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ABSTRACT

FLUORESCENCE DYNAMICS OF DYE-DYE AND
DYE-NANOSTRUCTURES INTERACTIONS

The decay dynamics of (Boradiazaindacene) BODIPY dye molecules embed-
ded in Porous silicon (PSi) nanostructures produced by electrochemical anodization of
p-type silicon wafers in an HF solution are investigated using time-resolved lifetime
measurements. [llumination light and resistivity effects on the growth mechanism of
the PSi are studied. Coherence is observed to be the foundation of regularity in obtain-
ing conical shapes and the pillar size is almost linearly proportional to the illumination
wavelength. Moreover, high resistivity of silicon wafer considerably changes the surface
topography of the PSi and silicon nanospheres are obtained instead of nanopillars. The
decay rate of the BODIPY embedded in the vicinity of various size pillar tips is affected
due to different apex angles of the conical nature. Interaction between BODIPY and
nanospheres is explained using confocal FLIM technique. It is observed that there is
an efficient energy transfer mechanism between BODIPY and PSi. Energy transfer ef-
ficiency strongly depends on the thickness of the silicon dioxide layer covering the PSi.
As oxidation increases, energy transfer rate decreases. This change in energy transfer
rate seems to obey NSET mechanism, which allows us to obtain a three dimensional
topographic map of the developed oxide layer on the rough and complicated surface of
a PSi nanostructure. Finally, interaction between BODIPY dye molecules, which are
covalently bound to a PEG based hydrogel is also studied. Since the hydrogel struc-
ture is capable of absorbing a large amount of water, without dissolving and losing its
shape, upon swelling, the distance between the BODIPY dyes is controllably changed;
it is observed that the fluorescence lifetime of BODIPY increases. The decay dynamics
of the BODIPY dye molecules confined within a hydrogel cluster obeys FRET rather

than self (or contact) quenching.



OZET

BOYA MOLEKULLERININ BIRBIRLERIYLE VE
NANOYAPILARLA ETKILESIMLERININ ISIMA
DINAMIGI

Elektrokimyasal anodizasyon metodu ile hazirlanan Gozenekli silikon (PSi) nano
yapilar iizerine yerlegtirilen BODIPY boya molekiillerinin 1sima karakterleri zaman
ayrimli  yariomir oOl¢iimleri yapilarak incelenmistir. Aydinlatma 15181 ve silikon lev-
hanin diren¢ degerinin PSi olugmasi tzerindeki etkileri aragtirilmistir. Eg fazh 151k
kaynagi kullanildigi zaman diizenli konik yapilarin olustugu ve nano boyuttaki bu
yapilarin biiytikliigiiniin 151k kaynaginin dalgaboyu ile orantili oldugu gézlemlenmistir.
Ayrica, yliksek direng degerine sahip olan silikon levha kullanildiginda, PSi yiizeyinde
olusan yapilarin karakteri degismis ve konik tepeler yerine nano boyutta kiireler elde
edilmigtir. Nano tepeciklere yerlestirilen boya molekiillerinin ig1ma orani, konik yapilarin
tepe acilarina bagh olarak degisir. BODIPY ve kiire seklindeki nano yapilar arasindaki
etkilegim ise konfokal FLIM teknigi ile incelenmistir. BODIPY ve nano yapilar arasinda
enerji tranferinin s6z konusu oldugu ve transfer miktarinin PSi yiizey iizerinde olusan
silikon dioksit tabakasinin kalinligina bagli oldugu gozlemlenmigtir. Oksit tabakasinin
kalinligr arttikca, enerji transfer miktar1 ise giderek azalmaktadir. Enerji trans-
fer oran1 NSET modeli kullanilarak hesaplanabilir ve boylece PSi yiizey iizerinde
olugan oksit tabakasinin ii¢ boyutlu haritasi elde edilmis olur. Son olarak, hydro-
gel icerisine kovalent baglarla baglanan BODIPY molekiilleri arasindaki etkilegsim in-
celenmigtir. Hydrogel ¢oziinmeden ve yapisal degisime ugramadan igine su alabilme
ve gisme Ozelligine sahip oldugundan, boya molekiilleri arasindaki mesafe kontrollii bir
sekilde degistirilebilir. Sigme sonucunda boya molekiillerinin 1gima yariomiirleri ar-
tar. Hydrogel igine yerlegtirilen BODIPY boya molekiillerinin 1gima karakteri boya

konsantrasyonuna bagh sonmeden daha ¢cok FRET teorisine uymaktadir.
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1. INTRODUCTION

Photoluminescence (PL) has emerged as an important tool for studying the op-
tical and electronic properties of solid state materials suited for optoelectronic ap-
plications. PL-experiments provide relatively direct information about recombination
and relaxation processes. In general, these experiments are useful for the investiga-
tion of the electronic properties of the excited state and offer several advantages over
other optical techniques. Moreover, PL is the foundation of all light technologies, from
lasers to LEDs, detectors and sensors. Tailoring PL. becomes very important in nano-
technology; for example, quantum switching is a phenomenon that is based on inhibi-
tion or enhancement of PL emission rate. Therefore, interaction of dye-nanostructures
and dye-dye molecules have an important potential to be studied as basic research

science and engineering applications are concerned.

Silicon has a very special place amongst all in semiconductor technology due to
its unique intrinsic properties for device processing as well as being an excellent sub-
strate for silicon and non-silicon appliances. Since the discovery of photoluminescence
from porous silicon at room temperature by Canham [1], porous silicon (PSi) nanos-
tructures have been widely used to design silicon-based optoelectronic devices. The
surface morphology of the PSi layer can be modified during the electrochemical an-
odization process by changing the current density, HF concentration, wafer type (n or
p), wafer resistivity and illumination light source properties. Obtained PSi network
can be a solid-state host matrix for some organic dyes and these dye-PSi composites
have an important role in producing laser materials, solar cells and optical waveguides
[2, 3]. Although excitation mechanism of the dye-PSi nanocomposites has not yet been
clarified, the steady state photoluminescence (PL) intensity and polarization memory
studies have been shown that the PL properties of nanocomposites can be explained

with an energy transfer mechanism [4].

Recently, it has been demonstrated that the PL intensity of the fluorescent dye

molecules embedded in PSi nanostructures depends on the oxidation level of the porous



silicon [5]. When fluorescent dye molecules are attached to freshly etched PSi nanos-
tructure, fluorescence of these molecules is completely quenched due to physical contact
between dye and silicon surfaces. After the oxidation process, SiO layer insulates the
dye from quenching PSi matrix and consequently turns on fluorescence of the dye
[6]; hence, the excitation energy transfer occurs from PSi nanostructures to the dye
molecules. The size of the oxidized PSi layer defines the nature of the photonic prop-
erties of the material in concern. However, to our knowledge, the dynamics of this
fluorescence mechanism of the dye-Si0O, interaction in a porous silicon nanostructure

has not yet been satisfactorily studied in the scientific literature.

Oxidation is an inevitable natural process for porous silicon substrates. The
thickness of the oxide layer can be effective on the processing and use of the optoelec-
tronic devices produced from the PSi technology. For example, the photo-conversion
efficiency of photodedectors and solar cells strongly depends on the oxidation rate of
PSi [7]. Oxidation of the PSi layer improves the electrical performance of sensors, in
terms of stability, recovery time, and interference with the relative humidity level [8].
Moreover, optical loss reduction in PSi waveguides depends on the thickness of the
oxide layer [9]. Oxidation behavior of the PSi can be analyzed with infrared IR spec-
troscopy or transmission FTIR spectroscopy [10, 11]. All these techniques measure the
thickness of the oxide layer at a single point, preferably, on a flat surface or substrate;
whereas here in this work, the depth and the entire topography of the porous silicon

oxide layer is obtained with NSET based FLIM technique.

Fluorescence lifetime imaging microscopy (FLIM) is a powerful technique for ob-
servation of biological material such as proteins, lipids, nucleic acids and ions in tissue
and cell research areas. In contrast to traditional imaging methods based on fluores-
cence intensity, FLIM provides contrast according to the fluorescence decay time. The
fluorescence decay time does not change on intensity variations, and therefore lifetime
measurements are not dependent on the local concentration of fluorophores, bleaching,
the optical path of the microscope, the local excitation light intensity, or on the local
luminescence detection efficiency [12]. Also, the fluorescence decay time for aromatic

molecules usually depends usefully on the intrinsic characteristics of the fluorophore



and local environment the local viscosity, pH, or refractive index as well as interactions
with other molecules, such as collisional or energy transfer quenching. Therefore, FLIM
method has the ability to remotely monitor the local environment of a molecular probe

in a manner independent of fluorescence intensity of local concentration [13].

FRET technique is mostly employed in the area of biochemistry, medicine and
sensing applications. It is used to study molecular interactions as well as imaging gene
expressions inside a living cell [14]. The location of the fluorescent drugs in proteins,
DNA, polymers, lipid bilayers can be easily determined through the FRET microscopy
method [15]. This powerful technique is also used in photodynamic theory for cancer
treatment [16]. Moreover, there are lots of studies in order to detect the protein-
protein interactions and to determine kinematics of conformational changes in nucleic
acids [17]. For example, strong distance dependence of the FRET efficiency allows
construction of highly sensitive sensors. Some of these developed devices are those of
pentose and disaccharide accumulation sensors in bacteria, protein, DNA and glucose
[18]. The wide-spread and most important application of FRET technique is its use as
a spectroscopic ruler. It is possible to measure the distance (from 1 nm up to 10 nm)
that separates a donor and an acceptor fluorophore pair in a protein, polyprolines, or

in a polymer [19].

Hydrogels play an important role in biomedical applications such as drug delivery
systems due to their high water content and low interfacial tension with the surround-
ing biological environment [20]. Generally, drug gets trapped in the hydrogel during
polymerization process. When this hydrogel is immersed in water, release occurs by
outflow of drug from the hydrogel and inflow of water to the hydrogel [21]. Because
the water uptake value of hydrogel directly depends on crosslink density and confor-
mation of the clusters in the hydrogel network, drug release rate can be modulated
by changing these parameters. Hydrogel network used as host in our experiments is a
hydrophilic structure, and therefore the distance between the bodipy dye molecules is
controllably adjusted without deforming the network. Understanding the displacement
of entrapped molecules within the hydrogel matrix due to swelling allows one to probe

the stimuli responsiveness of such systems.



This study consists of four chapters. The first chapter provides an introduction
to why the time resolved photoluminescence experiments are important in nano-science
researches and summarizes the reason behind the interaction between silicon nanos-
tructures and dye molecules; and why hydrogel network is suitable to investigate energy

transfer mechanism between two BODIPY dye molecules.

The second chapter of this thesis is devoted to a brief review of the spontaneous
emission and the fluorescence lifetime of a dye molecule. Besides single point life-
time measurements, fluorescence lifetime imaging microscopy (FLIM) method is also
explained. In addition, this chapter gives some basic information about fluorescence

quenching, Nano surface energy transfer (NSET) and Forster resonance energy transfer

(FRET) mechanisms.

