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sensitized triplet-triplet annihilation
AXEL OLESUND
Department of Chemistry and Chemical Engineering
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Abstract

Efficient harvesting of solar energy may provide the key to solving current global
energy issues. Today’s solar technologies have some limitations as they only exploit
parts of the solar spectra efficiently. Upconversion (UC) is a promising concept
where lower energy photons are transformed into photons of higher energy, and pro-
vides a pathway to more efficient use of solar energy. In this study, visible light is
upconverted into the ultra-violet part of the spectra by employing the triplet-triplet
annihilation (TTA) mechanism. This is realized by using three interacting com-
pounds. The sensitizer, which is responsible for light absorption, is a core-shell type
nanoparticle and consists of a cadmium sulfide (CdS) core and a zinc sulfide (ZnS)
shell. These nanoparticles have been synthesized using the hot injection method
and characterized by means of absorption and emission spectroscopy. Eight differ-
ent molecules are investigated in the role of annihilator, which undergoes TTA and
emits the upconverted photons. Two compounds are investigated in the role of me-
diator, which facilitates energy transfer from sensitizer to annihilator. Spectroscopic
methods have been used when characterizing and evaluating these compounds.

This study confirms that 2,5-diphenyloxazole (PPO) may be utilized both as medi-
ator and annihilator. In addition, 2,5-diphenyl-1,3,4-oxadiazole (PPD) has emerged
as a potential mediator compound. The triplet energy transfer from sensitizer to
mediator seems to be slightly more efficient when PPD is utilized. However, the
resulting UC emission from PPO is higher if PPO is also used as mediator, possibly
indicating that PPO take on the role of mediator also in the presence of PPD. The
seven compounds that hadn’t been tested as annihilators previously did not produce
any UC emission. Considering suboptimal sensitizer quality and UC experimental
setup, this result may not solely stem from these compounds being unable to un-
dergo TTA. To get a full understanding of why so few compounds has worked, further
experiments using the functioning annihilator (PPO) as well as non-functioning an-
nihilators must be performed. Enhancing the sensitizer quality and optimizing the
experimental setup is also vital in order to increase understanding of this very com-
plex mechanism.

Keywords: solar energy, upconversion, triplet-triplet annihilation, CdS/ZnS nanopar-
ticles, spectroscopy, mediator, annihilator
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1
Introduction

In a time where climate change poses an ever increasing threat against humanity,
the search for renewable energy sources is of crucial importance. Luckily, our closest
star provides the Earth with copious amounts of energy each day, making the har-
vesting of solar energy a very promising prospect. In fact, the world’s total energy
consumption could be covered if only 0,01% of the solar energy was harvested.1

However, there are several challenges associated with this, including such things as
cost-efficiency, large-scale production and solar conversion efficiency.

One major issue is the fact that the whole solar spectrum can’t be absorbed at
once. Depending on what material is utilized, only energies above a threshold value
specific to this material will be absorbed. Additionally, the excess energy of photons
with energies above this value will be wasted. By combining different semiconducting
materials in the cells the efficiency of solar cells has made great progress2 and many
different techniques that could overcome some of the previously mentioned issues
are currently being developed. However, instead of trying to expand the absorptive
properties of e.g. solar cells, one could manipulate the incoming photons. The
concept of upconversion (UC), which is the creation of one high-energy photon from
two low-energy photons, has in later years reemerged as a promising way of increasing
solar efficiency after gaining some recognition earlier in the 1970’s.3 Some success
has been achieved in upconverting green light to blue light, but big challenges remain
in optimizing the process as the highest achieved UC quantum yield currently lies at
38%4 (which should be considered in relation to the upper theoretical UC quantum
yield limit of 50%5).

There are intense research in near-IR-to-visible UC and, as previously mentioned,
also in UC between different wavelengths of visible light. Another promising way of
utilizing UC is to take visible light of rather high energy (e.g. blue light) and create
high energy ultra-violet (UV) light. UV light is scarce in the solar irradiation that
reaches earth due to the ozone layer absorbing most of it. This is of course a good
thing as an excess of UV light can be harmful to life, but for certain photochemical
reactions, such as water-splitting, it is of great importance. In this process water is
divided into oxygen, O2, and hydrogen gas, H2.

6 H2 has for many years been consid-
ered a potential fuel, especially for the transport sector,7 but there have been several
limiting factors to the development of this technique. One of the main concerns re-
garding hydrogen as a fuel is the difficulties in storage, but also problem arise from
the production phase. Current production of hydrogen is heavily dependent of the
use of fossil fuels,8 thus there is an urgent need for alternative production methods.

Using water splitting for hydrogen production holds great promise as the water
splitting stoichiometric quantum yield under 270 nm (i.e. UV) light has been shown

1



1. Introduction

to be as high as 56%.9 In order to even consider approaching such high levels of
water-splitting quantum yield using sunlight, efficient UC of visible light to UV
light (vis-to-UV) is a requirement. Unfortunately, this is very much an area of
research which hasn’t attained the attention it deserves. The first demonstration of
vis-to-UV UC came in the late 60’s when Parker and Joyce observed UV emission in
a solution of benzophenone and naphthalene,10 but it gained no real interest until
much later. The theories behind this phenomenon wasn’t thoroughly developed at
this time but in 2004 a similar study, utilizing partly the same compounds, gave a
clearer explanation of the results.11 Much have happened since then, but compared
to UC into the visible range the interest has been fairly low.

The concept of UC is quite straight-forward, but the underlying mechanisms
prove to be more complicated. There are several mechanisms that can achieve UC,
such as two photon absorption, but the most promising mechanism for solar applica-
tions is called triplet-triplet annihilation (TTA). In contrast to two photon absorp-
tion, the TTA process works under non-coherent low intensity light, which means
that sunlight can be utilized as the light source.12 For this process one must find a
compound which fulfill a set of certain criteria, such as that it must be fluorescent.
For the vis-to-UV UC this compound, generally referred to as the annihilator, have
to fluoresce within the UV spectrum. Apart from this a suitable sensitizer must be
chosen, and this compound is responsible for the initial absorption of photons. This
absorption must take place at a higher wavelength than that of the resulting fluo-
rescence from the annihilator in order to achieve actual UC. The complete process,
usually referred to as sensitized triplet-triplet annihilation upconversion (sTTA-UC),
may or may not involve even more compounds. This study will for instance make
use of a so-called mediator, a compound which will facilitate the energy transfer
between sensitizer and annihilator.

Different sensitizers and annihilators have previously been utilized, and a first
reported vis-to-UV UC quantum yield (QY) of 0,58% was presented in 2009 af-
ter employing 2,3-butanedione (biacetyl) as the sensitizer and 2,5-diphenyloxazole
(PPO) as the annihilator. Lately, great progress has however been made in terms
of increased UC QY by utilization of different sensitizer-annihilator pairs, surpass-
ing 1% in 201413 and reaching as high as 1,95% in 2016.14 This is, at the best of
my knowledge, the highest achieved UC QY by utilizing an organic sensitizer for
vis-to-UV UC. Recent efforts, which employs nanoparticles as the sensitizer with a
cadmium sulfide (CdS) core and a zinc sulfide (ZnS) shell, has however surpassed
the organic sensitizers and produced an impressive UC QY of 2,6%.15 Vis-to-UV
UC has also been demonstrated in solid films, again using PPO as annihilator.16 It
is however obvious that there is a lot left to do within this field, and there are many
gaps in knowledge that needs to be filled in order to create more efficient systems.
The reasons behind why vis-to-UV UC is so hard to achieve are partly unknown,
and this study aims to provide answers to some important questions related to this.

1.1 Purpose

The main purpose of this thesis is to investigate a number of potential candidates for
the role of annihilators in the vis-to-UV sTTA-UC process, thus developing a better
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1. Introduction

understanding of the underlying mechanisms. The results of this thesis will hopefully
provide valuable input for the research focusing on understanding the limitations of
vis-to-UV sTTA-UC, create knowledge in the area and in the long run help creating
more efficient methods for harvesting solar energy.

1.2 Limitations

Many different aspects could be covered by a thesis like this one. This thesis will
however, from a researching point of view, focus primarily on the annihilators as
these are the new thing that will be tested. The synthesis of CdS/ZnS nanoparticles
has been previously utilized for vis-to-UV UC15 and this study do not strive to
optimize the synthesis or the characteristics of the nanoparticles as such. Neither
will it investigate the use of possible different mediators in the process, instead
the previously used mediator 2,5-diphenyloxazole (PPO) and its close relative 2,5-
diphenyl-1,3,4-oxadiazole (PPD) are the two that will be utilized and characterized.
Other aspects that won’t be covered are the environmental impact and toxicity of
cadmium (Cd), which is an important component of the nanoparticles.

1.3 Specification of question formulation

A few specific tasks will be performed during this study in order to answer the
following question:

• Which mediator, PPO or PPD, is most efficient for the vis-to-UV UC?

• How well do the respective mediator bind to the ZnS-shell of the nanoparticles?

• What are the spectroscopic characteristics of the sensitizer, mediators and
annihilators?

• What UC QY can be achieved with the different annihilators?

• Which are the limiting factors, or steps, for the sTTA-UC when using the
different annihilators?

3
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2
Photon upconversion

The following section aims to present some fundamental theories necessary in order
to fully appreciate the results presented later on. Basic theories regarding the nature
of light, matter and how they can interact with each other is first presented before
the mechanisms which are important for the UC as such are explained.

2.1 Light and matter in the quantum regime

Light consists of two oscillating fields, one electric and one magnetic field. These are
perpendicular to each other and also to the propagation direction of the light. Light
is hence often referred to as electro-magnetic radiation. All light have a frequency
(ν) and a wavelength (λ), where the latter is defined as the distance between two
maxima of one of the oscillating fields. Light can also be considered to be made
up of discrete particles called photons. This wave-particle duality exists also for
macroscopic particles but the wave properties are usually not detectable due to
extremely short wavelengths. Visible light has wavelengths ranging from about
400 to 700 nm and because of this both wave and particle properties are readily
detectable. This is also true for ultra-violet (UV) light (λ = 10 to 400 nm) and
infra-red (IR) light (λ = 0.7 to 1000 µm).

