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Chlorophyll molecules are the most efficient light-harvesting pigments found in
nature. They also exhibit a remarkable ability to transfer the excitation energy
to another chlorophyll molecule with a 90 % efficiency. In addition, they possess
a very good fluorescence quantum yield opening a possibility as new optical ma-
terials.

To utilize this property could lead to new novel photonic materials or devices,
e.g., in energy harvesting or sensor applications. However, for most applications
this requires integration of the chromophores into the semiconductor materials.
Hence, a method to passivate and functionalize GaAs surface has been developed.
Also, another goal of this thesis has been to find the optimal supramolecular ar-
chitechture to improve the fluorescence of the chlorophylls.

The literature part is divided into three major parts. The first part contains
information about the excitation dynamics of molecules. The second part is ded-
icated to explain the optical, chemical and aggregation properties of chlorophylls
arising directly from the structural properties of these molecules. The third part
investigates the resonance energy transfer, an important intermolecular interac-
tion mechanisms present, e.g., in plants, photosynthetic bacteria and conductive
polymers.

The experimental part is divided into the two parts. First, a method to passi-
vate and functionalize GaAs surface using thiol monolayer is investigated with
continous wave and time-resolved photoluminescence spectroscopy. Second, the
fluorescence between two different polymer-dye complexes and pure chlorophyll ag-
gregates is studied. These samples are cast on a glass substrate using spin coating
and the resulting films of are characterized by Uv-Vis absorption and fluorescence
spectroscopy.

Keywords: gallium arsenide, chlorophyll, polymer-dye complexes, aggregate,
FRET, photoluminescence, fluorescence
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Klorofyllimolekyylit (lehtivihred) ovat tehokkaimpia valoa kerddvid pigmentteja,
mita luonnosta on loydetty. Niilla on myos uskomaton kyky siirtda viritysenergia
toiseen klorofyllimolekyyliin jopa 90 % hyotysuhteella. Lisaksi niilla on erittdin
hyva fluoresenssin kvanttisaanto mahdollistaen niiden kayton uusissa optisissa ma-
teriaaleissa.

Taman evoluution muovaaman ilmion hyodyntaminen voi johtaa uusiin mullis-
taviin fotoniikan materiaaleihin tai laitesovelluksiin, kuten energian tuottamiseen
tai sensorisovelluksiin. Ennen tatd pigmentit taytyy kuitenkin pystya inte-
groimaan puolijohdemateriaaleihin. Tasta johtuen tyossa on kehitetty menetelméa
GaAs pinnan passivoimiseksi ja funktionalisoimiseksi. Tyon toisena tavoitteena
on ollut optimoida klorofyllien fluoresenssia supramolekylédarisen arkkitehtuurin
avulla.

Kirjallisuusosuus on jaettu kolmeen osaan. Ensimmaéinen osa sisaltad tietoa
molekyylien viritysdynamiikasta. Toinen osa on omistettu klorofyllien optisten,
kemiallisten ja aggregointi ominaisuuksien selittamiseen, jotka voidaan suoraan
paatella molekyylien rakenteen avulla. Viimeisessa osassa tutkitaan resonoivaa en-
ergiasiirtoa, joka on erittain tarkea molekyylien vélinen vuorovaikutusmekanismi,
joka on lasna esimerkiksi kasveissa, yhteyttavissa bakteereissa ja johtavissa
muoveissa.

Kokeellinen osuus on jaettu kahteen osaan. Ensimmaéisessd osassa GaAs pin-
nan passivointiin ja funktionalisointiin kaytetdan tioliyhdisteitd. Syntynytta
atomikerroksen paksuisen paallysteen ominaisuuksia karakterisoidaan taajuus ja
aikatasossa fotoluminesenssin avulla. Toisessa osassa tutkitaan fluoresenssin
tehokkuutta kahden polymeeri-pigmentti kompleksin ja klorofylli aggregaattin
valilla. Naytteet valmistetaan lasisubstraateille “spin coating”-menetelméan avulla
ja karakterisoidaan Uv-Vis absorption ja fluoresenssispektroskopian avulla.

Avainsanat: galliumarsenidi, lehtivihrea, polymeeri-variaine kompleksi, aggre-
gaatti, FRET, fotoluminesenssi, fluoresenssi
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Donor

Donor in excited state

Excitonic splitting term / Efficiency of the energy transfer
LUMO in Gouterman’s four orbital model

Energy of the n:th state

Energy of the ground state

Frequency [s7!]

Fluorescence intensity from a sample containing only donor
Fluorescence intensity from a sample containing donor and acceptor
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The transition dipole moment of the single-configuration transition
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Forster length
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N:th electronic triplet state

Quantization volume

Vibrational quantum number

Excitonic band splitting term

Molar absorption coefficient of acceptor
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Abs Absorption
ATP Adenosine triphosphate
BChl Bacteriochlorophyll
BIBO Bismuth tribonate
Ca Calcium
Car Carotenoid
Chl Chlorophyll
CWPL Continuous-wave photoluminescence spectroscopy
CI Configuration interaction
DCM Dichloromethane
DFB Distributed feedback
DSC Dye-sensitized solar cell
Farn Farnesyl
F Fluorescence
FRET Forster / Fluorescent resonant energy transfer
GaAs Gallium arsenide
HOMO Highest occupied molecular orbital
IC Internal conversion
ISC Intersystem crossing
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MS Mass spectrometry
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1 Introduction

“Man cannot give a true reason for the grass under his feet why it should be
green rather than red or any other color.”

Sir Walter Raleigh
History of the world: Preface (1614)

The study of chlorophylls has attracted the attention of many bright scientists in
the past. In 1844, F. Verdeil was the first person to suggest a relationship be-
tween green chlorophyll and red blood pigment, haem, which was known to contain
iron. Shortly after this in 1880, Felix Hoppe-Seyler gave additional proof to this
hypothesis by showing spectral resemblances between hematoporphyrin and an acid
degration product of chlorophyll. After the work of Verdeil and Hoppe-Seyler, it
was suggested that chlorophylls also contained iron. However, this erroneous belief
was corrected by Richard Willstéatter in 1913, who identified chlorophylls as water
insoluble magnesium compound with ester groups of methyl and phytyl alcohol. In
1915, Richard Willstéatter received a Nobel prize in chemistry “for his researches on
plant pigments, especially chlorophyll”. The final steps in the structural elucidations
of chlorophyll molecules culminated in the work of Hans Fischer who showed that for
two hydrogen atoms red would be green and only two more hydrogen atoms would
have ensured blood to be blue. In 1930, Hans Fischer also received a Nobel prize
in chemistry “for his researches into the constitution of haemin and chlorophyll and
especially for his synthesis of haemin”.

The structural similarity of heme (iron-porphyrin) and chlorophyll (Mg-phytochlorin)
is not a coincidence. Through the evolutionary process, plants have utilized chloro-
phyll molecules in converting and storing the Sun’s solar energy into chemical energy.
Also for many organisms, the means by which oxygen is transported, stored, reduced
and activated are mediated by the heme proteins. [1] Consequently, porphyrins and
chlorins are the central molecules on this planet to which all lifeforms directly rely
on.

Photosynthetic process is one of the vital processes that sustains life on earth. The
process transforms carbon dioxide (CO3) to sugars with the help of energy from the
Sun. Organisms on earth that are capable of performing photosynthesis are plants,
algae and some bacteria. [2] Sunlight on earth’s surface has it’s intensity maximum
around the visible wavelengths (380-750 nm) of the electromagnetic spectrum. Also
a significant contribution of radiation exists in the near infrared area (750-1000
nm) [3,4]. To utilize this usable spectral band, the photosynthesizing organisms
have developed a wide range of different light absorbing pigments. These pigments
in plants are chlorophylls (Chl), carotenoids and bacteriochlorophylls (BChl) in
bacteria. Naturally, earth contains a diverse collection of different chromophores
and the aforementioned pigments cover only a small part from the total amount.

Chlorophyll molecules are the most sensitive and efficient light-capturing pigments
found from nature. They perform the three important functions in photosynthetic
process. First, they act as light-harvesting antennas that harvest light extremely



efficiently. Secondly, they transfer the excitation energy to the reaction center (RC)
with high quantum efficiency via resonance energy transfer (RET), which is going
to be discussed in more detail in Chapter 4. Third, they participate in the charge
separation across photosynthetic membrane in the reaction center. [2]

In plants Chl molecules have a strong absorption in blue and yellow wavelengths,
hence giving the green colour for the plant. Because of this distinct feature, the
molecules have inherited their name from Greek words (chloros “green”) and (phyllos
“leat”). However, bacteriochlorophylls (BChl) have a different colour than Chl,
because they partially hydrogenated pyrrole rings that shift absorption to the near
infrared region. Typically, plants and algae have two different chlorophyll molecules
participating in the photosynthetic process; Chl a and Chl 6. Chl «a is found in the
reaction centers and core antennas. On the other hand, Chl b is only found in outer
antennas. Since Chl b has different absorption maxima from Chl a, it broadens the
available spectral bandwidth for photosynthesis.

One of the promising applications that bears a striking similarity with the photo-
synthetic process is the Grétzel solar cell also called Dye-sensitized solar cell (DSC),
which was published in Nature 1991 [5]. The inventors of DSC are Professor Michael
Gratzel and Brian O’Regan. This invention also brought Prof. Gratzel the Mille-
nium prize in 2010. The similarities of DSC with the plants lies in the manner,
which the energy is created and also in the fact that both are able to create energy
even without direct sunlight in cloudy conditions.

In addition to photosynthetic process and chlorophylls, another interesting aspect,
which is not directly related to this thesis, but necessary concerning the future work
with this subject lies in the realm of semiconductors. Quantum heterostructures
(QHS) are artificially created semiconductor structures, which include Quantum
Wells (QW), Quantum Wires and Quantum Dots (QD). The small size of these
structures gives rise to quantum confinement leading to the formation of discrete
energy levels that the charge carries can populate. More specifically, the quantum
confinement decreases the density of states in these structures. Therefore, these
structures behave more like atoms or molecules, but can still have a size much larger
compared to atomic dimensions. QHS are especially important for optoelectronic
devices, where they are used in the fabrication of short wavelength light-emitting
diodes (LED), diode laser and high-efficiency solar cells. [6]

Devices that utilize RET and are composed of biological and inorganic semiconduc-
tor quantum heterostructures have been created previously. Usually these devices
are formed of colloidal QDs instead of planar structures [7], but planar devices also
exists [8]. Nonetheless, the research in this field is rich ranging from theoretical to
applied approaches.

The first aim of this thesis is to develop a method to passivate and functionalize
a semiconductor surface, which in this case is GaAs. Passivation is critical for the
performance of the QHS device improving the long-term stability of the device and
the quantum confinement of the QHS. With a stronger quantum confinement, the
thickness of the barrier layer situated between the organic layer and the QHS can



be decreased, which in turn increases the coupling. In addition, it provides a se-
lectively sensitized surface for the chlorophyll pigments. Secondly, to monitor the
coupling and energy transfer from the organic layer to the inorganic matrix, a signal
needs to be generated. The easiest way to achieve this goal is by spectroscopic mea-
surements, and hence the organic layer is optimized to fluoresce. For this purpose,
the fluorescence of PMMA-Chl, P4VP-Chl complexes and pure Chl aggregates are
compared with each other to find the optimal configuration. The samples are spin
coated on a glass substrates and characterized by different spectroscopic methods,
e.g., UV-Vis absorption, continous wave and time-resolved photoluminescence and
fluorescence spectoscopy.

The structure of the thesis is following: Chapter 2 provides the basic aspects related
to excitation dynamics of molecules that are required later on this thesis. Chapter 3
is devoted for the properties of different chlorophyll molecules. The most important
content lies in the optical properties and the aggregation of chlorophylls. Chapter 4
presents the principles needed to undestand the phenomena called Resonance Energy
Transfer (RET). Also in this chapter a unified theory of RET is presented. Chapters
5 and 6 will be covering the experimental techniques and preparation of samples.
Finally, the last two chapters present the results and the conclusions.



2 Light induced processes in molecules

This Chapter presents some important details and aspects involved in the interac-
tions between light and molecules. Also the influences of the molecular environments
to the excitated state dynamics of molecules will be discussed.

Figure 2.2 shows a simplified Jablonski diagram of a fluorescent molecule. In the
diagram various energy states of the molecule are presented. Also the different tran-
sitions related to the formation and relaxation of the excited states are shown. The
electronic states are marked with letter S and T, where they stand for “singlet”
and “triplet”. In a singlet state, all the spins are paired and the spin multiplicity
of the system is zero. In a triplet state, the system has a spin multiplicity of one.
This kind of system can be achieved if one of the pairs becomes unpaired. [9] Figure
2.1 shows examples with singlet and triplet configurations. In isolated molecules, a

a) b)

Figure 2.1: A system consisting of (a) four paired electrons (b) two paired electrons
and two unpaired electrons.

triplet state is generally lower in energy than the singlet state of the same configu-
ration. This is because the unpaired electrons are farther apart according to Pauli
exclusion principle, which results in lower repulsion energy.

