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THE INTERACTION OF Cd-BASED CHALCOGENIDE QUANTUM DOTS
WITH RAW PHOTOSYNTHETIC PIGMENTS

SUMMARY

The detrimental effects of global warming caused by usage of fossil fuels and toxic
gas emission to the atmosphere could be dramatically decreased by environmental
sustainability and renewable energy resources. Moreover, coal, oil and gas classified
as fossil fuels which almost the whole energy of the world derived from is going to
respectively be over in 107, 35 and 37 years. That is why alternative renewable energy
sources are quite important according to scientists.

It is possible to utilise renewable energy resources in almost all areas where fossil fuels
have a usage. Renewable energy is able to be used in the production of electricity, in
transportation and logistics as a fuel, in buildings and industrial processes as a heat
release after conversion. Wind, flowing water, sunlight, the internal heat of the earth
and biomass are natural resources of renewable energy.

Biomass is a significant renewable energy source because of its economic potential,
easiness in production and functional usage in many areas. Biomass is defined as
organic materials in total produced by a living organism like plants and animals in a
stated time and place in the world. Biomass could be manufactured by almost all
organic materials we know such as seed waste, wood, wastewater, paper waste, straw
and manure. These days, better half of biomass production is produced by products of
agriculture which are known as energy crops. That makes photosynthesis that underlies
formation of food and fibre along with biomass-based biofuels quite an important
process. Photosynthesis and the energy conversion required for the production of
biomass are utterly related to each other.

In this thesis, quantum dots having three various structures were interacted with
photosynthetic pigments which are responsible for light harvesting to increase and
simplify biomes production by enhancing the efficacy of photosynthesis. In addition,
photosynthetic pigments were extracted by spinach leaves that are easily provided and
they are kept intact during the interactions. The compositions of quantum dots’
structures were designated in accordance with the absorption wavelengths of
photosynthetic pigments. The quantum dots interacted were oleic acid-capped CdSSe
QDs, CdSTe QDs with the Te-riched core and CdSTe QDs with the outer S-enriched
region. Also, all quantum dots were synthesis two-phase synthesis method which is
one of the bottom-up approaches. The CdSSe QDs were synthesised as they have an
emission in the same UV range in electromagnetic spectrum that photosynthetic
pigments absorb light. The CdSTe QDs with the Te-riched core have a stated
composition owing to the same reason and emission spectrum in the near IR region
that pigments have also absorption. The CdSTe QDs with the outer S-enriched region
have no emission of light in any common region with photosynthetic pigments that
absorb radiation. Those quantum dots are synthesised to examine the quantum dot-
photosynthetic pigment interaction when there is no possibility of energy transfer. The
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results of the interactions were analysed by UV-Visible Spectrophotometer and
Fluorescence Spectroscopy and experimental data was exhibited in the section of
Results & Discussion in detail.

As a result of all experiments, the absorption intensity of the photosynthetic pigments
interacted with the Te-enriched CdSTe QDs was increased by 50% at the excitation
wavelength of 410 nm. Additionally, the light harvesting capacity of photosynthetic
pigments was enhanced at 500-575 nm in the green-light range of spectrum in the
presence of the CdSTe QDs with the Te-riched core.
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ISLENMEMIS FOTOSENTETIK PIGMENTLER iLE Cd-ICEREN
KALKOJENIT KUANTUM NOKTALARIN ETKILESIMIi

OZET

Kiiresel 1sinmanin gezegenimize zararl etkileri yiiksek miktarda tehlikeli gaz salinimi
ve hizla tliketilen fosil yakitlar sebebiyle her gecen giin artiyor. Bu zararli etkileri
azaltmak, ¢evreye zarari neredeyse yok denecek kadar az olan yenilenebilir enerji
kaynaklar1 ve ¢evresel siirdiirebilirlik ile miimkiin. Dahasi, bilim adamlarina gore
diinyanin neredeyse enerji liretiminin tamamini elde ettigi fosil yakitlardan petrol 35,
gaz 37, komiir ise 107 yi1l sonra tiikenecek. Bu durum daha yasanilabilir bir diinya igin
cevresel siirdiiriilebilirlik ve temiz yenilenebilir enerji kaynaklarinin 6nemini daha da
artirtyor.

Temiz ve yenilenebilir enerji kaynaklari smirli ve zararli olan fosil yakitlarin
kullanildig1 her hemen hemen her alanda kullanilabilir. Bu alanlardan bazilarina 6rnek
olarak elektrik tiretimi, tagimacilik ve lojistik, binalarin 1sitmas1 ve endiistriyel siiregler
verilebilir. ilaveten, temiz ve yenilenebilir enerji iiretimi icin dogal ve siirdiiriilebilir
kaynaklar1 olan riizgar, akar sular, giines 15181, yerkiirenin i¢ sicakligi ve biyokiitle
kullanilabilir.

Biyokiitle son yillarda {iiretim kolayligi, genis kullanim alanlar1 ve ekonomik
potansiyeli ile diger yenilenebilir enerji kaynaklar1 arasinda 6ne ¢ikmistir. Bilimsel
tanim olarak, biyokiitle diinyada belirli bir yer ve zamanda hayvan ya da bitki gibi
organizmalardan iiretilen toplam organik malzemedir. Biyokiitle belki de hi¢ tahmin
edilmeyecek neredeyse akla gelen tiim organik malzemelerden kolaylikla elde
edilebilir. Bu organik malzemelere Ornekler atik c¢ekirdekler, tahta, atik su, kagit
atiklari, saman ve hayvan giibreleri olabilir. Gliniimiizde biyokiitle liretiminin biiyiik
hacmi enerji mahsiilii diye adlandirilan tarim yan {irlinlerinden saglaniyor. Tiim besin,
lif ve biyokiitleden elde edilen biyoyakitin temeli olan fotosentez bu sebeple son
derece mithim. Ciinkii tarim kaynakl1 biyokiitle tiretiminde verim fotosentez verimi ile
dogrudan iliskili. Fotosentez siirecinde iiriin miktarini artiran etkiye sahip her degisim
biyokiitle miktarini da arttirir.

Bu tezde biyokiitle iiretimini kolaylastirmak ve verimini artirmak amaciyla ti¢ farkl
yapida sentezlenen kadmiyum igeren kalkojenit kuantum noktalar fotosentez
mekanizmasinda 1s1k emiliminden sorumlu olan pigmentler ile fotosentez verimini
yiikseltmek icin etkinlestirildi. Etkilesimler siiresince 1spanak yapragindan kolay bir
yontemle izole edilen fotosentetik pigmentler yapilari zarar gérmeden korundu.
Pigmentlerle etkilestirmek icin secilen kuantum nokta yapilar1 fotosentetik
pigmentlerin 15181 sogurma dalga boylarma gore belirlendi. Etkilestirilen biitiin
kuantum noktalar, asagidan-yukar1 sentez yaklagimlarindan biri olan ¢ift faz sentez
metodu kullanilarak sentezlendi. Kuantum noktalarin yapisal karakterizasyonu X-Isin1
Difraksiyonu (XRD) ve Fourier Donilisiimlii Kizilotesi Spektroskopisi (FTIR) ile
fotofiziksel karekterizasyonu ise UV-Goriiniir Bolge Spektroskopisi ve Floresan
Spektroskopisi ile yapilmigtir. Kuantum noktalardan CdSSe, fotosentetik pigmentlerin
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elektromanyetik spektrumun UV bdlgesinde yaptiklart sogurma sebebiyle ayni
aralikta enerji saliimi yapacak sekilde sentezlenmistir. Zengin teleryum miktarina
sahip CdSTe kuantum noktalar ise, ayni sebepten pigmentlerin kizilotesi bolgesine
yakin dalga boyu araliginda radyasyon sogurduklari i¢in belirli bir kompozisyona ve
151k salinimi spektrumuna sahiptir. D1 kisminda zengin kiikiirt miktar1 ile CdSTe
kuantum noktalar ise pigmentlerin 151k sogurdugu herhangi bir dalga boyunda enerji
salimimi yapamazlar. Bu kuantum noktalar, enerji transferi ihtimali olmadigindaki
fotosentetik pigment-kuantum nokta etkilesimini incelemek igin sentezlenmistir.
Gergeklestirilen etkilesimler radyoaktif elektron gegislerini aydinlatmak amaciyla V-
Goriintir Bolge Spektroskopisi ve Floresan Spektroskopisi kullanilarak incelenmistir.
Elde edilen tiim deneysel veriler ayrintilariyla birlikte Sonuglar ve Tartisma kisminda
sunulmustur.