The energy (E) of one photon is calculated from the frequency of the electro-
magnetic wave, Planck’s constant (h = 6.626×1034 Js), and the speed of light in
vacuum (c = 2.998×108 ms−1) using Equation 2.1

E = hν = hc

λ
(2.1)

As can be understood from this equation, a shorter wavelength results in light of
higher energy. Because of this, UV light with wavelengths shorter than 400 nm is
higher in energy than visible light.

2.1.1 Electronic states

To understand how light may interact with matter one must have a good understand-
ing of electrons. Even though electrons are not the only fundamental component
of the atom (positive protons and neutral neutrons make up the atomic nucleus)
they are indeed of greatest interest for the relevant concepts of this thesis. As the
negative electron is very small in size one must go to quantum mechanics in order
to give it a thorough description. One important property that differs from macro-
scopic objects is that the electron, when part of an atom or molecule, have discrete
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2. Photon upconversion

energy levels. The electron can thus only exist in the electronic states corresponding
to these energy levels. The electronic quantum states are closely related to what
is called the quantum numbers, which are divided into four groups. The principal
quantum number (n = 1, 2, 3, ...) directly relates to the energy of the electron
and are often referred to as the electronic shells of the atom. The innermost shell
(usually referred to as the ”K” shell) has n = 1 and can hold up to two electrons.
The next shell (the ”L” shell) will hold up to eight electrons with n = 2. The shell
model is however quite a simplification but can be expanded by introducing the next
quantum number, called the azimuthal quantum number. It is denoted by l and can
take the values l = 0, 1, 2, ..., n-1. It describes the angular momentum of the atomic
orbitals which holds the electrons. For n = 2 one gets l = 0 (usually referred to as
the s orbital) and l = 1 (the p orbitals). The third quantum number, the magnetic
quantum number (ml), then describes the different directions an atomic orbital of
specified n and l can take. It can take the values of ml = 0, ±1, ..., ±l, and for l
= 1 one gets three values for ml corresponding to the px, py, and pz orbitals. The
last quantum number, ms, is the spin magnetic quantum number and describes the
intrinsic angular momentum, s, of the particle itself. The spin magnetic quantum
number can take the values of ms = -s, -s+1, ..., s-1, s. For the electron s = 1

2 ,
and thus this quantum number can only take two values, ms = ±1

2 . This is usually
referred to as spin up or spin down electrons.

The Pauli exclusion principle states that two fermions (electrons for instance)
cannot occupy the same quantum state. Because of this, no electron can have the
same set of quantum numbers as another electron in the same system. An atomic
orbital will thus hold up to two electrons, one with spin up and one with spin down.
The total spin angular momentum of these two electrons, S, can take the values of
Equation 2.2

S = s1 + s2, s1 + s2 − 1, ..., |s1 − s2| (2.2)

where si is the intrinsic angular momentum s of particle i. For a system consisting
of two electrons one get two possible outcomes: S = 0 or S = 1. Further, the spin
multiplicity of a state, M = 2S + 1, specifies the number of directions the spin
component of a state can have. For S = 0 one gets M = 1, which corresponds to
a singlet state. Most systems have singlet states as their ground state and they
consist of paired electrons, one spin up and one spin down in each orbital. If S
= 1 however, M = 3 which means it has a triplet state. The total spin magnetic
quantum number, Ms = S, S− 1, ..., -S, of such a system can take on the values -1,
0, and 1 and thus have three different orientations. Triplet ground states are very
rare since the Pauli exclusion principle states that electrons in the same orbital must
be paired. The triplet ground state do however appear in molecular oxygen.17 This
is because oxygen has some degenerate molecular orbitals which are filled with one
unpaired electron, and these will have the same spin according to Hund’s rule. Even
higher spin multiplicities are possible for many-electron systems, such as molecules.
One can e.g. have quintet states for systems where S = 2.
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2. Photon upconversion

2.1.2 Photoinduced processes

So far we have talked about what different states there is within a system, such as
a molecule, but it gets really interesting when one starts looking at how energy is
transferred between different states. In Figure 2.1 a so called Jablonski diagram is
presented, and it is used to illustrate different kinds of transitions between states in
a system. The thick, colored arrows indicates excitation or deexcitation as a result
of photon absorption or emission. Fluorescence is the radiative emission of a photon
from an excited singlet state of the system while phosphorescence is radiative emis-
sion from an excited triplet state. Internal conversion (IC) followed by vibrational
relaxation form the pathway for non-radiative transfer between states of the same
spin multiplicity, such as between two singlet states. This process is generally very
fast, and as a result the spontaneous fluorescence of a compound typically comes
from the lowest excited singlet state (denoted S1 in Figure 2.1).

T1

T2
S1

S2

Absorption

Fluorescence

Phosphorescence

Excited state

Absorption

IC

IC

IC

E
n
e
r
g
y

ISC

VR

VR

VR

VR

VR

VR

ISC

S0

Figure 2.1: A Jablonski diagram describing different transitions between states within
a molecule. Si describes the singlet energy levels, Ti the triplet energy levels, VR is
vibrational relaxation, ISC is intersystem crossing, and IC is internal conversion. Colored
arrows depict events resulting from photon absorption or emission. Thick, black horizontal
lines depict the electronic energy levels while thin horizontal lines are vibrational energy
levels.

To reach the excited triplet state (denoted T1 in Figure 2.1) the electron must
undergo intersystem crossing (ISC). This is a non-radiative process which lets the
molecule move between states of different spin multiplicity, and involves a change
in electron spin. This is classically a ”forbidden” spin transition as the ground
state electron and excited state electron are no longer paired, thus the formation
of a triplet excited state is less probable than its singlet counterpart. However,
in some heavier molecules, such as those containing iodine or bromine, ISC and
subsequent phosphorescence is more commonly found.18 As the relaxation from T1
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to S0 is also a spin-forbidden transition, the rate constants for phosphorescence
are several magnitudes smaller than those of fluorescence. In practice this leads
to that phosphorescence is slower and lower in intensity, and some phosphorescent
materials can because of this emit light for up to a few hours following illumination.
As T1 always lies lower in energy than S1 (see Figure 2.1) phosphorescence takes
place at longer wavelengths than fluorescence. Excited state absorption is used to
excite already excited molecules to the next excited state (e.g. from T1 to T2) and
is commonly used to measure e.g. excited state lifetimes or to trace intermediate
states in a photophysical process.

2.1.3 Quantum yield, Stokes shift, and quenching

There are a few more terms that need presentation before moving on to the UC
mechanisms. The quantum yield (QY) describes how many times a specific event
occurs per absorbed photon, and may be used as a measurement for several different
events. In photochemistry it is perhaps most commonly used to measure fluorescence
QY, Φf , i.e. the ratio between the number of emitted photons and absorbed photons.
Equation 2.3 presents a general expression of QY evaluation for some process i.

Φi = ki∑
j kj

(2.3)

ki is the rate of process i and kj is the rate of process j. In the fluorescence case there
are generally only two kinds of processes that are of interest, radiative relaxation
(with its corresponding rate constant kr) and non-radiative relaxation (with rate
constant knr). Φf is then just the ratio between kr and the sum of kr and knr. Later
on we will see that some cases are a bit more complex.

Since photon absorption is usually followed by vibrational relaxation (see Figure
2.1) it makes sense that subsequent fluorescence occur at a longer wavelength than
the absorption due to energy being lost during VR. This difference in energy between
absorbed and emitted photons is called Stokes shift, and is commonly noted as the
energy difference between the absorption and emission maxima. An important note
is that this has nothing to do with the intensity of the fluorescence but only with the
wavelength of participating photons. In the case of UC, where the emitted photons
have higher energy than the initially absorbed photons, one usually talks about it
as anti-Stokes shift. There are however other processes that may affect fluorescence
intensity negatively which leads to lower Φf . The term for a process that leads to
decreased fluorescence is quenching, and may depend on a number of different things.
One example of quenching is ISC, and another one is the re-absorption of emitted
light. This can occur if the Stokes shift is quite small, thus creating a spectral
overlap between the absorption and emission spectra. Quenching can also appear
because of the presence of oxygen. Because of oxygen having a triplet ground state
of quite low energy it can effectively quench the triplet excited states of surrounding
compounds.19
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2. Photon upconversion

2.2 Upconversion

The UC concept has been introduced in Section 1 but the creation of one high energy
photon from two low energy photons is far from intuitive. To fully understand the
UC mechanisms one must first understand how energy can be transferred not only
within molecules but also between different molecules. Of specific interest is the
intermolecular energy transfer between one excited molecule and one in its ground
state.

2.2.1 Energy transfer mechanisms

Of interest in this thesis are two types of energy transfer, namely singlet energy
transfer (SET) and triplet energy transfer (TET). Within SET there are two dis-
tinct transfer mechanisms that are particularly interesting, Förster resonance energy
transfer (FRET) and Dexter energy transfer (DET).

2.2.1.1 Förster resonance energy transfer

FRET is a non-radiative energy transfer mechanism that takes place between an
excited donor molecule and an acceptor molecule in its ground state. It is dependent
on the normalized spectral overlap between the donor emission and the acceptor
absorption, the relative orientation between transition moments, and the distance
between the molecules. It should however be noted that there is no actual emission
and absorption of a photon involved in this energy transfer, the energy transfer is
instead a result of dipole-dipole interactions between the electronic states of the
molecules,18 see Figure 2.2. The efficiency of FRET is usually expressed in terms
of the so called Förster distance, R0, which is a measure of molecular orientation
and of how extensive the spectral overlap between interacting molecules is. R0 is
calculated in accordance with Equation 2.4

R0 = 0.211(κ2n−4ΦD

∫ ∞
0

FD(λ)εA(λ)λ4dλ)1/6 (2.4)

κ2 is a factor describing the orientation between donor and acceptor transition mo-
ments, n is the refractive index, ΦD is the donor fluorescence QY, FD is the normal-
ized fluorescence spectrum of the donor, εA is the molar absorptivity of the acceptor,
and λ is the wavelength. The integral in R0 is called the spectral overlap integral
and calculates the area of the previously mentioned spectral overlap. The resulting
efficiency, ηFRET , of the energy transfer is then calculated with Equation 2.5

ηFRET = R6
0

R6
0 + r6 (2.5)

where r is the intermolecular distance between the two interacting molecules. FRET
is thus proportional to r−6, but since R0 is generally 30 to 60 Å the efficiency can
be quite high even for relatively large donor-acceptor separations.18
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Förster Resonance Energy Transfer (FRET)

LUMO

HOMO

1D* 1A+ +1D 1A*

Singlet-Singlet Dexter Energy Transfer

LUMO

HOMO

1D* 1A+ +1D 1A*

Triplet-Triplet Dexter Energy Transfer (TET)

LUMO

HOMO

3D* 1A+ +1D 3A*

Figure 2.2: Intermolecular energy transfer mechanisms. In all three cases the energy
from an excited donor is transferred to an acceptor, which is excited following the transfer.
The short-range Dexter energy transfer involves the actual swopping of electrons between
interacting species. Excited states are marked with *, whilst numeric superscripts denote
spin multiplicity of singlet and triplet states respectively.

