for LSC Degradation

All the selectedLSC samples were exposed to sunlight 36rdays.
Eppley Precision Spectral Pyranometer was placed next to thesdiSfledo
measure the incoming solar irradiance (W/rat one second intervals. The
solar irradiance was recorded via National Instrument-88®.The setup for

LSC degradatioexpermentis shown inFigure3.11.

ST i
ﬂ ﬂ ﬂﬂﬂﬂﬂ AR
OADDBLY

Figure 3.11 Setup for LSC degradation
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After exposing the LSCs under the sunligbt one day the samples
were thercollected back to measure thalysorption and emission spectra in a
dark room The emission spectra were then used to calctiteie emission

irradiance.

The total amount ofddar energy received by the LSC samples was
calculated by integrating the solar irradiance over the period of sun exposure in
each day. Thephotostability of the dyes can be studied by plotting the
emission irradiances of the LSCs against the total amotlsblar energy

received by the LSC samples during the sunlight exposure.

3.4.3 Setup for Power ConversionEfficiency M easurement

LSCs were selected to calcuate their power conversion efficidihey.
setup for the measurement isddfuse reflectori white pa@r on top of a
mirror - was put on the bottom of the LSC sample. The LSC was separated
from the reflector by small pieces of paper at the 4 corners of LSC to create air
gap between them. Solar simulator was used as the light source with AM1.5G
spectrum. Th emission irradiance was measured from the side of the LSC
using Avantes spectrometer calibrated for irradiance measurement via fiber
optics connected to a cosine correctdhe setup for power conversion

efficiency measuremeid shown inFigure3.12.

46



Solar simulator
Computer

Spectrometer

L

Figure 3.12 Setup for power conversion efficiency measurement

Power conversion efficiency was calculatedPas/ Pn = (I Voc FF) /
(Piamp Atop), WherePampis thelight source irradiance (Whn Awp is the top
surface area of LSC (m)scis theshort circuit current (A),Vqcis the open
circuit voltage (V) and~F is the fill-factor. The short circuit currenksf was
calculated by multiplying the short circuit current density) (o the area of the
side to which the solar cell was mounted.{p The power conversion
efficiency was calculated by assuming that ithéresponse of the device can
be approximated by theubstraction of the dark current from the short circuit

current.

47



3.5 Summary

In this chapter, an introduction of the commercially available
luminescent dyg and host materialsire given. They were purchased from
chemical compass and used as receivedhe methodology to synthes
polymerizable dye and construct LSS also presented in detailsThe
polymerizablenaphthalimidedye was synthesis irthe laboratory,using the
publishedmethod.All LSCs were constructed in the laboratoBesides, the
mould designs and also the parameters of fabrication have been described. The
measuremensetup for absorption, emissiohSC degradationand power

conversion efficiency measuremevdre also described
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CHAPTER 4

RESULT AND DISCUSSION FOR PMMA LUMINESCE NT SOLAR
CONCENTRATOR

This chapterbegins with the introduction and characterisatiaf
luminescent material The measurement results for absorption and emission of
PMMA LSC with different dys andconcentrationsire presentegdfollowed by
the optimum concerdtions for everydye The absorption and emission of
PMMA LSC with different dyes in theioptimum concentratigarecompared
with those of PMMA LSC withreference dye, Rhodamine 6®he dye that
has the highest emission irradiance and suitableb® used in LSC was

identified from the resut

4.1 LuminescentDyes

The luminescentdyes used to construct PMMA LS@re shown in
Table 4.1. As mentioned earlier in chapter &) the dyes are commercially
available except fothe polymerizable naphthalimide dye4-butylamincN-

allyl-1,8-naphthalimide
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Table 4.1 PMMA LSC with different dyes

No Dye Label

1 Rhodamine 6G Rh6G

2 Poly(9,9di-(2-ethylhexyl}9H-fluorene2,7-vinylene) PFV

3 Poly((9,9di-(2-ethylhexyl}9H-fluorene2,7-vinylene} PFV Co
co-(1-methoxy4-(2-ethylhexyloxy}2,5 Polymer
(phenylenevinylene)- 90:10 mole ratio

4 4-butylaminoN-allyl-1,8-naphthalimide Naph

5 Mixture of Rhodamine 6G andButylamingN-allyl-1,8- Rh6G +
naphthalimide Naph

4.2 Characterisation of LuminescentDye Synthesized inthe Laboratory

The polymerizable naphthalimide dye4-putylaminoN-allyl-1,8
naphthalimidge was produced in the laboratory and its structure was
characterised usingttenuated Total ReflectanceFourier Transform Infrared

Spectroscopy (ATHTIR) and Mass Spectrometry (MS).

4.2.1 FTIR-ATR Spectrum of Polymerizable Naphthalimide dye

4-butylamineN-allyl-1,8-naphthalimidepowder was examined using
ATR-FTIR to determine the functional group. The IR spectignshown in
Appendix B. Characteristic peaks in certain wavenumbers represent certain

functional group in the compound as showii aile4.2.
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Table 4.2 Characteristic wavenumber for 4-butylamino-N-allyl-1,8

naphthalimide

Wavenumbers (cif) Functional group
1567.78 C=C

1629.14, 1679.58 C=0 str. Carbonyl
3077.34 =C-H str.

3374.08 NH str

The chemical structure of-butylamineN-allyl-1,8-naphthalimideis
shown inFigure 4.1. The absorptionpeak that occurat thewavenumberof
1567.78 cm* representshe stretching of carbon double bond in alkefiee
two peaks occurred at 1629.¢/" and 1679.5&m™* areassigned to carbonyl
stretching. Another absorption peak at 3077c8d" is assigned asp® C-H
stretching.Besidesa sharp absorption pealccursat 3374.0&m* represents

N-H stretching.

CH,—CH=——=CH,

NHCH,CH,CH,CHj

Figure 4.1 Chemical structure of 4-butylamino-N-allyl-1,8-naphthalimide
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Besidethose signification peaks listed rable 4.2, aromatic ring also
has carbon double bond stretching batllat usually appear between 1660y

L and 145@&m. It also has strong, sharp peak at 760 i 800cm™.