Oleik asit kapli kadmiyum igeren kalkojenit kuantum noktalar ile 1spanak
yapraklarindan elde edilen fotosentetik pigmentlerin etkilesim sonuglar1 birkag
maddede Ozetlenebilir. Floresan Spektroskopi sonuglarina gore fotosentetik
pigmentlerin oleik asit kapli CdSSe kuantum noktalar1 ile etkilesiminde, 620
nanometre (nm) ve {lizeri uyarimlarda kuantum noktalarin pigmentler iizerinde
herhangi bir etkisi olmamis ve pigmentler etkilestirilmemis hallerindeki emisyon
spektrumunu  korumustur. Etkilesim 350 nm dalga boyu ile uyarildiginda
etkilesitirilmis pigmentlerin emisyon yogunluklar1 tamamen soniimlenmistir. Fakat
410 nm ve 460 nm dalga boyu tarimlarinda, tamamen soniimlenme olmamaistir. Bu
uyarimlarda oleik asit kaplt CdSSe ile etkilesen pigmentlerin emisyon yogunluklari
azalmistir ve radyasyon yayan elektron gegcislerinin bir kismi engellenmistir.

Tez kapsaminda yapilan kiikiirt miktar1 zengin oleik asit kapli CdSTe kuantum ile olan
etkilesimler, oleik asit kapli CdSSe kuantum nokta-fotosentetik pigment
etkilesimleriyle benzer sonuglar vermistir. Yine kuantum noktalarin pigmentler
tizerinde 620 nm ve 660 nm dalga boyu uyarimlarinda herhangi bir etkisi olmamis ve
pigmentlerin kuantum noktalar varliginda emisyon spekturumlar1 degigsmemistir.
[laveten, 410 nm ve 460 nm uyarimlarinda fotosentetik pigmentlerin emisyonlar1 belli
oranlarda azalmistir ve radyasyon yayan elektron gegislerinin azaldigi kanitlanmistir.
Yalniz 350 nm dalga boyuna sahip 1s1k ile uyarilan etkilesimde pigment
emisyonlarinin sadece %95°1 sonlimlenistir.

Oleik asit kapli zengin teleryum miktarina sahip CdSTe kuantum noktalar diger iki
kuantum nokta-fotosentetik pigment etkilesimlerinden farkli egilimde spektroskopi
sonuglar1 vermistir. CdSTe kuantum nokta-fotosentetik pigment etkilesimi 350 nm
dalgaboyu ile uyarildiginda pigment emisyon yogunluklar1 ii¢ kat azalmstir,
sonlimlenmemistir. Bir sonraki uyar1 dalga boyu olan 410 nanometrede pigmentlerin
ve kuantum noktalarin emisyon yogunluklar1 %50 oraninda azalmistir. Etkilesim 460
nanometrede uyarildiginda ise 685-720 nm aralifinda ise etkilestirilmis pigmentlerin
emisyon yogunluklari tam %15 artmistir. Bu aralikta radyasyon yayan elektron
gecisleri fazlalagsmistir. Ayrica, bu kuantum noktalarin varhiginda fotosentetik
pigmentlerin fotoliiminesans uyarim spektrumunda 500-575 nm dalga boyu arasindaki
yesil 151k bolgesindeki 15181 sogurma kapasiteleri artirilmistir. Bu etkilesimin diger
etkilesimlerle emisyon spektroskopisindeki tek ortak sonucu ise 620 nm ve 660 nm
uyarimlarinda goriilmiistiir. Diger etkilesimlerdeki gibi bu dalga boylarindaki
uyarimlarda ~ CdSTe  kuantum  noktalariyla  etkilestirilmis  pigmentlerin
etkilestirilmemis olanlarla emisyon farki yoktur.
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Bu tez, bitki yapraklarindan izole edilen islenmemis fotosentetik pigmentleri yapilarini
koruyarak kadmiyum igeren kalkojenit kuantum noktalarla etkilestirmeyi ve bu sayede
pigmentlerin yesil 151k bolgesindeki 15181 sogurma kapasitesini artirmayi basararak
0zgiin bir ¢alisma halini almistir. Tiim spektroskopik veriler sonucu fotosentetik
noktalar emisyon spektrumlart ve fotoliiminesans wuyarim spektrumlarinda
karakteristik piklere sahip olarak oleik asit kapli CdSSe, zengin teleryum miktarina
sahip oleik asit kapli CdSTe ve kiikiirt miktar1 zengin olan oleik asit kapli CdSTe
kuantum noktalar ile etkilesimlerinde bozulmadiklarini goéstermislerdir. Tez
kapsaminda yapilan tiim kuantum nokta-fotosentetik pigment etkilesimlerinin,
etkilestirilmemis pigmentlerin 15181 sogurma ve emisyon spektrumlart goz Oniine
alarak detayl bir sekilde optik incelemesi yapilmistir.
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1. INTRODUCTION

1.1 Purpose of Thesis

According to scientists, energy crises and environmental sustainability are the main
challenges that humanity has been dealing with because of their being almost fully-
dependent on fossil fuels. The unaccountable consumption of those fuels has led to
global warming since enormous greenhouse gas emissions to the atmosphere [1]. It
has been estimated the current amount of fossil fuels is insufficient for the world’s
necessity and coal, oil and gas would respectively be over in 107, 35 and 37 years [2].
Thus, it is obvious that alternative clean energy resources must be primary for recent
studies in science [1].

Clean and voluminous renewable energies are able to utilised for electricity
production, transportation as a fuel, buildings and industrial processes as a heat beside
they are produced from various self-renewing resources like wind, flowing water,
sunlight, the internal heat of earth and biomass derived from energy crops, seed waste,

wood, straw, wastewater, household and paper waste [3, 4].

Biomass is the quantity of organic material in total produced by living organisms of
one animal or plant species in a specific area in a stated period of time [5]. Since
biomass resources have an economic potential, their usage in many areas has become
quite significant in time. Biomass has recently derived from by-products of agriculture
in huge annual volumes and developed as energy crops [4]. That makes the process of
photosynthesis a fundamental backstage of all food, fibre and biomass-based biofuels
besides efficiency of photosynthesis is directly related to the energy conversion to

produce biomass/biofuel [6].

There are plenty of environmental parameters to obtain photosynthesis efficiency such
as temperature, CO2 concentration of air and light. However, light is a crucial source
and parameter for plant growth coordination and the most efficient performance of
photosynthesis [7]. According to the paper of Zhu and his teammates, greenery does

not show perfect absorption in photosynthetically-active radiation range which is 400-



740 nm due to chlorophyll’s weak performance at absorbing in the green band of
spectrum. That prevents absorption of 10% of photosynthetically-active radiation and

reduces the photosynthetic conversion efficacy [6].

In my thesis, healing light harvesting capacity of photosynthetic pigments (PPs) in
green spectrum which would directly increase photosynthesis efficiency was the main
goal and that was achieved by exploiting the interaction between cadmium-based
chalcogenide quantum dots (QDs) and raw photosynthetic pigments while long-term
stability of pigments was succeeded outside their natural environment. Additionally,
photosynthetic pigments were extracted from spinach leaves in a facile method which
could be executed even in a kitchen.

Quantum dots’ unique photophysical properties and potential of being energy/electron
donor were reasons to particularly use quantum dots as a nano-structure for trials of
modulating light harvesting capacity of photosynthetic pigments. The quantum dots
interacted with photosynthetic pigments were ternary oleic acid-capped CdSSe QDs,
CdSTe QDs with the Te-riched core and CdSTe QDs with the outer S-riched region.
Quantum dots were synthesised by novel two-phase synthesis method to obtain high
photoluminescence quantum yield under the mild synthesis conditions that are low

temperature and less toxic heavy metal precursors.

1.2 Photosynthetic Pigments

Photosynthesis is the natural process converting sunlight to biochemical energy
(carbohydrates) that is the fundamental source of life. Photosynthetic pigments are
biomolecules in the photosynthetic system of organisms such as plants, algae and some
bacteria. They are responsible to absorb radiation in a specific range in the
electromagnetic spectrum and transfer the absorbed energy to the reaction centre of
photochemical conversion. Photosynthetic pigments are a mixture of two water-
insoluble pigment kinds: chlorophylls and carotenoids. Chlorophylls and carotenoids
always exist together and they enable photosynthetic organisms an equilibrium for
capturing light and conquering all habitats where the light is supplied [8, 9].

1.2.1 Chlorophylls

Chlorophylls are biomolecules having a basic porphyrin macrocycle and four pyrrole
rings bound to a magnesium (Mg?*) ion in the hole created by four nitrogens facing



inward (Figure 1.1). Also, chlorophylls have quasi-crystalline structure [8, 9]. Their
responsibility is light harvesting and conversion of light to electrochemical potential

for reducing carbon dioxeide in the atmosphere to carbohydrates [8].

COORj; COOR;,

Porphyrin Chlorin

Figure 1.1 : Structure of common chlorophylls.

Chlorophylls have an oxidation-reduction potential as a part of reaction centre and
antenna or light harvesting structures. It becomes quite negative after absorbing a
photon. The negativity leads to an electron transfer to neighbour molecules,
pheophytins. That process is the primary photochemical reaction and it happens in the
reaction centre. By the way, the reaction centre is the place photochemical conversions

are executed [9].

The optical properties of chlorophylls can be explained by the four-orbital models of
porphyrins which cause four main absorptions in the near infrared, near-ultraviolet and
visible regions of electromagnetic spectrum [8]. In particular, chlorophylls together
with carotenoids have a UV light absorption at 200-350 nm due to their C=C and C=0
bonds and near-infrared absorption between 620 and 720 nm. In organic solvents,
chlorophyll has long-time excited states (~10”-8 sec), thus they are highly fluorescent

biomolecules [8].