The electronic state Sy is the ground state of the molecule and while the others
(S1, 52,11, T,) are excited states. The electronic states contain also vibrational or
rotational sublevels. Hence, in the diagram the energy levels consist of bands and
not single lines. The vibrational substates are denoted by the vibrational quantum
numbers v = 0,1,2,3... (with increasing energy). The rotational sublevels are very
small in magnitude and therefore only appear as a broadening of the vibrational
sublevels. [10]

At room temperature a molecule can be approximated to populate the lowest vibra-
tional level of the ground state Sy. A photon, with frequency f, can be absorbed by
the molecule, only if the photon energy is exactly equal to the energy difference of
the ground and excited state as in

hf=E, — Ey, (2.1)

where F,, and Fj, denote energy of the excited and the ground state. Absorption of
a photon produces a rapid excitation from the ground singlet state Sy to an excited



state 5,, that changes the electronic structure of the molecule. The time scale of
this transformation is 107! s. Since the atomic nuclei vibrate on a time scale of
10~'2 s, their positions are unaffected by the absorption. As shown in Fig. 2.2, the
molecule can absorb photons with a range of different wavelengths resultig from the
vibrational sublevels. This causes broadening of the peaks in the absorption spectra.

After the absorption of a photon, two different things can happen depending on the
environment of the molecule. In dilute media, the only way for a molecule to lose
vibrational energy is to emit an infrared photon. However, this event has a lesser
probability compared to direct S,, — Sy transition. Hence, one tends to see emissions
from the higher vibrational states in dilute media spectra. In condensed media, the
situation is different. The excess vibrational energy can relax very efficiently by
a rapid decay (time scale 107! s) to the lowest vibrational level of the excited
electronic state. Therefore, in a condensed media the excited species will always
undergo vibrational relaxation, before any other relaxation process. [11]
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Figure 2.2: The electronic transitions involved in the excitation of a fluorophore
in condensed media and pathways by which energy can be lost. Abbreviations:
Abs: absorption, VR: vibrational relaxation, IC: internal conversion, F: fluorescence,
RET: resonance energy transfer, NR: non-radiative, ISC: intersystem crossing, P:
phosphorescence. Solid lines correspond to radiative transitions and dashed lines
correspond to non-radiative transitions.

From this point on, the fluorophore can return to the ground state with several
potential ways, which are characterized by the rate constants (k). These can be



divided roughly to two different distinct cases: intramolecular and intermolecular
deactivation.

The intramolecular deactivation processes include radiative and non-radiative tran-
sitions. When the molecule returns from the lowest vibrational level of the excited
state .S, to the ground state Sy by emitting a photon, it is called fluorescence (kp).
When this transition occurs from the triplet state 7, to the singlet ground state S
it is referred to as phosphorescence (kp). The lifetime of an excited singlet state is
roughly 1079 s, which also corresponds to the lifetime of the fluorescence.

Non-radiative mechanisms include internal conversion, intersystem crossing and pho-
tophysical processes. Internal conversion (kjc) occurs when a vibrational states of
the excited and ground states are coupled together and the molecule relaxes to
the ground state, while dissipating all excess energy as heat. Through intersystem
crossing (ISC) (kisc) the singlet state can be changed to the triplet manifold. This
process involves a change in the spin multiplicity of the molecule. Therefore, ISC
is quantum mechanically forbidded according to the selection rules for electronic
transitions. This means that all transitions Sy — T, or T,, — Sy are highly un-
likely, but still possible. The probability for ISC is increased if the excited state
lifetime is long and in the presence of heavy atoms. Resulting from this phosphores-
cence lifetimes are also very long. [12] Finally, the excited state can be deactivated
intramolecularly by photophysical processes that include photoisomerization and
photobleaching. [9,10]

Since immediately after the absorption the molecule undergoes vibrational relax-
ation, the emitted photon will have lower energy compared to the quanta absorbed.
This shifts the maxima of the fluorescence spectrum to longer wavelengths relative
to the absorption maxima. This phenomenon is termed as the Stokes shift. The
maximum of the phosphorescence spectrum is located at even higher wavelengths,
since phosphorescence originates from the non-vibronically excited T} state, which
lower in energy than the excited S; state.

Intermolecular deactivation pathways include energy transfer to another molecule
and quenching. The quenching can happen by molecular collision or by forming
a complex. The long-range interaction between molecules is termed as Forster
mechanism (krgr), which is discussed more in Chapter 4 and the short-range in-
teraction energy transfer termed as Dexter mechanism (kpgx). Dexter mechanism
requires a wavefunction overlap and therefore can only occur at distances of order
10 —20 A. [13]

Each of the these processes can occur in parallel, and measuring the rate constants
of one process can be used to determine the rate constants of other processes.



3 The chlorophylls

This section is divided in to four major parts. Section starts by introducing some
basic properties of various chlorophyll (Chl) molecules and their natural occurrency.
The next section contains some of the basic chemical and structural properties of
Chls. Third part introduces the optical properties of chlorophylls, e.g., absorption
and emission. Since the optical properties arise from the intrinsic electronic structure
of the molecules, the most popular physical models used in the description of the
conjugated m-electron system are presented, concentrating especially in the four-
orbital model. Last part is devoted to the examination of aggregation properties of
Chl complexes. Special attention is given to the optical properties of Chl aggregates.

3.1 Natural occurrence and basic properties

The most abundant colouring pigments found in nature comprise from different
pyrrole pigments (porphyrins, (bacterio)chlorohylls, haem, vitamin By, bile pig-
ments) [14]. Chlorophylls and bacteriochlorophylls are the photosynthetic pigments
that can be found only from plants, bacteria and algae. Chls are all chlorins with the
exception of Chl ¢, which is a phytoporphyrin type. The different Chl ¢’s are pho-
tosynthetic pigments found from marine lifeforms. The most abundant Chls found
in nature are Chl a and Chl b, which usually occur in ratio of 3:1 [2]. These two
chromophores are the major photosynthetic pigments in the plant kingdom. Nearly
100 different Chls and BChls are known today. Majority of these pigments exist
in anoxygenic bacteria [15]. The term ‘anoxygenic’ is used for bacteria that do not
produce oxygen in the photosynthetic process. Bacteria that belong to this group
are purple bacteria, green sulphur bacteria and heliobacteria.

A second very important pigment found in photosynthetic organisms is the carotenoid
molecule. Carotenoids absorb light ranging from blue to orange and also take part
in light-harvesting. In addition, another important function of carotenoid molecules
is in removing harmful triplets created by the long-lived excited states of Chl and
BChl molecules. These triplet states are very lethal to living organisms, since they
react with available oxygen and produce singlet oxygen, which is a very strong free
radical. Interfering with this mechanism is the basis of many herbicides. This form
of oxygen is called reactive oxygen species (ROS). [2]

Because of this Chls offer a tempting possibility in photodynamic therapy (PDT).
PDT is used in the therapy of cancer to kill cancer cells. The strong absorp-
tion of Chls at long wavelengths is particularly beneficial, since at the wavelengths
650 - 850 nm the light penetration into living tissue is maximixed. Unfortunately
most natural Chl molecules are water-insoluble and very unstable in the presence
of light. However, chemically modified Chl molecules usually show better stability
and tunability for the needs of PDT. Hence Chl derivates are used as sensitizers
in photodynamic therapy. Chl derivatives can also be applied as natural biocides
utilizing the same principles as used in PDT. [16]



Chemically, Chls are unstable in the presence both acids and bases. Also oxida-
tion and light can degrade the Chl molecules. They have a significant tendency for
aggregation and interaction with their molecular environments. Their optical prop-
erties are characterized by long-lived excited states and intense absorption in the
spectral range of 330 - 800 nm. In aggregates or in vivo this range can be extended
to 1020 nm [2].

The structure of Chl molecules and their derivates is very often investigated by X-ray
diffraction [17], nuclear magnetic resonance (NMR) spectroscopy [18,19] and mass
spectroscopy (MS). Especially a combination of NMR and MS is usefull in deter-
mining the structural information. From the optical techniques, UV-Vis absorption
gives qualitative information about aggregation degree of the samples and also iden-
tification of the chromophores. Photoluminescence measurements can be used to
probe the electronical structure of chromophores. Circular dichroism spectroscopy
can yield additional information about the stereochemistry of Chls in solutions and
aggregates.

3.2 Structure

Chlorophylls belong to the family of molecules called porphyrins. Porphyrin molecules
are aromatic heterocyclic macrocycles composed of four pyrrole molecules connected

together with methine bridges (=CH—). Figure 3.1a-b shows the pyrrole and por-

phine molecules. Porphine molecule is rarely met in this form, but it functions as a

simplified model, e.g., in ab initio calculations of molecular orbitals.

S
/
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Figure 3.1: (a) Pyrrole. (b) Porphine. (c¢) Chlorin. (d) Bacteriochlorin. (e) Proto-
porphyrin IX.

In porphyrins, when the double bond between C-17 and C-18 is saturated, i.e., the
double bond is reduced to a single bond, chlorin macrocycle is formed. Here the
letter C stands for asymmetric carbon and the numbering is performed according
to Fig. 3.2. Furthermore, the saturation of the bond between C-7 and C-8 forms
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Figure 3.2: Molecule on the left shows a phytochlorin type of molecule and on the
right side is the bacteriophytochlorin. On the bottom of the figure two of the most
common “tails” are shown connecting to the position R;7. The structural variants
of different chlorohyll molecules are presented in Table 3.1. Numbering according
to IUPAC-UIB nomenclature (1988).

the bacteriochlorin macrocycle. Chlorin and bacterichlorin macrocycles are shown in
Fig. 3.1c and d. These three different macrocycles form the basis of the variety of the
chlorophyll molecules found in the nature. Figure 3.1e shows a protoporphyrin IX
molecule that is very close to another important organic molecule haem, responsible
for the oxygen binding properties of blood and also its distinctive red colour. As
the prefix “proto” implies, protoporhyrin IX is also the prototype form, from which
the variety of different (B)Chl molecules are formed. Furthermore, the [IUPAC-IUB
nomenclature in Fig. 3.2 emphasizes the fact that the isocyclic ring E in phytochlorin
and bacteriophytochlorin types is derived from the C-13 propionic acid side chain
of protoporphyrin IX.

Chlorophylls are chlorin derivates, where a fifth isocyclic pyrrole molecule is fused
into the porphine structure. This additional pyrrole molecule gives the prefix “phyto”
for porphyrin and chlorin type of molecules. Hence they are called phytoporphyrin
and phytochlorin. For example, Chl ¢ has phytoporhyrin macrocycle and Chl a and
Chl b have a phytochlorin macrocycle. Occasionally, phytochlorin is referred to as
phorbin by some authors, but this name will not be used in this thesis. Chls gen-
erally have Mg as the central metal and sesqui- (C,5) or di-terpenoid (C,,) alcohol
esterified to the C-17 propionic acid chain, but there exist exceptions to both of
these characteristics. For example, Pheophytin a, which is involved in the electron
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transfer in the type II reaction centers, does not have the central metal. In other
aspects, Pheo a is exactly like Chl a.

Table 3.1: Various peripheral substituents of chlorophyll and bacteriochlorophyll
molecules corresponding to Fig. 3.2. Data taken from [2].

Pigment Rg R; Rs( Rga/gﬁ)a Ri2  Riszajiz2s Rir Rz M
Chl a C,H, CH,; C,H; CH; COOCH,/H Phy H Mg
Chl b C,H, CHO C,H; CH; COOCH,;/H Phy H Mg
Chl ¢;® - CH; C,H; - - H H Mg
Chl d CHO CH; C,H; CH; COOCH,;/H Phy H Mg
Pheo a¢ C,H,4 CH, C,H; CH; COOCH,/H Phy H H,
BChl ¢ COCH, - H/C,H; - COOCH,/H Phy - Mg
BChl b COCH; - -/=CH—CH, - COOCH,/H Phy - Mg
BChl ¢ CHOHCH,; CH; CH,CH,(CHj)s;_, CH;/ H/H Farn CH; Mg
C,H,4
BChl f CHOHCH, CHO CH,CH,(CH3);_,¢ CH,/ H/H Farn H Mg
C,H;°

¢ Phytochlorin type has only Rg-coordination, but bacteriochlorin type has two different
branches emerging from Rg denoted as o and S.

b Chl ¢ has a phytoporphyrin macrocycle. Chl ¢ are also called as chlorophyllides (Chlides),
where the “-ide” ending denotes an unesterified acid side chain at C-17.

¢ Pheo a stands for Pheophytin a. It has the same structure as Chl a, but is missing the
central metal.

4 BChl stands for bacteriochlorophyll.

¢ Complex mixture of pigments with varying substituents at Cg and C,.