Comparingthe IR spectrum with tht from thejournal (Panah et al.
2010) most of he measuredabsorption peakcoincide with the absorption
peals of the spectrum shown the journal. Thavavenumbers of absorption
peaks differ from the published values by negligible valléerefore, the IR
spectrum proves that the synthesizedpowder is 4-butylamineN-allyl-1,8

naphthalimide

4.2.2 MS Spectrum of Polymerizable Naphthalimide Dye

The luminescenpolymerizable naphthalimiddye - 4-butylamineN-
allyl-1,8-naphthalimide was examined usingESFMS to determine its

molecular weight. The ESWS spetrumis shown inAppendix C

The ESIMS spectrum of 4-butylaminaN-allyl-1,8-naphthalimide
shows(M+H)" at m/z 309.1592wvith the molecular formulaCygH20N-0, After
deductingthe mass of a protoim the (M+H) ion, the molecularmass of the
compound was found to be 308.1519 which agree with the calculated
molecular mas808.38.0. The compoundvas also found to be presantthe
spectrumat m/z 310.1636which occurredmost probably due tdonization

with hydrogen isotope in the (M+Hjon.
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4.3 PMMA LSC with Polymerizable Naphthalimide Dye

LSCs presentedin this sectionwere constructed by doping the
polymerizable naphthalimide dye4-butylamineN-allyl-1,8-naphthalimide-
in PMMA matrix as shown inFigure 4.2. They were casted in different
concentratiosato find out the opinum concentration that providede highest
emission irradiancelheir absorption and emission spadre reported in the

following subsectiors.

i
_T_L l

10uM © 50uM 100pM 500 M 1000uM 5000 pM 10000M
25pM TN T AR s 2 2
S0p 2500pM 7500pM

Polymerizable naphtalimide dye PMMA

Figure 4.2 PMMA LSC with polymerizable naphthalimide dye

4.3.1 Absorption, Emissionand St okeds shift

The absorption and emission spectra of the Lth@svere measured in
the laboratory using spectrometare shown in Figure 4.3 and Figure 4.4
respectively Only 4 dye concentrations are shown in the figurese 14, 100
e M, EMMQ O a n de MsO thdéicbanges in the spectra shapesween
LSCs with increasing dye concentratiocasn be clearly observe@oth the

absoption and emission spectra of LSC with the same dye concentration are
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put together inFigure 4.5 to compare theishapesAbsorption and emission

wavelengths of all the LSCs t olgldet her w
4.3.
7.0
6.0 - 10000puM Naph
.. ) :
531() - 1000uM Naph
=
2
=24.0 100pM Naph
E | — F I
o
3.0
2
&
S
2 2.0
<
1.0
10uM Naph
0.0 I—
300 400 300 600 700 800 900
Wavelength (nm)

Figure 4.3 Absorption spectrumof PMMA LSC with 4 -butylamino-N-
allyl-1,8-naphthalimide dye in different concentrations

Figure4.3 showsthatthe peakabsorption coefficient increases with the
dye concentrationThe absorption peakvavelengthat around 430 nm is
observed for LSC with dye concentrationthe order ofl0e M t oe M 0 0
which is contributed from dye monomevhile broaderabsorption peakvith
longer absorption peakwavelength is found for that with higher dye
concentrationwhich is contributed by both the dye monomers and its

aggregates
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The dyemonomerdorm loosely bound dye polymers, or its aggregates
and thereforehis affects theshape of the absorption spectr{@cheibe 1937)
When the dye concentrations higher more dye monomerswill form
aggregatesor in other wordsthe aggregateblave higher concentation and
therefore higherabsorption Contribution from the aggregates absorption
becomes higher and higher, eventually their absorption becomes more

significantthan that from the dymonomers

Similar to the observation for Rh6G dye (#rbeloa et al. 2010)both
Jaggregates and -Biggregates of dyeare formed in the LSC at higher
concentration (100cc M and €1M)OHhe Q3aggregates have narrow
absorption peak analonger absorption peak wavelength, as compared to the
monomer absorptiopeak They have high luminescent quantum efficiency
and smal | B bt&ggrégatesan lthie btiher handyave a shorter
absorption peak wavelength but low luminesce(\&irthner et al. 2011)
Therefore, lhe net effects are that the absorption spectrum becomes broader as

the concentration increases as showhRigure4.3.
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Figure 4.4 Emissionspectrum of PMMA LSC with 4 -butylamino-N-allyl -
1,8-naphthalimide dye in different concentratiors

56



7.0 0.50

- ) &

5 60 10000uMNaph__ __10000uM Naph 0.40 &

g 5.0 Absorption Emission T E =

3 _ 40 0.30 E 5

(S -—

= §30 020 g £

=720 =<

=9 0.10 = —

= 1.0 =

Z 00 0.00 =

< 300 400 500 600 700 800 900
Wavelength (nm)

6.0 L 0.50 |

E i 1000uM Naph 1000uM Naph o E

E >0 Absorption = ~ Emission 040 5 _

2 Am 030 E g

U 3.0 = -

= £ 020 g £

s =220 =

2 =t o2

= 10 0.10 .2 =~

s Aaw AMa & I]lmuﬂ l 2

Z 00 0.00 =

< 300 400 500 600 700 800 900
Wavelength (nm)

- - 1.00

g 100uM Naph 100uM Naph S

E 3.0 Absorption ~ Emission 0.80 £~

= R

3 _ 0.60 £ =

S T20 CER

s B 040 g £

g 10 0.20 E =

=

Z 00 madl 0.00 =

< 300 400 500 600 700 800 900
Wavelength (nm)

-~ 10 0.50

g 0.8 lOuMNalph 10uM Naph 0.40 E

é o Ah.‘i(}l'ptlﬂll /F,l'l'li.‘i.‘ii()ll Joal é g

2 _06 \ 030 £ E

O 7 ==

= £04 020 £

== = o

2 02 0.10 2~

s =

g o o

= 0.0 0.00 =

< 300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.5 Absorption and emission spectrum of PMMA LSC with 4
butylamino-N-allyl-1,8-naphthalimide dye

From Figure 4.4, LSC with dye concentration af00 € Mgives the
highest enissionwith emission peak at 499.40n while both LSCs with dye
concentrations ofl0 ¢ Mand 10000eM give the lowest emissi@ With

increasing dye concentration, the emission pedk increasing intensityat
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around 500nm is observed at dye concentration in the order ofelM t o
1 0 0 eTMe increase in emissiantensityin this cases simply due to the
increase in dye concentration or number of dye moleauasable toabsorb
incident light andthen emit the luminescencdlowever, it is not the casat
higher concentration despite the increase in number of dye maetudeto

theformation ofdye aggregas

As shown inFigure4.4 andFigure 4.5, the emission peak wavelengths
shift to longer wavelengths with concentration highemth000& M This is
caused by the process ofabsorption and remission of dye molecules. Since
the long wavelength side of absorption spectrum overlaps with the short
wavelength side of emission spectrum, the luminescencedrdge molecule
is re-absabed by another dye molele that subsequently-emitsit at longer
wavelength. Tie effect of this process becomasre significantat high
concentration since more dye moleculee available for it. Therefore, the
emission peals shifted to a longer weelength(Kurian et al. 2002; Bindhu &

Harilal 2001)

However, theshift in emission peak wavelengthsmallerthan that in
absorption peak wavelengdémd the mission peak intensity decreasegh
concentration higher that000e M This is becausef the formation oboth J
aggregates and-Biggregates at high concentration. The Highinescence-J
aggregates emit umi nescence wi t,ie. smah differenBet o k e 0 ¢
between its absorgin and emission peak wavelendWurthner et al. 2011)
therefore slowslown the reeshift in overall emission peakFormation ofthe
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low-luminescence Fhggregates reducehe relative amount ofhigh
luminescence monomers andagdgregates therefore suppresghe overall

emissionintensity.