The third chapter contains three different sections. In the first section, the in-
teraction between BODIPY dye molecule and silicon nanopillars are investigated by
means of time-resolved lifetime measurements. Silicon nanopillars are grown by an
electrochemical anodization of p-type silicon wafers at low current densities in a hy-
drofluoric acid solution. Continuous wave (CW), white light and various UV pulsed
lasers are employed as illumination sources in sample preparation to study wavelength
and coherence effects on the growth mechanism of the nanopillars. Coherence is ob-
served to be the foundation of regularity in obtaining conical shapes. The pillar size
is found to be almost linearly proportional to the employed illumination wavelength
during their growth. BODIPY dye molecules are chemically attached to these silicon
nanopillars and the radiative decay rates are investigated by means of a time-resolved
fluorescence experiment. The decay rate of the dye molecules embedded in the vicinity
of various size pillar tips is significantly affected due to different apex angles of the
conical nature. It is demonstrated that the pillar size and the separation between pil-
lars can be adjusted if one uses a coherent light source with an appropriate wavelength
during the course of fabrication process. It is observed that as the pillar size gets
smaller, the inhibition in the spontaneous lifetime of BODIPY is more pronounced.
In addition, a more regular pillar structure yields non-varying decay rates of the dye

molecules throughout the silicon sample. In the second section, the effect of the SiO,



layer’s thickness on the dye-PSi interaction and energy transfer rate are investigated
by means of time resolved lifetime measurements. Boradiazaindacene (BODIPY) is
used as a fluorescent dye molecule and it is embedded in PSi nanostructure, which is
produced by an electrochemical etching of p-type silicon wafer in an HF solution. It
is observed that interaction between the dye molecules (donors) and silicon nanostruc-
tures (acceptors) is a distance dependent mechanism. When the separation between
the silicon nanostructure and BODIPY dye molecule (that is, the thickness of SiO
layer) increases, the lifetime of BODIPY dye molecules increases and, hence, the en-
ergy transfer rate decreases. This mechanism satisfies the necessary condition for Nano
Surface Energy Transfer (NSET) model. The oxide layer’s topography of the porous
silicon material is therefore easily obtained with the Fluorescence Lifetime Imaging Mi-
croscopy (FLIM) measurements together with NSET calculations. In the last section,
the fluorescence dynamics of interaction between two BODIPY dye molecules within
a chemically cross-linked three dimensional hydrogel network is studied. BODIPY dye
molecules are covalently bound to the PEG-based hydrogel two different concentrations;
highly concentrated and dilute. When the number of BODIPY azide dye molecules
is increased within a cluster of a hydrogel, fluorescence intensity drastically decreases.
Moreover, the intensity weighted fluorescence lifetime of the concentrated BODIPY
dye molecules increases more than threefold upon exposing the hydrogel structure to
water swelling. It is observed that FRET is the predominant mechanism and efficiency
of the energy transfer is strongly sensitive to the distance between the donor and ac-
ceptor. If the hydrogel is dry, in which the distance between donors and acceptors is
minimum, the energy transfer efficiency is found to be about 72%, and the distance
between the two dye molecules is calculated to be 4.59 nm. As the separation increases
upon hydrogel swelling, the FRET efficiency reduces to 2%, which corresponds to a
separation of 10 nm between two bodipy dyes and hence a considerable increase in the
level of fluorescence intensity. For the dilute hydrogel samples, the distance between
the dye molecules is larger than the critical Forster distance. Therefore, the energy

transfer efficiency for this type of dilute samples is found to be much lower.

The last chapter focuses on the brief history of this work, followed with the future

promises and recommendations.



2. REVIEW

Spontaneous emission or fluorescence is the process by which an atom in an ex-
cited state undergoes a transition to the ground state and the energy difference between
the states transfers to a photon or a waveguide mode. There are three different decay
mechanisms, which occur under emission of light; radiative, guided and nonradiative
[22]. In the radiative decaying process, the excitation energy is converted to a pho-
ton, which may escape away from the surrounding body. If the excitation energy is
transferred to a photon that is localized inside the body, guided decay rate changes.
Finally, nonradiative decay rate becomes effective for those dielectrics which have a
complex dielectric permittivity. In which case, excitation energy transforms to the

thermal heating as Joule loss.

v = ,yR =+ ,YNR + ,yGuided (21)

N Guided

where v# is the radiative decay rate, vV# is the nonradiative decay rate and
is the guided decay rate. In spontaneous emission, a molecule in the excited state can
emit a quantum of radiation and undergoes |2 >— |1 > transition. |2 > is the excited
state and |1 > is the ground state. This is due to the coupling of the atomic electron
to the electromagnetic field in its vacuum state. Such a spontaneous transition rate is

given by Fermi Golden rule. In Equation 2.2, As; is Einstein coefficient and inverse of

it is defined as the fluorescence lifetime.

1 2 - )
An = — = 22 S Heol) oy =) (22)
f

The rate of the spontaneous emission could be altered or controlled by the modi-
fication of the electromagnetic vacuum field that leads to inhibition or enhancement in
the emission rate properties of molecules. Nonradiative decay rate could be modified

by quenching or Forster resonant energy transfer (FRET), whereas the radiative decay



rate is not affected by either quenching or FRET [23]. One way of controlling the ra-
diative decay rate of a spontaneously emitted photon from a dye molecule is to embed
it in the vicinity of a dielectric surface. The changes of the chemical (or photonic)

environment of the dye molecule can lead to large effects on the fluorescence lifetime.
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Figure 2.1. The spontaneous emission energy band diagram.

Molecular lifetime and fluorescence yield of an excited molecule strongly depend
on the size of the body surrounding it. In the scientific literature, studies on the spec-
troscopic characteristics of an atom in the vicinity of a body are divided into two parts
with respect to its size. If the dimensions of the body are larger than or compara-
ble to the radiation wavelength, the spontaneous emission rate of the atom changes
considerably due to resonant modes (whispering gallery modes) [24]. However, in the
case of nanobodies, whose dimensions are much smaller than the radiation wavelength,
surface curvature and quadruple transitions as well as the plasmon resonances become

effective on the spontaneous decaying rates (see Figure 2.2).
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Figure 2.2. The modification of the spontaneous emission rate.



The problem of radiative and nonradiative decay rates of a molecule in the pres-
ence of various dielectric nanobodies like spheroidal, cylindrical and pillar has been
studied considerably over the past few decades. The most important question about
this phenomenon to answer is to find an expressive relationship between the geometri-
cal properties of the dielectric nanobody in concern and the decay rates. Carminati et
al. [25] has successfully derived an analytical procedure to explain the distance depen-
dence of the radiative and nonradiative decay rates for spheroidal dielectric nanobod-
ies, which demonstrates that the nonradiative decay rate follows an R~% dependence
at short range; where R is the distance between the emitter and the center of the
nanoparticle. However, the distance dependence of the radiative is more complicated.
The radiative decay rate exhibits both R~3 and R~% dependencies. The R~% contri-
bution dominates at the plasmon resonance. Dielectric optical nanofibers and carbon
nanotubes are important examples of the cylindrical nanocavities. The influence of
such a cylindrical geometry is investigated either for an atom being confined inside or

planted outside the cavity [26].

The nonradiative decay rate of spontaneous emission of a dye molecule is also
affected by quenching or energy transfer mechanisms such as FRET and NSET. FRET
involves interaction between the electric fields of the transition dipole of donor and
acceptor molecules. As a result of dipole dipole interaction, the excitation energy of the
donor molecule is transferred to the acceptor. While the donor molecule is a fluorescent
molecule, the acceptor can be a fluorescent molecule or non-fluorescent nanoparticle.
Due to energy transfer efficiency depends on the distance between the donor and the
acceptor, FRET process could be used as a ‘spectroscopic ruler’ to determine the
distance between two fluorophores. In the nano surface energy transfer (NSET) process,
energy transfer flows from a donor molecule to a nanoparticle (NP) surface at a much
slower decay rate than the dipole-dipole energy transfer in FRET, with a R~* distance
dependence. While NSET is similar to FRET, in that the interaction is dipole-dipole in
nature, it is geometrically different from FRET because an acceptor NP has a surface
and an isotropic distribution of dipole vectors to accept energy from the donor, leading
to a dipole-surface resonance mechanism [27]. The NSET nanoruler represents the next

leap forward to monitor structural components within living cell membranes.



2.1. Fluorescence Lifetime or Decay Time

The fluorescence lifetime is defined by the average time a molecule spends in
the excited state prior to return to the ground state. Consider a population of n(0)
molecules, excited by an impulse at time ¢ = 0; the number of molecules remaining in

the excited state will decay as

am_ 2.
dt (77’ + P)/n'f’>n7 ( 3)

which has a solution of the form,
n(t) = n(0)e”Ortrmnlt, (2.4)

where n(t) is the number of molecules in the excited state and n(0) is the initial number
of molecules. Equation 2.4 may be rewritten in terms of the fluorescence lifetime, 7,

defined as the inverse sum of the decay rates:

T = (%" + 7nr)_1 (25)

n(t) = n(0)e . (2.6)

In order to show that the lifetime is the average amount of time between the absorb-
tion and emission of the fluorophore, we must calculate the average time, < ¢t >, in the

excited state. It can be found by averaging t over the intensity decay of the fluorophore:

Jo tIt)dt [ texp(—t/T)dt

0

[ Iadt [ exp(—t/T)dt

<t>=

The denominator is equal to 7 and the numerator is equal to 72. Hence the lifetime



10

equals the average time for a single exponential decay: <t >= 7.

Generally fluorescence lifetime measurements are categorized into either steady-
state or time resolved measurements. Steady-state measurements are most commonly
performed due to their simplicity and the use of inexpensive equipment, unlike that
necessary for more complex time-resolved measurements. Steady-state measurements
are performed through the continuous excitation of a sample, followed by recording
an excitation or emission spectrum. Therefore, they represent an average of the time
resolved phenomena. The sample attains a steady state virtually instantaneously due
to the nanosecond time scale of fluorescence. The fluorescence intensity decay of a
sample, following a short pulse of excitation light, is measured using time-resolved

techniques, typically performed on the nanosecond timescale.

2.1.1. Frequency-domain Fluorescence Lifetime Measurements

The frequency-domain approach utilizes sinusoidal modulation of the excitation
light source (obtained from pulsed or modulated laser systems), and lifetimes are de-
termined from the phase shift and demodulation depth of the fluorescence emission
signal. The emission occurs at the same frequency as the excitation. Because of the
loss of electron energy (Stokes shift) between excitation and emission, the emission
waveform is demodulated and phase-shifted in comparison to the excitation. Thus
the demodulation ratio (Mpg) and phase angle shift (¢) constitute two separate ob-
servable parameters that are both directly related, via a Fourier transformation, to
the initial fluorescence intensity, and lifetime, 7, for a population of fluorophores. In

frequency-domain the phase angle shift is described by:

tang = wr. (2.8)

The demodulations of the excitation (Mg) and the emission (Mp) are given by:
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where AC' is the average alternate component of the signal that is the value peak to

valley of the signal and DC' is the average value of direct component of the signal.

Mp = (g_g)EM (2.10)

The relative modulation, M, of the emission is then:

(55) Bu

BEVEX

7 can also be determined from M according to the relation:

M=—= (2.12)

Excitation E{t)

l Emission F(t)

‘

Intensity

Time

Figure 2.3. The frequency-domain lifetime measurements.

The intensity of the fluorescence is proportional to the amount of the radiation
from the excitation source that is absorbed and the quantum yield for fluorescence.
The intensity of fluorescence increases with an increase in quantum efficiency, incident
power of the excitation source and concentration of the fluorescing species. However, as

the fluorescence lifetime is an intrinsic property of the excited state of the fluorophore,
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the fluorescence lifetime is independent of the concentration of the fluorescing species
and the incident power of the excitation source. The use of fluorescence intensity to
provide spatial quantification of samples is severely hampered by effects such as ra-
diation scattering, optical aberrations, inhomogeneous excitation, photon pathlength,
collection efficiency and autofluorescence. Therefore, fluorescence lifetime measure-
ments can be a powerful means to provide quantification of samples due to inherent
insensitivity to instrumental variations, photobleaching, autofluorescence and scattered

light.