Phytochlorins contain four asymmetric (chiral) centers, which are located in C-132,
C-17, C-18 and in the central metal. The phytol chain contains two asymmetric
centers in C-7 and C-11 (notice different numbering in phytyl tail and phytochlorin
macrocycle), which results in six asymmetric centers in phytochlorins containing
phytyl chains. Bacteriophytochlorins have additional asymmetric centers in C-7
and C-8, hence giving it eight chiral centers with phytyl tails. [20]

3.2.1 The macrocycle and the electronic structure

The large macrocycle is the basis for both optical and redox chemistry of Chls.
The electronic structure in porphyrins and (bacterio)chlorins is based on a planar
macrocycle of 20 carbon atoms surrounding a central core of four nitrogen atoms.
This configuration supports highly stable conjugated m-orbital electronic structure,
which has alternating single and double bonds between the carbon atoms. The pla-
narity of the macrocycle ensures a maximum overlap between the adjacent m-orbitals.
Therefore, the m-electrons are free to move to neighboring m-orbital resulting in the
delocalization of the m-electrons around the whole macrocycle.
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The planarity of the macrocycle and the delocalization of m-electrons are the two
classical criteria found in organic chemistry for aromacity. Consequently, since por-
phyrin and (bacterio)chlorin macrocycles are aromatic they naturally follow Hiickel’s
rule. Hiickel’s rule state that aromatic molecule must have 4n + 2 m-electrons, where
n is zero or an integer. When placed in to external magnetic field, these delocalized
m-electrons induce global ring currents that circulate around the whole macrocycle.
In porphine, there exists many different bifurcations in the circulation of the ring
currents since the pyrrole subunits remain unsaturated. However, in chlorins and
bacteriochlorins the pyrrole subunits are saturated, which in turn limits the possible
pathways for the ring currents. Figure 3.3a shows the tradional 187-[18]annulene
aromatic pathway for a porphine macrocycle. This delocalization pathway can also
be applied in chlorins and bacteriochlorins [21]. However, recent studies suggest that
in reality all the m-electrons in the macrocycle participate in the aromatic delocal-
ization, and the total delocalization pathway is a linear combination of all possible
(4n + 2) pathways [22].

y

Figure 3.3: A porphine macrocycle showing (a) the the traditional 187-[18]annulene
delocalization pathway in porphyrins and chlorins (b) the diagonal arrows as the
two orthogonal symmetry axes denoted as x and y.

Many quantum mechanical models from a simple quantum wire model to more
detailed models exist to explain the electronic properties of porphyrins and (bac-
terio)chlorins. However, the first model to give a satisfactory picture of the opti-
cal properties of porphyrins and chlorins was the four-orbital model developed by
Gouterman [23,24]. In addition, the four-orbital model has provided the basis for
the theoretical work concerning the electronic and spectroscopic properties of the
porphyrin molecules. [2]. In spite of the problems in Gouterman’s model according
to the newest research [25,26], it still provides a reasonably realistic picture of the
oscillator strengths and transition energies. In Gouterman’s four-orbital model only
the two highest occupied molecular orbitals (HOMO-1, HOMO) and two lowest un-
occupied molecular orbitals (LUMO and LUMO++1 ) are considered. As an example,
these orbitals are shown shown in Fig. 3.4 for a porphine macrocycle. The HOMOs
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Figure 3.4: The HOMOs (b; and by) and LUMOs (c¢; and ¢g) of a porphine macro-
cycle used in the Gouterman’s four-orbital model. Solid and dashed circles indicate
the sign. Symmetry nodes drawn in heavy lines. Picture taken from [27].

are labeled as by, by and LUMOs c¢q,co to allow them to be followed into systems
with less than Dy, symmetry. Furthermore, the two LUMOs are divided from each
other by using the two orthogonal symmetry axes defined in Fig. 3.3b and denoted
as ey, and egy.

The structure of the macrocycle contribute substantially to the degeneracy and
the energy of the orbitals. For example, a free-base porphine has Ds, symmetry
according to the Schonflies notation and the LUMO levels are almost degenerate.
The introduction of a metal in the porphine macrocycle increases the symmetry
and hence metalloporphyrin macrocycle has Dy, symmetry. Resulting from this
the LUMOs are exactly degenerate, but ay, is shifted to lower energy. However in
chlorins, the saturation one of the pyrrole subunits reduces the symmetry of the
molecule and chlorin macrocycles have Cs, symmetry. This causes the LUMO and
HOMO energy levels to spread apart.

Figure 3.5 shows the energy levels for the two HOMOs and LUMOs for a (a) free-base
porphine, (b) metalloporphyrin and (c) chlorin macrocycle respectively. The arrows
in Fig. 3.5 represent all the allowed electric-dipole transitions between the HOMO
and the LUMO [2,28]. In molecular theory, the electronic spectrum is interpreted
in terms of single-electron transitions from occupied to unoccupied orbitals. Thus
according to Fig. 3.5, the single-configuration excitations are described by transitions
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Figure 3.5: The energy levels for the HOMOs (ag, and aj,,) and the LUMOs (eg,
and ey, ), of a (a) metalloporphyrin macrocycle (b) metallochlorin macrocycle (c)
chlorin macrocycle.

A1y = €g(z/y) OT G2y — €g(z/y) as in Fig. 3.5 and are

®a2ueg(z/y) = A2y — eg(x/y) (31)

®a1u€g(m/y) = Q1u — eg(x/y) . (32)

However, for porphyrins these single-configuration excitations do not provide re-
alistic picture for the observed electronic spectrum. Hence, In 1960, Gouterman
observed that a more accurate description of the excited states is obtained by con-
figuration interaction (CI), where each state is a two orbital configuration formed
from of the single-configuration excitations ®a,,c,., Pasueyys Paruese a0d Loy e, [28].
These “four-orbitals” form the basis of Gouterman’s theory and the spectroscopically
observable states are obtained as the linear combinations of the single-configuration
excitations as in

1
\I]By = E (¢02uegy + ®a1uegz)
1
\]:IBJ: = E <@a2u5gm + (Paluegy) (33)
1
\IIQ:'J = E (q)a2uegy ¢alu€gz)
1
\IJQ:C - E (¢a2uegz - ®a1uegy) * (34)
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The transition dipoles r of the ¥p(,/,) and Vg, states are formed by the rein-
forcement and cancellation of the transition dipoles of the single-configurations as
in

1
rB x = (ra2ue x + I'alue x >
(z/y) \/5 9(x/y) g(y/x)

1

LQayy = /2 Yagueg(ary)y — Laruey(y/a) (3.5)

The transition dipole moments of the single-configuration transitions are given by

Yo 2yueq(asy) — <a(1/2)u|/l€9($/y)> ] (3'6>

where /i is the dipole moment operator. The oscillator strength f is proportional to
the square of the transion dipole moment

Jos x| o nyue4p) * . (3.7)

In the case of macrocycle with Dy, symmetry, the absolute values of the single-
configuration transition dipoles are almost the same. Hence, rg is very large ( 2 A)
and rq almost vanishes. Therefore, rq is said to be “forbidden by parity”. This is
fact is also supported by the experimental data of metalloporphyrins. [20, 28]

3.2.2 The peripheral substituents

By altering the peripheral substituents located around the macrocycle, considerable
variations in the properties of the Chls are possible, e.g., aggregation and opti-
cal properties. In fact, for most of Chls the only difference lies in the peripheral
substituents, since the central metal and esterifying alcohol are the same. Regard-
less, only a minor change in the macrocycle is sufficient to create clearly observable
differences between the different Chls.

Also in general, significant variations of substituents are possible with rings A and B
without impairing the physiological and binding functions. Nonetheless, variations
in ring D and especially in ring E are critical [29]. Another important effect that
can be introduced by the peripheral substituents is steric hindrance by which the
macrocycle comes distorted. For example, this can be realized by CH; in position
C-20. The significance of the ever-present peripheral carbonyl substituent in C-131
is largely unknown, but some important facts are known. Cyclization renders this
C=0 group at C-13! coplanar with the macrocycle, which creates a pronounced
red-shift. It may also give additional stiffness for the macrocycle, which reduces the
probability of ISC of excited states and thereby decreases the losses in photosynthe-
sis. H-bonding in the 13' CO group is recognized as an important factor in different
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interaction with proteins. [2]

3.2.3 The central metal

The most important aspect of chlorophyll type of molecules is their metal-binding
ability [14]. It has decisive influence on the excited state kinetics, and this in turn
affects how they perform in the photosynthetic process. Through the evolutionary
process, nature has selected Mg as the central metal. This maximizes the excited
state lifetime, while still maintaining low intersystem crossing to the triplet state.
Transition metals with open d-shells and heavy metals would exhibit a large inter-
system crossing probability, hence they would not function properly. Other metals
like K, Na, Li and Ca can form unstable complexes, while trivalent metals intro-
duce an extra charge. Thus, the only possible metals that remain are Mg*™*, Zn™*
and 2H', and in fact they are the only possible central metals found in nature. [2].
The most common bound metals that are found in nature are magnesium and iron,
which gives additional selectional advantage for Mg. Other reason why Mg is pre-
ferred over Zn in photosynthetic systems could originate from the lower mass of Mg,
which in turn lowers the probability for radionless relaxation by ISC. However, in
other aspects Zn-Chls seem to be very similar to Mg-Chls, and Zn-Chls can replace
Mg-Chls in all complexes [30, 31].

3.2.4 The esterifying alcohol

The esterifying alcohol is located in C-17 as shown in Fig. 3.2. For most (B)Chls
this is phytyl or farnesyl, but other alcohols also exist. Phytyl and farnesyl chains
are presented in Fig. 3.2. Of all the structural features, least is known about the
functional significance of this long-chain esterifying alcohol. The influence of alco-
hol in the electronic structure of the molecule is negligible, since the macrocycle
and central metal are mainly responsible for the properties [25]. In mono-disperse
solutions, it has a very minor effect in the absorption properties.

Nevertheless, the alcohol moiety has a considerable effect in the interactions be-
tween the Chl molecules and its environment including the apo-protein, other Chls,
carotenoids and lipids. For example, since the phytyl chain is hydrophobic it makes
Chl a (and other Chls containing phytyl-chain) water insoluble. It is also notewor-
thy to mention that the alcohol chain has a considerable influence in the aggregation
properties of Chls, especially in micellar systems [32]. Alcohol is also an important
packing factor determining the spacing and orientation of Chls with respect to each
other. This is a remarkably important aspect in photosynthetic systems where the
distance and orientation between chromophores influence the efficiency of the en-
ergy transfer. All available structures determined by X-ray diffraction measurements
support the spacing function created by the alcohol moiety [33].
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3.3 Optical properties

Conjugated molecules usually exhibit strong absorption in the wavelength range of
220-1500 nm [10] and Chls are not exceptions in this sense. The absorption spectrum
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Figure 3.6: The absorption spectra of Chl a (blue-solid line) and Chl d (red-dashed
line). Picture taken from [34].

of Chls can be described by characteristic absorption maximas. The absorption
peaks in the blue-violet region of the electromagnetic spectrum are called the Soret
or B-band. The red-infrared region absorption band is called the () band. Both B
and ) bands arise from the 7 — 7* transitions, where 7* denotes the excited state.
In addition to these m — 7* transitions, electrons can also be excited to the HOMO
from orbitals lower than LUMO, e.g., n — 7* transitions. These states originate
from the excitation of electrons from the nonbonded nitrogen orbitals of the pyrrole
subunits to the excited 7* orbitals of the macrocycle. This type of transitions are
relatively weak in chlorins, but can be important in bacteriochlorins. Figure 3.6
shows a typical absorption spectra of Chl a and Chl d. The distinct Soret bands

are divided in Chl d into two peaks, whereas the Soret band of Chl a is doubly
degenerate exhibiting only single peak.

Porphyrins exhibits intense absorption in the blue region, but only adequate absorp-
tion in the visible. The introduction of the fift isocyclic ring reduces the symmetry
in the porphinecyclic m-system forming phytoporphyrin. This doubles the absorp-
tion in the visible region and causes a minor red-shift in the absorption, which is
characteristic for all Chls [28]. When the 17,18-double bond in ring D is reduced,
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Figure 3.7: A simplified Jablonski diagram illustrating the possible excitations and
relaxation mechanism of a chlorophyll molecule.

Table 3.2: Lifetimes of Chl a and Chl b in wvitro and in wvivo.

Values obtained from [35].

Pigment

Fluorescence
lifetime 7 (ns)

Chl a in in vitro
benzene
ethyl ether
methanol

Chl a in vivo
Chlorella
Porphyridium
Anacystis

Chl b in in vitro
benzene
ethyl ether
methanol

7.8
5,1
6,9

1,6
1.5
1,2

6,3
3,9
5,9

these effects become even more pronounced as is the case for Chl ¢ and Chl b. The
further reduction on 7,8-double bond in BChls can increase the absorption in the
Vis and NIR range even two-three-fold. In addition, the available spectral range is
nearly doubled, without the need of any additional help from protein interactions.

In Fig. 3.7 a schematical presentation of the chlorophyll energy levels and excita-
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tion and relaxation dynamics is shown.The Figure shows that only two dominant
excitation wavelengths exist corresponding to the Soret (Sy — S2) and @ (So — 1)
absorption bands. Once the electron is excited from the ground state Sy either to the
first S7 or the second Sy energy level, a part of the energy can be released by VR to
the lowest vibrational level within the excited state or by IC to a lower energy state.
From the first energy level S; electron has many possible pathways to the ground
state, which are IC, fluorescence, FRET to another molecule or a triplet state via
ISC. This triplet state produces reactive oxygen species or may be deactivated by
a carotenoid molecule. Also only the transition between the levels S;-Sy can be
used in photosynthesis. The reason for this is that the charge transfer performed
by the photosystem can be realized only at wavelengths 680 nm (PSII) or 700 nm
(PSI) [36].

Table 3.3: Absorption and fluorescence spectra maximas of photosynthetic
pigments in different solvents. Values obtained from [2].