Table 4.3 Absorption and emission wavelength for PMMA LSC with4-
butylamino-N-allyl-1,8-naphthalimide dye in different concentration

Dye Absorptionpeak Emissionpeak Stokebd:
Concentration wavelengthinm) wavelengthinm)  (nm)
SLO8 = 430.51 499.40 68.89
25 430.10 499.40 69.30
50 431.96 501.43 69.47
75 432.17 499.40 67.23
100 431.96 501.63 69.67
250 439.62 501.43 61.81
500 463.92 510.32 46.40
750 470.27 511.54 41.27
1000 472.32 511.54 39.22
2500 481.30 511.54 30.24
5000 486.40 525.83 3943
7500 489.45 525.83 36.38
10000 485.58 525.83 40.25

From Table 4.3, the absorptiorpeak wavelengths for the lowest dye

concentration (1 M and the highest dye concentration (10G00J are
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430.51 nm and 485.58nm, respectively. While their emissiopeak

wavelengthsare499.40nm and525.83nm respectively. Therefore, both their
absorption and emissigmeak wavelengthshift to a longer wavelength when
the dye concentratiors increased.The redshift of both the absorption and

emission spectra can be obssl inFigure4.5 as well

Smal | er St o k e 6 s at dyk icdntentradidn highlerethard y e
1 0 0 O, svhth is caused by reshift in absorption peak and emissionnfrd-
aggregatesvith smallSt o k e 6 sontribuies fothigher rabsorption loss
High reabsor pti on | oss d u @s amother factoa thdt St o k

contributego the reduction irmission intensityRowan et al. 2008)

4.3.2 Emissionlrradiance and Optimum Concentration

Emission spectraof PMMA LSCs with 4-butylaminoN-allyl-1,8
naphthalimide dye in different concentrationswere measured using a
spectrometefThe emission irradiances were determined by integrating the area
under emission spectrl.is a more accurate assessment of emission intensity
as compared to the value of ission peak intensityComparingthe emission
irradiances as shown inFigure 4.6, the optimum dye concentratiotiat
provides the highest emission adiancecan be determined. The optimum dye
concentration for PMMA LSC with-butylaminaN-allyl-1,8-naphthalimide

dyeis found to be 7% M.
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Figure 4.6 Emission irradiance of PMMA LSC with 4-butylamino-N-allyl-
1,8naphthalimide dye in different concentration

The emission irradiance of LSC increaswith the riseof dye
concentratioruntil a maximumpoint and thendecreasgewith further increase
in the dye concentration. Té decreasan emission irradiance at higher dye
concentration beyond the optimum concentrai®due to the process of-re
absorptionandre mi ssi on with small er Stokeods

aggregates, axplained inSection4.3.1

4.4 Multiple -dye PMMA LSC with Polymerizable Naphthalimide Dye
and Rhodamine 6G

A number ofLSCs wereconstructedn this projectby doping multiple
dye 1 polymerizable naphthalimidet{putylamineN-allyl-1,8-naphthalimidég

and Rhodamine6G in PMMA matrix with differentmolar ratios as shown in
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Figure 4.7. Thesemultiple-dye LSCs were casted in differemolar ratios to

find out the optimum ratio that provides the highest emission irradidined.

absorption and emission spectra are reported in the following subsectien

molar ratio of multipledye PMMA LSCs werevaried by changing the
concentration of naphthalimide dye only where the concentration of
Rhodamine 6G was made constant3t5 €M for all LSCs in this section.

Constant Rhodamine 6G concentration at 3781 was us atdvasbecaus
determined to be the tmum Rh6G concentration for unsaturated polyester

LSC in(Lim et al. 2012)

Ratio of polymerizable naphthalimide dye: Rh6G

Figure 4.7 Multiple -dye PMMA LSC with polymerizable naphtahlimide
dye and Rhodamine 6G in different ratio
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4.4.1 Absorption,Emissionand St okeds shift

The absorption and emission spectra of the LSCs that were measured in
the laboratory using spectrometare shown inFigure 4.8 and Figure 4.9
respectively. Only 3 molar ratis of polymerizable naphthalimide to
Rhodamine6G are shown in the figure4:10, 2:1 and10:1, together witha
single dyeRhodaminesG LSC so that changes in the spectra shapes between
LSCs with increasingelative amount of polymerizable naphthalimidan be
clearly observe. Both the absorption and emission spectra of LSC with the
same dye concentration are put togethdtigure4.10to compare their shapes.
Absorption and emission walengths of all the LSCs together with their

Stokeds shiTdbkeddar e | i sted in

6.0
375.00 uM Naph + 37.50 pM RhoG (10:1)
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Figure 4.8 Absorption spectrum of multiple-dye PMMA LSC with
Rhodamine6G and naphthalimide dye in different molar ratios
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As shown in Figure 4.8, the multiple dye PMMA LSE€ has two
absorption peaks. Theyare the absorption peakfrom polymerizable
naphthalimide dye anBhodamne 6GThe polymerizablenaphthalimide dye
absorls at a shorter wavelengtlarpund420 nm-460 nm) than theRhodamine
6G (around 520 nm560 nm). Mixing a relatively small amount of
polymerizable naphthalirde dye with Rhodamine 6G redutiee absorption
peak from Rhodamine 6G.When the relative amountof polymerizable
naphthalimide dye isicreasedboth the absorption peakrom polymerizable
naphthalimide dyand Rhodamine 6@creaseThe graph shosthat theLSC
with 1:10 Naph to Rh6G ratibasthe lowest absorptiofrom Rhodamine 6G
while that with 10:1 Naph to Rh6G ratio hdise highest absorptioherefore,
it is shownthat higherrelative amount ohaphthalimide aids to increase the
absorption from naphthalimide and Rhodamine 6G. Formation of
polymerizable naphthalimide aggregates, similar to that described in Section
4.3.1, is observed with very high relative amount of polymerizable
ngphthalimide. It is indicated by broadening of absorption peak from

polymerizable naphthalimide at 10:1 Naph to Rh6G ratio.
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Figure 4.9 Emission spectrum of multipledye PMMA LSC with
Rhodamine 6G and naphthalimide dye in different molar ratios
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Figure 4.10 Absorption and emission spectrum of multipledye PMMA
LSC with Rhodamine6G and naphthalimide dye