2.1.2. Time-domain Fluorescence Lifetime Measurements

In the time-domain method, the sample is illuminated with a short pulse of light
and the intensity of the emission versus time is recorded. This usually occurs on the
nanosecond time scale. If the decay is a single exponential and the lifetime is long
compared to the exciting light, then the lifetime can be determined directly from the
slope of the curve. If the lifetime and the excitation pulse width are comparable, some

type of deconvolution method must be used to extract the lifetime.

1.00

Exciting Pulse

Fluorescence

Intensity

e

T Time

Figure 2.4. The time-domain lifetime measurements.
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Time-domain measurements are based on the assumption that, when photons
are absorbed, the molecules can be excited in an infinitely brief moment. This idea is
commonly known as the delta or J-pulse. The d-pulse idea is used to interpret data
obtained with real pulsed light sources with measurable pulse-widths. In practice, the
time-dependent profile of the light-pulse is reconvolved with the decay-law function.
Reconvolution assumes that the d-pulses are continuous functions, so that the observed
decay is the convolution integral of the decays from all d-pulses initiated during the

finite pulse-width.

Very few studies have been undertaken to compare the two methods of lifetime
determination. It is indicated that the time-domain method was better suited to mea-
surements made at low intensities, while the frequency-domain method was better when
the measured luminescent intensity was high [28]. However, the signal-to-noise ratio
(SNR) of the time-domain method was severely limited by saturation of the detector
at high intensity values. A more general comparison that focuses on nonimaging ap-
plications requires the use of the same detectors so that differences in saturation are

not an issue.

2.2. Fluoescence Quantum Yield

The efficiency of fluorescence can be expressed by the fluorescence quantum yield,
®, which is the fraction of excited molecules returning to the ground state by fluores-
cence

o Number of photons emitted
F

= : 2.13

Number of photons absorbed ( )
The quantum yield can range from 1, when every molecule in an excited state undergoes
fluorescence, to 0 when fluorescence does not occur. The fluorescence quantum yield,

®p, can be related to the fluorescence lifetime by

kr

N
F .
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Therefore the fluorescence lifetime, 77 (or the fluorescence decay rate kr), is a
measure of the fluorescence quantum yield, ®r. The rate constant for the radiative
decay processes, kg, is essentially constant for a particular fluorophore as it is a conse-
quence of the intrinsic electronic properties of the molecule. Therefore the fluorescence
lifetime is sensitive to changes in the nonradiative decay pathways. A subsequent in-
crease in nonradiative decay rates will reduce the fluorescence lifetime. These effects
make the fluorescence lifetime extremely sensitive to the molecular environment sur-
rounding the fluorophore. Indeed, it is this aspect which has been exploited within
this thesis to probe microenvironmental changes such as solvent composition and fluid
temperature to investigate and spatially map fluid mixing and temperature within mi-
crofluidic devices. Fluorescence techniques can be used to investigate numerous other
parameters that affect the microenvironment surrounding a molecule, including viscos-

ity, temperature, polarity, presence of quenchers, pH and pressure.

2.3. Fluorescence Quenching

Fluorescence quenching refers to any process that decreases the fluorescence in-
tensity of a sample. Quenching experiments can be used to determine the accessibility
of quencher to a fluorophore [29], monitor conformational changes [30], monitor asso-
ciation reactions of the fluorescence of one of the reactants changes upon binding [31].
Quenching studies may allow isolation of signals from different fluorophores. They
may also allow characterization of conformational changes that alter the accessibility
of the fluorophore to the quenching agent. In quenching experiments with proteins,
the quenching agent may interact with the protein in ways that alter the protein struc-
ture or that affect the degree of quenching observed. One method for examining this
is the use of several quenchers with different properties. Commonly used quenchers
include iodide, which is negatively charged, cesium, which is positively charged, and
acrylamide, which is neutral. Cesium is a fairly poor quencher due to its low quenching

efficiency. Acrylamide, due to its non-polar character, tends to exhibit static quenching.

There are two basic types of quenching: static and dynamic (collisional). Both

types require an interaction between the fluorophore and quencher.
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2.3.1. Static Quenching

Static quenching arises when the quencher (Q) forms a stable complex with the
fluorophore (F) in the ground state and this complex is inherently non-fluorescent (see
Figure 2.5a). After the non-fluorescent complex formation, both the excitation and the
emission spectra of fluorophore change. Moreover, static quenching results in reduction

in the fluorescence intensity of fluorophore.

n ©
@ @5) -/) Fluorophore F,/F
g @ @

® ¢ ©

—\> Mon-fluorescent complex

Q)
(a) (b)

Figure 2.5. In static quenching, (a) Non-fluorescent complex formation, (b) Stern

Volmer relation.

In most steady-state fluorescence quenching experiments, data is initially pre-
sented in the form of Stern-Volmer plots where the quenching efficiency is related
to the total quencher concentration. The Stern-Volmer equation does not contain a
variable for the fluorophore concentration and suggests that fluorescence quenching is

independent of the fluorophore concentration. The Stern-Volmer relation is given by

32]:
F
2 =14 Ks[Q). (2.15)
F

In Equation 2.15, the quencher concentration is [@Q], the Stern-Volmer constant is Ky, Fj

is the measured fluorescence intensity without quencher present, and F' is the measured

fluorescence intensity with [Q)] present. After plotting Fy/F against [Q], the slope can
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be determined to give the value of K, the Stern-Volmer constant. In Figure 2.5b, it is
obvious that there is a linear relation between fluorescence intensity and the quencher
concentration. Generally, a more sensitive system will have a steeper slope and, as a
result, a higher K value. Due to complexation occurs in the ground state between the
quenching species and the fluorophore, the fluorescence lifetime of the fluorophore does
not change during the static quenching process. Therefore, uncomplexed fluorophores

emit normally with the same lifetime and 75/7 = 1.

2.3.2. Dynamic Quenching

In dynamic quenching, quencher diffuses to the fluorophore during the lifetime
of the excited state and the fluorophore returns to the ground state without emission
of a photon. Most importantly, the dynamic character of the this quenching process
was demonstrated by the parallel decrease of the fluorescence intensity and lifetime.
Moreover, dynamic quenching mechanism does not affect the absorption spectrum of

the fluorophore.

[Q]

Figure 2.6. The Stern Volmer relation for dynamic quenching.

Dynamic quenching of fluorescence is described by the Stern-Volmer equation

32]:

% =1+ k,n[Q] = 1+ KplQ) (2.16)
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where Fy and F are the fluorescence intensities in the absence and the presence of
quencher, respectively; k, is the bimolecular quenching constant; 7 is the fluorescence
lifetime of the fluorophore in the absence of quencher, and [Q)] is the concentration of
quenchers. When quenching datas are presented as plots of plots Fy/F versus [(Q)], the
slope of obtained line gives the Stern-Volmer quenching constant Kp which depends

on the fluorescence lifetime of fluorophore Kp = k,m (see Figure 2.6).

2.4. Nano Surface Energy Transfer (NSET)

In the very short distance regime, nonradiative energy transfer from the electronic
excited state to the metal or semiconductor plays a very important role in lifetime inhi-
bition or enhancement. The longitudinal coulomb field of the dipole is much stronger
than the radiative field at the dipole site, and when this field penetrates nano sur-
face, absorption of the dipole field is high. This nonradiative decay mechanism was

apparently first discussed by Kuhn [33].

In NSET model, the energy transfer efficiency depends on the inverse of fourth
power of the donor-acceptor separation. Nano surface energy transfer (NSET) tech-
nique is based on the model of Persson and Lang which is concerned with the momen-
tum and energy conservation in the dipole-induced formation of electron-hole pairs.
The rate of energy transfer can be calculated by performing a Fermi golden rule calcu-
lation for an excited-state molecule depopulating with the simultaneous scattering of

an electron in the nearby metal or semiconductor to above the Fermi level [34].

In the Persson model [35], the damping rate of the vibration due to excitation
of electron-hole pairs in the metal is calculated. The metal conduction electrons are
assumed to move in a semi-infinite positive background obtained by smearing out
the positive metal-ion cores (see Figure 2.7). The vibration frequency of the dipole
() assumes that much smaller than the plasma frequency, w,, of the metal. Since
() << w,, the metal conduction electrons can almost respond adiabatically to the slowly

varying external field and thus almost adjust to the instantaneous static configuration.
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Figure 2.7. Schematic representation of the density distributions.

The damping rate 1/7, the rate at which the vibrationally excited state (n = 1)
decays to its vibrational ground state (n = 0) while an electron is scattered from a level
k below the Fermi surface (k < kp) to a level ¥ above the Fermi surface (K > k),

can be obtained from the golden-rule formula:

% _ 2% Bl dH i, (1—n) x| < Fom = 0| fn = 1> [2x 6(ew—ep— Q) (2.17)
where
H = eﬁgdz‘pole(f) (2~18)
and
me=| ik <ke (2.19)
0 if k> kp

Persson and Lang derived the energy transfer expression for coupling of the
excited-state dipole (donor) to a nano metal surface (acceptor), predicting that the
localization of the electric field oscillation at a thin layer leads to an energy transfer
distance dependence that follows R~*, where R is the separation distance between

donor and acceptor. According to the NSET model, the rate of energy transfer is given
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3
C (I)dye

knspr = 0.225

2.20
wdyekaFd4 Tdye ( )
where c¢ is the speed of light, ®4, is the quantum yield of the donor dye molecule,
Waye is the angular frequency for the donor dye, wp is the angular Fermi frequency for
metal or semiconductor nano surface and kr is the Fermi wave vector for for metal or

semiconductor nano surface. In the NSET model, the characteristics distance length

(dp) is defined as:

B 0.225c3<1>0,ye)1 3

do = (2.21)

U}?lyewpk’p
When the distance between the donor dye and acceptor nanosurface equals to the
characteristics distance length (dy), dye molecules will display equal probabilities for
energy transfer and spontaneous emission. The energy transfer rate kysgr can be

rewritten using Equation 2.21 and it becomes

bvser = () (2" (2.22)

The efficiency of energy transfer (E) for steady-state PL quenching can be related
to the intensity efficiency, F(I)

E(I)=1-(+) (2.23)

or to the efficiency of energy transfer for quenching of the excited-state donor lifetime

E(7), and this relationship can be written as:

E(r)=1- (T_o) (2.24)

A generic form of the efficiency of energy transfer allows the distance of separation
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between the donor and acceptor (d) and dy value to be solved, leading to a power law

distance dependence where [36]

E=—" (2.25)
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NSET process is an useful spectroscopic ruler for long distance measurement
which will help to understand the large scale conformational dynamics of complex

biomolecules in macroscopic detail.

2.5. Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescence Lifetime Imaging Microscopy (FLIM) has the advantage of provid-
ing two dimensional maps of the fluorescence lifetime with high spatial and temporal
resolution. Importantly, FLIM measurements are independent of probe concentration
and photobleaching. FLIM also provides the opportunity to study the dynamics of
the environment (i.e. “rigidity” or “fluidity”) surrounding the fluorophores using time
resolved emission anisotropy and can be used to generate information about the kinet-
ics and degree of interaction of cellular constituents on a molecular scale using energy

transfer theories.