1.2.2 Carotenoids

Carotenoids are not only light harvesting photosynthetic pigments but also the
biomolecules which have a wider functionality than chlorophylls. It is known that there
are more than 800 kinds of carotenoids. Carotenoids are kinds of tetraterpenes which
have two C20-units bound tail-to-tail to a chain of 32 carbon atoms owing eight methyl
side chains (Figure 1.2). They have a rod-shaped structure; hence they display a similar



absorption with linear polyenes. Most carotenoids have a yellow-orange colour that is
in charge of their maximum absorption being overlapped in the blue region of 450—

530 nm whereas chlorophylls have a very low absorption intensity [8].
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Figure 1.2 : Example structures of carotenoids.

The crucial duty of carotenoids in photosynthesis is conservation of photosynthetic
complexes under the overexposure of light. In that condition, the reaction centre
becomes nonoperative to catch the absorbed photon coming from the light harvesting
complex. Then, chlorophylls having long-lived-excited states start to spread a hazard
to the organism because of their potential of forming reactive oxygen species. In that
point, carotenoids are able to emit excess energy and quench triplets of chlorophyll by
triplet energy transfer to their own low-lying forbidden triplets. During the transfer, an
amount of heat is dissipated. In the end, they could prevent formation of reactive

oxygen species [8,9].

1.2.3 Protection system of photosynthetic pigments

Ultraviolet (UV) radiation has unfortunately hazardous effects on many photosynthetic
structures like photosynthetic pigments, and most light harvesting protein complexes
beside electron transfer rate (ETR) [10]. Within the scope of photosynthetic pigments,
UV radiation brings on poorness of light harvesting system by uncoupling of
chlorophylls and decreases efficacy of photosynthesis. As a result, some doses of UV

light cause decline in leaf development and finally in biomass production [11].



The UV radiation in the electromagnetic spectrum consists of three particular
wavelength range swhich are UV-A (320-400 nm), UV-B (280-320 nm) and UV-C
(100-280 nm [12]. It was proven that the UV-A radiation is specifically impairing for
Photosystem 11 in the study of Eniko and Imre [13]. Although the UV-B light is a little
percentage of the total solar energy, it puts down the rate of photosynthesis. Recent
studies show that the UV-B radiation between 280-315 nm and 100-280 nm of the UV-
C light affects photosynthetic pigments and breaks their C=C and C=0 bonds [12, 14,
15]. In the analysis of Piccini’s study, it was obtained that the UV-B radiation leads to
stress for olive trees which is directly effective for growth of leaves and photosynthetic
activity [16].

Plants and algae have a protection system to deal with overexposure of UV radiation
and harmful effects of reactive oxygen species. Also, that protection brings on
inhibition of biomolecule degradation organisms have. That protection system is triplet
energy transfer operated by carotenoids as it was mentioned in the subtitle of
carotenoids. That is why protection system could not operate when photosynthetic
pigments are isolated and tried to be used in ex vivo applications such as LED, solar

cells and biosensors [8, 12, 16].

1.3 Quantum Dots

Quantum dots are zero-dimensional nanostructures and they are semiconductor
nanocrystals with unique optical and electronic properties. In semiconductor bulk
materials, electrons are continuously able to move without any restriction. However,
electrons of quantum dots have discrete energy levels and as they are quantised in three
dimensions. That is the reason of quantum dots’ being called zero-dimensional [17,
18]. Quantum dots usually contain 100-1000 atoms in their structure which have a high

surface-volume ratio and these atoms are I11-V or I1-VI elements most of the time [19].

High photostability, wide absorption and narrow emission are some of the optical
properties of quantum dots [20]. Quantum dots could emit radiation in a wide range
from infrared to visible region and that absorption range is up to their size and
composition [21]. Due to their configurable optical and electrical properties, quantum
dots are significant nanostructures in many areas such as bio-imaging, light emitting

diodes (LEDs), solar cells, photovoltaic and quantum computing [17].



1.3.1 Quantum confinement effect

Quantum confinement effect in quantum dots could be understood easily by perceiving
the term: excitons which are technically electron-hole pairs. Bands in semiconductor
materials are formed by energy levels. There are valence band and conduction band
and they are separated by an energy gap which is called ‘bandgap’. The bandgap is an
intrinsic property for semiconducting and conducting materials. An electron in the
valence band could come through the bandgap by receiving an adequate energy from
light absorption or thermal excitation and reach the conduction band as it left a hole
behind. After a stated time, the excited electron generates a charge carrier movement
or recouples with a hole by means of energy release. In that stage of quantum dots, the
excited electron is disposed to weakly bond to its hole by electrostatic Coulomb force
since the diameter or the size of quantum dots is less than the material’s characteristic
‘Bohr radius’. Bohr radius is the distance between electron and its hole or the interval
in electron-hole exciton in the other words [Figure 1.3]. Then, quantum confinement
effect which converts the bands to discrete energy levels in quantum dots comes into
insight [17].

S CB
K i * R — Y e Quantum dot
] ' > N e ' M
"'2.77; ‘ ': » Exciton g + > Confined exciton
28 () ' T o a - .
—e— e - :
b VB .
— > Electron

______

Actual exciton bohr radius

Figure 1.3 : Exciton formation in energy band of quantum dots and comparison of
exciton radius with quantum dots size [17].

The quantum confinement effect has an impact on the optical and electrical properties
of quantum dots due to the relation between the bandgap and the size of the dots. Below
the Bohr radius, the bandgap energy increases as the particle radius of semiconductor
decreases [22]. That relation makes quantum dots amazing nano materials to be
specifically synthesised for stated problems in many research fields.



1.3.2 Optical properties of quantum dots

Quantum dots are highly photo-luminescent nanomaterials. Thus, photoluminescence
must be explained to understand the optical properties of quantum dots [19].
Photoluminescence is a kind of energy release process as a radiation. An electron is
not able to protect its stability in the valence band when an external source supplies
the sufficient energy to be transferred to the conduction band. The amount of sufficient
energy is the bandgap energy. Electron transits to the conduction band and leaves a
hole behind. Then, the electron comes back to the valence band to be stable again by
emitting radiation at a particular wavelength. That circle of the electron is called
photoluminescence [23,24,25].

Quantum dots have various fascinating optical properties because of the quantum
confinement effect as it was mentioned before. Also, those properties could be adjusted
by the size and the composition of quantum dots [26]. For electron excitation in
quantum dots, the energy which is needed to increase with the decrease of diameter
beside the electron emits higher energy during the photoluminescence. That means
quantum dots with a larger size have shorter bandgap and the need of less energy to

excite their electrons [27].

The Stokes shift and brightness are the other optical properties of quantum dots. The
difference between the maximum absorption and the maximum emission of quantum
dots is called Stokes shift [28]. Quantum dots have Stokes shift since they have an
absorption at much lower wavelengths compared to their emission wavelengths and
that is a great feature to sensitively detect in sensing systems [29]. Brightness in high
densities is caused by overlap of excitation curve with the scattering curve and some

quantum dots are brighter 20 times than a common fluorescent material [30, 31].

1.3.3 Methods for synthesise quantum dots

There are two fundamental methodologies to synthesise quantum dots which are top-
down and bottom-up methods. In top-down methods, the synthesis process is based on
carving bulk materials into structures into nanoscale [17, 20]. Ball milling and
lithography are the top-down approaches and they are kinds of slicing and cutting
methods. The ball mill is a grinder and it drops near the top of a rotating hallow
cylindrical shell. Here, corrosion is the point to have nanostructures. Also, ball size,

ball material, rotation speed and the bulk material chosen are factors of nanostructure



size. On the other side, lithography is a fabrication method to form one- or two-
dimensional nanostructures having one material dimension in nanoscale at least. There
are many types of lithography and some of them are X-Ray and extreme UV
lithography, photolithography, focused ion beam, electron beam lithography and
neutral atomic beam lithography [17].

1.3.3.1 Bottom-up approaches

The basis of bottom-up approaches is assembly of small units such as atoms or
molecules into the ambitioned structures. The strategy of small unit assembly predicts
forming nanostructures with proper shape together with structural design and it is
called nano building blocks.

Bottom-up approaches are categorised into two main methods: physical and chemical
methods. Inert gas condensation, physical vapour deposition, sputtering, arc discharge,
laser ablation and laser pyrolysis are the physical synthesis methods. All those methods
are based on condensation, sublimation, vaporisation and sputtering [17]. The method
which is used in this thesis is a two-phase synthesis method and it is one of chemical
bottom-up approaches. That is why chemical bottom-up methods are just explained in
detail.

Chemical bottom-up methods which are wet chemical methods in other words are
chemical vapour deposition (CVD), atomic layer deposition, spray pyrolysis, colloidal
synthesis, sol-gel method, sonochemical synthesis, microwave assisted synthesis and

lab-on-chip technique. Also, the two-phase method is a kind of colloidal synthesis.