Pigment Absorption Absorption Emission
in situ in solution in solution
Amax (€)[solvent]® Amax [solvent]
Chl a ~440, 670-720 430, 662(78.8)[A] 668[A]
430, 662(90)[D] 666[D]
Chl b ~460, 630-680 457, 646(46.6)[A] 652[A]
454, 644(56.3)[D] 646[D]
Chl d ~440, ~690 447, 668(98.3)[D] 695[D]
454, 644(56.3)[D] 646[D]
Pheo a ~680 408, 505, 534, 667(55.2)[D]  673[D]
BChl a ~440, ~690,800 357,391,573, 772(91)[D] 800
-960 365, 608, 772(60)[M]
BChl b <400, ~600, 800 368, 408, 579, 794(106)[D] 810
-1020 368, 407, 582, T95[A]
BChl ¢ ~460, 730-760 432, 622, 660(92.7)[D] 667[D]
435, 620, 670(70.9)[M]

@ A\max i m, € in cm~'mM ™!, solvent abbreaviations: A = acetone, D =
diethylether and M= methanol.

According the Fig. 3.7, the fluorescence quantum yield can be expressed using the
rate constants as [37]

kg
kr + kic + kisc + krer

Op = (3.8)

where kg is the probability for spontaneous emission S; — Sy, kic is the probablity
for non-radiative transition S; — Sy, kisc is the probability for transition S; — T}
and krgr is the probability for energy transfer to another molecule. For example,
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when two molecules are brought close to each other, krgr and kgc are increased,
which in turn decreases ¢ according to Eq. 3.8.

Hence, the optical properties of (B)Chls are exceptionally sensitive to the molecular
environments [38]. In Table 3.2 the lifetimes of Chl a and Chl b in vivo and in vitro
are listed. As can be seen from the values, the lifetimes are order of nanosecond even
in vivo. These long lifetimes of the excited singlet state give rise to a high probability
for ISC. Therefore, singlet to triplet transitions and ROS pose a problem when using
Chls. In addition, the smaller fluorescence lifetimes in vivo is a clear indication of
an efficient energy transfer between the Chl molecules (Eq. 3.8) [39]. Table 3.3
demonstrates the differences in the absorption and fluorescence spectra in different
molecular envinroments. Even more pronounced variations can be induced by a
direct protein-pigment or pigment-pigment interactions [40].

3.4 Aggregation

In nature, Chls are found in both aggregated forms and in protein-pigments com-
plexes. In protein-pigment complexes, the protein matrix acts as the supporting
structure for the Chls. It also ensures an optimal distance and orientation between
the chromophores, since dense packing of chromophores has a danger called con-
centration quenching. This phenomena can be understood as a statistical process.
There is always a chance that the pigment molecule is defective in such a way that
the excited state of the molecule is short lived and relaxes by rapid internal con-
version into ground state. If this defective molecule is isolated, then this process is
negligible. But when this molecule is coupled to other molecules, they can act as a
sink, which degrades the excitations of the light-harvesting unit to heat [20].

However, again, an exception can be found from the green photosynthetic bacteria,
which grow in low light intensity envinroments. The light-harvesting organelle of
these bacterias, called “chlorosome”, is most efficient natural antenna system formed
by the self-assembly of BChls. It has developed to increase the light absorption per
unit volume and to decrease the amount of protein per chromophore thus saving
resources for the bacteria [41]. Similar kind of tubular structures have been syn-
thetically fabricated in wvitro by simply utilizing the self-assembling properties of
BChls [42].

Resulting from their molecular architecture, Chls can very easily function as a build-
ing blocks for supramolecular interactions. These interactions have a non-covalent
nature and the strongest of interactions is the metal ligation. For a long time it was
known that Mg binds the extra ligands so strongly that it is practically never four
coordinate. Removal of the extra ligand in unpolar solvents gives rise to increased
aggregation where another Chl is donating a ligand. The central metal is also in-
volved in the interactions between Chls and their apo-proteins [28]. In the crystal
structures formed by Chl molecules, a variety of ligands have been identified: in more
than 50% of known binding sites the ligand is histidine, but glutamine, asparagine,
C=0 groups and even water are known to be ligated [33,43]. These interactions may
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be considered very important in the self-organized assembly of Chl molecules espe-
cially in hydrophobic environments. Ligand interactions are also known to change
the electron density of the macrocycle and hence the properties of the molecule [44].

Second strongest bonding in the hierarchy of the supramolecular interactions is the
hydrogen bonding. In the presence of multiple of hydrogen bonds, a very strong
and directional bonding can be induced. Also nearly all (B)Chls carry a carbonyl
group (C=0) in the C-13' and C-13? position, which can act as acceptor group for
the hydrogen bonding.

Figure 3.8: Stack of paraller oriented Chls with the phytyl tail replaced by a methyl
group. The 3'-OH group can ligate with the central metal (M) and function as
a hydrogen bond donor. The carboxyl group may function as a hydrogen bond
acceptor.

The aromatic macrocycle is also an important reason for the pronounced tendency
of aggregation of Chls via 7-7 interactions also referred to as m-m-stacking. -
m-interactions arise from the intermolecular overlapping of the m-orbitals in the
aromatic moieties. This type of bonding is strong and m-7 interactions play a
substantial role in the interactions between Chls and proteins in photosynthetic
complexes [20,45].

Since all of these interaction mechanisms are simultaneouslya ctive, the stabilized
supramolecular assembly can be much more stable in comparison with individual
non-covalent interactions [46]. Figure 3.8 shows one possible set of Chl-Chl aggre-
gation when the chromophores are aligned paraller to each other.

Chlorophyll aggregates usually show diminished fluorescence and shortening of the
excited state lifetimes compared to monomeric moieties. [20] The decrease in fluo-
rescence can be explained with efficient energy transfer between the molecules and
with concentration quenching, but a more thorough inspection requires the help of
excitonic theory of molecular crystals developed by Davydov in 1946. [47] According
to the theory, the aggregation also increases the probability for ISC and thus en-
hances the lowest triplet state excitation in certain cases. [48] Generally, the degree
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Figure 3.9: A schematic presentation of a exciton energy band for a dimer or identical
molecules with paraller transition dipoles. The dashed line with the red crosses
corresponds to the forbidden out-of-phase dipole arrangement. Adapter from [48].

of aggregation is observed from the spectral shifts in the absorption spectra. These
spectral shifts can be qualitively explained by the exciton model applied for molec-
ular spectroscopy introduced by Kasha et al [48]. In this approach, the Coulumbic
interactions between the closely-packed chromohopres induce excitonic splitting of
the excites states with different transition energies and oscillator strenghts. For ex-
ample, a dimer with paraller transition dipole moments the excitonic splitting term
in the point-dipole point-dipole approximation is given by

u " My uw' T v T

EZNT?,“ N igu ). (3.9)
where p,,/, is the transition dipole moment of the molecule u/v and r is center-to-
center position vector between the molecules, when « is placed in the origin. When
the dimer composes of identical chromophores the use of Eq. 3.9 yields the excitonic
band splitting term:

2]y P
73

AE (1 —3cos’d) , (3.10)

where 6 is the inclination angle between the molecules. This situation is illustrated
in Fig. 3.9, where the effect of the excitonic interaction to the dimer energy levels is
presented. The orientation of the chromophore dipole moments determines whether
the excitonic coupling results in a higher (H-type) or lower (J-type) transition energy
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compared to monomeric moeities. Also, Fig. 3.9 shows that the transition between
the H-aggregate and the J-aggregate takes place at an angle 6 = 54.7°. At this angle
the band splitting is zero no matter what the separation between the chromophores
might be.

Furthermore, the difference in the optical behaviour of H-type and J-type aggre-
gates is not limited to absorption spectra. For example, H-aggregates exhibit fluo-
rescence quenching [48], which can be disadvantageous for optical systems, whereas
J-aggregates may show even improved fluorescence compared to monomeric species.
[49] Nevertheless, above models are only good approximations, since the aggregates
are bound to exist in many different forms (dimers, trimers, oligomers) and orienta-
tions. Hence, the spectral shifts can be only used to detect the onset of aggregation,
but do not allow for a quantitative inspection of the molecular structure.
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4 Resonance energy transfer

Fluorescence or Forster resonance energy transfer (FRET, RET) is a process, where
energy is transferred between atoms or molecules over distances that are longer than
atomic (or moleculer) radii. In the near field that ranges from less than 10 A to 100
A, the transfer is radiationless and characterized by the inverse sixth-power depence.
In the far field the transfer is radiative and is characterized by the inverse square
law.

In 1920 it was known that fluorescence polarization started to decrease from solu-
tions, when the concentration of fluorophores reached a critical value. Jean Perrin
was the first to explain this effect by a Coulomb dipole-dipole interaction between the
molecules [50]. This theory helped to undestand how the energy could be transferred
to another molecule across some gap, even when there was not any wavefunction
overlap between the molecules. However, Perrin made an error in his calculations,
by assuming sharp resonances absortion and emission spectra. It took some years
before Theodor Forster formulated the correct results taking into account the broad-
ening of the spectra [51,52]. He also derived the current form of the theory and also
verified it by experimental data. [53]

RET is a widely used technique in medical, biological and physical sciences. Us-
ing RET, researchers have created colloidal QDs for chemical sensors [7,54,55], in
situ monitoring of proteins in a living cell [56] and molecular rules for biological
applications [57]. Artificial reaction centers have been created using cascading QD
structures, where the funnel-like band gap profiles guide the exciton efficiently to
the lowest band gap QD [58].

In section 4.1 the basic principles about RET are explained. Section 4.2 deals about
the unified theory of RET, which can be derived using quantum electrodynamics
(QED), which connects both the near- and far field regimes. Section 4.3 deals with
orientational aspects between chromophores that affect the effiency of the RET.

4.1 Basic considerations

Resonance energy transfer requires two probes, a fluorescent donor (D) and an
acceptor (A), which does not need to be fluorescent. When the donor is irradiated
with appropriate energy, this creates an oscillating dipole, which can resonate with
the acceptor in the near field. This resonating dipole-dipole interaction negotiates
the energy from the donor to the acceptor. These interacting chromophores are
treated as point dipoles, but more accurate models also exist. [59] The elementray
RET process can be summarized with the following reaction formula

D*+A— D+ A", (4.1)

where the donor, which was initially in an excited state D*, undergoes a transition
to the electronic ground state, while the acceptor is promoted from its ground state
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to an excited state A*.

For an effective energy transfer to occur in the near field some requirements have to
be fulfilled. First, the fluorescence spectrum of D and the absorbtion spectrum of
A should adequately overlap. Also the quantum yield of donor (¢p) and the molar
absorption coefficient of acceptor (e4 > 1000) have to be large enough. Thirdly, the
transition dipole vector have to be favorably oriented to each other. [59,60]

The most common formulae found in literature associated with RET are the ef-
ficiency of the energy transfer and rate constant (kggr). These formulae can be
derived using classical approach with the Coulombic multipolar expansion, but with
this approach they only apply in the near field. [61-63]

The efficiency of the energy transfer is a measure how much energy is transferred
from D to A. It is essentially a quantum yield of the energy transfer, which is
defined as

I The number of quanta transferred from D to A

4.2
The number of quanta absorbed by D (42)

E can be measured in many ways including steady-state or time-resolved methods.
However, the most popular method is the use of steady-state measurements and
measuring the fluorescence intensity from a sample containing only D (Fp) and
fluorescence intensity of A from a sample containing both D and A. Using the
fluorescent intensities Eq. 4.2 can be defined as

E=1--22, (4.3)

If the values F)p and F4 are normalized to their respective concentration of D, Eq. 4.3
can also be expressed as [59]

1
P =TT ®Ry

(4.4)
where Ry is the Forster length, which relates to the donor-acceptor distance when
the efficiency given by Eq. 4.4 is 50 %. Forster length can also be defined as

9000 In(10)

6 2 -4
= ——Kn Jpa, 4.5
07 12875 N, ¢pJpa (45)
where N4 ~ 6,022-10% mol " is the Avogadro constant, x2 is the Forster orientation
factor, ¢p is the quantum efficiency of D, n is refractive index of the material (which
is usually assumed isotropic and non-dispersive) and Jp4 is the overlap of the D
fluorescence spectrum with the A absorption spectrum. The Forster orientation
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factor is defined as [59]
H:ﬁA'ﬁD—g(ﬁR‘ﬁD)(ﬁR‘ﬁR), (46)

where 7ip 4 = pp o/ | fp,a | are the corresponding unit vectors of the acceptor and
donor transition dipole moments and 7p is the unit vector pointing from donor to
acceptor. The effect of xk will be discussed in more detail in Chapter 4.3.

The overlap integral is defined as

[e.9] o0

Jpa = / Fp(MNea(MA dN/ / Fp(AN)dw (M™tem?), (4.7)

where Fp(w) is the donor fluorescence per unit wavelength interval and €4(\) is the
acceptor molar absorption coefficient at waveleght A. Usually the donor fluorescence
is normalized to unity, which simplifies the overlap integral to

(e 9]

JDA:/FD()\)EA()\))\4d)\ (M~ 'em?). (4.8)

The constant in the Eq. 4.5 depends on the used units. For example, the acceptor
absorption spectrum can be expressed with the molar absorption coefficient € or as
the absorption cross-section o, which are connected by

o = 1000 1n(10)Ni (M~'em?) . (4.9)
A

In Fig. 4.1, a plot of RET efficiency (F) is presented as a function of distance R.
The efficiency has been calculated with Eq. 4.4. The different R, values are taken
from Ref. [64]. From the graph one can see that when the distance is < 0.5 Ry the
curve becomes flat. Also the maximum efficiency in this relationship is reached more
abruptly than its minimum. Because of this, longer distances may be determined
slightly more accurately than shorter distances.