2.2.1.2 Dexter energy transfer

In contrast to FRET, the Dexter energy transfer mechanism involves an actual
electron exchange between the two interacting species. One important difference
from FRET is also that the Dexter mechanism is available both for SET and TET,
which is illustrated in Figure 2.2 alongside the FRET mechanism. It involves the
simultaneous transfer of two electrons between the lowest unoccupied molecular or-
bitals (LUMO) and highest occupied molecular orbitals (HOMO) of the interacting
molecules. For this to happen there must be an orbital overlap between the two
species. As the electron density decreases exponentially with distance from the
nucleus, this means that the efficiency of DET decreases exponentially with the in-
termolecular distance RDA. The rate constant of DET is expressed according to
Equation 2.6
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kDET ∝ Jexp(−2RDA/L) (2.6)

where J is the normalized spectral overlap, and L the effective orbital radius.20 As
a result, the Dexter mechanism works primarily at shorter distances (< 10 Å). In
fluid solutions the DET happens through collisions between the species following
diffusion and is mediated by high acceptor concentration. From the Stern-Volmer
relationship of Equation 2.7 the efficiency of energy transfer as a result of diffusion
can be obtained:

FD
FDA

= τD
τDA

= 1 + kTET τD[A] (2.7)

F is the donor emission intensity, τ is the excited state lifetime of the donor, kTET is
the bimolecular quenching constant, and A is the acceptor concentration. Subscripts
D and DA indicate when the donor is alone and when the acceptor is also present
in the solution, respectively. Thus, by measuring the resulting quenching of the
donor emission with respect to acceptor concentration, kTET may be estimated. The
resulting efficiency of the energy transfer, ΦTET , can then be expressed by Equation
2.8

ΦTET = 1− FDA
FD

= 1− 1
1 + kTET τD[A] (2.8)

In this thesis the triplet-triplet Dexter energy transfer is the one of greatest interest
and will henceforth be referred to as TET.

2.2.2 Triplet-triplet annihilation

At the very core of photon UC lies the mechanism that is called triplet-triplet an-
nihilation (TTA). The energy transfer mechanisms presented in Section 2.2.1, and
especially TET, is of vital importance for TTA to function. The full process pre-
sented here is often referred to as sensitized triplet-triplet annihilation upconversion
(sTTA-UC) and is presented in the Jablonski diagram of Figure 2.3. Since two pho-
tons are needed in order to produce one upconverted photon, it all begins with that
two sensitizer (S) molecules (or particles) absorb one photon each and are excited
to their first excited singlet states, denoted 1S∗ (Equation 2.9a). The excitation is
followed by ISC to the sensitizer triplet excited state, 3S∗ (Equation 2.9b).

At this point, the two triplet excited sensitizers interact with two ground state
annihilator molecules via TET, thus creating two triplet excited annihilators, 3A∗

(Equation 2.9c), while the sensitizers return to their respective singlet ground states,
1S. The two triplet excited annihilators now interact to form one singlet excited
state (1A∗) annihilator and one singlet ground state (1A) annihilator (Equation
2.9d). The excited annihilator then return to its ground state, emitting a photon
of shorter wavelength than that of the two previously absorbed photons (Equation
2.9e). νabs indicates the frequency of photons initially absorbed while νem is the
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Figure 2.3: The ideal triplet-triplet annihilation mechanism. S and A denotes sen-
sitizer and annihilator, respectively, while superscripts denote spin multiplicity. Photon
absorption by the sensitizer is followed by intersystem crossing (ISC) to its triplet excited
state. Subsequent triplet energy transfer (TET) populates the annihilator triplet excited
states, which can then perform triplet-triplet annihilation as they meet. The singlet ex-
cited annihilator then emits one upconverted photon.

frequency of the upconverted, emitted photon.

Absorption: 2× [1S + hνabs]→ 2× [1S∗] (2.9a)

Intersystem crossing: 2× [1S∗]→ 2× [3S∗] (2.9b)

Triplet energy transfer: 2× [3S∗ + 1A]→ 2× [1S + 3A∗] (2.9c)

Triplet-triplet annihilation: 2× [3A∗]→ 1A∗ + 1A (2.9d)

Emission: 1A∗ → 1A+ hνem (2.9e)

However, the process isn’t as straight-forward as it might appear. For instance, the
final annihilation step can produce several different outcomes. Because of the spin
multiplicity, Ms, of the triplet state, 3 × 3 = 9 different combinations can be created
as two triplet excited molecules undergo TTA. This will results in either a singlet, a
triplet, or a quintet state. Spin statistics dictate the probabilities for the formation
of these and is directly related to the value of Ms for the respective states. The
probabilities, f , of formation are thus 1/9 for singlets, 3/9 for triplets, and 5/9 for
quintets. Equations 2.10a-2.10c show the pathways for the formation of the different
states.

3A∗ + 3A∗ 
 1(AA)∗ → 1A∗ + 1A (2.10a)
3A∗ + 3A∗ 
 3(AA)∗ → 3A∗∗ + 1A→ 3A∗ + 1A (2.10b)
3A∗ + 3A∗ 
 5(AA)∗ → 5A∗ + 1A (2.10c)

12



2. Photon upconversion

The maximum singlet state yield of TTA is statistically thus 11,1%, but this limit
can be exceeded21 because of the quintet states generally being energetically inac-
cessible. The fact that triplets are regenerated in the pathway of Equation 2.10b
means that the collision of four triplet pairs (three collisions following the pathway
of Equation 2.10b, one collision following the pathway of Equation 2.10a) destroys
five triplet states in total. Out of these, two states are involved in the formation of
one singlet state. Disregarding the pathway of Equation 2.10c, one thus instead gets
a probability of f = 2/5 for singlet formation.22 Furthermore, if the second excited
triplet state T2 (see Figure 2.1) also is too high in energy the triplet formation path-
way in Equation 2.10b is also inaccessible, leading to a theoretical singlet formation
yield of unity.22

2.2.3 sTTA-UC efficiency

Of interest in the scope of this thesis is of course the efficiency that can be achieved
from a successful sTTA-UC process. To measure this the upconversion quantum
yield, ΦUC , is generally used. It measures the ratio between emitted upconverted
photons, and absorbed photons. ΦUC is often defined as in Equation 2.11

ΦUC = f × ΦISC × ΦTET × ΦTTA × Φf (2.11)

where f is the probability factor related to the spin statistics, ΦISC is the efficiency
of sensitizer intersystem crossing, ΦTET the TET efficiency, ΦTTA the TTA QY, and
Φf the fluorescence QY of the annihilator. As the sTTA-UC requires two low-energy
photons for each upconverted high-energy photon, the ΦTTA can take on a maximum
value of 50%. This is also the maximum value for ΦUC since the remaining terms
all may approach unity.

To maximize ΦTET the system needs a high annihilator concentration, [A]. The
TET from sensitizer to annihilator (which strongly relates to kTET from Subsection
2.2.1.2) competes with other decay processes of the 3S∗ state. Since TET is dif-
fusion controlled, a high annihilator concentration will help enhance the efficiency
of TET. Similar arguments for high annihilator concentrations can be presented for
maximizing ΦTTA; if [3A∗] is high the TTA efficiency will increase.

This is also related to the intensity of the excitation light that is used for UC.
For a diffusion controlled system there are two different regimes that behave a bit
differently. At low excitation energies, [3A∗] will be quite low and thus the TTA
process will compete with other decay mechanisms. This results in a system where
the UC emission depends quadratically on excitation intensity at low intensities,
and where ΦUC depends linearly on intensity. In the second regime, where excitation
intensities are higher, [3A∗] will also be higher and TTA will be the dominating decay
mechanism, working as efficiently as possible. This leads to a linear dependence
on excitation at high intensities, or that ΦUC is independent on intensity. At the
crossing between the quadratic and linear intensity dependence we find the threshold
intensity, Ith. For an optimal sTTA-UC system it is given by Equation 2.12:23,24

Ith = k2
TA

2kTTAα[1S] (2.12)
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where kTA is the triplet decay of the annihilator and α the molar extinction coefficient
of the sensitizer. Since the average sunlight intensity is quite low (circa 10 mW/cm2)
one strives for a low Ith. It is therefore of great importance to try and create systems
with high kTTA.