From Figure4.9 andFigure4.10, two emission peakare observedor
the multiple-dye PMMA LSC. Similarly, they areghe emission peakfrom
polymerizablenaphthalimide dye and rhodam 6G. Naphthalimide dye emits

at a shorter wavelengttaround480 nm-520 nm) than theRhodamine6G
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(around540 nm-580 nm). However, the emission peak Bhodamine6G is
muchhigherthanthat ofthe polymerizablenaphthalimide dyeThe LSC with
2:1 Naph to Rh6G ratigives the hidhest emission peak at 564.88. Its
emission peak is higher than that from sirgye Rhodamine 6G LSC.
Therefore, mixing polymerizable naphthalirmiddye with Rledamine 6G

improvesthe emission from Rhodamine 6G.

The result showthat higter absorption coefficient does not guarantee
for higher emission irradiancd-or example, 10:1 Naph to Rh6G LS@asthe
highest absorption coefficient blatwv emission This is die to the formation of
polymerizable naphthalimide aggregates aedbsorption losof emission

from polymerizable naphthalimide
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Table 4.4 Absorption and emission wavelength for PMMA LSC with
multiple dyesin different concentrations

Ratio of Absorptionpeak Emissionpeak Stokebo:
Naph:Rh6G wavelength (nm)  wavelength (hm) (nm)
1:10 532.05 561.95 29.90
15 532.25 561.95 29.70
1:3 531.85 561.95 30.10
1:2 531.85 561.95 30.10
1:1 532.25 564.33 32.08
2:1 532.25 564.33 32.08
31 532.65 564.73 32.08
5:1 532.05 564.73 32.68
10:1 531.85 566.71 34.86

The absorptionpeak wavelength forthe multiple-dye PMMA LSCs
with different molar ratie arein the range of 531.85n@nd 532.65nmThey
arealmost constant and not affedty the molar ratis. However, the emission
peak wavelength shiftdo a longer wavelength when thelative amount of

polymerizablenaphthalimide dye isicreased.

4.4.2 Emissionlrradiance and Optimum Concentration

Multiple-dye PMMA LSCs were casted using a mixture of
polymerizable naphthalimide dye aRthodaminesG in different molar rati®

The emissiorspectraof all the LSCs were measured using a spectromeher.
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emission irradiances of all the LSCs were determined by integrating the area
under the emissiospectra Comparingthe emission irradianceas shown in
Figure4.11, the molar ratiathat provides the highest emission irradiancan
be determined. The optimum molar ratio for multigiee PMMA LSC with
the polymerizable naphthalimide dye and RhodaminésG@und to ke 75¢ M

naphthalimide dyeto376M Rhodami)ne 6G (2:1

Multiple dye PMMA LSC with rhodamine 6G and
naphthalimide dye

10:1 |

Ratio of Naph:Rh6G

110 |

0 20 40 60 80 100 120 140 160 180
Emission Irradiance (Arb. Unit)

Figure 4.11 Emission irradiance of multiple-dye PMMA LSC with
Rhodamine6G and naphthalimide in different molar ratio

It is shown inFigure4.11 that the emigen irradiance of LSCs increase
when themolar ratio ofpolymerizablenaphthalimidedye to RhodaminesG is
higher However,the emission irradiance increasetil a maximum andhen
stars to drop. Therefore, the optimummolar ratio of the mixture of

polymerizable naphthalimide dygmdRhodamineésGis 2:1.
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4.5 PMMA LSC with PFV Dye

LSCs were also constructed by doping PFV dye Poly(9,3di-(2-
ethylhexyl}9H-fluorene2,7-vinylene) in PMMA matrix as shown inFigure
4.12. They were casted in different concentrasot® find out the optimum
concentration that provides the highestission irradiace. Their absorption

and emission spectra are reported in the following subsection

0.125mg/cm? 0.375mg/cm?
0.250mg/cm? 0.500mg/cm?

PFV PMMA

Figure 4.12 PMMA LSC with PFV dye

4.5.1 Absorption,Emissionand St okeds shift

The absorption and emission spectra of the LSCs that were measured in
the laboratory usinthe spectrometeare shown irFigure4.13 andFigure4.14
respectivelyLSCs with # the4 concentrationare shown in the figure§.125
mg/cn?, 0.250mg/cn?, 0.375mg/cnt, and 0.500ng/cnt. Concentration in the
unit of mg/cniisusedhere nst ead of &M because the
in polymer form with varying molecular weights. The average molecular

weight, that is used to convert mgkm nt o & M, 'S not ava
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datasheetBoth the absorption and emission spectra of LSC \ighsame dye
concentration are put together Higure 4.15 to compare their shapes.
Absorption and emission wavelengths of all the LSCs together with their

Stokeds shilTdbkedbar e | i sted in
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Figure 4.13 Absorption spectrumof PMMA LSC with PFV dye in
different concentrations

From Figure 4.13, the peakabsorption coefficient increasedth the
increase in dye concentration. The absorption peakelengthshiftsto longer
wavelengthwhen thedye concentratiors higher It indicatesthe formation of
high-luminescentPFV dye J-aggregates in the LSC when the concentration
was higher This is because the-abgregates have longer absorption peak
wavelength as compared to that of the dye monoifwisthner et al. 2011)
Howevwer, formation of lowluminescent Haggregates that havehorte

absorption peak wavelengthrist observed.
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Figure 4.14 Emissionspectrum of PMMA LSC with PFV dye in different
concentrations
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Figure 4.15 Absorption and emission spectrum of PMMA LSC with PFV
dye

From Figure4.14, LSC with dyeconcentration 0b.500mg/cn? gives
the highest emission whetieat with dye concentrationf 0.125mg/cn? gives
the lowest emissionThe emission peakvavelength shifts to a longer
wavelength when theyd concentration isncreased.The emission peak

wavelength from the LSCacnot be determined accurately becaitséntensity
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is too low, where the emission pe&khidden by electrical noisefrom the

spectrometer.