FLIM is advantageous for complex environments such as tissue because fluo-
rophore lifetimes are independent of fluorescence intensity and thus independent of the
effects of absorption and scattering. FLIM microscopy provides a sensitive means of
acquiring information about the molecular organization of DNA and RNA. Moreover,
FLIM represents a key optical technique for imaging proteins and protein interaction
in vivo. FLIM offers a wide variety of genetically expressible fluorescent biosensors,
e.g. for the detection of ion concentration, pH, molecular oxygen, proteolytic and chap-
erone activity, and ubiquitination, many of which can be quantitatively detected by
fluorescence lifetime sensing. FLIM technique can be used to measure absolute po-

sitions of fluorescent molecules within 100 nm above a metal or semiconductor nano
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surface based on distance-dependent fluorescence lifetime modulations.

2.5.1. Widefield and Confocal FLIM

In traditional widefield fluorescence microscopy, the entire specimen is subjected
to intense illumination from an incoherent mercury or xenon arc-discharge lamp, and
the resulting image of secondary fluorescence emission can be viewed directly in the
eyepieces or projected onto the surface of an electronic array detector or traditional
film plane. In contrast to this simple concept, the mechanism of image formation in a
confocal microscope is fundamentally different. The confocal fluorescence microscope
consists of multiple laser excitation sources, a scan head with optical and electronic
components, electronic detectors (usually photomultipliers), and a computer for ac-
quisition, processing, analysis, and display of images. Moreover, Confocal microscopy
offers several distinct advantages over traditional widefield fluorescence microscopy, in-
cluding the ability to control depth of field, elimination or reduction of background
information away from the focal plane (that leads to image degradation), and the ca-
pability to collect serial optical sections from thick specimens. The basic key to the
confocal approach is the use of spatial filtering techniques to eliminate out-of-focus
light or glare in specimens whose thickness exceeds the dimensions of the focal plane

(see Figure 2.8).

(a) Widefield Image (b} Confocal Image

Figure 2.8. Comparison of confocal and widefield microscopy images.
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Traditional widefield fluorescence microscope objectives focus a wide cone of illu-
mination over a large volume of the specimen, which is uniformly and simultaneously
illuminated (as illustrated in Figure 2.9a). A majority of the fluorescence emission
directed back towards the microscope is gathered by the objective (depending upon
the numerical aperture) and projected into the eyepieces or detector. The result is
a significant amount of signal due to emitted background light and autofluorescence
originating from areas above and below the focal plane, which seriously reduces reso-
lution and image contrast. The laser illumination source in confocal microscopy is first
expanded to fill the objective rear aperture, and then focused by the lens system to a

very small spot at the focal plane (Figure 2.9b).

The size of the illumination point ranges from approximately 0.25 to 0.8 microm-
eters in diameter (depending upon the objective numerical aperture) and 0.5 to 1.5
micrometers deep at the brightest intensity. Confocal spot size is determined by the
microscope design, wavelength of incident laser light, objective characteristics, scan-
ning unit settings, and the specimen. Presented in Figure 2.9 is a comparison between
the typical illumination cones of a widefield (Figure 2.9a) and point scanning confocal
(Figure 2.9b) microscope at the same numerical aperture. The entire depth of the
specimen over a wide area is illuminated by the widefield microscope, while the sample
is scanned with a finely focused spot of illumination that is centered in the focal plane

in the confocal microscope.

Cover
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(a) (b)

Figure 2.9. Widefield versus confocal point scanning of specimens.



23

2.5.2. Lateral and Axial Resolution for FLIM Images

The concept of resolution is inseparable from contrast, and is defined as the min-
imum separation between two points that results in a certain level of contrast between
them. In a perfect optical system, resolution is restricted by the numerical aperture
of optical components and by the wavelength of light, both incident (excitation) and
detected (emission). The influence of noise on the image of two closely spaced small
objects can readily affect the quality of resulting images. Confocal microscopy is an
established optical imaging technique used to obtain high resolution images of fluores-
cent specimens. In contrast to conventional methods, confocal fluorescence microscopy
affords elimination of emission from out-of-focus fluorescence, and outstanding spa-
tial and depth resolution. This method also allows for three dimensional analysis by

optically sectioning the sample.

The intensity distribution of the point spread function in the plane of focus is
described by the rotationally symmetric Airy pattern. Because of the cylindrical sym-
metry of the microscope lenses, the two lateral components (x and y) of the Airy
pattern are equivalent, and the pattern represents the lateral intensity distribution as
a function of distance from the optical axis. The lateral distance is normalized by the
numerical aperture of the system and the wavelength of light, and therefore is dimen-
sionless. Figure 2.10 (airy disk and intensity function) illustrates diagrammatically
the formation and characteristics of the Airy disc, the related three-dimensional point
spread function, and Airy patterns in the fluorescence microscope. The Airy pattern
intensity distribution is the result of Fraunhofer diffraction of light passing through a
circular aperture, and in a perfect optical system exhibits a central intensity maximum
and higher order maxima separated by regions of zero intensity. The point separa-
tion (r) in the image plane is the distance between the central maximum and the first
minimum in the Airy disc and its value given by:

A

Tlateral = O61m (226)

where A is the emitted light wavelength and N A is the numerical aperture of the
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objective. The low lateral resolution of optical microscopy is caused by the well-known
diffraction limit. Objects with features smaller than the volume of the focused light
cannot be resolved. Generally, the lateral resolution of an optical microscope cannot

exceed 200 nm.

Intensity Distributions

Figure 2.10. (a) Airy discs, lateral and axial resolution, (b) Resolved airy discs, (c)

Unresolved airy discs.

The axial (z-axis) resolution is perpendicular to the plane of focus in which the
lateral resolution was considered. In the case of lateral resolution, that is, the resolution
in the plane of focus, the Rayleigh criterion makes use of the in focus diffraction images
(the central cross-section of the 3D diffraction pattern) of two point sources and the
minimum distance that they can approach each other laterally, yet still be distinguished
as two (see Figure 2.10). Similarly, axial resolution can be defined by the minimum
distance that the diffraction images of two points can approach each other along the
axis of the microscope, yet still be seen as two. To define this minimum distance,
we use again the diffraction image of an infinitely small point object and ask for the

location of the first minimum along the axis of the microscope.
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Axial resolution is proportional to the wavelength and refractive index of the
specimen medium, and inversely proportional to the square of the numerical aperture.
Consequently, the numerical aperture of the microscope objective has a much greater
effect on axial resolution than does the emission wavelength. Axial resolution (D,ziq1)

is given by

n

Da:m'a == 14 .
: N A2

(2.27)

The axial resolution of a confocal microscope is always worse than its lateral resolution

and maximum axial resolution value is about 500 nm.

2.5.3. Pinhole size

Normally, the sample is completely illuminated by the excitation light, so all of
the sample is fluorescing at the same time. Of course, the highest intensity of the
excitation light is at the focal point of the lens, but nonetheless, the other parts of the
sample do get some of this light and they do fluoresce. This contributes to a background
haze in the resulting image. Adding a pinhole solves this problem. Because the focal
point of the objective lens of the microscope forms an image where the pinhole is, these
two points are known as “conjugate points” (or alternatively, the sample plane and the
pinhole are conjugate planes). The pinhole is conjugate to the focal point of the lens,

thus it is a confocal pinhole.

To understand confocal microscopy it is instructive to imagine a pair of lenses
that focuses light from the focal point of one lens to the focal point of the other. This is
illustrated by the green rays in Figure 2.11. The blue rays represent light from another
point in the specimen, which is not at the focal point of the left-hand-side lens. The
colors of the rays are purely for purposes of distinguishing the two setsthey do not
represent different wavelengths of light. Clearly, the image of the blue point is not at
the same location as the image of the green point. The aim is to see only the image of
the green point. Accordingly, if a screen with a pinhole is placed at the other side of

the lens system, then all of the light from the dark point will pass through the pinhole.
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Note that at the location of the screen the blue point is out of focus. Moreover, most
of the light will get blocked by the screen, resulting in an image of the blue point that

is significantly attenuated compared to the image of the green point.

Pinhole

Figure 2.11. Focal plane and pinhole effect.

The size of the confocal pinhole needs to be matched to the size of the Airy disc.
The bigger the pinhole, the more photons get through it, but also the less discrimination
against scattered light from outside the focal volume. On the other hand, a pinhole
smaller than one Airy unit does not improve resolution, it just loses light. The Airy

unit can be calculated using Rayleigh criterion:

A
1 Ai it =1.22——. 2.2
iry uni NA (2.28)

The diameter of this Airy disc as projected on the pinhole (Dpinnole) is:

1.22\

Dyinhote = WM =1 Airy unit x M (2.29)

where M is magnification at the pinhole image plane. The parameter Dyippoe defines

the physical size of one Airy unit in the pinhole image plane.
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2.5.4. Statistical Model For FLIM Data

FLIM images represent the decay of fluorescence in time at many different loca-
tions in the underlying system. Each location is represented by a pixel z, so that the

image may be represented as a matrix

ZT1 9 .. Tn
tl w(tl,xl) w(tl,IQ) e ¢(t1,$n)
U — t2 w(tg,xl) @b(tg,[Eg) Coe . @Z)(tQ,CL’n) . (230)
b | W(tm, 1) V(tm,x2) - . o (b, Ty)

Each column of ¥ represents a fluorescence decay in time at a given pixel . The
decay of fluorescence data in time 1 (t) can often be satisfactorily modeled as a sum
of Neomy first-order kinetic processes convolved with an instrument response function

(IRF) g(t), so that

ncomp ncomp
P(t) = Z ca; = Z exp(—t/m) * g(t)a (2.31)

=1 1=1
where ¢; represents the contribution to the data from process [ in time ¢, a; represents
the amplitude of decay [, and « is the convolution operator. The model parameters to
be fit are then the lifetimes 7; and their associated linear coefficients a; representative of
intensity. When the same kinetic processes underly the fluorescence at all n locations,

Equation 2.31 can be applied globally to the image ¥, so that

ncomp ncomp

U=CE" =) aa =) (exp(—t/n)*g(t))a] (2.32)

=1 =1

where C' is a matrix in which column [ represents the time-profile of the I** kinetic
process, and F is a matrix in which column [ represents the intensity of kinetic process

[ across pixels. Then the parameter estimation task is global analysis: estimation of
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the neomp lifetimes 7 associated with the image as a whole and the n.yn,, amplitude
parameters g; associated with each pixel (so that n * Ny, amplitude parameters are

estimated in total). Under least-squares criteria this is

min||C(T)ET — U|| . (2.33)

This is an instance of the multi-exponential analysis problem, which is common in
physics applications. ¥ represents the number of photons fluorescing from the location
represented by pixel x at time ¢, and is therefore count data, the noise associated with

which is assumed to be Poisson distributed.

2.6. Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) is an important photoprocess in
which excitation energy of an excited fluorophore (the donor) is transferred to a light
absorbing molecule (the acceptor) without emission of a photon (see Figure 2.12). The
most common term “Fluorescence” Energy Transfer is also used for FRET to imply
that the acceptor is a fluorophore. Actually this energy transfer is the result of a long
range dipole-dipole interaction between donor (D) and acceptor (A). Transfer occurs
when the oscillations of an optically induced electronic coherence on the donor are

resonant with the electronic energy gap of the acceptor.
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Figure 2.12. Energy transfer mechanism according to Forster.

The rate of nonradiative energy transfer between donor and acceptor molecules
strongly depends on the distance between these molecules. Efficiency of FRET is pro-
portional to the inverse sixth power of the intermolecular distance between donor and

acceptor pair due to the dipole-dipole coupling mechanism. Apart from separation
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distance, the spectral overlap of the donor emission and acceptor absorption spectra,
quantum yield of the donor molecule and the transition dipole orientations are impor-
tant parameters that can alter the rate of energy transfer between donors and acceptors

[37).
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Figure 2.13. Jablonski Diagram for FRET.