2.3 Sensitizers and annihilators for upconversion

There are many different aspects to consider when it comes to achieving successful
UC, such as choosing suitable sensitizer and annihilator compounds. From Figure
2.3 it is obvious that a number of energy levels inherent for each compound must
be considered, and of special interest are the sensitizer and annihilator singlet and
triplet excited state energies. For the TTA process to work properly the following
points must be fulfilled by the sensitizer:

• It should effectively absorb light of desired wavelength

• The ISC from 1S∗ to 3S∗ must be efficient

• Low energy splitting between 1S∗ and 3S∗

• 3S∗ must be quite longlived (>10 µs) to permit TET to take place

• Small spectral overlap with annihilator emission to avoid FRET from annihi-
lator to sensitizer following TTA

Similar requirements can be put on the annihilator compounds. The annihilator
of choice should have:

• a high fluorescence QY

• a triplet excited state energy slightly below that of the sensitizer (E[3A∗] <
E[3S∗])

• a singlet excited state energy that do not surpass that of two times its triplet
excited state energy (E[1A∗] < 2 × E[3A∗])

• energetically inaccessible quintet states (5A∗) and second excited triplet states
(3A∗∗), if possible

As it turns out it is not always easy to fulfill all criteria. For vis-to-UV UC
there will be several limiting factors that may be attributed to one or several of the
aforementioned prerequisites.
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2.3.1 CdS/ZnS core-shell nanoparticles

Semiconductor core-shell nanoparticles (NPs) have previously been used for UC
into the near infrared and visible spectrum25,26,27 and as of last year also for vis-to-
UV UC.15 The strength of semiconductor NPs mainly lie within the possibilities in
tuning their properties, something that originates from the innate energy dispersion
of nanosized materials. NPs have at least one dimension on the nanometer scale,
meaning that their size are in the same range as molecules. It is therefore not
surprising that the intrinsic energies of semiconductor NPs are a mixture between
the energies of a bulk semiconductor and that of molecules. In detail this means
that there is a band gap, very similar to that of a bulk semiconductor, but like with
molecules there are discrete energy levels in NPs.28 Compared to molecules, this
energy level splitting is however much smaller in NPs but since particles can be of
different size this splitting may also be tuned.29 An example of this is that the larger
the NP is, the smaller its corresponding band gap will be.30

Using semiconductor NPs as a sensitizer for vis-to-UV UC holds great promise
as this kind of sensitizer currently holds the vis-to-UV QY record.15 This study will
utilize the same sensitizer as the record report, a core-shell type NP with a cadmium
sulfide (CdS) core and a zinc sulfide (ZnS) shell structure.15,31 Bulk CdS has a band
gap of 2.5 eV32 and also exhibits a high molar extinction coefficient, ε,33 making
CdS an excellent absorber of blue light. This absorption is however also strong in
the UV region, leading to a severe spectral overlap between sensitizer absorption
and annihilator emission. This will inhibit detected UC due to quenching mainly by
reabsorption of upconverted light by the NPs. The band gap width of the NPs can
however be tuned, meaning that one can match it with the desired wavelength of the
light one wants to absorb. As cadmium is a quite heavy metal (M = 112,41 g/mol)
the CdS NPs will also exhibit a large spin-orbit coupling.34 This will increase the
rate of ISC, a process that must be effective in order to achieve a high triplet state
yield in the sensitizer.

Even though semiconductor NPs holds great promise for sensitization, there are
certainly difficulties that need to be addressed. With the small size of the particles
comes a high surface to volume ratio. Surface sites are special in the sense that the
electrons and orbitals of these are not shared with any neighbouring atoms. A high
number of non-interacting orbitals, generally referred to as ”dangling bonds”, may
lead to low energy trap states within the NP.15 These are detrimental to NP emission
and should thus be avoided, and may be passivated by different ligands, such as
carboxylic acids.25,26 This will also enhance the efficiency of TET from sensitizer to
mediator.15,26 Another way to reduce the amount of trap states is by the growth of
a shell, and the addition of several layers will lead to increased NP emission.15,31

However, the shells will also provide a tunneling barrier,35 decreasing the TET
efficiency and thus leading to decreased UC. It has however been determined (at
least in one study) that four ZnS monolayers give the highest value of ΦUC when
sensitizing with CdS/ZnS core-shell NPs.15

Another issue with semiconductor NPs are their short triplet lifetimes. They
typically have a triplet lifetime on the order of a few nanoseconds,15,25 which is
orders of magnitudes shorter than the triplet lifetime needed for efficient TET to
the annihilator. This issue can be overcome by the addition of a transmitter ligand,
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Figure 2.4: Energy transfer schematic for the usage of a mediator. The mediator, here
represented by 2,5-diphenyloxazole (PPO), binds to a zinc site of the CdS/ZnS NP via
a nitrogen atom. This bond enables TET from sensitizer to mediator. Subsequent TET
from mediator to an annihilator in solution is followed by TTA between two annihilator
molecules. For a more detailed description of the energetic relationships, see Figure 2.3.

referred to as the mediator, which binds to the NP surface through an anchoring
group, and by doing so replaces one of the oleic acid ligands already present at the
surface.25,26 In Figure 2.4 this path for energy transfer is illustrated. TET from the
NP to the mediator leads to a prolonged triplet lifetime and enables further TET to
the annihilator molecules which are free in solution. For this to happen the triplet
energy of the mediator must of course lie in between the respective energies of the
sensitizer triplet excited state, 3S∗, and annihilator triplet excited state, 3A∗ (see
Figure 2.3).

2.3.2 Annihilator candidates

The number of suitable sensitizer-annihilator pairs for vis-to-UV has so far been
quite limited, and there is a need to expand the knowledge around why that is the
case. Not only has it been almost impossible to find pairs which fulfill all the criteria
mentioned previously (in the case of using CdS/ZnS NPs as sensitizer, the spectral
overlap will certainly be an issue), but even if the criteria are fulfilled this do not
necessarily lead to efficient UC.24

In this study an endeavour to try and find new possible annihilators for vis-
to-UV UC is undertaken. The annihilator candidates of interest are presented in
Figure 2.5. All selected compounds have a high fluorescence QY,18,36,37,38,39,40 and
have a first triplet excited energy which lie below that of previously synthesized
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CdS/ZnS sensitizers.15 The presented values for their respective energies should
not be considered absolute, as these have been calculated using Density Functional
Theory. These values do however give some important indications on their eligibility
as annihilators. The calculations do e.g. tell us that their second excited triplet state,
T2, lie between T1 and S1 in energy, resulting in an expected f value of no higher
than 2/5 (the importance of the f value is discussed in Section 2.2.2).

(a) 2,5-diphenyloxazole (PPO) (b) 2,5-diphenyl-1,3,4-oxadiazole (PPD)

E(T1) E(T2) E(S1) 2 ×E(T1)− E(S1)

2.521 eV 3.35 eV 3.880 eV 1.16 eV

E(T1) E(T2) E(S1) 2 ×E(T1)− E(S1)

2.844 eV 3.34 eV 4.165 eV 1.52 eV

(c) trans-stilbene (TS) and derivatives (d) 5,10-dihydroindeno[2,1-a]indene (I2)

E(T1) E(T2) E(S1) 2 ×E(T1)− E(S1)

n=1 2.296 eV 3.64 eV 4.004 eV 0.59 eV

n=2 1.832 eV 3.23 eV 3.577 eV 0.087 eV

n=3 1.506 eV 2.82 eV 3.234 eV -0.22 eV

E(T1) E(T2) E(S1) 2 ×E(T1)− E(S1)

2.389 eV 3.64 eV 3.897 eV 0.88 eV

(e) 1,4-bis(phenylethynyl)benzene (BPB)

(f) 2,5-diphenylfuran (DPF)

E(T1) E(T2) E(S1) 2 ×E(T1)− E(S1)

2.252 eV 3.00 eV 3.440 eV 1.06 eV

E(T1) E(T2) E(S1) 2 ×E(T1)− E(S1)

2.351 eV 3.34 eV 3.754 eV 0.95 eV

Figure 2.5: The eight different annihilator candidates. The energy values have been
calculated using Density Functional Theory and give indications on each compounds po-
tential for UC. The value of greatest importance is that in the right-hand side column,
which must be positive in order for TTA to happen.

Even more important, the calculated values give an indication on the driving
force of TTA, which solely depends on the energy requirement E[1A∗] < 2 × E[3A∗].
A positive value in the right-hand column for each annihilator indicates that this
equation holds true for that particular compound.

Out of the proposed annihilators, 2,5-diphenyloxazole (PPO) is the only one
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that has previously been tested for UC, and successfully so.15,16,41 A very similar
compound, 2,5-diphenyl-1,3,4-oxadiazole (PPD), will here be investigated alongside
PPO. PPD has a slightly higher S1 energy, meaning that successful UC using PPD
would increase the resulting anti-Stokes shift. These two compounds are of special
interest as this study aims also to determine which of these is most suitable in the
role of mediator. PPO has been utilized before,15 but the slightly higher T1 energy
of PPD might decrease energy losses during ISC from the CdS/ZnS. This energy
could however be too high in relation to the sensitizer triplet energy if the sensitizer
particle size is suboptimal.

The three derivatives related to trans-stilbene (Figure 2.5c) has, to the best of
my knowledge, not been utilized as annihilators before. The addition of more double
bonds in the bridge between the two phenyl rings seem to destabilize the singlet and
triplet energies, and also - in the case of n=3 - the triplet energy seem to be too low
in relation to the singlet energy. For the trans-stilbene (TS, n=1) it is well known
that it easily isomerizes into its cis-isomer in low-viscosity solvents, something that
effectively inhibits the fluorescence QY.18,42 This distortion of the structure does
however not seem to appear for 1,4-diphenyl-1,3-butadiene (DPB, n=2).43 For 1,4-
diphenyl-1,3,5-hexatriene (DPH, n=3) the transition to other conformations has
been found in polar solvents, which has reduced fluorescence, but has not been
observed in non-polar solvents, such as hexane.44 Similar conformational changes has
been observed for 1,4-bis(phenylethynyl)benzene (BPB), as it may rotate around its
triple bonds. The cylindrical symmetry of these bonds means that the conjugated
system remains intact, but also that the the resulting emission is shifted.45

To overcome potential issues with isomerization that arise for these stilbenes,
the locked stilbene 5,10-dihydroindeno[2,1-a]indene (I2), will be investigated as an
alternative. Similar to trans-stilbene, it has a high fluorescence QY near unity39

but is locked in its trans-isomer.46 Regarding the calculated values, I2 seems to be
a promising compound for the role of annihilator, but hasn’t been tried previously.
Finally, 2,5-diphenylfuran (DPF) will be investigated. Its similarities to PPO and
PPD are very pronounced, but the lack of nitrogen atoms give rise to slightly lower
energies, thus decreasing the potential anti-Stokes shift.
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3
Methods

This section aims to present the different methods and experimental techniques that
have been utilized during the course of this study. The experimental work spans
over two distinct, and quite different, branches: spectroscopy experiments and NP
synthesis.

3.1 Spectroscopic methods

Any physical chemist will sooner or later encounter different kinds of spectroscopy.
It provides a powerful tool that can be applied to a large variety of molecules. In
this study it has been one of the main tools for characterizing the participating
compounds. All spectroscopic measurements performed in this study has been car-
ried out in hexane, C6H14, a non-polar, low-viscosity solvent, and the samples were
placed in a 4mm quartz cuvette.