As shown inFigure 4.15, both the absorption peak anemission peak
wavelengths shiftso longer wavelengths withigher dyeconcentrationThis
is caused by thdormation of JaggregatesThe Jaggregates has longer
absorption peak walength and high luminescent quantum efficiency
(Wdarthner et al. 2011)The formerproperty shifts both absorption peak and
emission peak wavelengths to longer wavelengthse latter enharms the

emission intensity from the LSC.

Table 4.5 Absorption wavelength and emission wavelength for PMMA
LSC with PFV dye in different concentration

Dye Absorptionpeak Emissionpeak St okeods
Concentration wavelength (nm)  wavelength (nm) (nm)
(mg/cn?)

0.125 371.12 458.17 87.05

0.250 389.21 461.46 72.25

0.375 409.93 499.40 89.47

0.500 413.89 544.45 130.56

From Table 4.5, the absorption peak wavelengths for the lowest dye
concentration (0.125mg/cn?) and the highest dye concentration (0.500
mg/cn?) are 371.12nm and413.89nm, respectively. While their emission

peak wavelengthare458.17nm and544.45nm respectively. Therefore, both
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their absorption anémission peak wavelength shifi a longer wavelength
when the dye concentratios increased. The reshift of both speita can be

observed irFigure4.15as well.

Larger St okeds shi ft of the dye
contributes to lower rabsorption loss. Lower +absorpibn loss at larger
St o k e 6 s anathern féctor thatscontributds the increase in emission

intensity in this caséRowan et h 2008)

4.5.2 Emission Irradiance and Optimum Concentration

Emission spectraof PMMA LSCs with PFV dye in different
concentrationsvere measured using a spectromeiére emission irradiances
were determined by integrating the area under emission spéctrgparingthe
emission irradiancess shown irFigure4.16, the optimum dye concentration
that provide the highest emission irradiancan be determined. The optimum

dye concentration for PMMA LS@ith PFV dyeis found to be 0.500mg/cin

The emissn irradiance of LSC increagewith the increase of dye
concentratioruntil the maximumconcentrationLSC with further increase in

dye concentration was not casted and measured due to cost consideration.
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Figure 4.16 Emission irradiance of PMMA LSC with PFV dye in different
concentration

4.6 PMMA LSC with PFV Copolymer Dye

For the results reported in this sectidtifCs were constructed by
doping PFV copolymer dye Poly((9,9di-(2-ethylhexyl}9H-fluorene2,7-
vinylene}co-(1-methoxy4-(2-ethylhexyloxy}2,5(phenylenevinylene))  with
90:10 molaratioin PMMA matrix as shown irFigure4.17. They were casted
in different concentratianto find out the optimum concentration that provides
the highest emission irradiance. Their absorption and emission spectra are

reported in the following subsectien



0.125mg/cm? 0.375mg/cm?
0.250mg/cm? 0.500mg/cm?

PFV copolymer PMMA

Figure 4.17 PMMA LSC with PFV copolymer dye

4.6.1 Absorption,Emissionand St okeds shift

The absorption and emission spectra of the LSCs that were measured in
the laboratory using spectrometare shown inFigure 4.18 and Figure 4.19
respectively. LSCs with all the 4 concentrai@re shown in the figures: 0.125
mg/cn?, 0.250mg/cnt, 0.375mg/cnt, and 0.50Gng/cnt. Concentration in the
unit of mg/cmii s used here i ns tP&Aacbpolgnier dyeM b e c
molecules are in polymer form witharying molecular weights. The average
molecular weight, that is used to convert mglémn't o & M, i's not a
the datasheet. Both the absorption and emission spectra of LSC with the same
dye concentration are put together Rigure 4.20 to compare their shapes.
Absorption and emission wavelengths of all the LSCs together with their

Stokeds shiTdbkedb6ar e | i sted in
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Figure 4.18 Absorption spectrum of PMMA LSC with PFV copolymer dye
in different concentrations

From Figure 4.18, the peak absorption coefficient inaseswith the
rise in dye concentration. The sdrption peak wavelength shifte longer
wavelengh when the dye concentration is higher. It indicéesformationof
high-luminescentPFV copolymerdye Jaggregates inthe LSC when the
concentration ishigher. This is because the-aggregates have longer
absorption peak wavelength as compared to that of the dye monomers
(Warthner et al. 2011)However, fomation of lowluminescent Haggregates

that have shorter absorption peak wavelemgtiot observed.
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Figure 4.19 Emission spectrum of PMMA LSC with PFV copolymer dye in
different concentrations
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Figure 4.20 Absorption and emission spectrum of PMMA LSC with PFV
copolymer dye

From Figure4.19, LSC with dye concentration of 0.500g/cn? gives
the highest emissioand the dye concentration of 0.12Bg/cn? gives the
lowest emission. The emission peak wavelersgiifis to a longer waglength

when the dye concentratios increased. The emission peak wavelength from
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the LSCcannotbe dedeermined accrately because its intensity too low,

where the emission peakashidden by electrical noise from the spectrometer.

As shown inFigure 4.20, both the absorption peak and emission peak
wavelengths shifto longer wavelengths with higher dye concentratidns is
caused by the formation of-ajgegates. The -dggregates has longer
absorption peak wavelength and high luminescent quantum efficiency
(Wdarthner et al. 2011)The former property shifteoth absorption peak and
emission peak wavelengths to longeavelengths; the latter eahcesthe

emission intensity from the LSC.

Table 4.6 Absorption wavelength and emission wavelength for PMMA
LSC with PFV copolymer dye in different concentration

Dye Absarption peak Emissionpeak Stoked:
Concentration wavelength (nm)  wavelength (nm) (nm)

(mg/cn?)

0.125 411.39 545.25 133.86

0.250 476.20 578.95 102.75

0.375 489.45 585.44 95.99

0.500 489.65 585.44 95.79

From Table 4.6, the absorption peak wavelengths for the lowest dye
concentration (0.125mg/cn?) and the highest dye concentration (0.500
mg/cn?) are 411.39nm and 489.65im, respectively. While their emissi

peak wavelengthare 545.25nm and 585.44nm respectively. Therefore, both
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their absorption and emission peak wavelength shift to a longer wavelength
when the dye concentratios increased. The reshift of both spectra can be

observed irFigure4.20 as well.