2.6.1. Distance Dependence and Critical Forster Distance

The energy transfer rate is a strong function of the separation distance between
donor and acceptor. The transfer of energy usually takes place within seperation D — A
separations of 1-10 nm. According to the Forster theory, for a fixed separation distance

r, the rate of energy transfer from donor to acceptor is given by [38]

1A

™D T

ky = ) (2.34)
where Ry is the Forster distance and 7p is the lifetime of the donor in the absence of
the acceptor. Ry represents the distance r» where the rate of energy transfer is equal to

the rate (probability per unit time) at which the excited donor molecule would decay
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from the excited state were the acceptor molecule not present. In other words, when
the distance between donor and acceptor equals the Ry Forster distance, the donor dye
molecule transfers half of its energy to the acceptor molecule. The Forster distance (in

cm unit) is defined using the spectral properties of the donor and acceptor as:

RS = 8.8 x 1075 (k*n " ¢q.J) (2.35)

where ¢4 is the quantum yield of the donor in the absence of the acceptor, n is the
refractive index of the medium, 2 is the orientation factor defined by relative orien-
tation of transition dipoles of the donor and acceptor. J is the overlap integral which
represents the degree of the spectral overlap between the donor emission spectrum and

the acceptor absorption spectrum.
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Figure 2.14. The critical Forster distance (Ry).
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2.6.2. Spectral Overlap Region

A critical step in the practical application of resonance energy transfer is the
calculation of the critical Forster distance value for the donor and acceptor pair. The
most important factor in this calculation is the spectral overlap integral J(\). The
rate of energy transfer depends upon the extent of the spectral overlap between the
donor emission and the acceptor absorption spectra, as illustrated in Figure 2.15. It
is crucial to find a compatible pair of fluorophores when doing a FRET experiment,
too much spectral overlap may result in crossover and too little overlap will yield low

FRET efficiency.

T
Donor
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fluorescence P

absorption
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Figure 2.15. Spectral Overlap.

The spectral overlap integral is given by
J(\) = / Fp(N)ea(A)N'dA (2.36)
0

where Fp(A) is the normalized fluorescence intensity of the donor and €4(\) is the
extinction coefficient of the donor at a given A wavelength value. £4(\) is the product
of the normalized acceptor absorption spectrum with extinction coefficient €4 which is

in general provided by the fluorophore manufacturer.
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2.6.3. Dipole Orientation Factor

The orientation factor k2 describes the influence of the orientation of the donor’s
dipole relative to the acceptor’s dipole. It is given by:

2

k* = (cosOr — 3cosOpcosh )? (2.37)

k* = (sinflpsind cosp — 2coslpcostp)?. (2.38)

In these equations, fr is the angle between the emission transition dipole of the donor
and the absorption transition dipole of the acceptor 8p and 64 are the angles between
these dipoles and the vector r joining the donor and the acceptor, and ¢ is the angle
between the planes. Figure 2.16 illustrates these angles for a given orientation of the

donor relative to the acceptor.
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Figure 2.16. Orientation of the donor emission dipole relative to the acceptor

excitation dipole.

2 can range from 0 to 4. For parallel transition

Depending on this orientation, s
dipoles in a head to tail arrangement the maximum k? = 4 is reached, for parallel
dipoles x? = 1 and if the dipoles are perpendicularly oriented to each other x* = 0 (see
Figure 2.17).

k2 varies quite a bit for small movements of the donor and the acceptor relative
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to each other. Since there are always fluctuations in positions and angles of the D and
A molecules, the actual value of x? is an ensemble average or time average. It has been
found that the approximation xk? = 2/3 is usually quite satisfactory [39]. If during the
excited state lifetime of the donor the orientations of the donor and acceptor can each
individually fully reorient randomly, the x? factor is rigorously 2/3. This assumption
is widely used in biological experiments, where the fluorophores are theoretically free
to rotate, but have in general a fixed distance between them. In most cases, x* = 2/3
is a good approximation, and there are many examples in the literature where the

distances derived are quite reasonable using this approximation.
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Figure 2.17. Three special cases of orientation factor x2.

2.6.4. Fluorescence Resonance Energy Transfer Efficiency

The efficiency of energy transfer (E) is an important parameter for the FRET
process. It is defined as the proportion of the photons absorbed by the donor which
are transferred to the acceptor.

_ Transferred excitation to the acceptor

E = (2.39)

FExcited donor

This can be written in terms of rates as:

k
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which is the ratio of transfer rate to the total decay rate of the donor. By substituting
kr from Equation 2.34, FRET efficiency can be written directly in terms of r distance

as:

Ry

E = .
RS + 16

(2.41)

This equation shows that the efficiency depends on the distance between the donor
and the acceptor as well as on the Forster distance Ry, as shown in Figure 2.18. When
the distance between the donor and acceptor equals the Ry Forster distance, the donor

transfers half of its energy to the acceptor and the efficiency F becomes 50%.

Figure 2.18. Dependence of the FRET efficiency on the distance between the donor

and the acceptor.

The efficiency of the energy transfer can also be determined from the time-resolved
lifetime measurements. The energy transfer efficiency changes as a function of donor

lifetime. Equation 2.42 shows this relation:

F=1-104 (2.42)
D
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where 7 is the fluorescence lifetime of the donor in the absence (7p) and presence (7p4)
of the acceptor. It can be also calculated in terms of the fluorescence intensities under

the same conditions:

E=1--22 (2.43)

where F' is the fluorescence intensity of the donor in the absence (Fp) and presence

(Fpa) of the acceptor.

2.6.5. Methods for FRET detection

Every energy transfer event is associated with several characteristic changes in
the fluorescence properties of both the donor and the acceptor. Design of a FRET
assay depends on what property of the donor or acceptor is being monitored. Rarely
is simply the detection of FRET a sufficient yardstick to estimate molecular proximity:.
There are several quantitative features of this fluorescence phenomenon that affect

FRET efficiency, and understanding these features is crucial for a critical examination

of FRET data.

When FRET occurs, the donor fluorophore reduces its emission intensity, lifetime
of the excited state, and net emission anisotropy. The reduction in lifetime makes it
resistant to photobleaching. The reduction in donor intensity, and changes in fluores-
cence lifetime, emission anisotropy, and photobleaching rates, can be reliable measures
of FRET. For an acceptor, FRET increases sensitized acceptor emission and decreases
emission anisotropy; measuring donor sensitized acceptor emission and its depolariza-

tion are quantitative indicators of FRET [40].

Two main types of determinations of FRET are possible: steady-state and time-
resolved measurements. The method used strongly determines the instrumentation
required and the information that may be obtained. In general, time-resolved mea-
surements require expensive instrumentation, usually a pulsed laser or a frequency-

modulated light source for excitation, a time-correlated photon-counting device or de-
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vices capable of monitoring changes in fluorescence decay at the nanosecond time scale,
and elaborate software for acquiring data as well as data-fitting modules for calculat-
ing the lifetimes and rotational correlation time for time-resolved fluorescence and

anisotropy decays.

Emission intensity
Counts

Wavelength Time {ng}

Figure 2.19. The effects of FRET on the donor and acceptor [40].
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3. EXPERIMENTAL WORK AND RESULTS

3.1. Preparation of Silicon Nano-pillars and Nano-spheres

In 1990, electrochemical anodization process of silicon wafer in HF based solu-
tion is discovered by Canham [1]. It is demonstrated that both photoluminescence and
structural properties of silicon-made nanostructures are dramatically affected by var-
ious factors of the fabrication parameters, such as HF concentration, current density,
etching time and the light source used for illumination [41-43]. Altering the growth pa-
rameters, especially changing the properties of the illumination light source, one could
manufacture different nanostructures on a silicon wafer such as nanopores, nanospheres,
nanorods, conical nanopillars etc. In traditional electrochemical etching process, white
light is used as an illumination source and nanopores of random sizes are formed on a
silicon wafer [44]. These porous silicon (PSi) samples show an intense red photolumi-
nescence when excited with an ultraviolet optical source. The reason behind this red
photoluminescence of the porous silicon surface is explained by quantum confinement
[1]. The quantum confinement effects arise when the pores become extensive enough
to overlap with each other, generating nanometer scale (typically 10 nm or less) silicon
filaments [45]. When the silicon material is sampled of nano meter size, the classical
physics rules are no longer valid and quantum physics is needed to explain the behavior
of the electrons and holes in silicon material. Because of the fact that the electrons and
holes are confined, their motions are quantized in all dimensions. Consequently, energy
spectrum turns to a discrete form and the band gap energy E, increases [46]. The red
color of the photoluminescence of the porous silicon is an evidence that the band gap
energy level of porous silicon is significantly larger than that of the bulk silicon (1.1
eV). As the size of the nanostructure decreases, the band gap energy increases. More-
over, the confinement of the particles introduces an uncertainty in their momentum

due to the Heisenberg’s uncertainty relation AxAp > h/2 [47].

Naddaf et al. studied the role of the illumination wavelength during the etching

of the porous silicon formation using a halogen lamp. It is found that the PL intensity
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of PSi is up to 100 times brighter if the PSi substrate is irradiated with a 450 nm
light source; and the PL spectrum is blue-shifted by some 80 nm [47]. On the other
hand, it is observed that 700 nm light illumination used in the fabrication process
has no effects on subsequent PL spectrum. Only short-wavelength irradiations have
a significant effect on the photoluminescence and structural properties of PSi due to

their short penetration depth [48].

Employing a coherent light source, whether it is continuous wave (CW) or pulsed,
instead of a white light one, results in formation of conical silicon pillars. In a CW
laser-induced etching process, surface formation depends on the laser power density.
While pore-like structures are formed at low laser power densities, irregular pillar-like
structures are obtained at high power densities [49]. In order to obtain regular and
sharp conical silicon pillars, the front size of silicon wafer must be illuminated using
a coherent pulsed source. Crouch et al. observed that laser pulse rate is an effective
parameter on the size of silicon pillars. For example, a femtosecond pulsed laser yields

formation of smaller silicon pillars than a nanosecond laser [50].

In the first part of this thesis, the effects of coherence and wavelength of illumi-
nation light source on the growth mechanism of silicon nano pillars are investigated.
PSi samples are prepared by electrochemical anodization of p-type silicon wafers at low
current densities in HF : CoH;OH (1:1) solutions under illumination of white light,
hydrogen laser (Spectra Physics, 337 nm), HeNe laser (633 nm), blue and violet pulsed
diode laser head with wavelength 467 nm and 405 nm (LDH-C-D-470, Picoquant,
GmbH), respectively. Laser sources with different wavelengths are used to investigate
the effects of the wavelength on the PSi growth mechanism. The clean silicon wafers
are first cut into pieces and aluminum contacts are coated as thin films at the back
of the samples by evaporation in Edwards Coating System, E306A. Copper wires are
attached to the aluminum films at the back of the silicon samples by silver paste. The
silicon samples then are immersed into HF' : CoHsOH solution. The copper wire is
connected to the positive terminal of the power supply and the stainless steel is con-
nected to the negative terminal as in Figure 3.1. The current is kept constant during

anodization. The current density and also the time it takes for creating the best sam-
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ples with the most intense photoluminescence is noted and all samples are prepared

accordingly.