There are many advantages of chemical bottom-up methods. First of all, chemical
methods are quite simple and they require only a few instruments. It is not similar to
the physical bottom-up methods. Secondly, synthesis of quantum dots is executed
under mild conditions in the chemical methods. Also, doping of different atoms into
the structures is possible while the synthesis is executing. As a final advantage, very
large amounts of nanostructures with various sizes and shapes can be synthesised as a

product of a chemical method [17].

1.3.3.2 Methodology of two-phase synthesis

Two-phase synthesis method was firstly reported by Brust et al. in 1994 and they
prepared alkanethiol-capped Au nanocrystals by means of toluene/water interface. The



team enhanced that method and synthesised semiconducting nanocrystals, noble metal
crystals and oxide nanocrystals [32]. Then, CdSe QDs with high quantum yield was

successfully synthesised by this method.

Recently, liquid/liquid systems have a great importance for synthesis of colloidal nano
materials [34]. The number of studies in which toluene/water was used as a
liquid/liquid phase was sharply increased and became outstanding among other two-
phase options such as chloroform/water, cyclohexane/water, and benzene/water [34].
The crucial process shown in Figure 1.4 is that the system consists of two immiscible
liquids to form a liquid interphase between polar and non polar phases. The reaction
of assembly of quantum dots happens at the interphase and hydrophobic nanocrystals

which are synthesised were transferred to the non-polar phase [33].

ODE Phase

Water Phase DDA

CdSe QDs

Figure 1.4 : Schematic illustration of CdSe QDs in ODE/water systems as an
example [34].
Two-phase synthesis approach is executed under mild conditions that the process is
controllable, reactions happen at low temperatures and precursors are less toxic
compared to former organometallic methods. In addition, organometallic processes
that have tough conditions are so complex and they have restricted biological
incompatibility [32, 33, 34].

1.4 Energy Transfer between Quantum Dots and Photosynthetic Pigments

Many scientists are highly motivated to study the interaction quantum dots with
biomolecules because of quantum dots’ high quantum efficiency and absorption
capacity. Many types of quantum dots such as Cd-based chalcogenide quantum dots

and graphitic quantum dots possess a potential for energy transfer in biomolecules



owing to their being little hazardous and great biocompatibility. Similarly, hybrid
systems composed of proteins and quantum dots enable development of nano systems

for different purposes [36, 37].

There are plenty of work which investigated any interaction and energy transfer
between photosynthetic structures and quantum dots. Here, some of those studies were
summarised below and lightened with their underlying details.

In the study of Budak et al., carbon dopped-boron nitride quantum dots (C-BN) and
boron-nitride-carbon quantum dots (BCN) achieved to increase 20% of fluorescence
emission pf photosynthetic pigments isolated from spinach leaves and became a part
of artificial antenna in photosynthesis [36]. That study was an example for the
interaction between graphitic quantum dots and photosynthetic pigments and have the

most details being similar with the study of this thesis.

According to the Erker and his team, energy transfer from oleic acid-capped CdTe/CdS
quantum dots to light harvesting complex Il b (LHCIIb) was obtained. Oleic acid-
capped CdTe/CdS quantum dots were synthesised by a phase transfer method and

interacted with the complexes through two different binding sites [37].

In 2012, Maksimov et al. discussed Forster’s inductive resonance mechanism when an
energy transfer was achieved between quantum dots and Photosystem Il (PSII) as a
donor-acceptor pair. They formed a QD-PSII complex and displayed data that shows
a energy migration from the CdSe/ZnS quantum dots to Photosystem Il. The energy
migration led to enhancement of fluorescence emission of PSII and increase 60% in
the rate of QA reduction by helping light absorption of PSII in the UV and visible
region [38].

It was stated that when carbon quantum dots (CQDs) which have a sufficiently high
quantum yield interacted with chloroplasts and rice plants, quantum dots convert the
radiation in the UV range of 300-370 nm to photosynthetically active radiation (PAR)
between 370-500 nm. Through this interaction, CQDs with 46.42% of quantum yield
enhanced the photosynthesis. Nevertheless, any energy transfer inside of chloroplast
did not happen [39].

The final example study from the literature is investigation of interacting CdTe QDs
and reaction centre of photosynthesis. Highly-luminescent CdTe QDs efficiently

absorbed light in a wide range of spectrum by acting as an artificial antenna. Then,
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guantum dots transferred the energy that was harvested to the reaction centre of Rb.
sphaeroides. The reason of choice of that particular quantum dots was their
photoluminescence emission to make them coupled with the chromophore (acceptor

pigment) in the reaction centre [40].
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2. MATERIALS AND METHOD

2.1 Synthesis of Precursors

There are three precursors which must be prepared before synthesising quantum dots:
cadmium myristate (Cd-Mry), NaHTe for CdSTe QDs or NaHSe for CdSSe QDs.

To synthesise cadmium myristate, cadmium acetate and myristic acid are dissolved in
methanol and respectively mixed with 1:3 mole ratio at the room temperature (21°C).
In the experiments for my thesis, 0.001 mmol cadmium acetate together with 2.500
mmol NaOH were dissolved in 5 mL methanol and 0.003 mmol myristic acid was
dissolved in 100 mL methanol. Then, cadmium acetate solution was added to myristic
acid solution drop-by-drop in an erlenmeyer flask after observing that both solutions
became utterly homogeneous. Speed for that addition was about 1 drop/sec. The
product needs to be filtered via filter paper and dried at the room temperature in the

last step.

NaHTe was utilised as a tellurium precursor and synthesised by means of the method
in reference [41]. In the N, atmosphere, 0.4 mol NaBH4 was dissolved in 10 mL
distilled water. That saturated distilled water was added to 0.008 mmol Te powder via
a glass syringe which had been degassed with N, gas for 15 mins. The dark solution
we had was heated at 60°C for 15 mins and colour of the solution was changed to lilac

at the end.

The same method in the reference [41] was exploited to synthesise NaHSe. 0.134
mmol Se powder was placed in a flask and waited in N, atmosphere for 15 mins. 0.4
mol NaBH4 was dissolved in 10 mL distilled water on the other side. Then, it is
carefully transferred to the Se flask via a glass syringe. NaBH4 solution must be
degassed with N, gas before the transfer. Being heated to 60°C for 15 mins, it was

observed that the solution had a colour change.
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2.2 Synthesis of Oleic Acid Capped-Quantum Dots

All quantum dots mentioned in the thesis were synthesised by means of liquid-liquid
interphase method. In the liquid-liquid interphase synthesis method, quantum dots
were formed at the water/toluene interphase by a reaction of cadmium precursor with
NaHSe or NaHTe and sulphur precursor. Additionally, oleic acid exists in the toluene
phase as a capping ligand [42].

2.2.1 Synthesis of CdSTe I and CdSTe Il quantum dots

First of all, 5 mmol oleic acid was added to 0.111 g cadmium myristate (Cd-Mry) drop-
by-drop in 50 mL toluene and stirred for 15 mins at 90°C in the presence of N, gas to
prepare the toluene phase. Secondly, 0.8 mmol thiourea was dissolved in 45 mL
distilled water in a three-necked flask in the N, atmosphere for the water phase. The
next step was adding 0.8 mmol NaHTe solution to thiourea solution absolutely
saturated with N, gas by using a glass syringe. The reason for usage of a glass syringe
was inhibiting oxidation of tellurium precursor. After all, CdSTe QDs started to be
formed as toluene phase was added to the water phase at 100°C under the N, gas. Then,
amount of 1-2 mL of toluene phase was collected at certain intervals to observe the
growth of quantum dots by means of UV light. The synthesis of CdSTe | QDs was
terminated at the 40th hour. Quantum dots must be kept at 0-2°C after precipitation in
methanol (50% in volume) for analysis and characterisation.

S-riched CdSTe Il QDs was synthesised by following the same instructions in the
synthesis procedure of CdSTe | QDs. However, quantity of sulphur precursor was
increased for CdSTe Il QDs and the synthesis was terminated at the 24th hour,
diversely.

2.2.2 Synthesis of CdSSe quantum dots

Likewise, the synthesis of CdSTe QDs, 50 mL-toluene phase had 5 mmol oleic acid
and 0.111 g cadmium myristate (Cd-Mry) and was heated at 90°C for 15 mins under
gas for CdSSe QDs. Also, water phase of the synthesis was prepared in the same way
with CdSTe QDs except adding NaHTe solution. Instead of NaHTe solution, 2 mL of
NaHSe solution was added to the 0.8 mmol thiourea dissolved in 45 mL distilled water.
After two phases got together to initiate formation of quantum dots, small amounts of

toluene phase was periodically examined under UV light a few times to determine
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termination time. The CdSSe QDs pictured with other quantum dots in Figure 2.1 were
synthesised in 24 hours.

Figure 2.1 : CdSTe |1 QDs, CdSTe 11 QDS and CdSSe QDs under the UV light (336
nm), respectively.