3.1.1 Steady-state absorption spectroscopy

To determine the average absorbance of a compound one can employ steady-state
absorption spectroscopy. The setup used for this technique is presented in Figure
3.1. Light passes through a monochromator which selects which wavelength is trans-
mitted. As the selected light reaches the beam splitter, a small fraction is reflected
to a reference detector, and the larger part of the light passes through to the sample.
The sample detector then measures how much of the incident intensity, I0(λ), that
passes through the sample.

Light source Monochromator Sample 
detector

Reference
Detector

�

Beam
splitter

Mirror

I0(λ) I(λ)

Sample
holder

Figure 3.1: The experimental setup for absorption measurements. The monochromator
selects one wavelength at the time and the sample detector measures the intensity of non-
absorbed light. Sweeping over a range of wavelengths in the monochromator creates an
absorption spectrum of the sample.
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The absorbance relates to the incident and transmitted intensities through

Abs(λ) = −log I(λ)
I0(λ) (3.1)

which in turn relates to concentration through the Lambert-Beer law :

Abs(λ) = ε(λ)cl (3.2)

where ε is the molar extinction coefficient (M−1 cm−1), c is sample concentration
(M), and l is the path length the light travels through the sample (cm). Absorbance
is thus unit free, and a compound with a high ε will absorb more strongly. Since
ε is wavelength dependent, the absorption spectrum of a compound is obtained by
scanning over a range of wavelengths.

3.1.2 Emission spectroscopy
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Figure 3.2: Normalized absorption and
emission spectra for the common fluorophore
9,10-diphenylanthracene (DPA).

Absorption measurements are com-
monly performed alongside emission
measurements. A similar setup is used
for steady-state emission spectroscopy,
but with a few modifications, see Figure
3.3. A monochromator selects the wave-
length you want to use to excite your
sample. As excited molecules (or par-
ticles) relax to their ground state, the
emitted fluorescence is detected. How-
ever, in order to account for any fluc-
tuations in excitation light intensity, a
small portion of the incident light is di-
rected to a reference detector. A second
monochromator is used after the sam-
ple to select what wavelength of emitted
light that will be detected. Typically
one uses a single excitation wavelength, and sweeps over a range of wavelengths in
the emission monochromator.

The absorption and emission spectra of fluorophores are often presented along-
side each other, and an example is given in Figure 3.2. This is the spectra of
9,10-diphenylanthracene (DPA), a molecule that is well known for its high fluores-
cence QY and has been widely used as a fluorescence reference compound.47,48 It
just happens so that it is also one of the most used annihilators for UC, producing
blue upconverted light through TTA.12,49,50,51 In this study DPA will be used as a
fluorescence QY reference compound. By measuring the absorption of a compound
of interest and a reference compound, and their respective emission at the same exci-
tation wavelength, the fluorescence QY of the sample compound ban be determined
by Equation 3.3:48

Φf,s = Φf,r
Fs
Fr

Ar
As

n2
s

n2
r

(3.3)
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Light source  Excitation
Monochromator

Sample 
detector

Reference
Detector

Beam
splitter

  Emission
Monochromator

Figure 3.3: The experimental setup for emission measurements. The difference from
an absorption measurement setup is that the excitation monochromator typically is fixed
at one specified wavelength, and that the sample detector measures the emission from the
sample. A second monochromator selects one wavelength at the time that is allowed to
pass, and by sweeping over a range of wavelengths an emission spectrum may be obtained.

Here, Φ is the fluorescence QY, F is the integrated emission, A is the measured
absorption at the excitation wavelength, and n is the refractive index of the solvent
used. Subscripts r and s denotes reference and sample, respectively. The same
expression may also be used to calculate UC QY.

3.1.2.1 Time-resolved emission spectroscopy

Steady-state emission can be used to determine e.g. fluorescence QY, but strongly
related to that is the fluorescence lifetime, often denoted τf . To measure this a
very similar setup to that of the steady-state case is used. The main differences are
the type of excitation light used, and how the emission is detected. Time-resolved
measurements are often performed using a technique called time correlated single
photon counting, TCSPC. Instead of non-coherent light, a pulsed laser is used for
excitation of the sample. A timer measures the time from excitation to when the
first emitted photon reaches the detector. The time is recorded and the process
repeated. The average lifetime τf can then be determined from the measurements.

This kind of measurement will result in a histogram with time between excitation
and detected emission on the x-axis, and number of counts on the y-axis. The time
scale is divided into discrete channels, and for every measurement one of these
channels will be filled with a photon count. Depending on how resolved one wants
the measurement to be, the number of channels may be altered. Since the excitation
pulse is not a perfect Dirac pulse, and one often are measuring on very short time
scales, an instrument response function (IRF) must be measured with a scattering
sample and taken into account for.

3.1.3 Upconversion measurements

Means of measuring UC do not differ that much from ordinary emission techniques.
Typically a laser is used for excitation of the sample, and the output emission is
measured perpendicularly to that of the incident laser light. The light intensity may
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then be varied to form data plots which may indicate where the intensity threshold
(Ith, see Section 2.2.3) lie.

405 nm 
 LED

Sample 
detector

L
e
n
s
e

L
e
n
s
e

Power
supply

Sample
holder

Figure 3.4: The experimental setup for UC measurements. Two lenses are employed
to focus as much of the diverging light from the LED as possible. The power supply drives
the lamp, and can be used to alter the light intensity from the LED.

This study unfortunately makes use of a somewhat suboptimal setup, see Figure
3.4. Due to the absence of a suitable laser for excitation at the facilities, a 405
nm light-emitting diode (LED) lamp has been utilized instead. This non-coherent
light source emits a strongly diverging light, meaning that only a tiny fraction of
the outgoing intensity would reach the sample if no modification was done. Two
converging lenses has for this reason been positioned between the LED and sample in
order to maximize intensity at the sample. The LED is driven by an external power
supply, and the light intensity may be varied by changing the supplied current. Due
to this particular setup, the detector will not only receive the emitted light from
the sample, but also traces of light from the LED lamp. In a setup where a laser
is employed, a notch filter would have been placed between the sample and the
detector to cut away any light from the excitation source, thus ensuring that only
emitted light from the sample reaches the detector.

3.2 CdS/ZnS core-shell NP synthesis

The CdS/ZnS core-shell NP synthesis consists of two separate steps: core synthesis
and shell growth, and is visualized in Figure 3.5. The approach used for CdS core
synthesis is often referred to as the hot injection method,52 as the sulfur precursor is
injected at very high temperature (∼260 ℃). The full and detailed recipe is presented
in the following paragraph. All solvents were degassed prior to use, and five batches
of CdS/ZnS particles were synthesized in total.

3.2.1 CdS core synthesis

257 mg cadmium oxide (CdO) was mixed with 6 mL oleic acid and 15.8 mL 1-
octadecene (ODE) in a 50 mL three-necked bottle. The middle neck was connected
to a condenser and the two remaining necks were sealed with septums. The flask
was placed on a temperature controlled heat block, and the mixture was degassed
under vacuum for 1 hour at 110 ℃. This was followed by heating of the mixture to
260 ℃ under nitrogen, which resulted in a clear and colorless reaction mixture. The
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sulfur precursor was prepared by adding 32 mg of sulfur powder to 3 mL ODE in
a glovebox (which is a sealed container with a low oxygen, low water atmosphere),
followed by sonication of the solution. The precursor was injected at 240 ℃ and
then stirred until the mixture had attained a rich, yellow color (this took about
one minute). The mixture was then cooled using compressed air. After cooling, a
small sample of the mixture was mixed with hexane in a 10mm quartz cuvette for
characterization through absorption spectroscopy.

C

C
CdS

ZnS

CdS

CdS

ZnS

CdS

ZnS

CdO
1-octadecene (ODE) Oleic acid

+ +
Sulfur
260 °C

Core synthesis

CdS

ZnS

CdS

ZnSCdS

ZnS

CdS + +
zinc diethyldithio-
carbamate (Zn(DTTC)2) Oleylamine

30 min
185 °C

Shell growth (one layer)

Figure 3.5: Synthesis scheme for the production of CdS/ZnS core-shell NPs. The CdS
cores are synthesized by addition of sulfur powder at high temperature. Subsequent shell
growth is done by addition of the zinc precursor Zn(DTTC)2 and stirring at ∼185 ℃.
The shell growth procedure was repeated four times. The wiggly lines on the surface are
ligands of oleic acid.

The CdS cores, which are capped with oleic acid ligands, were then transferred to
a degassed 27 mL vial, which was in turn transferred into a glovebox. A purification
scheme where the CdS cores were extracted by methanol, hexane, and butylamine
(1:0.7:0.04 volume ratio) followed. The cores had a tendency to create a gel-like
solution if stored too long in ODE, and the addition of 50 µL butylamine was used
to liquefy the solution. The addition and subsequent mixing of methanol and hexane
resulted in a two-phase mixture. The upper methanol phase was removed with a
pipette and methanol was added again for further purification. After subsequent
removal of the methanol, the mixture was transferred to a 50 mL centrifuge vial,
and an excess of acetone (∼40 mL) was added. The mixture was then centrifuged,
resulting in a yellow precipitate at the bottom of the centrifuge vial. The precipitated
CdS cores were then redispersed in hexane, and another round of acetone addition
and centrifugation followed. Finally, the precipitate was redispersed in hexane for
long-term storage.

3.2.2 ZnS shell growth

The absorption spectrum obtained from the CdS core sample was not only used to
characterize the particles but also to measure the amount of particles in the sample.
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By taking 10 µL of CdS core solution and measuring its absorbance in hexane, the
concentration could be determined using the the Lambert-Beer law (Equation 3.2).
The molar extinction coefficient, ε, and expected diameter of the CdS cores could
also be determined from the spectrum.33 Knowing the concentration of particles in
the cuvette, the total number of synthesized particles could be calculated.