Several different mechanisms regarding the dissolution chemistry of silicon have
been proposed but it is generally accepted that holes are required for both electro
polishing and pores formation. The global anodic semi-reaction can be written during

pore formation as

Si+6HF — HySiFg+ Hy+2H' + 2¢™. (3.1)

The final and stable product for silicon in HF is HySiFj, or some of its ionized forms;
it follows that during the pore formation only two of the four available silicon electrons
participate in an interface charge transfer while the remaining two undergo a corrosive

hydrogen formation.

White Light Source
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— | Supply
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Figure 3.1. The electrochemical anodization setup.
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After PSi samples are prepared and the photoluminescence emission of porous
silicon is analyzed using a fiber optic spectrometer (USB4000-VIS-NIR Ocean Optics).

PSi photoluminescence spectrum is given in Figure 3.2.
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Figure 3.2. The photoluminesce spectrum of porous silicon.

Surface roughness of the PSi samples which are formed under the illumination of
various light sources and nano-scale morphology are studied using an environmental
scanning electron microscope (ESEM). Figure 3.3 and Figure 3.4 show the surface
morphology of the porous layers prepared with the light sources mentioned above.
When images are compared, the effect of the laser light on sample formation can be
seen directly. Nanopores are observed in silicon wafers under illumination of white
light, blue LED and HeNe laser. On the other hand, silicon nanopillars are formed on

silicon wafers due to coherence and wavelength effects of different UV pulsed sources.

When silicon wafer is illuminated with white light source during the electrochemi-
cal anodization process, nanopores with different sizes are distributed all over the entire
etched area as shown in Figure 3.3a. Non-monochromatic and incoherent properties

of white light source leads to a surface disorder. Whereas larger and more regular
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Figure 3.3. SEM pictures of PSi samples produced using various illumination of light

sources. (a) White light, (b) Blue LED (450 nm), (¢) CW HeNe laser (633 nm) [51].
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Figure 3.4. SEM pictures of PSi samples produced using various illumination of light
sources. (a) Pulsed hydrogen laser (337 nm), (b) Pulsed diode laser (405 nm), and (c)
Pulsed diode laser (467 nm) [51].
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nanostructures are observed when the silicon wafer is etched under illumination of a
CW blue LED of 440 nm in wavelength. This indicates that relatively more regular
nanostructures can be obtained using a single wavelength light source instead of us-
ing a white light one. In addition to monochromatic property of the light source, if
one adds the coherence property, it is observed that the quality of the discreteness
of the etched surface morphology is enhanced. For example, Figure 3.3c shows the
surface morphology of a silicon wafer etched under coherent 633 nm HeNe laser. It
is seen that the individual elements of the nanostructure of the porous silicon surface
are more regularly and discretely pronounced but their sizes are being transformed
from nano to microstructure due to the relatively longer wavelength of the HeNe laser.
However, these discrete micro-structures are not quite regular either, due to the longer
wavelength and CW properties of HeNe laser. Figure 3.4a-c show the conical pillars
produced with pulsed hydrogen and pulsed diode lasers.

As mentioned above, in Figure 3.3a, only white light is used, therefore, no regular
structure is obtained. In Figure 3.3b, the illumination source used in the fabrication
process is incoherent but monochoromatic and continuous wave, that is, a blue LED
of 440 nm in wavelength; the resultant structure is more regular than the white light
one but randomness in the surface morphology of the sample is still the dominant
appearance. In Figure 3.3c, the source is both monochromatic and coherent (i.e., HeNe
laser), the discreteness in the individual elements of the surface structure is much more
pronounced compared to Figure 3.3b; however, as indicated above, the nano-scale size
transformed to micro-scale due to relatively longer wavelength of the laser source.
Whereas in Figure 3.4a-c, the UV illumination source used is now monochromatic,
coherent and pulsed. Thus allowed to obtain quite regular and nice conical pillars.
The reason that the pillar sizes are different in three pictures in Figure 3.4a-c is due to
different wavelengths of the pulsed sources. As short wavelengths yield smaller pillars,

longer wavelengths yield bigger pillars.

To calculate the size of the silicon pillars, a model shown in Figure 3.5 is used:
silicon pillars have conical shapes of radius r at depth t from the tip and vertex angle

of a. At t = 100 nm depth, a relation between o and wavelength of the source used is
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Figure 3.5. Schematic representation of dye molecule attached to a silicon nano-pillar.

found for each sample. Figure 3.6 shows the changes in the tip size and « as a function

of illumination wavelength. The radius, therefore, the vertex of the nanopillars changes

as a result of illumination wavelength. The exact values for average tip sizes and «

angles are summarized in Table 3.1.

Table 3.1. The average tip sizes and « angles for silicon nanopillars.

Hydrogen Laser | Purple Laser | Blue Laser
(337 nm) (405 nm) (467 nm)
Average Tip Size (nm) | 213.474+33.11 | 233.75+£52.90 | 267.784+33.08
a (deg) 46.944+9.40 49.44+14.69 | 53.244+9.39

Besides illumination light source, resistivity of the silicon wafer is also an im-

portant parameter that changes the surface structure of the porous silicon. When the

resistivity of the silicon wafer equals to 8-10 Q2em, regular pillar like nanostructures are

formed under the pulsed diode laser illumination. However, an increase in resistivity
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Figure 3.6. The change in the tip size and in vertex of a dye molecule as a function of

illumination wavelength.

of silicon wafer leads to microsphere formation on the electrochemically etched surface.
The porosity of the samples is examined by scanning electron microscopy (ESEM) and
ESEM micrographs of top view of the PSi substrate are given in Figure 3.7. The mi-
crospheres, which have diameters between 1 and 15 um, are clearly observed in the
ESEM images. Moreover, there are lots of silicon nanoparticles formed on the surface
of each microsphere. Due to the quantum confinement effect of these nanoparticles,

PSi substrate exhibits an emission spectrum with a peak at about 680 nm.

The easy fabrication of the pillars and control of the structure with electrochem-
ical anodization parameters make silicon an attractive material, since the samples
with different nanostructures have different optoelectronic properties. Moreover, the
obtained nanostructures can be used to modify the fluorescence properties of some
emitters such as dye molecules. Consequently, they become promising for applica-
tions in many fields such as solar cells, nanoscale electronic devices, laser technology,

waveguide, chemical and biosensors [52-54].
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Figure 3.7. ESEM images of porous silicon nanospheres.
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3.2. Interaction Between BODIPY Dye and Silicon Nanopillars
3.2.1. BODIPY Dye Attachment to Nanopillars

As the fluorescence dynamics of dye-nanobody is concerned, the rate of sponta-
neous emission for an atom in the vicinity of nanobodies is either enhanced or inhibited
depending on the nanobody structure and the distance of the atom to the nanobody
[55]. This is mainly due to the modification of the local electromagnetic field leading
to changes in the optical properties of the adsorbed molecule and therefore enhance-
ment or inhibition in the decay rate. In this work, Boradiazaindacene (BODIPY)
dye molecules are attached to our silicon pillars and the inhibition of spontaneous
emission is observed by time-resolved lifetime measurements. BODIPY is a versatile
fluorescence molecule widely used in imaging applications due to its smooth and al-
most location-fixed excitation and emission spectra contributing to overall brightness,
which is superior to those of many fluorophores with its high quantum yield, often

approaching over 90% in various solvents.
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Figure 3.8. The chemical structure of BODIPY dye.

Dye attachment to the PSi surfaces were carried out as follows. First, 4,4-difluoro-
1,3,5,7-tetramethyl-8-[(10-bromo)]-4-bora-3a,4a-diaza-s-indacene, a bromo derivative
of the BODIPY dye was synthesized according to previously reported literature [56].
Thereafter, this dye was covalently immobilized onto the surface by first treating the

surface with a solution of 3-aminopropyltri(methoxy)silane in dry toluene (0.2 mL/10
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mL) at room temperature, followed by heating thus modified surface in a solution of
BODIPY-Br in N-methylpyrrolidone (2 mg/10 mL) at 60 °C for 20 h. Surfaces were ex-
tensively washed with dichloromethane to remove any residual unbound dye molecules.
The penetration of the dye molecules is studied by spectroscopy and the results show
that the dried dye uniformly covers the pore walls. The fluorescence emission spectrum

of BODIPY dye molecules on PSi surface is given in Figure 3.9.
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Figure 3.9. The fluorecence emission spectrum of the BODIPY dye on PSi.

3.2.2. Time correlated single photon counting (TCSPC)

The time-resolved fluorescence lifetime of the BODIPY dye molecule is performed
using the Timeharp 200 PC-Board system (PicoQuant). The measurement of the
fluorescence lifetime is based on the time correlated single photon counting (TCSPC)
method. Time-Correlated Single Photon Counting (TCSPC) is based on the detection
of single photons of a periodical light signal, the measurement of the detection times of
the individual photons and the reconstruction of the waveform from the individual time
measurements. The method is based on the repetitive precisely timed registration of
single photons of a fluorescence signal. The reference for the timing is the corresponding
excitation pulse. As a single photon sensitive detector, a Photomultiplier Tube (PMT),

Multi Channel Plate (MCP) or a Single Photon Avalanche Photodiode (SPAD) can be



49

used. Provided that the probability of registering more than one photon per cycle is
low, the histogram of photon arrivals per time bin represents the time decay one would
have obtained from a single shot time-resolved analog recording. The precondition of
single photon probability can be met by simply attenuating the light level at the sample
if necessary. If the single photon probability condition is met, there will actually be
no photons at all in many cycles. The diagrams below illustrate how the histogram is

formed over multiple cycles.
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Figure 3.10. Principle of classic time-correlated single-photon counting.

The histogram is collected in a block of memory, where one memory cell holds the
photon counts for one corresponding time bin. These time bins are often referred to as
time channels. In practice the registration of one photon involves the following steps:
first the time difference between the photon event and the corresponding excitation
pulse must be measured. For this purpose both signals are converted to electric signals.
For the fluorescence photon this is done via the single photon detector mentioned
before. For the excitation pulse it may be done via another detector if there is no
electrical sync signal supplied by the laser. Obviously all conversion to electrical pulses
must preserve the precise timing of the signals as accurately as possible. The actual
time difference measurement is done by means of fast electronics which provide a digital
timing result. This digital timing result is then used to address the histogram memory
so that each possible timing value corresponds to one memory cell or histogram channel.
Finally the addressed histogram cell is incremented. All steps are carried out by fast
electronics so that the processing time required for each photon event is as short as
possible. When sufficient counts have been collected the histogram memory can be read
out. The histogram data can then be used for display and, for example, fluorescence

lifetime calculation.
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Figure 3.11. The fluorescence lifetime histogram.

For multi-exponential fluorescence decay fitting, FluoFit 4.2 computer program
(Picoquant, GmbH) is used. The fluorescence intensity decays is recovered from the

frequency-domain data in terms of a multi exponential model,

I(t) = Z Asexp(—t/7;) (3.2)

where A; is the amplitude of each component and 7; is its lifetime. The fractional
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contribution of each component to the steady-state intensity is described by
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and the amplitude-weighted lifetime is given by
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Figure 3.12. Decay fitting and calculation of decay parameters of BODIPY dye on
silicon wafer.
Figure 3.13 shows the optic experimental setup. The excitation source used in
the experiment is an ultraviolet pulsed diode laser head with a wavelength of 405 nm
(LDH-C-D-470 Picoquant, GmbH). The separation of the fluorescence emission and the

excitation occurs at a dichroic mirror. The excitation light is focused onto the sample
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using a microscope objective of 0.55 numerical aperture with a working distance of 10.1

mm (Nikon, ELWD 100X).
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Figure 3.13. Optical setup.