The second commonly used formula is the rate of the energy transfer, which is given

by .
1 /R,
kppr = — | —2 ) . 4.10
RET = ( R ) (4.10)
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Figure 4.1: The energy efficiency of three different donor and acceptor pairs as a

function of distance Rp4.

When Ry from Eq. 4.5 is placed into 4.10, one obtains

9000 In(10)¢pr? [ )
1287r5n4TDR6NA/FD()\)EA(A))\ dA. (4.11)
0

kRET =

If we use the acceptor absorption cross-section instead of the molar absorption co-
efficient and w instead of A, the transfer rate takes following form

9c' Pk ]OFD(W)UA(W)

8mnirp R w?

kRET = dw . (412)

0

As can be seen from Eq. 4.12 the transfer rate has a characteristic R=% dependency.
As a result, the distance between the donor and acceptor is a key factor in deter-
mining the efficiency of the energy transfer. Another key factor lies in the molecular
environments, in which the donor and acceptor are situated. The influence of the
molecular environment is described in Eq. 4.12 using the refractive index, which has
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n~* dependency. Naturally, if other molecules are in the vicinity of donor and accep-
tor, they induce losses or alternative pathways for energy transfer and thus decrease
the transfer rate between donor and acceptor. It is also noteworthy to state that
Eq. 4.11 is more practical when chemical information about the fluorescent species
is known and Eq. 4.12 is more usable when spectroscopic data is available. However,
all of the variables used in both equations can be determined with relative ease using
proper equipment.

4.2 Quantum electrodynamical inspection of RET

Using the semiclassical inspection of the phenomenom does not not fully solve the
problem, since it only applies for the near field. Hence, the semiclassical theory
is only an approximation. Using Quantum Electrodynamics (QED) theory, where
both the matter and photons are quantized, one can obtain a unified theory for the
radiative and radiationless energy transfer. With this theory, the different near- and
far field behaviours are the limiting cases for a more general mechanism that operates
over all distances. In classical theories, radiationless energy transfer contains an
assumption that energy is transferred instantaneously from D to A, but this is
justified only in the near zone, i.e., when the distance between the donor and the
acceptor is less than the reduced wavelength A = \/27, where X is the wavelength
corresponding to the energy transfer.

Usually the molecules that participate in the energy transfer are surrounded by other
molecules. Naturally, this affects the transfer dynamics. This formulation uses the
common multipolar (Power-Zienau-Woolley) form of QED. The key point of this
theory is the cancellation of all longitudinal Coulumbic interactions [65]. When
using this formulation any interaction between electronically neutral species invokes
the creation and annihilation of photons.

To examine the energy transfer between two selected molecules D and A, the whole
system is divided into two parts. One subsystem consists of the selected molecule
pair of D and A. The other subsystem consists of quantized radiation field and the
remaining molecules that are situated in the surrounding medium, which is referred
to as the “polariton bath”. In this formulation the interaction between D and A is
mediated by the bath polaritons.

When the system is unperturbed, it is desribed by the zeroth-order Hamiltonian
(H?). The excitation of the system can be treated as a perturbation of system, which
is given by the interaction term (V). Using these notations the total Hamiltonian
is [59,65]

H=H"+V, (4.13)
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where

H° = Hyath + Hmol(D) + Hmol(A) (414)
V = Hipg(D) + Hipe(A). (4.15)

Hyain is the “bath” Hamiltonian that contains the radiation Hamiltonian and the
contributions of all other molecules except D and A. It is given by

Hyah = Heaa + Y (Hual(§) + Hu(€)) (4.16)
§#£D,A

where ¢ denotes the molecule £. For the sake of simplicity, only the energy transfer
between donor-acceptor pair in vacuum will be examinded, since the mathematical
treatment is simpler. However, the examination of the effect of dielectric medium
surrounding the molecular pair follows the same logic as in vacuo. The only differ-
ence is that the energy is not mediated by the bath polaritons, but virtual photons.
The photons are deemed virtual, since at small distances between D and A their life-
time is short according to the uncertainty principle. However, when the interaction-
pair separation is increased this uncertainty is reduced and photons gain a real
character, which is characterized by the radiative transfer in the far zone. When
examining the transfer dynamics in vacuo, the effects of surrounding molecules are
discarded in Eq. 4.16 and the zeroth-order Hamiltonian is reduced to

H® = Hyaq + Huol(D) + Hyol(A) + V. (4.17)

Since the interaction term V' in Eq. 4.15 stays the same, the total Hamiltonian is
given by
H = Hyaq + Hunol(D) + Huot(A) + Hing (D) + Hing(A) . (4.18)

The Hamiltonian for the quantized radiation field, which can be expressed using the
creation- and annihilation operators (le( \» Gy ) corresponding to wavevector k and
polarization state of a photon A (A = 1,2) [65,66]

Hrad - Z hck (d;[{,)\&k,)\]' + evac> s (419)
k,\

where Y is a shorthand notation of >° Y, dy is a shorthand notation of a*(k)
75 K X

and ey, is the vacuum energy (usually e .. = 1/2). The creation- and annihilation
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operators obay the following relations

~

[a = 5k,k’ 5,\,)\’7 ﬁk)\ = &L,)\dk,k (4.20)

ot
K A ’ak’,A’]
dli,)x&k)\ =n |nk7)\> ) n= 07 17 27 cee (421)

dk)\:\/mn—l), n=123,...
ier |0) = 0 (4.22)

ey ln) =vn+1lln+1), n=012,... (4.23)

where |0) is the vacuum state, i.e., a state without photons.

The interaction Hamiltonian describes the interaction between the quantized radi-
ation field and the molecule £&. When the dipole-dipole coupling (E1-E1 coupling)
is allowed, the electric dipole approximation of the interaction Hamiltonian is suffi-
cient. The reason for this is that the higher-order electric coupling and magnetic mul-
tipolar couplings are comparatively small. Nevertheless, one example when this ap-
proximation is not valid can be found in plants. Coupling between two chromophores
in plants, carotenoid and chlorophyll molecules, is not E1-E1 allowed. In such cases
higher-order multipole coupling have to be taken into consideration. [67,68] Again
for simplicity, processes are assumed to be E1-E1 allowed, and within this approxi-
mation the electric dipole interaction Hamiltonian is

Hi = —e5 ' fu(§) - d*(Re) (4.24)

where azi(Rg) is the electric displacement operator of molecule £ positioned at place
R¢ and i is the electric dipole operator of molecule . Displacement operator can
be written as the mode expansion [65]

5 hck , .
A (R) =iy ( SVEO) (ék,A&k,A€Zk.R - éi,,\dLAe_Zk'R> : (4.25)
ko

where the sum has been taken over radiation modes characterized by the wave-vector
k and polarization A, €  , is the polarization vector, é,_, is the complex conjugate of
the polarization vector, V is an arbitrary quantization volume and R is the position
of the molecule.

With the help of Eq. 4.1, the transfer process can be split into initial and final states,
which consists of three state vectors: donor, acceptor and the radiation field. The
initial state of the system is described by the state vector |I). In the initial state, the
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donor is excited and the acceptor is in the ground state. The final state is described
by the state vector |F') D being in the ground state and A excited. Radiation
field is in both cases in the ground state, since the virtual photon that mediates
energy exists only between these states. Hence the radiation field is described by
the vacuum state |0). State vectors of donor and acceptor are assumed to implicitly
contain the vibrational contributions, which are separable from the electronic states
on the basis of the Born-Oppenheimer principle as

ID) = |Da) |y, |D*) =|D5) |o) (4.26)
1A) = [Aa) |57y, 1A% =A%) D) (4.27)

where subscript “el” refers to the electronic part of the state vectors, indices n, r,
m and p specifying the vibrational, rotational or other sublevels of D or A.

The initial (|7)) and final (| F')) states of the whole system (molecules plus radiation)
can be presented as the product wavefuntion

1) = [D)[A)[0),  |F)=|D)[A")0), (4.28)
with corresponding energies
Er=ep- +ea+ ey, Ep =ep + e + €yac - (4.29)

Since the energy transferred has to satisfy the energy convervation, i.e., initial and
final states have to have the same energy, the total energy transferred in the process
is By = Er = hcK. In the presence of a surrounding medium, this would not
necessarily be the case, since the presence of other molecules could induce losses.

The energy transfer is a second-order process, where the energy is mediated by the
virtual photons as discussed before. This process is presented in Fig. 4.2. According
to Fig. 4.2, two intermediate states are possible in the energy transfer. Figure 4.2a
corresponds to the situation (¢ = 1), where the transition D* — D precedes the
transition A — A*, when in the the second case (¢ = 2) the order is opposite,
as in Fig. 4.2b. The latter process presents a rather anomalous situation, where
the transition A — A* produces a virtual photon and the annilation of the photon
induces a downward transition of D. Nevertheless, both processes must be taken into
account when using the time-dependent perturbation theory. First order processes
are the absorption of a photon and the emission of a photon, which are shown in
Fig. 4.3. First order prosesses can be described with first order perturbation theory,
but they do not contribute to the transfer process and can be neglected. The rate
of the transfer of excitation energy from the donor to the acceptor is given by the
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Figure 4.2: Time-ordered Feynman diagrams for the resonant energy transfer, where
time is progressing upward. In both cases a virtual photon labeled k, A transfers
energy from the initially excited donor D* to the acceptor A.

A* D

= Lo

a) b)

Figure 4.3: Time-ordered Feynman diagrams for a) photoabsorption and b) photoe-
mission. Again time progressing upwards.

Fermi’s Golden Rule [66]

2
Dpr = fﬁ | (F|V|I) | 6(E; — Er), (4.30)
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where p is the density of final states. The matrix element (F|V |I) can be defined
using second order perturbation theory as follows [69, 70]

(FIVID=%" (FIV [M,) (M| V |T)

et E;—E,
B (F| Hing | My) (M| Hine | I)  (F| Hing | Ma) (M| Hing | 1)
— - , o (431)
ep — ep —hck eq — ear —hck
— ~—
heK —heK

where M; and M, correspond to intermediate states, in which either both donor
and acceptor are in ground (¢ = 1) or excited (¢ = 2) state. In both states a virtual
photon with energy hck exists. The energies corresponding to these states are given
by

E, =ep+eq+ hek, Ey =ep- + eqs + hek (4.32)

and the state vectors

M) = DY | A) 1) (4.33)
and
| M) = |D*) |A") (1), (4.34)
where
1) = aj\ [0) (4.35)

is the radiation field promoted to one photon state.
Since solving of the matrix elements defined in Eq. 4.30 requires some extensive
calculations, the derivation is presented in Appendix A. The result is

(FIVII) = 1" (D)Vy (K, R)uz"(A), (4.36)

J

where Vj; is the retarded dipole-dipole coupling tensor between the donor and ac-
ceptor. In the presence of other molecules, the only difference would be in V;;, but
otherwise the derivation would be the same.

vy R) = B s R A (- ) e, - Ry

(K R) = Areg {( Y ' J) (K3R3 K2R2) (s = i) 3o |
(4.37)

where R = R/R. The above electromagnetic tensor contains the R~ term charac-

teristic for the near zone, R~! for the far zone and also R~2 term for the intermediate

distances between near and far zone. Notice that the orientational factors of near

and far field are different leading to range dependence in fluorescence anisotropy.
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Inserting the full transition dipoles from Egs. A.4 and A.5 back to the matrix
element defined in Eq. 4.36, and performing averaging over the initial molecular
states and summing over the final molecular states in Eq. 4.30, the transfer rate is

J

2T
Ppa = = [u(D)V; (K, R)u™ ()] 6(Er — Er)

27T n m T n m
=7 > oo 1@ lep)) P R1R) Pl Ay (D) [
n,m,p,r
| Vi;(K,R) ° d(epy +€a,, —ep, — €A;;) ) (4.38)

where pp- and p4 are the population distribution functions of the initial vibrational
states of the donor and acceptor. The connection between Eq. 4.38 and with the
Forster formula Eq. 4.12 can be expressed in terms of the overlap integral between
donor and acceptor spectra. First | V;;(K,R) |* must be calculated. We start by

setting K = w/c and K, = 0;; — q(éiéj), where ¢ = 1, 3, and obtain

c? ic? KiC
Rs\ 38 ~ T 2m2) P
w3 R w?*R wR
6 6 4 2
w c c c
2 2 2
=—7 |k + (k2 — 2K1K3 + K
165723 < 3 WO RS (s >w4R4 TWw2R2
6

— “_%g(w, R), (4.39)

16c572€

6 2

w
16572l

| V(K. R) |* =

where g(w,R) is denoted as the excitation transfer function. The transition rate
obtained using the QED formulation from Eq 4.38 is set equal with a general formula
from Forster theory [71] to determine the proper normalization constants

o w6 9 fe’e)
——U % — 2
/0 8cOhmel p(w)¥a(w)g(w, R)duw 87TC27'D/0 fo(w)falw)wg(w, R)dw
o w4 fe’e)
/ A he2 Tp¥p(w) Va(w) g(w, R)dw = / fo(w)fa(w)g(w,R)dw, (4.40)
A e e

where Up(w) and W4 (w) are corresponding contributions of donor and acceptor in
Eq. 4.38. Now the donor emission spectrum and acceptor absorption cross-section
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can be defined as

o™ 12 6(ea,, — e + w) (4.41)

w? i}
04w .
Alw) 36062 /—Z SDA

w? ,UD 25
Fplw . ep —ep. — hw) . 4.42
p(w) 36062 3 2 /ah E P <PD |90D ) |7 d(ep; —ep, ) (4.42)

The entities (goff*) g054m)> and (gpg) ]gogl)) can be identified as the Frank-Condon factors

of the acceptor and donor respectively. With the defined variables, the transfer rate
is

87r027'D

/FD w)w?g(w, R)dw . (4.43)

If we examine the energy transfer in the near zone (KR < 1), the excitation transfer
function in Eq. 4.39 becomes

, 8 N ct ,
gw,R) = K3 —ps + (k5 — 2,‘~<;1/-13)W4—R4 R

6

c
and Eq. 4.43 is reduced to
9tk [ Fp(w)oa(w)
Ipa = ! dw . 4.45
b4 m1p RS / w? w ( )

0

This is exactly the same equation as Eq. 4.12, which was obtained by the classical
treatment in vacuum, i.e, n &~ 1. In the far field (KR > 1) the excitation transfer
function in Eq. 4.39 becomes

(4.46)

and Eq. 4.43 is reduced to

k2 T

Cps = L F . 4.47

pa= g [ Folloat)s (1.47)
0
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With the help of QED a unified theory of energy transfer can be developed. The
results given by QED prove that the radiationless and the radiative processes are
based exactly on the same physical process. The only difference between these pro-
cesses lies in the interaction distance between the donor and acceptor. Furthermore,
different interaction distances are enough to yield totally different orientational be-
haviour in near and farfield.