For the ZnS shell growth the amount of the zinc precursor, zinc diethyldithio-
carbamate (Zn(DTTC)2), needed for each monolayer (ML) was calculated.31 The
full calculation can be found in Appendix A.1. Once calculated, the required total
amount of Zn(DTTC2) (365 mg) was mixed with 10 mL oleylamine to create a 0.1 M
solution, which was sonicated for 200 seconds for increased solubility. The CdS cores
were dissolved in 12.23 mL ODE, degassed, and put to stirring in a three-necked
bottle. 0.723 mL of 0.1 M Zn(DTTC2) was then added, and the mixture was heated
to 185 ℃. It was left to react for 20 minutes before the mixture was cooled to 50 ℃.
The procedure was then repeated for the next three MLs. For each ML the mixture
was heated and stirred for circa 30 minutes. A small sample of the mixture was
extracted and absorption and emission measurements were performed in hexane for
characterization during each step.

Following the shell growth, the CdS/ZnS NPs were purified inside a glovebox.
The NPs in ODE were transferred to a centrifuge vial, an excess of methanol was
added, and the mixture was shaken vigorously. The two phases were allowed to
separate and the upper, low viscosity methanol phase was removed by pipette. This
was repeated two more times. An excess of acetone was then added to the vial
and the mixture was centrifuged for 15 minutes. The supernatant was removed
and the yellow precipitate that had formed was dispersed in hexane. The acetone
purification step was repeated two more times before the NPs were redispersed in
hexane for long-term storage inside the glovebox.

3.2.3 Mediator/ligand exchange and UC measurements

To evaluate how well the respective mediator molecule binds to the ZnS shell of the
NPs, both absorption and emission spectroscopy have been utilized. The different
samples have been prepared so that the ratio between CdS/ZnS NP concentration
and PPO concentration was either 1:10 or 1:1000. This was done in order to inves-
tigate if PPO would bind stronger onto the NPs if this ratio was altered. The NP
concentration c were for all samples in the range of 10 to 100 nM.

The preparation of the samples were made by calculating what amounts of NPs
and mediator respectively that would be needed to achieve the desired ratio between
the two compounds. These were then mixed and stirred in a small vial, located in a
glovebox. Different samples were stirred for different amounts of time, ranging from
5 minutes to 24 hours, in order to determine if time was a factor. Following the
stirring, each sample was precipitated in acetone and centrifuged to remove excess
mediators that was left free in solution.

The samples for UC measurements were prepared by dissolving the different
annihilators in hexane, thus creating solutions with [A] = 5.7×10−2 M. These stock
solutions could then be used to create the UC systems, with concentrations [A] =
5.7×10−3 M and [CdS/ZnS] = 2.85×10−7 M. These samples were not cleaned or
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stirred following the mixing of compounds, and measurements could be performed
instantly after sample preparation.
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4
Results and Discussion

The following section aims to present the key findings of this study. NP synthesis is
analyzed both in terms of experimental setup but also by means of absorption and
emission spectroscopy. Ligand exchange with the mediators and annihilator char-
acterization has mainly been investigated through absorption and emission spec-
troscopy.

4.1 Synthesis of CdS/ZnS core-shell NPs

As has been previously mentioned, a total number of five batches were synthesized
during the course of this study. The main reason for this was the desire to synthesize
a sensitizer of higher quality than that of previous batches.

4.1.1 Initial characterization of CdS/ZnS NPs

As it turns out, the very first batch of CdS/ZnS NPs that was made was the one that
exhibited the best characteristics. Table 4.1 shows the photophysical characteristics
of the NPs for each of the synthesized batches. Only the first batch went unscathed
through all synthesis steps. Batch no. 2 and 4 both failed during the initial CdS
core synthesis. Batch no. 3 failed during the ZnS shell growth, and the last batch
was discarded as the final purification step went awry. This batch did however show
less emission than batch no. 1 and would for this reason not have been used anyway.

Table 4.1: Absorption and emission characteristics of the five synthesis efforts. Two
batches failed completely and did not return any detectable particles at all. Batch 3 went
awry during the ZnS shell growth, and the very last batch was discarded as a result of
issues in the final purification step.

Batch no. Absmax(CdS) (nm) Absmax(CdS/ZnS) (nm) Emmax (nm)

1 408 430 445

2 - - -

3 403 - -

4 - - -

5 395 442 463

The very first batch resulted in functioning CdS/ZnS NPs with an absorption
maxima at 430 nm, and an image of the NPs obtained through transmission elec-
tron microscopy, TEM, is presented in Figure 4.1. From the absorption maxima it
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was expected that the diameter of the NPs would be roughly 4.5 nm.33 The size
distribution is quite uniform but a bit larger than expected, and also the shape of
the NPs is not entirely spherical.

10 nm

Figure 4.1: Image of the CdS/ZnS NPs obtained through TEM. The NP size is generally
a bit larger than the expected 4.5 nm in diameter, and the shapes are slightly non-uniform.

Questions about the NP quality did arise, mainly as a result of lower than ex-
pected photoluminescence QY, ΦPL, of the NPs. Previous studies where CdS/ZnS
NPs have been synthesized have shown ΦPL as high as 50%,31 while the NPs used
by Gray et al. reached ΦPL = 26%.15 Batch no. 1 in this study yielded ΦPL = 7.3 ±
0.3%, which is almost one magnitude lower than what has previously been achieved.

Some important characteristics of CdS/ZnS NPs are shown in Figure 4.2. The
data presented here are for batch no. 5. The first thing to observe is a severe red-
shift of the absorption (solid lines) local maxima, as it is shifted from 395 nm to
442 nm as the first ML of ZnS is added. This was expected, and is in fact a sign of
successful shell growth without the formation of alloys.31 This shift to lower energies
is due to the difference between the energy levels of the NPs are narrowed as particle
size is increased, and also due to possible deterioration of the size distribution.53 The
second thing to pay attention to is the destruction of emissive trap states, which can
be seen for 0ML to 2ML in the 450 to 700 nm range. These are located at the surface
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of the NPs and are a result of sulfur vacancies in the CdS core.54 As three or more
ZnS MLs are added it is evident that the emission from the trap states disappears,
and along with that the NP emission peak (located at ∼463 nm in Figure 4.2) is
greatly enhanced.
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Figure 4.2: Absorption and emission of the batch no. 5 NPs during the different steps of
shell growth. An immediate red-shift (from 395 to 442 nm for the absorption) is observed
following the growth of the first ML. Growth of additional MLs effectively eliminates the
emissive trap states that are seen in the range of 450 to 700 nm for 0ML to 2ML. Initially
the NP emission is quenched as ZnS MLs are added, but as the 4th ZnS ML is added a
severe increase of the emission is evident.

Time-resolved emission spectroscopy was also carried out on the NPs and the
result is presented in Figure 4.3. The blue solid line represents the emission decay,
and the black solid line is a best fit to these values. The red line is the IRF. In order
to achieve sufficient fitting, three exponential terms were needed, which is a typical
characteristic of NP photoluminescence decay.15

The intensity weighted average lifetime, τ̄ , can be calculated using the values of
the three exponentials provided from the best fit. Using Equation 4.1

τ̄ =
∑
iAiτ

2
i∑

iAiτi
(4.1)

where Ai is the amplitude of the i:th exponential and τi is the lifetime of that
component, an average lifetime τ̄ = 13.6 ns was obtained for the CdS/ZnS NPs. This
result is in the same range as previously reported lifetime values.15 As suspected,
the lifetime of the NPs is order of magnitudes shorter than what is needed to achieve
efficient TET to the annihilators.
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Figure 4.3: Time-resolved emission spectroscopy measurement on CdS/ZnS NPs. The
black solid line is a best fit using three exponential terms. The measurement was done
using 377 nm excitation light.

4.1.2 Synthesis considerations and optimization

From the previous section it is evident that synthesis of CdS/ZnS core-shell NPs
is no walk in the park. The recipe that has been used during this study, based on
efforts by Chen et al.,31 Li et al.,52 and Gray et al.,15 is rather easy to follow and
understand, as specific temperatures and chemical amounts are clearly printed.

The synthesis of the first three batches were carried out using the same exact
experimental setup. Batch no. 2 failed due to contamination from a vacuum grease
that is used to provide a seal between the reaction flask and the condenser pipe.
This grease started dripping into the mixture, effectively destroying the reaction.
This was adjusted before the next batch, which worked well during CdS core syn-
thesis. Unfortunately, the human variable came into play during ZnS shell growth
as insufficient attention to detail resulted in the wrong solvent being used for the
zinc precursor.

After these rather trivial shortcomings had been fixed, the problems mainly arose
from insufficient control of temperature and chemical amounts. Perhaps the biggest
issue was controlling the temperature of the mixture. As mentioned in Section 3.2.1 a
heat block was used for heating the reaction mixture, and a thermometer monitored
the temperature of said heat blocks. Prior to the synthesis of batch no. 4 a new kind
of heat block was introduced. This created very different conditions from before,
mainly due to decreased heat transfer from heat blocks to reaction, but also due to
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high temperature volatility. Batch no. 4 was because of these factors carried out at
too low temperatures, which explains why no CdS cores at all could be detected.

Figure 4.4: A snapshot of the CdS/ZnS
mixture during the synthesis of batch no. 5.
Its vivid yellow color is a result of strong ab-
sorption of light in the blue and UV part of
the spectrum. To the right one can see the
thermometer stick that is inserted through a
septum on one of the bottlenecks into the re-
action mixture itself.

The shortcomings in reaction tem-
perature monitoring lead to yet another
modification of the experimental setup.
For this final synthesis attempt, the
thermometer was inserted into the re-
action mixture itself. It was done so
by piercing it through one of the sep-
tums on the three-necked bottle, see
Figure 4.4. The temperature control
was greatly enhanced and the volatility
altogether disappeared. Instead, issues
with achieving sufficient vacuum was in-
troduced as the thermometer compro-
mised the sealing. This approach did
however show great promise as the seal-
ing issue is possible to overcome with
further small modifications. It is in-
credibly important to control the exact
temperatures, as the tuning of NP size
greatly depends on both the exact tem-
peratures but also the times used during
synthesis.