2.3 Extraction of Photosynthetic Pigments

A facile extraction method was utilised for raw photosynthetic pigments. About 2.200
g of spinach leaves was respectively washed with tap and distilled water before being
submerged in 40 mL absolute ethanol for 48 hours under 0-2°C. Then, a filter paper
was used for filtration and the extraction was spilled into glass petri dish. In the end,
we replaced that petri dish into a fume to make photosynthetic pigments dried.
Pigments became a sort of powder which sticked to walls of the petri dish. Having a
raw photosynthetic pigment in a powder form enable us to solve those pigments in any
suitable solvent.

2.4 Interaction of Quantum Dots with Photosynthetic Pigments

Chloroform was chosen as a medium of the interaction between quantum dots with
raw photosynthetic pigments. That is why all quantum dots and raw pigments were
solved in chloroform. Photosynthetic pigments in a petri dish were solved in 10 mL
chloroform. On the other side, each quantum dot samples were centrifuged at 14000
rpm for 2 mins for being able to be dissolved in chloroform. The amount of quantum
dots in 3.0 mL chloroform were 9.5 mg of CdSTe | QDs, ~6.0 mg of CdSTe Il QDs
and ~5.0 mg of CdSSe QDs.
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The interaction was executed in seven different erlenmeyer flasks which was detailed
in the table below [Table 2.1]. Each erlenmeyer flask has 3 mL volume in total. The
erlenmeyer flask with number 1 was a check sample and contained only raw
photosynthetic pigments in chloroform (PPs). Erlenmeyer flasks with number 2-4 had
a kind of quantum dots with the pigments (QDs+PPs). Also, 5-7th erlenmeyer flasks
owned only a kind of quantum dots to examine the quantum dots’ impact on the raw
pigments’ fluorescence emissions (QDs). Quantum dots and raw photosynthetic
pigments were interacted by shaking flasks at 400 rpm for 1 hour. That shaking

progress was made in the dark to prevent excitation of raw photosynthetic pigments

by sunlight.
Table 2.1 : The details of each interaction mixture.
Erlenmeyer Chloroohvil CdSTel CdSTell CdSSe Solvent
Flask Py QDs QDs QDs [Chloroform]
1 1.5mL - - - 1.5mL
2 1.5mL 1.5mL - - -
3 1.5mL - 1.5mL - -
4 1.5mL - - 1.5mL -
5 - 1.5mL - - 1.5mL
6 - - 1.5mL - 1.5mL
7 - - - 1.5mL 1.5mL

2.5 Examination of the Interaction Between Quantum Dots and Photosynthetic
Pigments

There are three main analysis stages for the thesis. To investigate any interactions
occurred between quantum dots and raw photosynthetic pigments, structural and
optical characterisation for both is required. Also, the interaction samples of quantum
dots and the pigments was optically analysed by means of Fluorescence Spectroscopy.

For characterisation of quantum dots, X-Ray Diffraction (XRD) was used to examine
compositions and structures of CdSSe QDs, CdSTe QDs beside S-riched CdSTe QDs.
The diffractometer was Rigaku Smartlab X-Ray Diffractometer with CuKa radiation
(A =1.5406° A). The angle range was from 15° to 60° (2-theta, deg) and the data was
collected in a step scanning mode. XRD data was also utilised to calculate size of

qguantum dots by Scherrer Rule. In addition, Fourier Transform Infrared Spectrometer
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(FTIR) analysis was performed to prove that all oleic acid-capped quantum dots had
the similar organic group on their surfaces.

In details of Fluorescence Spectroscopy, whole set of interaction samples (PPs,
QDs+PPs and QDs) was analysed with excitation wavelength of 350, 410, 460, 620
and 660 nm. Then, Photoluminescence Excitation Spectrum (PLE) of photosynthetic
pigments and quantum dots-interacted-pigments was recorded at 685 nm and 720 nm.
The reason of choosing these specific wavelengths was explained under the subtitle

‘Purpose of Thesis’.

To obtain absorption spectra of raw photosynthetic pigments, UV-Visible
Spectrophotometer ATO-N4 was used. Scanning range was 300-800 nanometer for
interaction samples containing only quantum dots and the range was 350-750 nm for

other interaction solutions having photosynthetic pigments inside.
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3. RESULTS AND DISCUSSION

3.1 Structural and Photophysical Characterisation of Quantum Dots

For structural characterisation of ternary chalcogenide quantum dots, X-Ray
Diffraction (XRD) measurements were executed to obtain composition and crystal
structures. XRD data is shown in Figure 3.1. and it was proven that all quantum dots
presented a cubic crystal structure owing to three prominent broad peaks which
correspond to the Miller indices [111], [220] and [311] according to the standard
JCPDS data (JCPDS No. 15-0770 for CdTe and JCPDS No. 10-0454 for CdS) [43].
Positions of the XRD peaks were obtained as [111]: 25.63°, [220]: 43.14°, [311]:
50.80° for CdSSe QDs, [111]: 25.86, [220]: 43.30, [311]: 51.45 for CdSTe I QDs and
[111]: 26.23, [220]: 43.90, [311]: 51.69 for CdSTe Il (S-riched) QDs. These angles
measured in the XRD data was utilised to lighten nanoscale of structures and size of
quantum dots were calculated by Scherrer Rule. As a result of the calculations, CdSSe
QDs has 2.4 nm in size, meanwhile CdSTe |1 QDs had 2.7 nm and CdSTe 11 QDs had
3.2 nm. Also, chemical compositions of quantum dots were obtained as
CdSe(0.18)S(0.82) for CdSSe QDs, CdTe(0.19)S(0.81) for CdSTe | QDs and
CdTe(0.07)S(0.93) for CdSTe Il QDs. It was a fact that amount of sulphur is higher
than Se or Te amount in the core of quantum dots because sulphur precursor had

higher concentration than Se or Te precursor.
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Figure 3.1 : a) XRD data and b) FTIR spectrum of CdSSe QDs, CdSTe | QDs and
CdCdSTe Il QDs
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In addition, full-width at half maximum (FWHM) of the XRD peak of [111] for each
quantum dot was determined (Figure 3.1.). The FWHM was 3.50° for CdSSe QDs.
For CdSTe I QDs, the FWHM was 3.20° whereas it was 2.65° for S-riched CdSTe
QDs (CdSTe 11 QDs).

To be sure of eliminating the impact of variety on the quantum dots’ surfaces and
obtain the effect of quantum dots’ core structure, Fouirer Transform Infrared
Spectrophotometer (FTIR) analysis was the most operative characterisation method.
The FTIR data was shown in the Figure 3.1 and indicated that all quantum dots had
the similar organic groups on their surfaces. Each quantum dot surface had been
covered by carbon-hydrogen chains. Additionally, the FTIR peak which is belonged
to -OH groups of oleic acid and typically obtained at 34001-3600 was not observed
in the FTIR spectrum of oleic acid-capped quantum dots. That means oleic acid was

bonded to all kinds of quantum dots through -OH groups.

For photophysical characterisation of quantum dots, absorption spectrum by UV-Vis
Spectrophotometer and emission spectrum by Fluorescence Spectrophotometer
(Varian Cary Eclipse Fluorescence Spectrofluorometer) were obtained for each
quantum dot and exhibited in Figure 3.2. For absorption spectra, the spectral range was
between 400-750 nm. CdSSe QDs had a well-defined narrow peak centred around 475
nm. On the other hand, CdSTe | QDs had a slight and broad peak at ~600 nm beside
CdSTe Il QDs had and only outstanding decrease between 400-475 nm. In Figure
3.2.b, all quantum dots were excited with 350 nm-light and CdSSe QDs had a single
peak centred at 505 nm with FWHM of 40 nm. CdSTe | QDs showed a single peak at
635 nm with the FWHM of 40 nm and CdSTe I QDs’ single peak was positioned at
740 nm with the FWHM of 90 nm.
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Figure 3.2 : a) Normalised absorption spectra of CdSSe QDs, CdSTe |1 QDs and
CdSTe 11 QDs b) Normalised emission spectra of CdSSe QDs, CdSTe | QDs and
CdSTe 1l QDs when excitation wavelength was 350 nm.
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To characterise oleic acid-capped quantum dots in detail, each quantum dot was
examined by exciting different wavelengths via Fluorescence Spectroscopy.
Excitation wavelengths were 350, 410, 430, 460, 620, 660 and 666 nm for each
structure. At the end of measurements, wavelength-dependent emission spectra of
CdSSe QDs, CdSTe | QDs and CdSTe Il QDs were provided with photoluminescence
quantum vyields (Figure 3.3). Photoluminescence quantum yield (PQY)of CdSSe QDs
was 85% resulting an efficient fluorescence emission. CdSTe I QDs’ PQY was 54%

and CdSTe I QDs’ PQY was calculated by 29%.
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Figure 3.3 : Wavelength dependent emission spectra of a) CdSeS QDs b) CdSTe |
QDs c¢) CdSTe 11 QD.