Another interesting phenomenon associated in the resonance energy transfer is called
the surface energy transfer (SET), in which either the donor or acceptor is a surface,
e.g., a quantum well. In this case the donor-to-acceptor separation distance has a
inverse 4th power dependence, hence enabling much longer interaction distances
between the donor and acceptor. [57]

Altogether, resonance energy transfer is a crucial intermolecular excitation transfer
mechanism in biological and synthetic systems. For example, it plays a substantial
role as a conduction mechanism in conductive polymers, which are used to fabricate
organic light emitting diodes (OLED) or polymer solar cells. [10]

4.3 Orientational aspects

As found out in the previous sections, the energy transfer depends also from the
orientational factor x, which is dependent on three variables. These variables were
defined previously in the Forster orientation factor from Eq. 4.6 as

R = ﬁA . ﬁD — 3(ﬁR . ﬁD)(ﬁR . ﬁR),

where 77p is the unit vector along the emission transition moment of the donor, 74
is the unit vector along the absorption transition moment of the acceptor and 7, is
the unit vector along a line, which is a line drawn from the centers of D to A. This
is further illustrated in Fig. 4.4.

As seen in the Section 4.2, the orientational factors are different in the near, interme-
diate and far zones. This leads to a completely different fluorescence depolarization
behaviour in these three cases. For the Forster energy transfer, the transfer depends
only weakly on the average mutual orientation of the donor and acceptor. This is the
reason for the considerable reduction (1/25) of fluorescence anisotrophy following
the energy transfer in isotropic or randomly oriented systems. Photon reabsorption
is even seven times greater in the raditionless case, when compared to the raditiative
transfer. Instead in the far zone, the energy transfer between molecules with parallel
transition dipoles is preferred leading to a smaller loss of polarization in a randomly
oriented system. [71]

There exists three common ways to express x? as a function of various angles related
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NA
Ny
Np
Figure 4.4: The three unit vectors 7ip, 14 and 7i,.
to the orientation of the molecules further illustrated in Fig. 4.5:
k> = (cos(f7) — 3cos(fp) COS(HA))2 (4.48)
k> = (sin(fp) sin(fa) cos(¢) — 2 cos(bp) cos(QA))2 (4.49)
k2 = cos?(w) (1 4 3cos?(0p))”. (4.50)

The angle between 7ip and 77, is #p and the same logic applies to the angle 04. 01
corresponds to the angle between nip and m4. ¢ is the angle between the projections
of p and 774 on a plane perpendicular to 7,. w is the angle between 774 and the
electric dipole field induced by the donor transition moment. These vectors and
their angles are further illustrated in Fig. 4.5. The highest value that x? can attain
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Figure 4.5: A figure illustrating the different polar angles and planes associated in
RET. Picture modified from [59].

is 4, which occurs if both 77p and 774 are paraller or antiparaller to 77,.. The lowest
value is 0, which corresponds to a situation, where 774 is perpendicular to the electric
field produced by the donor (or vice versa). The case k* = 4 can only occur in a
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few ways, but k2 = 0 can be realized in an infinite number of ways. Straighforward
calculation of the rotational average from the Eq. 4.50 yields the value 2/3; since
the average value of cos? taken from a polar angle is 1/3.

That is often the reason why k2 is replaced by the value of 2/3 in scientific stud-
ies, but this is justified only when the chromophores are spherical, or behave like
a sphere because they rapidly diffuse through all possible orientations. If the chro-
mophores are not rapidly diffusing or diffusing through a limited set of orientations,
this approximation can lead to significant errors. [72]
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5 Methods

5.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy refers to a technique to measure absorp-
tion in the ultraviolet-visible-near infrared (UV-Vis-NIR) spectral range. This is a
standard technique widely used in chemistry and material science. The principle of
this method is very straightforward. As the light propagates through the sample
it attenuates, which is then measured. The attenuation can be described with the
help of the Beer-Lambert law, which states that the absorptivity of the sample can

be expressed as
A=ec, (5.1)

where € is the molar absorption coefficient, ¢ is the concentration and [ is the optical
path of the light within the sample.

Figure 5.1 shows a schematic presentation of a two beam UV-Vis spectrometer
used to measure the samples. In the absorption measurements a commercial UV-
Vis spectrometer Lambda 950 manufactured by Perkin-Elmer was employed. As

Beam

. splitter Refleﬁlnce

: =

[ Y

H Y

Monochromator A 5
etector
—
Light source Sample

Figure 5.1: A schematic presentation of a two beam UV-Vis spectrometer used in
this thesis.

the light source, Lambda 950 spectrometer uses deuterium and tungsten-halogen
lamps that are prealigned and focused. These two lamps cover the wavelength
range between 175 - 3300 nm. The deuterium lamp is used in the UV range and
tungsten-halogen in the Vis-NIR range. The light from the lamps is directed to a
holographic grating monochromator, which has 1440 lines/mm for UV /Vis and 360
lines/mm for NIR. The light emerging from the monochromator is shaped and split
into two beams. One of the beams is directed to the sample and another one to the
reference. The spectrometer has two detectors for enhanced sensitivity in different
wavelength ranges. A photomultiplier tube (PMT) is used for the entire UV /Vis



39

wavelength range and a Peltier-cooled PbS detector for the NIR wavelength range.
The full intensity and dark baselines were measured before the actual measurements
and used to calibrate and correct the measured data.

The absorption was measured from solution and solid-state samples. As the reference
sample, a quartz cuvette filled with solvent and a cleaned microscope glass slide were
employed in the measurements.

5.2 Photoluminescence spectroscopy

Photoluminesce spectroscopy (PL) is a widely used non-invasive, non-destructive
optical characterization method especially suitable for semiconductors. PL spec-
troscopy is qualitive measurement technique, and thus does not provide exact in-
formation. In PL the sample is irradiated by a light beam (usually a laser), which
is used to excite electrons in the sample. For PL to yield useful information about
the sample electrons should return from the excited state to the ground state ra-
diatively, e.g., by emitting a photon. Electrons can also return to the ground state
non-raditiatively, in which case the information is lost. If the sample undergoes
internal transitions before emitting the photon, the resulting signal is termed as
fluorescence (see Chapter 2).

Cryostat
ramEEy Chopper and sample
doubled
Nd:YVOy4
at 532 nm

Data capture | Lock-in
& processing | amplifier
A
‘4— Monochromator
A

Figure 5.2: Schematic diagram of the setup used in CW measurements.

PL measurements can be done in continuous wave (CW) or time-resolved (TR)
arrangements. CW measurements provide luminescence spectra, which can yield
detailed information about the magnitude of the band gap, structure of the energy
levels, quality of the crystalline structure and concentration and identification of
impurity atoms. TR measurements use pulses of light to probe the sample providing
information about the relaxation dynamics of the material. TRPL is extremely
useful to determine the lifetimes of the minority carriers. [78]



40

The fluorescence of the polymer-dye complexes was measured with a commercial
fluorometer Varian Cary Ecplipse. The fluorometer uses a preligned and focused
Xenon flash lamp and as a detector a PMT. The PMT voltage was 800 V and the
monochromator entrance and exit slits were 5 nm in all the measurements. For the
passivation and the functionalization measurements different equipment was used
and this is described in more detail below.

Figure 5.2 shows a schematic diagram of the CW measurement setup utilized in this
thesis. As a light source, a 532 nm frequency-doubled Nd:YVO, laser was used to
irridiate the sample. A chopper connected to the lock-in amplifier was placed in
front of the sample to reduce noise of the PL signal. The germanium detector was
cooled down using liquid nitrogen for the same reason. For data capture standard
lock-in techniques were utilized. Focusing optics were used to focuse the incident
light to the sample. The PL signal obtained from the sample was collimated using
collection optics and dispersed using a monochromator. A typical power used to
irradiate the sample was ca. 5 mW.

BIBO crystal and

; optics used for : Cryostat
. frequency doubling ; Beam and sample
Frequency- ) : : Splitter
doubled Ti:Sapphire at
Nd:YVOq4 800 nm
at 532 nm

Data capture |
& processing |

Monochromator

A

Figure 5.3: Schematic diagram of the setup used in time-resolved photoluminesce
measurements.

The schematic diagram used in the time-resolved PL (TRPL) measurements is shown
in Fig. 5.3. The 532 nm wavelength from the frequency doubled Nd:Y VO, laser was
used to pump the mode-locked Ti:Sapphire laser. 800 nm pulses generated by the
Ti:Sapphire were frequency-doubled to 400 nm using an optically nonlinear bismuth
triborate (BIBO) crystal. 400 nm wavelength corresponds relatively well to the
Soret absorption band of Chls. The pulse repetition rate of the Ti:Sapphire was
76 MHz. The sample was placed inside a closed-cycle helium cryostat, which had
temperature range of 9-350 K. Also as in the CW setup, similar collection optics
were used to obtain the TRPL signal from the sample.
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6 Materials

6.1 The fabrication of Zn-3'-OH-pyro a

The process starts by extracting chlorophyll molecules from sprirulina algae, which
contains only Chl a. Extraction can also be done from other various plants, e.g.,
spinach, but these sources can also contain Chl b. The extraction is done in a 1:1
solution of acetone ((CH,),CO) and methanol (CH;OH or MeOH), which is left
to react for 3 days. This will destroy the cellular-wall and elutes Chl a into the
organic solvent. Also the central metal Mg is lost in this process. The end product
will be filtered through a glass-sinter couple of times, which removes most of the
extra organic material, but preserves the Chl molecules. The remaining solvent is
vaporized by a rotary evaporator. In Fig. 6.1 this procedure stands for step 1.

Step 2 consists of transesterification and purifying procedures. In the transester-
ification process the phytol tail is removed and replaced by a methylesther. This
can be achieved by diluting the isolated Chl a in a 5% solution of sulphuric acid
(H,S0,) and methanol. The solution is left in dark for two days. After the trans-

extraction from spirulina algae pyrolysis
transesterification (5% H,SO, in MeOH) H,O
> (U N
O X |
O™ "oMme
Chla Pheo a
(Chlorophyll a) (methyl-pheophorbide a)

Figure 6.1: A schematic illustration of the Chl a extraction, transesterification and
purifying to create Pheo a from spirulina algae using steps 1 and 2. The abbreviation
and name of the compound are found below the corresponding molecule.

esterification, the solution is diluted with distilled water and then neutralized with
saturated sodium bicarbonate (NaHCO,). Resulting solution is then eluated to
dichloromethane (CH,Cl, or DCM) to form an organic phase, which is then washed
with water and saturated sodium chloride (NaCl) solution. This procedure is re-
peated a couple of times. The solution is dried by using sodium sulfate (Na,SO,),
which efficiently absorbs water from the solution. Sodium sulfate is left to ab-
sorb water for roughly an hour. After that, sodium sulfate is filtered off from the
solution and remaining solvents evaporated. Next, all unwanted organic material
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1. H,0
HBr/Acetic acid 2. H,S0, in MeOH
O™ “oMme
pyro a 31-Br-pyro a
(methyl-pyro-pheophorbide a) (31-Br-methyl-pyro-pheophorbide a)
31-OH-pyro a Zn-31-OH-pyro a
(31-OH-methyl-pyro-pheophorbide a) (Zn-31-OH-methyl-pyro-pheophorbide a)

Figure 6.2: The schematic illustration of modification of peripheral substituents and
bonding of Zn central metal using steps 3,4,5 and 6. The abbreviation and name of
the compound are found below the corresponding molecule

(carotenoids, lipids) are filtered away from the solution. This is achieved using flash
column chromatography, where the material is dissolved into DCM and then precip-
itated with hexane (C¢4H,,). This process is repeated as many times as required to
achieve wanted purity. At this point, the solution should contain only Pheo a and
the purity of the solution was analyzed using NMR spectroscopy. So as a summary,
in step 2 transesterification, neutralization and purification are performed, which
results in Pheo a presented in Fig. 6.1.