Larger St okeds shi ft of the dye
contributes to lower rabsorption loss. Lower +absorption loss at larger
St ok e d6s dhbrifdctor thatscontalbuseto the increase in emission

intensity in this caséRowan et al. 2008)

4.6.2 Emission Irradiance and Optimum Concentration

Emission spectraf PMMA LSCs withPFV copolymer dyén different
concentrationsvere measured using a spectromeiére emission irradiances
were determined by integrating the area under emission spéotrgaringthe
emission irratghnces as shown irFigure4.21, the optimum dye concentration
that provide the highest emission irradiancan be determined. The optimum
dye concentration for PMMA.SC with PFV copolymerdye is found to be

0.500mg/cm.
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PMMA LSC with PFV copolymer dye
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Figure 4.21 Emission irradiance of PMMA LSC with PFV copolymer dye
in different concentrations

The emission irradiance of LSC incredswith the increase of dye
concentratioruntil the maximumconcentrationLSC with further increase in

dye concentration was not casted and measured due to cost consideration.

4.7 All PMMA LSC with Different Dyes inTheir Optimum
Concentration

All PMMA LSCs with different dyes in their optimum dye
concentration were selected dcomparetheir absorption and emissi@pectra
They were selected from each category of dyesluding PFV dye, PFV
copolymer dyepolymerizablenaphthalimidedye, and multiple dys - mixture

of polymerizablenaphthalimide dyandRhodamine 6G
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4.7.1 Absorption and Emission Spectra

In this section, the absorpti@md emissiorspecta of all PMMA LSCs
with different dyes in theioptimum dye concentration were compareith
those ofa reference LSC thatasdoped with Rhodamine 6G. Rhodamine 6G
was used as a reference dye becauseas commonly used in LSC and its
luminescent quanturefficiency was98% (Meredith 1983) The optimum dye
concentration of Rbdamine 6G in this study was assumed t@hBe M inse
it was determined to be the optimum Rh6G concentration for unsaturated
polyester LSC in(Lim et al. 2012) The selected PMMA LSCs with their
optimum dye concentration were listesl ghown inTable4.7. The absorption
and emission spectra of the LSCs that were measured in the laboratory using

spectrometeare shown irFigure4.22 andFigure4.23 respectively.

Table 4.7 PMMA LSC with optimum dye concentration

Luminescent dye in LSC Optimum
concentration
Polymerizable naphthalimide 75e M

Multiple dye (mixture of polymerizable naphthalimii3 7. 5¢ M: 75
and Rhodamine 6G)

PFV 0.5mg/cnt
PFV copolymer 0.5mg/cnt
Rh6G 37.5¢M
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Figure 4.22 Absorption spectrum of all PMMA LSC with different dyes in
their optimum dye concentrations
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Figure 4.23 Emission spectrum of all PMMA LSC with different dyes in
their optimum dye concentrations
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Polymerizable naphthalimide dye Isathe lowest absorption and
emission. However, the multiptlye PMMA LSC (mixture of polymerizable
naphthalimide and Rhodamine 6G in the ratio o) B higher emission peak
thanits constituent dye: either polymerizallaphthalimidedye or Rhodamine
6G. This resut shows that the multiple dyescombination increasethe
emission irradiancedue to its broader and higher absorption. The
polymerizable naphthalimide dye abserhdditional incident light at the
wavelength shorter than the Rhodamine 6G absorption peak wavelesgth
shown inFigure 4.22. Emission of the polymerizable naphthalimide dye is
subsequently reabsorbed Bhodamine 6G thatontributesto the emission
peak observed iRigure4.23. Therefore, more incident light powisrabsorbed
and converted to the luminescence, or in other words, the emisgncneased.
However, thenorntunity luminescent quantum efficiency of polynzable

naphthalimide dydimits the increase in emission.

4.7.2 Emissionlrradiance

Emission spectraof all PMMA LSCs were measured using a
spectrometefThe emission irradiances weatsodetermined by integrating the
area under emission specthdter that, the emissn irradiance obtained was
normalized as shown iRigure4.24. The resultwasused to compare and find

outthedyethathad potential to be used as luminescent material in LSC.
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Figure 4.24 Normalized Emission irradiance of all PMMA LSC with
optimum dye concentration

The PFV copolymer dye bathe highest emission irradiance even
though it ha lower emission peak intensityhe resultshows that the PFV
copolymer hathe potential to be useth LSC because its emission irradiance

washigher tharthat ofthe reference dyeRhodamine 6G

Another type of dye, PFV sdower emission irradiance thahe PFV
copolymer. This resultis expected becaus& has been reported that
electroluminescendevices constructed from PFV copolymes Bagnificanty
higherefficiency and brigtér thanthoseconstructed from PFV hormgolymer

(Hwang et al. 2003)

The multipledye LSC ixture of polymerizable naphthalimide and

Rhodamine 6G in the ratio of 2:1) alsas#45% higher emission irradiance
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than Rhodamine 6G dydlowever, its emission irradiands slightly lower

thanthatof PFV dye.

4.8 Summary

The chemical structure othe luminescent dye synthesized time
laboratory- polymerizablenaptthalimide dye was characterizeing FTIR
and MS. The results shotiat thepolymerizablenaphthalimide dyes exactly
the sameasthe onedescribedn the publication(Panah et al. 2010Besides,
the absorption and emission measurement result of PMM/As L@ different
dyesi PFV, PFV copolymer, polymerizable naphthalimide, and multiple dyes
i are also presented in detsil Results of each dye with different
concentrationsireshown and optimumancentratiorof each dyehat provide

the highest emission irradianissdetermined.

The LSC with the optimum concentration iselected from each
category of dyeto compare their absorption and emission witbse ofthe
reference dyeRhodamine6G. Theresults showhat the PFV copolymer and
the multipledye PMMA LSC with polymerizable naphthalimide dye and
Rhodamine 6Gin the ratio of 2:1 has higher emission irradiance than
RhodamineG. Both of them hae the potential to be sed as new luminescent

mateial in LSC.
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CHAPTER 5

RESULTSAND DISCUSSIONS FOR LSC WITH DIFFERE NT
MATRI CES

This chapter begins with the introduction of lumiresgcmaterials and
polymer matrix materialsThe absorption andight irradiancemeasurement
results ofunsaturated polyester LSC and epd®§C with different dyes and
concentratios are presentediext The optimum concentratidor eachLSC is
found from the resultdVloreover, the absorption adigiht irradianceof LSC
with different matrix materialsat ther respective optimum dye concentrations
are compared Lastly, he effect of micro-voids scatteringin epoxy matrixis

discussedn detail

5.1 Introduction to Luminescent Material and Polymer Matrix

PFV and PFV copolymer dyeseusedand doped intdwo othertypes
of polymer matrices unsaturated polyester and epoXye PFV copolymer
dye is chosenas the luminescent materigbecausdt is one of thepotential
luminescent material® be used in LSCas shown iCHAPTER 4 PFV dye is
chosen as well for comparison purpoBbodamine 6G isised as a reference

dye. Itis doped in unsaturated peister and epoxy matesas well

It is shown in the following sectiothat Rhodamine 6G in either

unsaturated polyester or epoxy matrixs l@ver emission than Rhodamine 6G
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in PMMA. Multiple-dye LSC with polymerizable naphthalimide dye and
Rhodamine 6G is noshown in this chapter becausemission fromthe
multiple-dye LSCis mostly contributed byhe emission fromRhodamine 6G
andenhanced by the presence of polymerizable naphthalimideasgyhown in
Chapter4.4. Therefore, the erssion from either unsaturated polyester or
epoxy LSC with the multiple dyes is expected to be lower than that with PFV

co-polymer dye.