Raw photosynthetic pigments It is required to explain determination of the core
structure and composition of these particular quantum dots. Photosynthetic pigments
have a stated absorption band in the UV and near IR region which could be observed
in the Figure 3.4. In set of quantum dots used in the thesis studies, CdSSe QDs were
synthesised as they could emit a light in a spectrum matching the pigments’ absorption
in the UV region. CdSTe | QDs were able to emit a light in the near IR spectrum for
the same reason. As a final, CdSTe Il QDs (S-riched CdSTe QDs) were synthesised to
examine the case when there is no possibility of energy transfer between quantum dots

and photosynthetic pigments.
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Figure 3.4 : Absorption of photosynthetic pigments overlapping with a) CdSeS QDs
b) CdSTe 1 QDs ¢) CdSTe Il QDs.
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3.2 Optical Characterisation of Photosynthetic Pigments

Raw photosynthetic pigments extracted from spinach leaves were analysed by using
UV-Vis Spectrophotometer and Fluorescence Spectrophotometer. In absorption
spectrum, pigments exhibited a typical three intrinsic peaks: a broad peak at 435 nm
with 140 nm of FWHM and two minor peaks at 620 and 660 nm, as shown in Figure
3.5.

The emission of photosynthetic pigments was varied by excitation wavelength. When
the excitation wavelength was 350 nm, 410 nm or 660 nm, pigments had two
overlapping peaks at 685 nm and 720 nm. Pigments additionally had a peak at 650 nm
when they excited with 460 nm- and 620 nm-light. Nevertheless, photoluminescence
excitation (PLE) spectrum was obtained and two major bands were recorded at an
emission wavelength of 685 nm. First band observed between 225 nm and 470 nm.

The other one was positioned from 500 nm to 700 nm.
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Figure 3.5 : a) Absorption and emission spectrum (excitation wavelength: 350 nm)
of photosynthetic pigments b) PLE spectrum of photosynthetic pigments at a
emission of 685 nm c¢) Wavelength dependent emission spectrum of photosynthetic
pigments

3.3 Analysis of the Interaction Between Quantum Dots and Photosynthetic

Pigments

For lightening the interaction between CdSSe QDs, CdSTe | QDs and CdSTe 11 QDs,
each quantum dot-photosynthetic pigment mixture (PP-QDs) was analysed via
Fluorescence Spectrophotometer and emission spectra of each PP-QDs were obtained
at the excitation wavelength of 350, 410, 460, 620 and 660 nm. Reason of choosing
these particular wavelengths was based on absorption spectra of photosynthetic
pigments and emission spectra of quantum dots. At 350 nm, all Cd-based ternary oleic
acid-capped quantum dots absorb light and convert it to fluorescence emission with

high quantum yield. Photosynthetic pigments also have a fluorescence emission at this
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wavelength. 410 nm and 660 nm were chosen as excitation wavelengths due to
absorption spectrum of chlorophyll a. 430 nm and 620 nm were chosen by considering
the absorption spectrum of chlorophyll b. These are the specific wavelengths for
examining any change of chlorophyll a and chlorophyll b emission intensity which
quantum dots leaded. Also, photosynthetic pigments were utterly unperished during
the analysis at 350, 410, 460, 620 and 660 nm.

In Figure 3.6, emission spectra of interactions belonged to the PP-CdSSe QDs were
compared with pure raw photosynthetic pigments’ emission results. Emission of
photosynthetic pigments was quenched in the presence of CdSSe QDs and emission
intensity of CdSSe QDs was decreased at 350 nm. When the PP-CdSSe QDs were
excited at 410 nm, the pigments emission was decreased to 1/5 and quantum dots
emission intensity dropped to 1/20. At 460 nm pf excitation wavelength, emission of
the pigments was quarter of the pure pigment emission while the CdSSe QDs intensity
of emission was decreased to 1/20. There was no any emission change between the
pure photosynthetic pigments and PP-CdSSe QDs for excitation wavelength of 620
nm and 660 nm. Here, quantum dots did not make any emission upon these

wavelengths.
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Figure 3.6 : Emission spectra comparision of interactions is belonged to PP-CdSSe
QDs with pure raw photosynthetic pigments at a) 350 nm, b) 410 nm, c¢) 460 nm, d)
620 nm and e) 660 nm.

Emission spectra of interactions of PP-CdSTe | QDs were compared with pure raw

photosynthetic pigments’ emission spectra in the Figure 3.7. When the PP-CdSTe |
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QDs were excited at 350 nm, the pigments emission was decreased by factor of 3 and
quantum dots emission spectrum was overlapped with pigments emission at 625-700
nm. At the excitation with 410 nm, emission intensity of both pigments and quantum
dots were decreased 50%. Emission of photosynthetic pigments did not change for
excitation wavelength of 460 nm at the first peak around 650 nm yet it was declined
15% at the second peak at 685-720 nm. CdSTe I QDs’ emission intensity was
decreased by factor of 20. Any difference between emission spectra of pigments and

CdSTe I QDs was not observed when excitation wavelength were 620 nm and 660 nm.
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Figure 3.7 : Emission spectra comparison of interactions belonged to PP-CdSTe |
QDs with pure raw photosynthetic pigments at a) 350 nm b) 410 nm c) 460 nm d)
620 nm e) 660 nm.

Comparison of PP-CdSTe II QDs’ emission spectra with pure raw photosynthetic
pigments was showed ins the Figure 3.8 and 95% of pigment emission was quenched
as a result of the interaction at 350 nm. However, 1/3 of emission of CdSTe Il QDs
between 750-850 nm was kept. At 410 nm of excitation wavelength, emission intensity
of pigments was decreased to 1/4 while emission of CdSTe 11 QDs was dropped to 1/8.
Similarly, photosynthetic pigments had an emission dropped by factor of 3 and CdSTe
I1 QDs had an only 10% emission of the initial fluorescence intensity. For the last two
excitation wavelengths which are 620 nm and 660 nm, both intensity of CdSTe 11 QDS
and pigments did not have any difference.
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QDs with pure raw photosynthetic pigments at a) 350 nm b) 410 nm c) 460 nm d)
620 nm e) 660 nm.

Effect of quantum dots on the light harvesting capacity of raw photosynthetic pigments
were also investigated by comparing photoluminescence excitation (PLE) spectra of
PP-QDs mixtures at 685 nm and 720 nm with the one of pigments. Wavelengths of
685 nm and 720 nm in the fluorescence spectrum of the pigments comply typical the
main absorption band Qy (0,0) and its satellite band Qy (1,0) for chlorophyll of
chlorophyll a and chlorophyll b, respectively. Figure 3.9 presents those comparisons
for each PP-QDs mixtures. For PP-CdSSe QDs interaction, PLE band covering the
soret bands between 225-500 nm was completely quenched at both wavelengths and
the band from 500 nm to 700 nm was intrinsic for photosynthetic pigments and the
PP-CdSSe QDs mixture [Figure 3.9 a and b]. Photosynthetic pigments in the PP-
CdSTe 1l QDs interaction had the similar PLE band with PP-CdSSe QDs. The PLE
band of PP-CdSTe Il QDs was wholly quenched at 225-470 nm and displayed the same
character with photosynthetic pigments between 575 nm and 700 nm [Figure 3.9 e and
f].

There is an exceptional result for the interaction of PP-CdSTe | QDs [Figure 3.9 ¢ and
d]. The PLE band of the mixture at both wavelengths was decreased at 225-470 nm
yet it was not utterly disappeared like PP-CdSSe QDs interaction. Also, prominent
enhancement in the in the intensity of the PLE band between 500-575 nm which is a
green colour-range in spectrum when photosynthetic pigments interacting with CdSTe
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I QDs. At last, photosynthetic pigments in the mixture of PP-CdSTe | QD exhibited

an identical behaviour in the range of 575nm and 660 nm.
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Figure 3.9 : Photoluminescence excitation (PLE) spectra of quantum dot-
photosynthetic pigment interactions and pure pigments at emission wavelength of

685 nm and 720 nm.
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4. CONCLUSION

In the scope of the thesis, the convenient solution was sought to increase
photosynthesis efficiency for higher amounts of biomass production [50, 51]. By
exploiting former studies which have a similar goal [46-49], it was decided to study
on enhancement of light harvesting capacity of photosynthetic pigments by interacting
them with Cd-based chalcogenide oleic acid capped-quantum dots. Oleic acid-capped
CdSSe QDs, CdSTe QDs with the Te-riched core and CdSTe QDs with the outer S-
riched region were synthesised by two-phase synthesis method. Then, all quantum dots
were interacted with raw photosynthetic pigments that are isolated from spinach leaves
by a facile extraction method.

In conclusion, the experimental data could be summarised in three parts. In the
interaction between oleic acid-capped CdSSe QDs and photosynthetic pigments,
pigments displayed radiative electron transition as a result of decrease in quantum
dots’ and their emission intensity. It proves reduction of radiative electron transition
for both pigments and quantum dots upon their interaction. By the way, the CdSSe
QDs were used in these experiments due to their ability to emit light in the specific

UV region that photosynthetic pigments can absorb.