The purpose of steps 3,4 and 5 is to modify the peripheral substituents. Bonding of
7Zn as the central metal is performed in step 6. The modifying process starts with
the third step, which is called pyrolysis. Here COOCH, in C-13%8 is completely
removed. This is achieved using water and pyridine solution.

In the fourth step the vinyl group —CH=CH, in C-3 is modified making it two
branched. These new branches are named as C-3' and C-32. This is achieved
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by a solution of hydrobromic acid (HBr) and acetic acid known as ethanoic acid
(CH,;COOH). As a consequence, a bromine atom is attached to the position C-3
as shown in Fig. 6.2. Since HBr is very poisonous and gases out easily, this reaction
has to be done under argon atmosphere. Another reason for the use of argon is to
remove the possibility of water contaminating the sample. The solution is warmed
using a external heater and enveloped in aluminum foil to reduce the exposure for
light. Naturally, after this reaction a neutralization is required. Furthermore, this
step also affects the methane in position R-17. From NMR data, it was noticed that
the group in C-17 can be either methane or hydrogen. Hence the group in R-17 is
marked as R as in Fig. 6.2 .

Step 5 consists of two processes. In the first process, the bromine is removed from
position C-3! and replaced by the hydroxyl group OH. This can be achieved easily
by water, and can be done after the neutralization process. The next process is
to remove the hydrogen from the position C-17 and replace it with methane. This
is attained by using sulphuric acid and methanol. After this the solution has to

be neutralized and the solution vaporized. In step 6, a solution of zinc acetate
(Zn(OA),), MeOH and DCM is used to bond Zn as the central metal.

6.2 Passivation and functionalization of GaAs surface

Callium arsenide (GaAs) has a native oxide ranging from 20 — 30 A. This oxide
is formed spontaneously and relatively fast, when GaAs surface is in contact with
atmospheric oxygen [73]. Althought the oxide protects the GaAs surface from addi-
tional oxidation and contaminants, it also promotes high density of surface states.
These surface states pin the surface Fermi level near the middle of the bandgap
providing a pathway for the minority carries to non-radiatively relaxate. [74] To
prevent these adverse effects passivation of the surface is required.

A relatively easy method to passivate the GaAs surface can be achieved chemically
by sulphur or with thiols (R—SH). In both cases the passivation occurs when sul-
phur is covelently bonded with either As or Ga atoms thus reducing the amount
of dangling bonds. In addition to sulphur passivated surfaces, thiols also give the
possibility to functionalize surface. Functionalized surfaces can be used, e.g., to
immobilize target species onto the surface. [75-77] In our experiments (100) ori-
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Figure 6.3: N,N’-(2,2-disulfanediylbis(ethane-2,1-diyl))dinicotinamide.

ented GaAs substrates were employed. This type of surface is terminated either
with Ga or As atoms. The procedure starts by removing the native oxide in a bath
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of hydrochloric acid (HCI) for 3 minutes. The substrate is then washed two times
in distilled water to remove the acid residues. After this, the etched substrate is
immersed into a thiolate solution containing nicotine acid derivate shown in Fig.
6.3. In the solution, the S—S-bonds in the nicotine acid break down allowing the
thiols to bond with the Ga/As atoms. Figure 6.4 shows a schematical presentation
of the thiol functionalized GaAs surface.

Figure 6.4: The surface after the immersion into the thiolate solution. The sulphur
atom covalently bonds the Ga or As atoms in the surface, while pyridine efficiently
coordinates with the Zn-3'-OH-pyro a .

The quality of the passivation is observed using PL spectroscopy. The PL signal is
generated from the radiative recombinations of the minority carriers. Recombina-
tion of the minority carriers can be roughly divided into bulk and surface recom-
binations. A succesfull passivation decreases the amount of surface states. This in
turn decreases the rate of surface recombinations, which increases the lifetime of the
minority carriers. The effective lifetime of the minority carriers can be described
by [78]
1 1 1

= —+—, (6.1)

Teff TB TS

where 7.5¢ is observed lifetime, 75 is the bulk recombination lifetime and 7y the
surface recombination lifetime.

6.3 Preparation of the polymer-dye complexes

The materials used in this thesis are shown in Fig. 6.5. As the host materi-
als two polymers, Poly(4-vinylpyridine) (P4VP, Polysciences, M, = 5100) and
poly(methyl methacrylate) (PMMA, Polysciences, M,, = 5000), were used. As
the guest molecules two zinc tetrapyrroles synthesized from Chl a were used. Also
solvents dichrolomethane (DCM, Fluka, >0.99) and tetrahydrofuran (THF, Fluka,
>0.99) were employed.
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Figure 6.5: The chemical structures of the Zn-31-OH-pyro a and Zn-pyro a as well
the polymers P4VP and PMMA

The fabrication steps of the Zn tetrapyrroles are presented in the Section 6.1. The
only difference between these two chromophores is the missing hydroxyl group in
position C-3' and thus the preparation of the Zn-pyro a (Pyro a) requires fewer
steps than Zn-31-OH-pyro a (OH-Pyro a). Both chromophores were synthesized in
Helsinki University by J. Helaja’s group and used without additional purification.

In the fabrication of the polymer-dye complexes, the polymer and the dye were
mixed together in solution. The samples were left to react for 24 hours in a dark
room, while constantly stirring. The nomenclature used to name these complexes
is polymer(dye),, where z is the molar ratio between the one monomeric unit of a
polymer and a dye molecule as in

Mpolymer _ . (6.2)
Ndye

This quantity is referred to as the complexation ratio.

Two series of samples were prepared. The first series included only PAVP(OH-Pyro
a) complexes prepared in THF with the molar ratios of z = 0.5, x = 0.1, x = 0.05
and x = 0.01. The corresponding weight percents are presented in Table 6.1. The
fabrication process started by diluting P4VP into THF to make a 5 wt. % stock
solution. From this stock solution 1 wt. % and 0.5 wt. % solutions were made in
order to facilitate the mixing process of the materials. The OH-Pyro a was diluted
to a 0.1 wt. % stock solution.
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Table 6.1: Series 1 - PAVP(OH-Pyro a), complexes
in THF. The complexation ratios and corresponding
weight percent of the dye.

X Weight percent (wt. %)
0.5 75.9

0.1 38.6

0.05 23

0.01 5.5

In the second series, PMMA (Pyro a) and P4VP(Pyro a) complexes were prepared
in order to study the effect of the host material in the fluorescence properties of the
dye. The second series had in total 14 samples that composed of following weight
percents 1%, 2%, 4%, 6%, 8%, 10% and 12%. As the solvent DCM was used instead
of THF, since PMMA is insoluble in THF. First, both the polymers were diluted in
DCM to prepare a 5 wt. % stock solution. The dye, Pyro a was diluted in DCM to
prepare 0.1 wt. % stock solution.

All samples were cast on a glass substrate by spin coating, where a two step program
was utilized. In the first step, material was applied to the substrate and spinned
with a rotation speed of 500/1000 revolutions per minute (rpm) for 40 seconds. The
second step consisted of drying the solvent with a rotation speed of 5000 rpm for
30 seconds. In the first series the samples were spinned using two different rotation
speeds to study the relationship between the rotation speed and the film quality and
thickness. In the second series the samples were spinned only with 1000 rpm rotation
speed. The thicknesses of the spinned films were analyzed by a Veeco Dektak 6M
surface profilometer.
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7 Results

7.1 Surface functionalization and passivation

The surface was functionalized with the procedure presented in Section 6.2. The
effectivity of the passivation was observed via continuous wave and time resolved
photoluminesce measurements. The setup employed in the measurements is pre-
sented in Section 5.2.

The results obtained for the continous wave measurements are shown in Figure
7.1. The maximum intensity for these graphs can be found in ca. 871 nm, which
corresponds very well for the forbidden bandgap value for the GaAs (£, = 1.43 eV).

3.5

Three days of incubation
One day of incubation
Unmodified surface

N
(6}
T

PL intensity (Arb.u.)
RIS

o
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820 840 860 880 900 920
Wavelength (nm)
Figure 7.1: Continous wave photoluminescence measurement data for two surface

passivated samples and one unmodified sample as a reference. Excitation wavelength
was 532 nm.

For the unmodified surface the photoluminescence intensity is weak indicating that
the non-radiative recombinations are the most prominent pathway in the relaxation
process. However, the situation is radically changed after the passivation. This
change can be clearly seen from Fig. 7.1, where the PL intensity is substantially
increased in comparison to the unmodified surface. In addition, a notable difference
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between the one and three day graphs can be distinguished. This could be an indica-
tion that one day of incubation is not enough to entirely passivate the whole surface,
thus leaving non-bonded surface atoms after the incubation process. Moreover, the
bond between the surface and the sulphur atoms has a covalent nature making the
passivation very stable and resistant for most solvents.

10

Three days of incubation
One day of incubation

PL intensity (Arb.u.)
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Figure 7.2: Room temperature time-resolved photoluminescence measurement data
for two modified samples. The excitation wavelength was 532 nm and the PMT
voltage was 2.5 kV.

The PL decay dynamics of the passivated surfaces were also investigated using time
resolved photoluminescence measurements. These results are presented in Fig. 7.2.
To analyze the time resolved data a double-exponential function was utilized and
fitted to the measured data. The used double-expotential function was defined as

n(t) = Aexp (—i) + Bexp (—i) el (7.1)

T T2

where A, B, and C are constants, whereas 7, and 7 are the fitting parameteres. The
values of 71 and 7, given by the curve fitting procedure are listed in Table 7.1.

In accordance with the previous results, the improved performance of the surface
can be detected also in the time-resolved measurements. The unmodified surface
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gave no detectable signal when using 2.5 kV PMT voltage. Only for the treated
surfaces a signal was detected. Again, the lifetimes of the minority carriers increase
as a function of the incubation time. Therefore, it suffices to say that both of
the continous wave and time-resolved measurements provide a thorough proof for a
efficient passivation of the surface.

Table 7.1: Lifetimes obtained from the TRPL measure-
ments of the surface functionalized samples.

71 (ns) T2 (ns)
0,6 49
0,3 3,4

7.2 OH-Pyro a aggregate

The optical properties of pure OH-Pyro a aggregates was studied in order to compare
the results with the polymer-dye complexes. The samples were spin coated on top
of a glass substrate from a 0.5 wt. % stock solution and characterized by UV-Vis
absorption and photoluminescence measurements.
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Figure 7.3: The absorption spectra of 0.5 wt. % OH-Pyro a spin coated on a glass
substrate.

Figure 7.3 shows the absorption spectra of the OH-Pyro a aggregate spinned on a
glass substrate. From the first glance one can notice that the peaks are broadened
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enveloping the smaller details under them. Another important detail is a very strong
red shift of the Q band. This peak has shifted to ca. 710 nm, whereas the monomer
Q band peak lies in 660 nm. All of these details reveal that the OH-Pyro a molecules
are in aggregated form and also that the aggregate is in amorphous state [41].
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Figure 7.4: The photoluminescence spectra of 0.5 wt. % OH-Pyro a in THF solution
and spin coated on a glass substrate. Excitation wavelength was 400 nm.

Figure 7.4 shows the results obtained from the photoluminescence measuremets. The
CWPL measurements were done for two different samples: OH-Pyro a in solution
and spin coated films on glass. In addition, the spin coated sample was measured
in room temperature (Tea = 293 K) and in cryo temperature (Te, = 30 K). In
Fig. 7.4, the spin coated sample exhibit insignificant fluorescence in comparison to
molecules in a solution. Nevertheless, a magnified view of the graphs reveals two
distinct peaks in the sample when measured in a cryo temperature. The values of
these peaks are ca. 660 nm and 710-760 nm. The 660 nm peak corresponds to the
S1 — Sy transition and the broader peak around 710-760 nm could correspond to
the aggregate enhanced 77 — Sy transition. These same features are also observable
in the data measured in the room temperature both the signal to noise ratio is much
more worse.
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7.3 Series 1: PA4VP(OH-Pyro a)

The P4VP(OH-Pyro a) complexes were prepared as in Section 6.3 and spin coated on
a glass substrate. The main purpose of this Series was to determine, if P4VP could
act as an efficient host material preventing the aggregation of the chromophores.
Furthermore, as the fluorescence properties of the aggregate were poor, it was re-
quired to know if these complexes could fluoresce at all.
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Figure 7.5: The absorption spectra of spin-coated P4VP(OH-Pyro a),-complexes.
The spinner rotation speed was 500 rpm.

First, the samples were spinned using 500 rpm and 1000 rpm rotation speeds in
order to study the resulting film thicknesses. The measured film thicknesses are
shown in Table 7.2. Also, the absorption and fluorescence spectra were fitted using
a fourth order Gaussian function given as

Zal exp( - _bl) ) . (7.2)

dA( x)

Using the first order derivative of Eq. 7.2 (%~), the emission and absorption fre-
quencies were determined. These results are Collected in the Table 7.2. However, for
the weakest fluorescence signals the determination of the emission frequency proved
to be impractical.