Even though big steps towards at-
taining proper temperature control of
the reaction were made, issues with controlling the amounts of participating com-
pounds remain. Prior to ZnS shell growth, the zinc precursor Zn(DTTC)2 is dis-
solved in oleylamine. The solubility of Zn(DTTC)2 is however quite low, thus soni-
cation of the solution is needed. Even when sonicated there were severe amounts of
precursor falling to the bottom of the solution, thus making it very hard to control
the exact amounts that was extracted and subsequently injected into the mixture.
Small deviations from the calculated amounts for each ML (see Appendix A.1) will
provide disturbances in the shell growth, e.g. by incomplete MLs.

4.2 Annihilator characterization

Even though the calculations presented in Figure 2.5 give good indications of where
the different energy levels of the prospective annihilators lie, spectroscopic measure-
ments of these compounds were carried out to examine their characteristics. The
results of the steady-state absorption and emission measurements done on these
compounds are presented in Figure 4.5.
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Figure 4.5: Steady-state absorption and emission spectra for the eight annihilator
candidates.
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The main trend is that the calculated energies from Figure 2.5 are higher than
those obtained from the measurements. E.g. DPH, with a calculated S1 energy of
3.234 eV, should according to the calculations have an emission maximum somewhere
around 383 nm, but in reality its emission is centered around 430 nm. This does of
course eliminate DPH as a possible annihilator candidate as one requirement is that
the annihilator emits in the UV range. The remaining compounds have emission
maxima below 400 nm and do as a result fulfill this prerequisite.

4.3 Ligand/mediator exchange investigation

Two of the questions posed in Section 1.3 are related to the two mediators that
are investigated in this study: 2,5-diphenyloxazole (PPO) and 2,5-diphenyl-1,3,4-
oxadiazole (PPD). In order to answer these a number of different experiments have
been performed. Samples with different ratios between NP and mediator concentra-
tion were prepared as described in Section 3.2.3.

4.3.1 Measurements on quenching efficiency

First of all the ratio dependence between NPs and mediator was investigated. In
Figure 4.6 the absorption and emission spectra for NP:PPO 1:10 and 1:1000 ratios
are presented alongside that of pure NPs.
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Figure 4.6: A series of absorption and emission measurements with PPO as the medi-
ator. The green and light-blue spectra are from measurements on the same sample, with
the ”1week” notion indicating that the light-blue measurement was performed one week
after the green one. The same goes for the blue/purple spectra.

The photoluminescence QY of the NPs has previously been discussed as a high
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QY will enhance TET efficiency from NP to mediator. Successful TET, which can
only occur if mediator molecules has indeed bound to the surface of the NPs, will in
this kind of measurement manifest itself by severe quenching of the NP emission.26

The amount of quenching is determined by using Equation 3.3. Using PPO as
the mediator, the general trend is that the NP emission is quenched by circa 40%.
Similar measurements are presented in Figure 4.7. Here, PPD is utilized as mediator
instead and NP emission quenching of circa 50% appears, indicating that PPD do
bind to a somewhat larger extent than PPO does. As the binding between the
mediator is expected to appear between the NP zinc sites and the nitrogen atoms
of the mediators, this result is ascribed to PPD having an extra nitrogen atom in
the furan ring.
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Figure 4.7: A series of absorption and emission measurements with PPD as the medi-
ator. The NP emission is quenched by about 50% as PPD binds to the surface.

The blue dotted line in Figure 4.6 diverge from the general trend of the NP/PPO
measurements. This specific measurement indicates quenching > 90% and would if
true mean that the TET to the attached PPO mediator is very efficient. Quench-
ing of more than 90% has been produced before by attaching mediators to NP
surfaces,15,26 but as the other measurements in this study all showed substantially
lower quenching this measurement had to be considered faulty. This faultiness is
further emphasized when compared to the light blue, dotted line in Figure 4.6. This
is a measurement on the same sample performed one week later. The discrepancy
between the two measurements can only arise for two reasons: either the NP/medi-
ator system is unstable over time, or one of the measurements is faulty. The other
samples do not show signs of system instability as the emission is almost identical
when measured one week later.
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4. Results and Discussion

4.3.2 Quantifying the number of surface bound mediators

Efforts in trying to quantify the actual number of PPO/PPD that bound to the
NP surface were performed using absorption spectroscopy. The goal was to distin-
guish the mediator absorption profile from that of the NP, and by comparing their
respective absorption be able to quantify the number of molecules attached to the
NP surface. This quantification has previously been done successfully by Mongin
et al. for a system where two carboxylic ligand molecules attached to the surface
of cadmium selenide (CdSe) NPs.26 In their study the absorptive characteristics of
the carboxylics were clearly visible and they could, using the molar extinction coeffi-
cients (ε) of the participating compounds, conclude that circa 12 molecules attached
to each CdSe NP.
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Figure 4.8: Absorption of NP/PPO sys-
tems of three different ratios, together with
the absorption of pure NPs. The PPO feature
is only clearly visible for the sample with a
1:1000 NP:PPO ratio. Note that these sam-
ples have not been cleaned following the ad-
dition of PPO.

For the systems investigated in this
study it was soon realized that this
method, unfortunately, couldn’t be ap-
plied. Figure 4.8 illustrates why this is.
The four lines show the absorption of
four different solutions: one with pure
NPs, and three where the amount of
PPO is risen by a factor of 10 each time.
These samples have not been cleaned
following the addition of PPO, meaning
that the ratios presented are exact.

It is clearly visible that even for the
solution with a 1:100 NP:PPO ratio it
is quite hard to distinguish the PPO ab-
sorption features, and more or less im-
possible for the 1:10 sample. The reason
to why these features are only visible at
higher PPO concentrations is related to
the molar extinction coefficient, ε, of the
NPs and of PPO. Yu et al. has exper-
imentally determined how ε for CdSe,
CdTe, and CdS NPs may be calculated from their respective absorption spectra.33

The equations for CdSe and CdS NPs are given by Equations 4.2a and 4.2b:

εCdSe = 1600 ∆E (D)3 (4.2a)

εCdS = 5500 ∆E (D)2.5 (4.2b)

where ∆E is the transition energy of the first absorption peak given in eV , and D
is the NP diameter in nm. Mongin et al.26 synthesized CdSe NPs with εCdSe = 59
200 M−1 cm−1, which is on the same order as ε of many molecular chromophores,
e.g. PPO (εPPO = 35 700 M−1 cm−1 at 303 nm). This value is however order of
magnitudes larger for CdS NPs, and estimates based on Equation 4.2b give εCdS/ZnS
= 662 700 M−1 cm−1 at 430 nm. There is of course an error in this value as the
calculation is for only the CdS core, but the sizeable difference to εPPO holds true.

35



4. Results and Discussion

In fact, considering the TEM image of Figure 4.1, εCdS/ZnS might be even higher as
the NPs are a bit larger than expected. No matter what, εCdS/ZnS will be several
times higher at 303 nm as the CdS/ZnS NPs absorb even stronger in the UV regime
(see e.g. the absorption spectra in Figure 4.8). As a result, the CdS/ZnS NPs
absorb at least two orders of magnitude stronger than PPO at 303 nm, which goes
well together with the results presented in Figure 4.8. Figures 4.6 and 4.7 show
no pronounced difference in absorption between the 1:10 and 1:1000 NP:PPO/PPD
samples, indicating that the number of mediators on each molecule is below 10 after
washing. Their respective absorption spectra also indicates that quite few mediators
are attached, as no mediator absorption profile is visible.

4.4 Upconversion measurements

The ultimate goal of all the different experiments that has been carried out is of
course to try and achieve sTTA-UC in the end. Even though the sensitizer quality
and subsequent TET efficiency to the mediators isn’t as high as in previous studies,
sTTA-UC has indeed been realized.

4.4.1 Effect on UC by change of mediator

Figure 4.9 shows the UC for a system excited with 405 nm light, where PPO acts
as both mediator and annihilator. A clear emission signal ranging from 330 nm to
370 nm is visible, and is attributed to UC. This was verified by repeating the same
measurement (again using λexc = 405 nm) on a sample with only PPO. This sample
showed no emission below 370 nm, thus any emission occurring in that range must
be the result of UC. The emission that appears in the range between 410 nm and
480 nm is the result of CdS/ZnS emission. Emission in the 370 to 410 nm range
and above 480 nm is from scattering of the light source. The gap from 405 nm to
450 nm is the result of over-saturation in the detector, and in reality the emission
in this energy range is higher than 16 000 arbitrary units (a.u.). The signature that
appears just below 600 nm is an artifact of the 405 nm LED lamp used for the
UC measurements, and was present also when only scattering the light through an
empty cuvette. The narrow peak at 343 nm is an artifact of the spectrometer and
was present even when the sample holder was empty.

On the left-hand side the upconverted emission is compared to the emission
profile of free PPO in hexane (the solid, blue line). The main 355 nm peak is
prominent, but the higher energy peak, centered at around 335 nm, do not appear in
the upconverted spectra. This is probably due to the CdS/ZnS sensitizer absorbing
strongly in the deeper UV region. The upconverted photons are reabsorbed by the
NPs and does therefore not reach the detector. This phenomenon is called the inner
filter effect 18 and will severely inhibit detectable UC emission. This is one of the
reasons behind that the UC QY, ΦUC , is far below one percent for this sample.

The system with CdS/ZnS as sensitizer and PPO as mediator and annihilator,
has previously produced UC emission with better results.15 In the present study it
is also showed that PPD might be used as the mediator compound. In Figure 4.10
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Figure 4.9: The recorded emission from a sample where PPO is utilized as both media-
tor and annihilator. Upconverted emission from PPO is clearly distinguishable under 405
nm excitation light. The UC emission is centered around 355 nm which is the emission
maxima for PPO in hexane (blue solid line).

upconverted emission of a system with PPD as mediator and PPO as annihilator is
plotted alongside that of when PPO is the mediator.
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Figure 4.10: Upconverted emission from two different samples under 405 nm excitation
light: one with PPO as mediator (red line) and one with PPD as mediator (blue line).
The green line is the blue spectra normalized with respect to the 570 nm peak to match
that of the red one. Both samples utilized PPO as annihilator.

The blue line is the emission of the sample using PPD as the mediator. Using the
broad, low energy peak originating from the LED, this spectra could be normalized
and compared with the emission from the sample utilizing PPO as mediator. This
was needed since the experimental setup was very sensitive to even tiny disturbances.
The intensity, and resulting outgoing emission, was because of this hard to keep at a
constant rate. However, this clever way of normalizing enables relative comparison
betwen the upconverted emissions. From this it is clearly seen that using PPD as
the mediator give circa 40% less UC.