For examining the interaction between a nanostructure which emits radiation in the
near IR region photosynthetic pigments can absorb, oleic acid-capped CdSTe QDs
with the Te-riched core were synthesised. According to the experiments,
photosynthetic pigments were able to harvest light at 410 nm with the high intensity.
That excitation wavelength belonged to chlorophyll a. Also, utterly quenching in the
emission spectra of CdSTe | QDs-PP interaction mixtures. Thus, quantum dots did not

inhibit the radioactive electron transition. Transitions were just influenced slightly.

The CdSTe Il QDs with the outer S-riched region were the quantum dots have no
possibility to transfer energy to the photosynthetic pigments due to their optical
properties like absorption and emission spectra. Raw photosynthetic pigments were
stable and unperished during the interaction yet their light harvesting capacity was

substantially dropped. The emission intensity of the pigments in the presence of oleic
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acid-capped CdSTe Il QDs was almost disappeared at all. The radiative electron
transitions were restricted in the CdSTe Il QDs-PP mixture due to quantum dots’ low

amount of Te in the structure. And thickness S-riched outer surface.

Emission spectra of photosynthetic pigments for all interactions had no difference
compared to the pure pigments when they are excited at the wavelength of 660 nm. In
other words, quantum dots have no impact on the photosynthetic pigments at that
excitation wavelength. It is obvious that the interaction with quantum dots is not
hazardous for photosynthetic pigments and light harvesting capacity of them is not
affected by quantum dots at excitation wavelengths above 600 nm which quantum dots
do not absorb radiation.

28



REFERENCES

[1] Khoo, C. G., Dasan, Y. K., Lam, M. K., & Lee, K. T. (2019). Algae biorefinery:
Review on a broad spectrum of downstream processes and products.
Bioresources Technology, 292, 121964 doi:10.1016/j.biortech.2019.
121964

[2] Chu, W.-L. (2017). Strategies to enhance production of microalgal biomass and
lipids for biofuel feedstock. European Journal of Phycology, 52(4),
419-437. doi:10.1080/09670262.2017.1379100

[3] Bull, S.R. (2001). Renewable energy today and tomorrow., 89(8), 1216-1226.
d0i:10.1109/5.940290

[4] Perea-Moreno, M.-A., Sameron-Manzano, E. and Perea-Moreno, A.-J. (2019).
Biomass as Renewable Energy: Worldwide Research Trends.
Sustainability, 11(3), 863—. d0i:10.3390/su11030863

[5] Britannica, T. Editors of Encyclopaedia (2023). biomass. Encyclopedia
Britannica. https://www.britannica.com/science/biomass

[6] Xin-Guang Zhu; Stephen P Long; Donald R Ort (2008). What is the maximum
efficiency with which photosynthesis can convert solar energy into
biomass?., 19(2), 153-159. doi:10.1016/j.copbio.2008.02.004

[7] Gotoh, E., Suetsugu, N., Yamori, W., Ishishita, K., Kiyabu, R., Fukuda, M.,
Higa, T., Shirouchi, B. and Wada, M. (2018). Chloroplast
accumulation response enhances leaf photosynthesis and plant biomass
production. Plant Physiology, 0, pp.00484.2018—.
d0i:10.1104/pp.18.00484

[8] Scheer, H. (2013). Encyclopedia of Biological Chemistry || Chlorophylls and
Carotenoids. 498-505. doi:10.1016/B978-0-12-378630-2.00134-1

[9] Montero, F. (2011). Photosynthetic Pigments. In: Gargaud, M., et al.
Encyclopedia of Astrobiology. Springer, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-11274-4_1205

[10] Nassour, R., Ayash, A. and Mohamed, I. (2017) The Effect of Ultraviolet
Radiation on Chlorophyll in Chlamydomonas Reinhardtii. SSRG
International Journal of Agriculture & Environmental Science, 4(6)
ISSN: 2394 - 2568

[11] Jovanié, B. R., Radenkovi¢, B., Despotovi¢-Zrakié¢, M., Bogdanovié, Z., &
Bara¢, D. (2022). Effect of UV-B radiation on chlorophyll
fluorescence, photosynthetic activity and relative chlorophyll content
of five different corn hybrids. Journal of Photochemistry and
Photobiology, 10. https://doi.org/10.1016/j.jpap.2022.100115

29


https://doi.org/10.1016/j.jpap.2022.100115

[12] Hediat M.H. Salama; Ahlam A. Al Watban; Anoud T. Al-Fughom (2011).
Effect of ultraviolet radiation on chlorophyll, carotenoid, protein and
proline contents of some annual desert plants., 8(1), 79-86.
d0i:10.1016/j.sjbs.2010.10.002

[13] Turcsanyi, E.; Vass, 1. (2000). Inhibition of Photosynthetic Electron Transport
by UV-A Radiation Targets the Photosystem II ComplexY.
Photochemistry and Photobiology, 72(4), 513-. doi:10.1562/0031-
8655(2000)072<0513:iopeth>2.0.co;2

[14] Hediat M.H. Salama; Najat M. (2010). Antimicrobial activity and
phytochemical analyses of Polygonum aviculare L. (Polygonaceae),
naturally growing in Egypt., 17(1), 57-63. doi:10.1016/j.sjbs.2009.12.
009

[15] Kakani, V.G., Reddy, K.R., Zhao, D. and Sailaja K. (2003). Field crop
responses to ultraviolet-B  radiation: a review., 120(1-4), 0-218.
doi:10.1016/j.agrformet.2003.08.015 .

[16] Piccini, C., Cai, G., Dias, Maria C., Romi, M., Longo, R. and Cantini, C.
(2020). UV-B Radiation Affects Photosynthesis-Related Processes of
Two Italian Olea europaea (L.) Varieties Differently. Plants, 9(12),
1712-. doi:10.3390/plants9121712.

[17] Kumar, D. S., Kumar, B. J., & Mahesh, H. M. (2018). Quantum nanostructures
(QDs): an overview. Synthesis of Inorganic Nanomaterials, 59-88.

[18] Alivisatos, A. P. (1996). Semiconductor clusters, nanocrystals, and quantum
dots. science, 271(5251), 933-937.

[19] Petryayeva, E., Algar, W. R., & Medintz, I. L. (2013). Quantum dots in
bioanalysis: a review of applications across various platforms for
fluorescence spectroscopy and imaging. Applied spectroscopy, 67(3),
215-252.

[20] Valizadeh, A., Mikaeili, H., Samiei, M., Farkhani, S. M., Zarghami, N.,
Akbarzadeh, A., & Davaran, S. (2012). Quantum dots: synthesis,
bioapplications, and toxicity. Nanoscale research letters, 7(1), 1-14.

[21] Shao, L., Gao, Y., & Yan, F. (2011). Semiconductor quantum dots for
biomedicial applications. Sensors, 11(12), 11736-11751.

[22] Divsar, F. (2020). Quantum Dots - Fundamental and Applications || Quantum
Confinement Effect of 2D Nanomaterials., 10.5772/intechopen.
83206(Chapter 2), —. doi:10.5772/intechopen.90140.

[23] Flory, F., Escoubas, L., & Berginc, G. (2011). Optical properties of
nanostructured materials: a review. Journal of Nanophotonics, 5(1),
052502.

[24] Tebyetekerwa, M., Zhang, J.,; Xu, Z., Truong, Thien N.; Yin, Z., Lu, Y.,
Ramakrishna, S., Macdonald, D. and Nguyen, Hieu T. (2020).
Mechanisms and Applications of Steady-State Photoluminescence
Spectroscopy in Two-Dimensional Transition-Metal Dichalcogenides.
ACS Nano, (), acsnano.0c08668—. doi:10.1021/acsnano.0c08668

30



[25] Bruchez Jr., M. (1998). Semiconductor Nanocrystals as Fluorescent Biological
Labels. Science, 281(5385), 2013-2016. doi:10.1126/science.281.
5385.2013.

[26] Wang, C., Jiang, Y., Chen, L., Li, S,, Li, G., & Zhang, Z. (2009). Temperature
dependence of optical properties and size tunability CdSe quantum dots
via non-TOP synthesis. Materials Chemistry and Physics, 116(2-3),
388-391.

[27] Rosenthal, S. J., & Wright, D. W. (Eds.). (2005). Nanobiotechnology protocols
(Vol. 303). Totowa: Humana Press..

[28] Brki¢, S. (2018). Applicability of quantum dots in biomedical science. lonizing
Radiation Effects and Applications, 21-39.

[29] Rosenthal, S. J., & Wright, D. W. (Eds.). (2005). Nanobiotechnology protocols
(Vol. 303). Totowa: Humana Press.

[30] Chan, W. C., & Nie, S. (1998). Quantum dot bioconjugates for ultrasensitive
nonisotopic detection. Science, 281(5385), 2016-2018.

[31] Nirmal, M., Norris, D. J., Kuno, M., Bawendi, M. G., Efros, A. L., & Rosen,
M. (1995). Observation of the" dark exciton" in CdSe quantum dots.
Physical review letters, 75(20), 3728.