The results ofPMMA LSCs that werecasted previouslyere usedin
this chapterto compare with unsaturated polyester LSC and epoxy LSC.
Therefore, the performance of different commercially availablgnpet host

matrix materialsarestudiedand compared

5.2 Unsaturated PolyesterLSC with PFV Dye

LSCs were constructed by doping PFV dye Poly(9,9di-(2-
ethylhexyl}9H-fluorene2,7-vinylene) - in unsaturated polyester matrixs
shown inFigure5.1. They were casted in different concentrationdegtemine
the optimum concentration that provides the highigstt irradiance. Their

absorption antight irradiancespectra are reported in the following secsion
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0.2mg/cm?

0 dmgfem® 0.6mg/cm?

PFV UP

0.8mg/cm’

Figure 5.1 UP LSC with PFV dye

5.2.1 Absorption, lightirradianceand St okeds shi ft

The absorption andight irradiancespectra of the LSCs that were
measured in the laboratory usiagpectrometeare shown irFigure 5.2 and
Figure5.3 respectively. All dye concentrations are shown in the figu@200
mg/cn?, 0.400 mg/cn?, 0.600 mg/cn?, and 0.80 mg/cnt. Besides, both the
absorption andight irradiancespectra of LSC with the same dye concentration
are put together ifrigure 5.4 to compare their shapeébsorption ad light
irradiancewa v el engt hs of al |l the LSCs toget

listed inTable5.1.
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Figure 5.2 Absorption spectrum of UP LSC with PFV dye in different
concentration

Figure 5.2 shows that the peak absorption coefficieggnerally
increass with the dye concentratiorbut the peak absorption coefficient for
dye concentration of 0.800 mg/&ris lower than that of 0.600 mg/éniThe
absorption peatvavelengttfor the lowest dye concentration (0.20@/cnT) is
358.86 nm while that for the highest dye concentration (0.86@/cn?) is
374.70nm. It is noticed thathe absorption peak wavelength bewsbroader
and shifsto a longer wavelength when the dye concentrasamcreased. This
phenomenons related to theormation ofdye J-aggregates that have longer
absorption peak wavelength as compared to that of the dye monomers
(Warthner et al. 2011)as described in sectigh5.1 The absorption peak for
dye concentration of 0.80fg/cnT is saturated. Therefore, it appeacs be

lower than that for the dye concentration of 0.600mg/cm

92



0.25

0.20
0.600 mg/cm3 PFV 0.800 mg/cmS PFV

0.400 mg/cm? PFV J

=
-
th

|
|

M M\WWMM ‘4'~ il

0.200 mg/cm’® PFV

<
1S

Light Irradiance (Arb. Unit)

0.0

h

1T
0.00 h -'

400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 5.3 Light irradiance spectrum of UP LSC with PFV dye in different
concentration

From Figure5.3, LSC with dye concentration of 0.2@g/cn? has the
lowest light irradiance where 0.60fg/lcm® has the highestight irradiance
The increase idight irradiancefrom dye concentration of 0.200mg/Erto
0.600mg/cnt is due to the increase in number of dye molecules available to
emit the luminescence. However, tliye emission decreases at higher
concentration despite the increaseéhianumber of dye molecules. This is due
to the formation of dye aggregates that shife dye emission peak to a longer
wavelength andhencereduce the emission intensityDetailed desdption of

the formation of aggregates can be foundaation4.5.1
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Table 5.1 Absorption and light irradiance wavelength for UP LSC with
PFV dye in different concentration

Dye Concentration Absorptionpeak  Lightirradiance St ok e 0 ¢

(mg/cnt) wavelength (nm) peakwavelength  (nm)

0.200 358.86 ?7?75 114.89
0.400 362.67 473.75 111.08
0.600 374.70 488.64 113.94
0.800 375.13 488.89 113.76

From Table 5.1, the absorption wavelength for the lowest dye
concentration (0.200mg/cn?) and the highest dye concentration (0.800
mg/cnt) are358.86nm and 375.18m, respectively Wile theirlight irradiance
wavelengthsare473.75nm and 488.8%\m respectively. Therefore, both their
absorption andight irradiancewavelengtls shiftto a longer wavelength when
the dye concentt@n is increased.However, thewavelength of thelight
irradiance peak canot be determined accurately in this cabecause its
intensity istoo low, where thelight irradiancepeak ishidden by electrical

noises from the spectrometer.

5.2.2 Light Irradiance and Optimum Concentration

Light irradiance spectraof UP LSCs with PFV dye in diffent
concentrations were measured using a spectrometetighh@radiances were
then determined by integrating the area untherlight irradiancespectra

Comparing thelight irradiance, as shown irFigure 5.5, the optimum
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concentration that providehe highestight irradiancecan be dtermined. The

optimum concentration for UP LSC with PFV dgdound to be 0.600mg/cin

UP LSC with PFV dye

E
=
=T1]
=
£
=
=
(=]
@]
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Light Irradiance (Arb. Unit)

Figure 5.5 Light irradiance of UP LSC with PFV dye in different
concentration

The light irradiance of LSC increasegith the dye concentration and
then reducesvith further increase in the dye concentration. Teereasen

light irradiance at higher dye concentration beyond the optimum concentration

has beemxplained in sectiod.3.1

5.3 Unsaturated Polyester LSC with PFV Copolymer Dye

LSCs describedin this section were constructed by doping PFV
copolymer dye- Poly((9,9di-(2-ethylhexyl}9H-fluorene2,7-vinylene}co-(1-
methoxy4-(2-ethylhexyloxy}2,5-(phenylenevinylene))90:10 molar ratio in

unsaturated polyester matres shown inFigure 5.6. They were casted in
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different PFV copolymer dye concentratoono determine the optimum
concentration that provides the high&ght irradiance. Their absorption and

light irradiancespecta are reported in the follomg sectios.