Based on the ligand/mediator exchange measurements from Section 4.3.1 this
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might be slightly surprising. Considering that the same annihilator is used for both
samples, it could be argued that the UC emission should only be proportional to the
quenching of the NP emission. If this is the case, the use of PPD as mediator should
result in a slightly higher UC than if PPO is used as mediator, as higher quenching
indicates more efficient TET. The TET efficiency, ΦTET , is in turn one of the terms
for calculating the UC QY, ΦUC (see Equation 2.11).

One possible explanation to this result is that the PPD doesn’t actually act as
mediator. Since PPO is the annihilator, these molecules might bind to the NPs
as these are added to the mixture. The annihilator concentration is very high ([A]
= 5.7×10−3 M) and as it has also been shown that PPO may act as mediator,
it could in fact take on that role even in the presence of PPD. Becuase of PPD
molecules already being attached to NPs, less PPO may bind in than would have
been possible if PPD were absent. This would result in less UC for this sample
than for the one where only PPO is present alongside the NPs, which is what we
see. If this hypothesis holds true it would mean that the TET from the NPs to
the PPO annihilator is hindered somewhere along the way. Considering that the
triplet energy of PPD lies very close to that of the NPs, a possible energy mismatch
between these might be causing problems. PPD could simply have a too high triplet
energy level to allow efficient TET from the NPs, thus not mediating the energy
transfer as well as PPO does. Further studies, where e.g. the NP size is altered,
would bring insight to this matter.

4.4.2 Novel annihilator UC measurements

Apart from PPO, seven other compounds were tested as annihilators. Unfortunately,
the measurements showed no detectable UC emission from any of these other com-
pounds. The findings from the UC measurements are summarized in Table 4.2.

Table 4.2: Summary of the results from the UC measurements. PPO is the only
compound that was successfully utilized in the role of annihilator, producing upconverted
emission in the 340 nm to 370 nm wavelength range.

Med.

Anni.
PPO PPD TS DPB DPH I2 BPB DPF

PPO UC No UC No UC No UC No UC No UC No UC No UC

PPD UC No UC No UC No UC No UC No UC No UC No UC

Figure 4.11 illustrates three measurements, using DPB and DPH as annihilators,
where no UC was detected. The same emission profile in the UV part of the spectrum
was observed for all annihilators except for PPO.

UC wasn’t expected from the DPH sample due to its blue emission and sub-
optimal energy levels. The remaining compounds could have, based on the initial
characterization, participated successfully for TTA but doesn’t appear to have done
so. It is hard to determine exactly what step has been the limiting one based on
only the measurements performed in this study. It has previously been concluded
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Figure 4.11: UC measurements on three different samples, using DPB and DPH as
annihilators. DPH emits at too low energies to actually enable UC. If DPB would have
been emitting, this should present itself in the form of emission around 360 nm.

that the TTA QY, ΦTTA, is the limiting factor when PPO is used for annihilation.15

Considering that most of the tested compounds in this study have triplet energy
levels below that of PPO (see Figure 2.5) efficient TET should be possible, given
that the annihilator concentration is high enough. The absence of UC emission is
for this reason primarily ascribed to low ΦTTA. For a few compounds, namely DPB,
DPH, and BPB, poor solubility in hexane proved to be an issue. This resulted
in lower concentrations for these compounds, and should provide an obstacle for
both efficient TET and TTA, given that these processes are dependent on diffusion
facilitated collisions between compounds.

4.4.3 Future directions in vis-to-UV UC research

The results of this study further emphasizes what has previously been realized -
achieving vis-to-UV UC is very tricky. No new annihilators has been added to
the list of compounds that actually work, but understanding why they don’t work
remains rather uncertain. These compounds might however not be solely responsible
for the absence of UC, considering that the sensitizer and experimental setup is
suboptimal. Continued efforts to try and synthesize higher quality CdS/ZnS NPs
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must be done in order to give new annihilator candidates better requisites. An even
more important factor is the experimental setup, as the utilization of LED light is
far inferior to that of laser light. Using an external power supply meant that the
resulting intensity couldn’t be monitored as the UC measurements were ongoing,
but instead an estimate was used based on the spot size at the sample and the
premeasured effect of incident light. Estimates gave that the resulting maximum
incident intensity was around 500 mW/cm2. A previous study utilizing PPO as
annihilator15 has stated that the threshold intensity, Ith, lie at 7 W/cm2 which is
more than one magnitude higher than the intensities that could be realized in this
study.

For this reason it is not surprising that recorded UC emission here is very low
or non-existent, even though there also must be other, intrinsic properties of these
molecules that hinder successful sTTA-UC. More sophisticated spectroscopy tech-
niques must be utilized to gain understanding of the underlying mechanisms. The
Jablonski diagram in Figure 2.1 mentions excited state absorption, a phenomenon
among others that can be investigated using transient absorption spectroscopy.18

This is a technique that measures how the absorbance of a sample changes over
time after excitation. Usually these changes appear on very short timescales (µs,
10−6, down to fs, 10−15) and by analyzing how the spectra changes, information
about what processes are ongoing in the system may be obtained. Signatures of
absorption between triplet states not visible using regular absorption spectroscopy
could for instance be visualized. The presence of such signals in these samples would
indicate that TET has in fact been realized from NPs to annihilator.15
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In this study the mechanisms behind sTTA-UC from vis-to-UV has been inves-
tigated. The CdS/ZnS core-shell NP sensitizer was successfully synthesized and
utilized for sTTA-UC. These particles displayed a photoluminescence QY, ΦPL, of
7.3 ± 0.3%, which was enough to achieve UC. There are however room for severe
improvements to be done on the NP quality, something that would enhance the
resulting ΦUC . A number of different compounds were for the first time tested in
the role as annihilator. These results indicates that none of the novel compounds
displayed any UC emission, however UC occurred when the previously used fluo-
rophore 2,5-diphenyloxazole (PPO) acted as annihilator. Even though the ΦUC was
far below one percent, this stands as an important proof of concept of vis-to-UV
UC in solution. Two different mediator compounds were tested, and both PPO
and 2,5-diphenyl-1,3,4-oxadiazole (PPD) was successfully implemented in this role.
Quenching of the NP emission, resulting from the mediator compounds binding to
the NP surface, indicated that TET was slightly more effective from NP to PPD
than to PPO. UC measurements however showed that a higher ΦUC could be reached
when PPO acted as mediator. This raises questions whether PPD actually acts as
the mediator or if PPO take on both roles of mediator and annihilator even in the
presence of PPD. More experiments need to be designed in order to answer such
questions, and also to increase the understanding of why the novel compounds are
seemingly non-functioning as annihilators.

5.1 Future outlook

Even when the sensitizer has been of high quality, the highest achieved ΦUC of 2.6%
for vis-to-UV UC is relatively low.15 Because of this it is of utmost importance
to further improve the synthesis of the CdS/ZnS NP sensitizer. Only when the
very highest sensitizer quality is assured may accurate conclusions regarding other
aspects of the upconverting system be made. Continued efforts in optimizing current
synthesis routes as well as developing new methods will be crucial in order to develop
NP sTTA-UC. In addition to this, a more thorough investigation on why PPO may
perform TTA must be undertaken. Trying to predict which compounds may be used
as annihilators based on e.g. energy calculations is of course necessary, but without a
deeper understanding on why e.g. PPO actually works, such efforts may be a waste
of time. Transient absorption should be utilized to monitor the ongoing processes in
both functioning sTTA-UC systems with PPO, as well as in non-functioning systems.
It must also be investigated how current sTTA-UC systems may be realized in the
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solid state, as this will be a requirement for future implementations. Continuous
efforts into the examination of new possible sensitizer, mediator, and annihilator
compounds must also be performed.
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A
Appendix 1

A.1 Calculation: Amount of Zn(DTTC)2 needed

for ZnS shell growth

The procedure for calculating the amount of zinc precursor Zn(DTTC)2 needed for
shell growth is based on the method by Chen et al.31

CdS core size: d0 = 3.64 nm, r0 = 3.64/2 nm = 1.82 nm

Amount of CdS particles: n1 = 1.875×10−7 mol

Two possible crystal configurations for ZnS; zinc blende or wurtzite.

Zinc blende lattice parameters: a = 0.5406 nm
Wurtzite lattice parameters: a = 0.3814 nm, c = 0.6257 nm

Average thickness d of one monolayer (ML) ZnS:

For zinc blende: d = a
√

3
3 = 0.5406×1.732

3 nm = 0.312 nm
For wurtzite: d = c

2 = 0.6257
2 nm = 0.313 nm

d = 0.31 nm will be used from here on.

Volume of 1st ML ZnS: r0 = 3.64/2 nm = 1.82 nm,
r1 = r0 + d = 1.82 + 0.31 nm = 2.13 nm
V1 = 4π

3 (2.133 - 1.823) nm3 = 1.52×10−26 m3

Density of ZnS:
For zinc blende: ρ = 4.10×106 g/m3

For wurtzite: ρ = 4.09×106 g/m3

ρ = 4.10×106 g/m3 will be used from here on.

Mass of 1st ML: m1 = V1 × ρ = 6.24×10−20 g
Amount ZnS needed for 1st ML of one particle:
n2 = m

M.W.
= 6.40×10−22 mol/particle

M.W. = molecular weight = 97.747 g/mol for ZnS

Amount Zn(DTTC)2 precursor needed for 1st ML:

I



A. Appendix 1

A1 = n1 ×NA × n2 = 7.23×10−5 mol

2nd ML: A2 = A1 × V2
V1

= A1 ×
(r1 + d)3 − r3

1
r3

1 − r3
0

= 0.968×10−4 mol

3rd ML: A3 = A1 × V3
V1

= A1 ×
(r1 + 2d)3 − (r1 + d)3

r3
1 − r3

0
= 1.247×10−4 mol

4th ML: A4 = A1 × V4
V1

= A1 ×
(r1 + 3d)3 − (r1 + 2d)3

r3
1 − r3

0
= 1.563×10−4 mol
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