[32] Wang, J., Wang, X., Tang, H., Gao, Z., He, S., Ke, D., Zheng, Y. and Han, S.
(2017). Facile synthesis and properties of CdSe quantum dots in a novel
two-phase liquid/liquid system. Optical Materials, 72(), 737-742.
doi:10.1016/j.optmat.2017.06.023

[33] Pan, D., Wang, Q., Jiang, S., Ji, X., & An, L. (2007). Low-temperature
synthesis of oil-soluble CdSe, CdS, and CdSe/CdS core-shell
nanocrystals by using various water-soluble anion precursors. Journal
of Physical Chemistry C, 111(15), 5661-5666.
https://doi.org/10.1021/jp0678047.

[34] Yu, Q.; Liu, C.; Zhang, Z.; Liu, Y. (2008). Facile Synthesis of Semiconductor
and Noble Metal Nanocrystals in High-Boiling Two-Phase
Liquid/Liquid Systems. Journal of Physical Chemistry C, 112(7),
2266-2270. doi:10.1021/jp076783t.

[35] Pan D., Jiang S., An L. and Jiang B. (2004). Controllable Synthesis of Highly
Luminescent and Monodisperse CdS Nanocrystals by a Two-Phase
Approach under Mild Conditions . , 16(12), 982-985. doi:10.1002/
adma.200400010 .

[36] Budak, E., Aykut, S., Pasaoglu, M. E., & Unlii, C. (2020). Microwave assisted
synthesis of boron and nitrogen rich graphitic quantum dots to enhance
fluorescence of photosynthetic  pigments. Materials Today
Communications, 24. https://doi.org/10.1016/j.mtcomm.2020.100975

[37] Erker, W., Boggasch, S., Xie, R., Grundmann, G., Paulsen, H., & Basché, T.
(2010). Assemblies of semiconductor quantum dots and light-
harvesting-complex Il. Journal of Luminescence, 130(9), 1624-1627.
d0i:10.1016/j.jlumin.2009.12.002 .

31


https://doi.org/10.1021/jp0678047
https://doi.org/10.1021/jp0678047
https://doi.org/10.1016/j.mtcomm.2020.100975

[38] Maksimov, E. G.; Kurashov, V. N.; Mamedov, M. D.; Paschenko, V. Z.
(2012). Hybrid system based on quantum dots and photosystem 2 core
complex. Biochemistry (Moscow), 77(6), 624-630. doi:10.1134/
s0006297912060090

[39] Li, Y., Pan, X., Xu, X., Wu, Y., Zhuang, J., Zhang, X., ... Liu, Y. (2020).
Carbon Dots as Light Converter for Plant Photosynthesis: Augmenting
Light Coverage and Quantum Yield Effect. Journal of Hazardous
Materials, 124534. doi:10.1016/j.jhazmat.2020.124534

[40] Nabiev, I., Rakovich, A., Sukhanova, A., Lukashev, E., Zagidullin, V.,
Pachenko, V., ... Govorov, A. O. (2010). Fluorescent Quantum Dots
as Artificial Antennas for Enhanced Light Harvesting and Energy
Transfer to Photosynthetic Reaction Centers. Angewandte Chemie
International Edition, 49(40), 7217—7221. doi:10.1002/anie.201003067

[41] Unlii, C. (2019). Controlling defect state emission in ultra-small sized tellurium
doped CdSe nanocrystals via two-phase synthesis method. Optical
Materials, 89, 361-367. https://doi.org/10.1016/j.optmat.2019.01.050.

[42] She, X. J., Zhang, Q., Wang, C. F., & Chen, S. (2015). New insights into the
phosphine-free synthesis of ultrasmall Cu2-xSe nanocrystals at the
liquid-liquid interface. RSC Advances, 5(110), 90705-90711.
https://doi.org/10.1039/c5ral8313h

[43] Sharma, J., Kumar, S. S., Bishnoi, N. R., & Pugazhendhi, A. (2018).
Enhancement of lipid production from algal biomass through various
growth parameters. Journal of Molecular Liquids.
doi:10.1016/j.molliq.2018.08.103

[44] Guleroglu, G., and Unlu, C. (2021) Spectroscopic investigation of defect-state
emission in CdSe quantum dots, Turkish Journal of Chemistry: Vol. 45:
No. 3, Article 2. https://doi.org/10.3906/ kim-2101-66.

[45] Unlii, C., Tosun, G. U., Sevim, S., & Ozcelik, S. (2013). Developing a facile
method for highly luminescent colloidal CdSxSel—x ternary
nanoalloys. Journal of Materials Chemistry C, 1(17), 3026.
d0i:10.1039/c3tc00077]

[46] Jung, H., Gulis, G., Gupta, S., Redding, K., Gosztola, D. J., Wiederrecht, G.
P., ... Dutta, M. (2010). Optical and Electrical Measurement of Energy
Transfer between Nanocrystalline Quantum Dots and Photosystem I7.
The Journal of Physical Chemistry B, 114(45), 14544-14549.
doi:10.1021/jp102291e

[47] Schmitt, F.-J., Maksimov, E. G., Hitti, P., Weillenborn, J., Jeyasangar, V.,
Razjivin, A. P., ... Renger, G. (2012). Coupling of different isolated
photosynthetic light harvesting complexes and CdSe/ZnS nanocrystals
via Forster resonance energy transfer. Biochimica et Biophysica Acta
(BBA) - Bioenergetics, 1817(8), 1461-1470. doi:10.1016/j.bbabio.
2012.03.030.

[48] Werwie, M., Xu, X., Haase, M., Basché, T., & Paulsen, H. (2012). Bio Serves
Nano: Biological Light-Harvesting Complex as Energy Donor for
Semiconductor Quantum Dots. Langmuir, 28(13), 5810-5818.
doi:10.1021/1a204970a

32


https://doi.org/10.1016/j.optmat.2019.01.050
https://doi.org/10.1039/c5ra18313h

[49] Vinayaka, A. C., & Thakur, M. S. (2011). Photoabsorption and Resonance
Energy Transfer Phenomenon in CdTe—Protein Bioconjugates: An

Insight into QD—Biomolecular Interactions. Bioconjugate Chemistry,
22(5), 968-975. d0i:10.1021/bc200034a .

[50] Bera, D., Qian, L., Tseng, T.-K., and Holloway, P. H. (2010). Quantum Dots
and Their Multimodal Applications: A Review., 3(4), 2260-2345.
doi:10.3390/ma3042260.

[51] Maxwell, T. (2020). Nanoparticles for Biomedical Applications || Quantum Dots.
, (), 243-265. d0i:10.1016/B978-0-12-816662-8.00015-1

33






CURRICULUM VITAE

Name Surname : Stimeyye AYKUT

EDUCATION

e B.Sc. : 2021, Istanbul Technical University, Faculty of Science
and Letter, Department of Chemistry

e Summer School : 2014, University of Minnesota-Twin Cities, MELP,

Intensive English Program

RESEARCH EXPERIENCE:

Sept 2021-June 2023, Istanbul Technical University, BeeDot Research Group,
Graduate Researcher

June-Sept 2023, ETH Zurich, D-MATL, Complex Materials Research Group,
Invited Visiting Student

2018-Feb 2021, Istanbul Technical University, BeeDot Research Group,
Undergraduate Researcher

PRESENTATIONS, PUBLICATIONS AND PROJECTS:

Demirors, A. F., Aykut, S., Ganzeboom, S., Meier, Y. A., & Poloni, E. (2021).
Programmable droplet manipulation and wetting with soft magnetic
carpets. Proceedings of the National Academy of Sciences of the United States of
America, 118(46). https://doi.org/10.1073/pnas.2111291118

Demirors, A. F., Aykut, S., Ganzeboom, S., Meier, Y. A., Hardeman, R., de Graaf,
J., ... Zenhdusern, D. (2021). Amphibious Transport of Fluids and Solids by
Soft Magnetic Carpets. Advanced Science, 8(21). https://doi.org/10.1002/advs.
202102510

Budak, E., Aykut, S., Pasaoglu, M. E., & Unlii, C. (2020). Microwave assisted
synthesis of boron and nitrogen rich graphitic quantum dots to enhance
fluorescence of photosynthetic pigments. Materials Today Communications, 24.
https://doi.org/10.1016/j.mtcomm.2020.100975

35



Aykut, S., Unlii,, C.  Spectroscopic Examination of The Interaction between
Quantum Dost and Photosynthetic Pigments, 34th National Chemistry Congress,
Yalova, September 1-6, Turkey

Aykut, S., Unlii, C. Microwave-assisted Synthesis of Carbon-Nitride Quantum
Dots and Their Photophysical Characterisation, 31st National Chemistry
Congress, Istanbul, September 10-13, Turkey

TUBITAK 1001 (2022-2025) Project titled as ‘Investigation of the Interactions
between quantum dots and photosynthetic protein complexes and increasing algae
biomass — a renewable energy source — by using quantum dots’ [Grant Number:
2217152]

TUBITAK 3501 (2019-2021) Project titled as ‘Developing water soluble boron
nitride quantum dots and investigating them in vitro interactions’ [Grant Number:
1187259]

36