3.2.3. Single Point Lifetime Measurements

The spontaneous emission of an emitter is not an intrinsic property of the emit-
ter and it is strongly affected by the surrounding environment. Therefore, the decay
lifetime of an emitter in the vicinity of a nanostructure is inhibited or enhanced. Such
structure may be, for example, a flat surface [57], a nanosphere [58], a nanorod [58] or a
nanoparticle [59]. Understanding and controlling the emission properties of molecules
in nanostructured geometries has a great potential for applications in the area of nano

optics, biochemistry and molecular biology [60].

Silicon samples shown in Figure 3.3 and Figure 3.4 are impregnated by BODIPY
dye molecules and the attached dye molecule is at a distance of d, which is a fixed
distance in our experiments. Pillars grown are seen to be away from each other in
the range of 1-2 um for various wavelengths we used during the production. Since our

laser excitation spot-size is about 0.8 pum, one can attach dyes or quantum dots only
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to the tips of the pillars and the inhibition will be due to the tip only without in situ
monitoring. Apart from the conical tip of the pillars, the spontaneous emission rate (or
lifetime 7) is mainly due to the tip and does not vary from its value in the atmosphere
for other parts of the pillars. In other words, as one goes from the tip to the bottom
of the pillar, the structure gets much thicker, which does not cause any inhibition in
BODIPY’s rate of the spontaneous emission. The fluorescence lifetime of BODIPY dye
molecules attached to silicon nanostructures and in free space are compared. Decay
parameters are determined using the double exponential tailfit model, and the best fits
are obtained by minimizing x? values (see Figure 3.12). For free space lifetime of dye
molecule, a silicon wafer is impregnated by BODIPY dye molecule and its lifetime is

measured as 4.5 ns.

Table 3.2. The Fluorescence Lifetimes of BODIPY Dye Molecules in all Samples.

White Light | Hydrogen Laser | Blue Laser

[Nluminated [Nluminated [luminated

<1 > (ns) <1 > (ns) <7 > (ns)
2.55 2.66 3.50
2.66 277 3.57
2.88 2.79 3.59
3.55 2.82 3.62
3.70 2.86 3.65

In this work, we have seen that the decay rates of the dye molecules interacting
with their surroundings are substantially different than those of free dye molecules.
When BODIPY dye molecules are embedded in porous silicon, which is formed under
white light illumination, the lifetime of the molecules is inhibited, however, it varies
between 2.55 and 3.70 ns due to an irregular surface morphology. On the other hand,
the lifetime values in the case of pulsed diode laser assisted samples are also inhibited
but the variation is found to be insignificant due to regularly shaped nanopillars. The

decay lifetimes of BODIPY calculated from five different positions in all samples are
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given in Table 3.2. It is observed that the decay rate of the dye molecules decreases
as the illumination wavelength increases since the illumination wavelength is almost
linearly proportional to the size of the grown structure. While the lifetime for hydro-
gen laser illuminated sample is 2.80 ns, this value is 3.61 ns for a pulsed blue laser

illuminated sample shown in Figure 3.4.

Our experimental results show that one can control inhibition in the spontaneous
emission rate by adjusting the nanopillar size through the fabrication parameters. In
addition, no in situ imaging mechanism is needed to monitor a single tip of the nanos-
tructure since the separation distance between the nanopillars is much greater than
the spot-size of the excitation source, which is interrogated in a confocal time-resolved

setup.

3.3. Interaction Between BODIPY Dye and Silicon Nanospheres

3.3.1. Fluorescence Dynamics of BODIPY Embedded in Silicon Nanospheres
by FLIM Technique

The fluorescence lifetime of a dye molecule on the nano structured surface such
as nanopillar or nanospheres strongly depends on the surface topography. Therefore,
single point lifetime measurement cannot be sufficient to explain the interaction be-
tween the dye molecules and nanostructures. To obtain individual lifetime values on
the silicon nanostructures and to construct surface lifetime map of these nano surfaces,
Fluorescence Lifetime Imaging Microscopy (FLIM) technique can be used. FLIM is a
technique to map the spatial distribution of lifetimes within microscopic images and
it allows measurements in living cells as well as in fixed materials. Moreover, FLIM is
a very efficient way of monitoring in situ physical, chemical, biological phenomena as

well as various kinds of surface topographies.

The optical setup for the confocal FLIM measurements is given in Figure 3.14.
The excitation source used in the experiment is an ultraviolet pulsed diode laser head

with a wavelength of 467 nm (LDH-C-D-470 Picoquant, GmbH). To obtain a Gaussian
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beam illumination, a single mode optical fiber is used as a waveguide (Thorlabs, S405-
HP). The excitation light is focused onto the sample using a microscope objective of
0.55 numerical apertures with a working distance of 10.1 mm (Nikon, ELWD 100X). A
pinhole, which has a diameter 75 um, is placed in the focal plane, in order to increase
the resolution of the FLIM images. In the confocal FLIM setup, a xy piezo scanner
from Piezosystem Jena, which allows a scan range of 100x100 um? (NV40-3CLE), and
SCX 200 (Picoquant, GmbH) fluorescence lifetime imaging controller are used for PSi
surface scanning. Fluorescence lifetimes are calculated pixel-by-pixel using SymPho

Time software (Picoquant, GmbH).
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Figure 3.14. Optical FLIM setup.

To obtain surface lifetime map of dye molecules on the silicon nano surfaces, PSi
substrate is impregnated with BODIPY dye molecules. After the dye impregnation,
PSi emission disappears and only the emission spectrum of BODIPY dye at 540 nm
is observed. To compare the fluorescence dynamics of BODIPY dye in the PSi with
the respective dynamics on nonporous silicon surface and to calculate energy transfer
efficiency rate, the same BODIPY solution is also deposed on bulk silicon wafer as
a thin film. While the fluorescence lifetime of the BODIPY on nonporous silicon

wafer is measured as 4.94 ns, lifetime of the same dye molecules on PSi structure is
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measured to be 1.35 ns. The reason behind the quenching of PSi photoluminescence
and the enhancement of the fluorescence lifetime of BODIPY is thought to be the

energy transfer mechanism from BODIPY dye molecules to Si nanoparticles.

The surface of PSi substrate is periodically scanned in the xy directions for 2
months and FLIM images are analyzed with the SymPho Time software program. It is
observed that the decay parameter of BODIPY dyes is independent of the size of the
microspheres. In addition, we investigated that the average lifetime and fluorescence
intensity of the dye molecules increase as a function of time. In PSi structures, there
is only one time-dependent parameter, which is the thickness of the silicon dioxide
layer covering the nanostructure (see Figure 3.15). When the PSi sample is exposed
to the ambient, the thickness of the SiO, layer gradually increases. Thus, the separa-
tion between the surface of the silicon nanostructure and the embedded BODIPY dye
molecules (that is, d in Figure 3.15) increases. Confocal FLIM images of BODIPY-
impregnated PSi are given in Figure 3.16. Such images are displayed using a continuous
pseudocolor scale ranging from 1 to 3 ns (from blue to red). In other words, color of

the images represents the fluorescence lifetime of BODIPY dye molecules on silicon

microspheres.
Before Oxidation After Oxidation
Liovne Fluorescence High Fluorescence
1:1335 s codipy T =287 ns
Dye
i0,
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Figure 3.15. Schematic diagram of silicon nanostructures on microspheres.
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Figure 3.16. Confocal FLIM images of silicon microspheres and the effects of

oxidation time on lifetime of BODIPY dye.
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3.3.2. Monitoring Formation of Si0, Layer via a Confocal FLIM Based
NSET Method

To explain the physics behind the fluorescence dynamics of the interaction be-
tween BODIPY azide dye molecules and the porous silicon nanostructure, one, first of
all, needs to resolve whether the acceptor, which is the silicon nanosemiconductor as de-
picted in Figure 3.15 behaves as a dipole or a nanosurface agent. If the silicon acceptor
acts like a dipole, this dipole-dipole interaction can be explained with the theory of the
Fluorescence Resonance Energy Transfer (FRET, or Forster theory). Necessary condi-
tions indicated by Forster theory are, first, the spectral overlap between the donor and
acceptor; second, a coupling between the two systems; and third, the distance between
the donor and acceptor being less than 10 nm [61]. Otherwise, it is more appropriate to
explain the dipole-nano surface interaction by Nano Surface Energy Transfer (NSET)
because in the physical origin of NSET theory, electromagnetic field of the donor-dipole
interacts with the nearly free conduction electrons of the accepting nanosurface [62].
While a discrete resonant electronic transition is fundamental for FRET process, it is
not necessary for the dipole-nanostructure interaction. Moreover, NSET is a technique
that is capable of measuring distances nearly twice as far as FRET in which the energy
transfer takes place from donor molecules to a nanosurface. It is obvious that SiOs
layer acts like an insulator between Si nanostructures and the dye molecules and the
thickness of this layer becomes an effective parameter in energy transfer mechanism,
as depicted in Figure 3.15. To obtain information about the order of magnitude for
the oxide layer’s thickness on the porous silicon surface, the thickness of the oxide
layer on a non-porous silicon surface is measured by a discrete wavelength ellipsometry
(SC610, TeknoTip). The wavelength of ellipsometry source is HeNe laser with 632.8
nm, and data are acquired at 50° angle of incidence. Measured ¥ and A angles are
49.244 + 0.492° and 168.539 + 1.685°, respectively. The thickness of the native oxide
layer is calculated to be 20.784 + 1.252 nm with a 0.01 mean square error (MSE)
value. According to our ellipsometric measurements, our system does not satisfy the
close distance (i.e., a separation distance less than 10 nm) condition of FRET theory.
Moreover, spectral overlap region between absorption spectrum of PSi and emission

spectrum of BODIPY is very poor. Consequently, enhancement of BODIPY lifetime
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on porous silicon nanostructures cannot be explained by FRET theory.

To address the interactions of molecules with surfaces over distances more than 10
nm, Nano Surface Energy Transfer (NSET) theory is described by Persson and Lang
in 1982 [39]. According to this model, the electromagnetic field of the donor-dipole
interacts with the nearly free conduction electrons of the accepting metal and these
electrons behave like a Fermi gas. Energy transfer efficiency of NSET is proportional
to the inverse fourth power of the distance between the donor-dipole and nanosurface.

For a fixed separation distance d , the rate of energy transfer is given by [62]

bvser = (2)(2)" (36)

where dj is a characteristic distance length at which a dye will display equal probabil-
ities for energy transfer and spontaneous emission. In the Persson model, value of d

can be calculated by the following relation:

d = (022520 € yiya (3.7)
w(gyewpk}p

where c is the speed of light, @ is the quantum yield, and wgy. is the angular frequency
of the donor. For the BODIPY dye we used in our experiments, ®, and wgy are 0.90
and 3.49 x 10'® s7!, respectively. wp is the Fermi frequency and kp is the Fermi wave

vector of the nanosurface.