—— RS ST RS
e

hnng*.‘ ‘A
0.6mg/cm?

0.2mg/cm?

0.4mg/cm? 0.8mg/cm?

PFV copolymer UP

Figure 5.6 UP LSC with PFV copolymer

5.3.1 Absorption, Lightirradiance and St okeds shi ft

The absorption andight irradiancespectra of the LSCs that were
measured in the laboratory using spectromater shown inFigure 5.7 and
Figureb.8 respectively. All dye concentrations are shown in the figu@200
mg/cn?, 0.400mg/cm®, 0.600mg/cnt, and 0.80Gng/cnt. Both the absorption
and light irradiancespectra of LSC with same dye concentrations are put
together inFigure5.9 to compare thir shapesAbsorption andight irradiance
wavelength of all the LSCs 't ogdglableher

5.2.
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Figure 5.7 Absorption spectrum of UP LSC with PFV copolymer dye in
different concentration
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Figure 5.8 Light irradiance spectrum of UP LSC with PFV copolymer dye
in different concentration
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Figure5.7 shows that the peak absorption coeéfitiincreasewith the
increasein dye concemttion. The absorption pediappensat 354.84nm for
the lowest dye concentration (0.20@g/cn?). It becomesbroader and the
maximum absorption wavelengthl@ngera bit when thedye concentratiors
higher This is due to the formatioof the dyeJaggregates as discussed in
section 4.5.1 Similaly, the light irradiance peak increases with the dye
concentration From Figure 5.8, LSC with dye concentration of 0.8@0g/cn?
hasthe highestight irradiancepeak at 585.44m wheras0.200mg/cn? gives
the lowest light irradiancepeak at 555.0Inm. The light irradiance peak
wavelength shifts to a longer wavelengt when the dye concentration is
increasedHowever, helight irradiancepeak wavelengtbamotbe determined
accurately because its intensisytoo low, where thdight irradiancepeak is

hidden by electricahoises from the spectrometer.
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Figure 5.9 Absorption and light irradiance spectrum of UP LSC with PFV
copolymer dye
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Table 5.2 Absorption and light irradiance wavelength for UP LSC with
PFV copolymer dye in different concentration

Dye Concentration Absorptionpeak  Lightirradiance St ok e 0 ¢

(mg/cnt) wavelength (nm) peakwavelength  (nm)

0.200 354.84 (5r15”51)01 200.17
0.400 364.78 601.90 237.12
0.600 375.13 585.05 209.92
0.800 374.70 585.44 210.74

From Table 5.2, the absorption wavelength for the lowest dye
concentration (0.200mg/cn?) and the highest dye concentration (0.800
mg/cn?) are 354.84 nm and 374.70nm, respectively. While theilight
irradiancewavelengthsare 555.01nm and 585.44m respectively. Therefore,
both their absorption anlight irradiancepeaks shifto a longer wavelength
when the dye concentrah is increased. The reshift of both the absorption
andlight irradiancespectra an be observed iRigure5.9. This is caused by the
formation of Jaggregates that have longer absorption peak wavelength

(Warthner et al. 2011)fheexplanation has begiesented in sectich5.1

5.3.2 Light Irradiance and Optimum Concentration

Light irradiancespectraof UP LSCs with PFV copolymer in different

corcentrations were measured using a spectromdtee. light irradiance
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irradiances were determined by integrating Hrea undedight irradiance
spectraComparingthelight irradiancesas shown irFigure5.10, the optimum
dye concentratiothat providas the highestight irradiancecan be determined.
The optimum dye concentration for UP LSC with PFV copolymerisljeund

to be 0.400mg/ch

UP LSC with PFVcopolymer dye
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Light Irradiance (Arb. Unit)

Figure 5.10Light irradiance of UP LSC with PFVcopolymer dye in
different concentration

5.4 Epoxy LSC with PFV Dye

LSCspresentedn this section were constructed by doping PFV dye
Poly(9,9di-(2-ethythexyl)-9H-fluorene2,7-vinylene) - in epoxy matrix as
shown inFigure5.11. They were casted in different dye concentrations to find
out the optimum concentration tharovides the higheslight irradiance.

Furthermorea large amount of micrvoids wasalso formed in epoxy LSC
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because the epoxesin hashigh viscosity that facilitatethe entrapment of
micro-voids during casting process. Their absorption #gtt irradiance

spectra are reported in the following section.

o 3
0.6mg/cm O.Smg/cm-‘l'OI /c

0.2mg/cm?
& 0.4mg/cm?

PFV Epoxy

Figure 5.11 Epoxy LSC with PFV dye

5.4.1 Absorption and Light irradiance

The absorption andight irradiancespectra of the LSCs that were
measured in the laboratory using spectromatershown inFigure 5.12 and
Figure5.13 respectivelyOnly 4 dye concentrations are shown in the figures

0.400 mg/cnt, 0.600 mg/cnt, 0.800 mg/cnt, and 1.000mg/cfh- so that

changes in the spectra shapes between LSCs with increasing dye

concentrations can be clearly observesbsorption andlight irradiance

wavelengths of all the LSCs are listedTiable5.3.
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Figure 5.12 Absorption coefficient spectrum of epoxy LSC with PFV dye
in different concentrations

Figure5.12 shows that the peakbsorption coefficient increasesth
the dye concentration. The absorption peak at 352 observed for LSC
with the lowest dye concentratiort is theabsorption peak aflye monomers.
When the dye concentratide higher, broader absorption peak with longer
maximum absorption wavelenghobservedThe absorption peak in this case
is contributed by both the dye monomers and its aggreg&iesher

explanatioron the formation of aggregeshas been discussedsactior4.5.1
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Figure 5.13 Light irradiance spectrum of epoxy LSC withPFV dye in
different concentrations

FromFigure5.13, LSC with dye concentratioof 1.000mg/cnt has the
highestlight irradiance but thelight irradianceintensitydoes not increase with
the dye concentrationThe epoxy LSC haa broadbandlight irradiance
spectrum thats similar to the incident light spectrum shape but different
from the typical narrow bandye emission spectrunithis isbecause itight
irradianceis not only contributed bythe dye emissiomut aso micrevoids
scatteringn LSC, which will be discussed in detail in sectibry. In fact, the
light irradiance is mainly contributed by the mievoid scattering. Dye

emi ssion doesnot contribute much to th

In Table 5.3, the absorption wavelengths for the lowest dye
concentration (0.20fg/cnt) and the highest dye concentration (1.60§cnT)

are352.29nm and 367.1hm, respectivelyThe peakabsorption waglengthis
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