The absorption spectras are presented in Fig. 7.5 and Fig. 7.6. In all cases, the ab-
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Figure 7.6: The absorption spectra of spin-coated P4VP(OH-Pyro a),-complexes.
The spinner rotation speed was 1000 rpm.

Table 7.2: The measured physical and optical properties of the spin coated
P4VP(OH-Pyro a) films.

Molar ratio Thickness (nm) Soret (nm) Q (nm) Emission (nm)

1000 rpm:
0.5 30
0.1 35
0.05 95
0.01 120
500 rpm:
0.5 20
0.1 37
0.05 125
0.01 205

433.9
433.4
432.7
431.7

434.5
433.3
432.3
431.4

658.3
656.4
655.8
655

658.9
656.5
655.9
655.0

662
661.8
660.4

663
660.2

sorption spectra resembles more monomeric than aggregate absorption. In addition,
the aggregate peak around 710 nm is missing. These details demonstrate that PAVP
efficiently coordinates with the OH-Pyro a molecules preventing aggregation. Fur-
thermore, the absorption of the aggregate is much more weaker in comparison to the
P4VP(OH-Pyro a) complexes, albeit the amount of absorbing chromophores lying in
the light path is roughly equal. Therefore, this could indicate that the uncontrolled
aggregation is also detrimental for the absorption properties of the substance.
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From Table 7.2 it can be seen that the thickness of the film is increased as the
dye concentration is decreased. Hence, the viscosity of the polymer-dye solution is
proportional to the concentration of the dye. In most of the cases, the absorption
is increased as the film thickness increases. The only exception for this case can
be found in Fig. 7.5 for the x = 0.01, but a plausible result for this anomaly could
originate from bad beam aligment in the measurement. Additionally, the films were
thicker with 500 rpm rotation speed, but surprisingly the absorption was roughly
the same. In addition, as the dye concentration decreases the peaks exhibit a
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Figure 7.7: The fluorescence spectra of spin-coated P4VP(OH-Pyro a),-complexes.
The spinner rotation speed was 500 rpm, excitation wavelength was 420 nm and
PMT voltage 800 V.

blueshift indicating that the excitonic coupling between the chromophores weakens
as depicted by Eq. 3.9. This is again very reasonable, since statistically the distance
between the chromophores should increase with decreasing dye concentration.

Figure 7.7 and 7.8 show the measured fluorescence spectra of the spin coated sam-
ples. In the data a systematic error was present, which raised the signal bottom
level. This was corrected by adjusting the zero level same for all the graphs. In
both Figures, significant fluorescence signal can be detected only with the smallest
dye concentration, i.e., with x = 0.01. Other dye concentrations exhibit a minimal
fluorescence signal, but this very small in comparison to the z = 0.01 case. In addi-
tion, the fluorescence signal detected from sample x = 0.01 is very strong compared
to the values obtained in the literature [79,80]. These reported results utilize weight
concentrations in the range of 0.5-2 wt. %. Therefore, PAVP(OH-Pyro a) complexes
offer a very tempting possibility as a gain material for lasers.



54

600

500

400

300

200

Fluorescence intensity (Arb.u.)

[y
o
o

0 1 Il Il Il Il 1
630 640 650 660 670 680 690 700

Wavelength (nm)

Figure 7.8: The fluorescence spectra of spin-coated P4AVP(OH-Pyro a),-complexes.
The spinner rotation speed was 1000 rpm, excitation wavelength was 420 nm and
PMT voltage 800 V.

7.4 Series 2: PA4VP(Pyro a) vs. PMMA (Pyro a)
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Figure 7.9: The absorption spectra of spin-coated P4VP(Pyro a),-complexes.
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Figure 7.10: The absorption spectra of spin-coated PMMA (Pyro a),-complexes.
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Figure 7.11: The fluorescence spectra of spin-coated P4VP(Pyro a),-complexes.
Excitation wavelength was 435 nm and PMT voltage 800 V.

Both, PMMA and P4VP complexes were prepared as in Section 6.3 and spin coated
on a glass substrate. The purpose of this Series was to compare the behaviour of
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two different host materials. The hypothesis was that PMMA complexes should
exhibit worse optical properties, since the coordination with the dye is more weaker.
In addition, a different dye was utilized than in Series 1 in order to study, if the
hydroxyl bond had any pronounced effect in the formation of the coordination bond
between the dye and the molecule.
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Figure 7.12: The fluorescence spectra of spin-coated PMMA (Pyro a),-complexes.
Excitation wavelength was 435 nm and PMT voltage 800 V.

The absorption spectra of the PAVP(Pyro a) and PMMA (Pyro a) complexes is
shown in Figs. 7.9 and 7.10 respectively. The Soret and  absorption peaks were
determined by fitting Eq. 7.2 as described earlier. Surprisingly, PMMA films do not
exhibit any signs of aggregation. Somekind of sign of aggregation was expected, since
the coordination bond between the carbonyl group of the polymer and the central
metal of Pyro a is weak. However, the concentration of the dye is small, which could
make the aggregation effects difficult to detect. Higher dye concentrations might be
needed to demonstrate this effect.

Another interesting difference found in the PAVP absorption spectra in Fig. 7.9 is
a very large (ca. 10 nm) redshift in comparison to PMMA (Pyro a) and P4VP(OH-
Pyro a) complexes (Figs. 7.10, 7.5 and 7.6). Since position C-3' is situated relatively
far from the macrocycle, removing the hydroxyl group should not have a large
effect in the electronic properties of the molecule. This assumption is supported
by the data obtained from the PMMA complexes, which do not exhibit any kind
of red shift in comparison to P4VP(OH-Pyro a) complexes. The reason behind
this redshift, could lie in the efficient coordination bond between the Zn and the



57

pyridine, since strong coordination of the central metal has been shown to affect
the electronic structure of the macrocycle [20,28]. To verify this a solvent spectra
would be required. Also, additional measurements between OH-Pyro a and Pyro a
chromophores could elucidate this phenomenon.

The fluorescence spectra of the PAVP(Pyro a) and PMMA (Pyro a) complexes are
shown in Figs. 7.11 and 7.12 respectively. The fluorescence of the PAVP complexes
is much stronger in all cases when compared to the PMMA complexes. Hence,
even though the aggregation effects were not noticiable from the absorption spectra,
fluorescence spectra clearly demonstrates the inferior performance of the PMMA
as a host. Furtmermore, the observed redshift in the absorption spectra for the
P4VP(Pyro a) complex, is also visible in the fluorescence spectra.

Table 7.3: Wavelengths of the absorption and emission peaks
of the spinned P4VP(Pyro a) and PMMA (Pyro a) films.

Weight percent  Soret (nm) Q (nm) Emission (nm)
P4VP(Pyro a):

1 wt. % 436.9 666.1 672.3
2 wt. % 437.2 666 673.6
4 wt. % 437 666.1 673.1
6 wt. % 436.9 666.3 673.7
8 wt. % 437 666.1 673.3
10 wt. % 437 666.4 674

12 wt. % 437.3 666.6 674.3

PMMA (Pyro a):

1 wt. % 428.3 658.3 664.7
2 wt. % 428.6 658.5 664.6
4 wt. % 428.7 659 667.2
6 wt. % 429.2 659.8 667.1
8 wt. % 428.9 659.5 667.6
10 wt. % 429 659.8 668.7

12 wt. % 429.2 660.3 -
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8 Conclusions

In this thesis, the first steps to integrate Zinc tetrapyrrole molecules with modern
semiconductor devices are taken. This thesis introduces crucial concepts and prop-
erties required to understand the properties of molecular aggregates and guest-host
materials. Also the underlying theory of energy transfer is presented. Althought,
RET is a known phenomenon the information concerning the QED treatment is
fragmented and obtaining a general view can be difficult. Hence, the author wanted
to collect the available information and present it in a cohesive and understandable
manner for others to study, and enjoy learning as much as I have.

The preliminary results demonstrated in this thesis appear promising. The en-
visioned device exploting the introduced concepts and results, could consist of
AlGaAs/GaAs/AlGaAs quantum well with organic layer situated on top. Crucial
factor in this device lies in the barrier thickess. Usually the barriers need to be
atleast twice the thickness of the QW itself. If the barrier is not thick enough, the
quantum confinement is not strong enough and tunneling of the electron out from
the QW could occur. However, if the barrier is too thick, the coupling between the
organic layer and the QW will not be sufficiently strong, since the energy transfer
between a QW and a molecule has the characteristic R=* distance dependency. But
with the developed passivation technique this problem might hopefully be circum-
vented, since it allows the fabrication of even thinner barriers exhibiting the same
quantum confinement as the thicker counterparts.

The results from the passivation could be still investigated more thoroughly by scan-
ning tunneling microscope (STM) or photoelectron spectroscopy (XPS). Especially,
XPS could yield additional information about the bonding strenghts between the
thiol and the Ga/As atoms. With the help of STM the pyridine molecules could be
identified on top the surface. This could be used to identify the surface topography
with an atomic resolution. In addition, the deposition of a Zn tetrapyrroles on to
the functionalized surface appears to be intesting possibility, since the functionalized
surface offers the possibility to deposit a monolayer of target molecules on top of
the substrate. Therefore, this possibility will most likely be tested in future.

The fluorescence studies of the polymer-dye complexes could also be judged suc-
cesfull. With the help of supramolecular design, the optical properties of the chro-
mophores can be drastically improved when compared to pure Zn tetrapyrrole ag-
gregates. Hence, polymer-dye complexes seem to be the most prominent candi-
date in creating sufficient fluorescence in solid state. Furthermore, when comparing
P4VP and PMMA with each other, P4VP is a much better host material for Zn
tetrapyrroles. The underlying reason for this difference most probably lies in the
efficient ligation between central metal and pyridine, which reduces the aggregation
of the molecules.

PMMA is the most commonly used host material in solid state lasers and the rho-
damine family molecules are the most employed fluorophores. However, as stated
earlier the used dye concentrations are very small in comparison to the results ob-
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tained in this thesis. Therefore, Zn tetrapyrroles and P4VP could offer new in-
teresting possibilities in this area. In addition, the used Zn tetrapyrroles exhibit
an ideal three-state system behaviour reducing the reabsorbtion effects present in
rhodamine dyes. Furthermore, with a relative small modifications to the molecule
the lasing wavelength can be changed offering the possibility for tailorability in the
laser application. Finally, the fabrication process, i.e., spin coating of the material
on top of the substrate, is ideal for distributed feedback (DFB) lasers.

The pure aggregates exhibit peculiar and interesting properties, e.g., self-assembly in
larger supramolecular structures. These kind of assemblies could posses very rapid
conduction mechanisms or even charge transfer as in their natural counterparts.
In addition, combining these photosynthetic pigments with plasmonics could offer
new sensor possibilities or waveguides. However, to monitor these effects requires a
specilized tool, such as scanning near-field optical microscope (SNOM).

The results presented in this thesis will most likely be published in a peer reviewed
journal, especially the work done with the fluorescent polymer-dye complexes. Next
goal is to fabricate a proof of concept laser utilizing the earlier discussed benefits.
The final aim of this reseach project is to developing a device, capable of collecting
the excitation energy of the chromophores and transform it to electricity.
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A Derivation of the matrix element in the Fermi’s
Golden Rule

The one photon parts can be calculated using formulas 4.24, 4.25, 4.28, 4.33 and
since (D] (D) |D) =0 and (A| i(A)|A) = 0, we obtain for ¢ =1
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where a following notation has been used

pti(A) = (AT (A) |A), (D) = (DI(D)|D") . (A.3)
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When the complete state vectors of D and A containing electronic and sublevels
from equations 4.26 and 4.27 are inserted to the above equations

pN(D) = (Dal i(D) DAY (5105 = 1p (05|05 (A4)
PN A) = (A5 (A [Aa) (0D057) = pa (02105 (A.5)

where, the dipole operators are assumed not to depend on the vibrational degrees
according to the Frank-Condon principle, u4 and pup being the proper electronic
parts of the transition matrix. The one photon states corresponding to value ¢ = 2
are calculated in similar fashion, and they are

hek \ '/ o
<F’ Hmt |M2 = —ZZ (QEOV) ,U?ﬂl(D)@j’k,)\e ik-Rp (A6)
. hek \ ' full kR
(Ms| Hine |1) = zz (260V> pt (A)e;k)\el ‘Ra (A.7)
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When these one photon states are plugged back to the equation 4.31 we obtain

o fu ik fu fu —ik-
(1Y) = g S s (“z MDA D) (A)e kR) |

K-k -K -k
(A.8)

where R = Ra — Rp is the separation vector of A and D. The wave-vector and
polarization summations can be calculated by the techniques developed in [65]. The
wave-vector sum can be transformed into integral by extending the quantization

volume -
v Z / 2r) 9.3 (A.9)

where fv is shorthand notation for fooo fQ The polarization sum can be expressed
as

Z éi,k,/\é;k}\ = 0;; — Ez/;] ) (A.10)
A
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where k = k/k is the unit vector along k. Now (F|V |I} can be written
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where G(K, R) is the Green’s function
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which can be solved by residue theorem, as in [65,70]. Calculation of the Green’s
function yields

G(K,R) = —%eiKR. (A.17)
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Completing the vector calculus in A.15 results in an expression

(FIV[I) = u* (D) Vi (K, R)p; (A)
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