Although the Persson and Lang model is derived for a thin metal film nanosurface,
it is successively applied to gold nanoparticles and dye interaction [63]. Moreover,
several optical-based molecular rulers are designed to measure conformational changes
in proteins and ribozymes [64, 65]. However, the NSET model has never been applied
to a dye-semiconductor structure before. We anticipate that such a model is a well-
appropriate scheme to apply to a dye and silicon-semiconductor system like ours, as
described in this work, because it is well known that the nearly free electrons at the

Fermi level take a crucial role in this energy transfer model. This condition is satisfied
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with the existing free electrons at the Fermi level in silicon. Therefore, the NSET
model is used to explain the fluorescence dynamics of the interaction between BODIPY
dye molecules and silicon nanoparticles on a porous silicon surface. Thus, the energy
transfer mechanism between the dye and silicon nanoparticle provides a new method
for designing an optical nanoruler for the thickness of measuring the native oxide layer
on a porous silicon sample. The Fermi energy level of porous silicon, which is prepared
by electrochemical anodization of a p-type silicon wafer, is measured as 1.33 eV [66,
67]. The energy band structure of porous silicon is given in Figure 3.17. According
to the energy band diagram of the PSi nanostructures, energy difference between the
valance band and conduction band equals to 1.8 eV. When the PSi nanostructure is
excited with the ultraviolet range laser (~ 450 nm), the PSi nanostructure emission
spectrum peak wavelength value is calculated as

he B 1.24 x 1075 eV.m

_ . _ -9
A= 15 o =688 x 1079 m. (3.8)

On the other hand, our PSi nanostructure emission spectrum is measured by a fiber
optic spectrometer and peak value is determined as 680 nm. This result shows that
Fermi energy level can be taken as 1.33 eV. Therefore, Fermi angular frequency is
calculated as

Er  (1.33 eV)(1.602 x 1071 J/eV)

e _ 15 1
wp == O 10T Ta 2.03 x 10" s (3.9)

and Fermi wave vector values is calculated as

omE
hp = Wf;? P 594 x 10° m™". (3.10)

Then, the NSET characteristic distance dj is calculated as 13.9x 107 m~! via Equation

3.7.

The efficiency of energy transfer (E) is an important parameter for the NSET
process. It is defined as the proportion of the photons absorbed by the donors, which
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Figure 3.17. Schematic of deduced energy band diagram of ¢-Si and PSi [68].
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are transferred to acceptor silicon nanosurface. The NSET efficiency can be written

directly in terms of distances as using Equation 2.25. The efficiency of the energy

transfer can also be determined from the time resolved lifetime measurements using

Equation 2.24. The distance between the donor and accepting nanosurface or the

thickness of oxide (Si03) layer can be calculated using Equation 2.24 and Equation

2.25 as a function of fluorescence lifetime of the donor BODIPY dye molecules.

Table 3.3. Experimentally Calculated S1O; Layer Thickness on Porous Silicon.

FLIM | Oxidation | ScanArea | Tay | EnergyTransfer | SiOyThickness
Image Time (um) (ns) | Ef ficiency(FE) d(nm)

(a) 1 25 x 25 | 1.35 0.73 10.88

(b) 2 50 x 50 | 1.37 0.72 10.94

(c) 9 100 x 100 | 1.79 0.64 12.07

(d) 14 100 x 100 | 1.98 0.60 12.57

(e) 37 50 x 50 | 2.19 0.56 13.13

(f) 51 50 x 50 | 2.42 0.51 13.76

(g) 63 100 x 100 | 2.82 0.43 14.93

(h) 70 100 x 100 | 2.97 0.40 15.40
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Oxidation time, scan area, and average lifetime values of the related FLIM images
are summarized in Table 3.3. Just after BODIPY azide dye molecules attached to the
porous silicon surface, the energy transfer efficiency is found to be about 73% and the
distance between the dye and the nanosurface (or the thickness of the oxide layer) is
calculated as 10.88 nm by the NSET model. As the PSi surface oxidizes in air, the
energy transfer efficiency reduces to 40%, which corresponds to an oxide layer thickness
of 15.40 nm. The pseudocolor scale property of the FLIM images, which are shown in
Figure 3.15, provides convenience in order to estimate the oxide thickness on the PSi
surface. For example, the Si0O, thickness corresponds to 10 nm in blue regions and 15
nm in red regions. Therefore, the map of the oxide layer for PSi samples, together with
their oxide layer’s depth, is obtained via the FLIM method [68]. The energy transfer

rate and lifetime versus the oxide layer’s thickness are shown in Figure 3.18.
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Figure 3.18. Dependency of the NSET energy-transfer efficiency (E) and fluorescence
lifetime of BODIPY dye (7) on silicon oxide layer thickness.

A grown silicon dioxide layer on the surface is very resistant and can only be
etched by hydrofluoric acid (HF). Water or other acid types cannot remove this layer
from the silicon surface. Silicon nanostructures are obtained from an electrochemical

anodization method in a HF solution. Therefore, as the etching process starts, the Si0O,
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layers on these nanostructures are completely removed. After BODIPY dye solution
is deposited on the silicon nanostructures, these structures are exposed to air and the

oxidation process restarts from the beginning.

Our experimental FLIM results of Si0s thickness values are found to be consistent
with the ellipsometric measurements, which are performed for a nonporous silicon
wafer. Because the rough (or pillar-like) surface of a porous silicon sample does not
allow measuring the oxide layer thickness using a conventional ellipsometric technique,
a nonporous silicon wafer is considered to be a fairly good alternative to calculate and
compare the oxide thickness with the oxide layer formed on the surface of a nanoporous
silicon structure. The reason that a nonporous wafer is chosen for comparison of the
S0, thicknesses is due to the fact that, during the oxidation process, solid silicon

crystals and oxygen molecules react to form a silicon dioxide layer on the crystal surface.

Initially, the growth of the silicon dioxide is only a surface reaction which is given in
Equation 3.11. However, as the SiO, layer begins to build up, the arriving oxygen
molecules naturally diffuse through this growing layer to get to the silicon surface
in order to react. The growth rate primarily depends on the velocity of the oxygen
diffusion through the silicon dioxide layer. In addition to the oxygen penetration
rate, the doping type (n or p) and orientation of silicon crystals become important
parameters in determining the reaction time of the oxygen and silicon. Therefore, it
is expected that the oxide layer’s thickness on the surface of a flat silicon wafer and a
porous nanostructure produced from the same wafer should be relatively close to each
other. In our experiments, each time before sample preparation of the nanostructures,
a small piece is chopped from the silicon wafer for ellipsometric measurements of the
oxide layer’s thickness. Our nanostructures are exposed up to 70 day, which is a pretty
long time period for the formation of the silicon dioxide layer to compare to that
of the nonporous wafer’s one. The maximum thickness measured for 70 day sample

is 15.40 nm, which is close to the figure measured for the flat silicon wafer, that is,
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20.784 + 1.252 nm. This indicates that the experimental results and the NSET model
give realistic results. If one waits for a very long time period, for example, about a
year, it is likely that the oxide layer thickness on the surface of our nanostructures will

be almost the same as that of the normal nonporous silicon wafer.

3.4. Interaction Between Two BODIPY Azide Dye Molecules within a
PEG-Based Hydrogel

In this work, a chemically cross-linked three dimensional hydrogel network is
doped with different concentrations of BODIPY dye molecules. They are covalently
bound to a polyethylene glycol based hydrogel structure at two different concentrations:
highly concentrated and dilute. The concentration of the dye molecules is controlled
with the number of free reactive alkyne groups within the gel matrix. It is observed
that the fluorescence intensity drastically decreases when the number of BODIPY azide
dye molecules is increased within a cluster of a hydrogel. On the other hand, the flu-
orescence intensity significantly increases when the concentration of the dye molecules
is reduced. The rationale of this research is to reveal the transduction mechanism that
governs such a molecular concentration-dependent fluorescence change of the BODIPY

dyes by means of a time-resolved fluorescence lifetime measurements.

3.4.1. General Synthesis of Hydrogels via [3+42] Huisgen “Click” Chemistry

To a small vial is added poly(ethylene glycol)-bis-octaacetylene 1 (20 mg, 2.67
pmol), tetra(ethylene glycol) diazide 2 (0.652 mg, 2.67 pmol) in H,O (18 pl) and
ethanol (50 uL). To the vial is added deionized H»O (110 uL) containing sodium
ascorbate (1.0 mg, 5.04 umol) and the mixture is mixed under ultrasound to give a
clear solution. Copper sulfate (1.0 mg, 6.28 umol) in water (25 pL) is added and after
stirring for 10 seconds, the reaction mixture is poured into a teflon O-ring with 1.5
mm height and 1.0 cm diameter. The bottom of the ring is capped with a teflon rod
and upon addition of the reaction mixture, the ring is covered with a glass slide. The
solution is allowed to react for 10 min at room temperature and then the glass slide

is removed. The formed gel is taken out of the ring with the help of the teflon rod
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and then is submerged into an aq EDTA solution (5%, pH 7-8) to extract the trapped

CuS0O, and ethanol and finally is washed with deionized water.
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Figure 3.19. Chemical synthesis of hydrogels.

Procedure outlined above is used to make (A) hydrogel which is containing 50:50
percent ratio of crosslinker 2 and copolymer 1. Same procedure is used only changing
the crosslinker percent ratio of 75:25 monomers to form (B) hydrogel containing less
amount of remaining alkyne functional groups. The control of free reactive alkyne

groups provides a handle for precise control on the location of dye attachment.

3.4.2. Functionalization of Hydrogel with Concentrated and Dilute BOD-
IPY Azide Dyes

Two identical cylindrically shaped hydrogels (A & B) are synthesized (each about
20 mg) and placed into two different vials. Prior to the reaction, the hydrogels are

washed with THF to remove water. BODIPY azide 4 (0.25 mg, 0.00058 mmol) in THF
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Figure 3.20. General Scheme for the Synthesis of Functionalized Hydrogels [69].

(2.5 mL) is added to each of the vials. PMDETA (1.20 L, 0.0058 mmol) and CuBr (1.00
mg, 0.007 mmol) are added to vial of A and B for copper catalyzed cycloaddition. The
reactions are stirred at room temperature for 12 h. After the reaction is completed,
hydrogels are washed with THF to remove any trapped dye molecules and then washed
with an aq EDTA solution (5%, pH 7-8) to extract the trapped Cu(I)Br and finally

washed with deionized water [69].

Fiber optic spectrometer is used to monitor the effects of the dye concentration on
the BODIPY-doped hydrogel photoluminescence. The number of the reactive alkyne
groups in highly concentrated hydrogel is larger than that of the dilute one; as a
result, BODIPY dyes aggregate in clusters in highly concentrated hydrogel matrix. It
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is observed that there are two important differences between concentrated and dilute
hydrogels: emission spectrum of highly concentrated hydrogel is red shifted and the
fluorescence intensity of this gel severely decreases due to the high concentration of the

dye molecules (see Figure 3.21).
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Figure 3.21. The fluorescence intensity of highly concentrated and dilute hydrogels.

3.4.3. Swelling Properties of the Highly Concentrated and Dilute Hydrogel

To reveal the dynamics of the fluorescence mechanism, we decided to gradually
increase the distance between the BODIPY dye molecules through exposing the hy-
drogels to water induced swelling. Water induced swelling process of a hydrogel can be
controlled with the following parameters: the pH value of the hydrogel, the salt con-
centration in the hydrogel system, and immersion time in distilled water [70-72]. In our
work, the swelling experiments for the hydrogels are carried out at room temperature
in distilled water. Dried hydrogel is immersed in distilled water. By taking the sample
out of the water periodically, their mass and the fluorescence lifetime of BODIPY dye
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are measured. The percentage swelling ratio (%5S) is expressed as:

Wi—Wo

g —
% i

100 (3.12)
where W, and W; are the weights of hydrogels initially and at time ¢, respectively.
Figure 3.22 shows the dependency of the percentage swelling ratio of hydrogels on
swelling time. The equilibrium swelling value of concentrated BODIPY dye attached
hydrogel is obtained after 100 min of swelling, reaching a maximum %S of around
800. Moreover, the dilute BODIPY attached hydrogel saturates after 100 min and its

maximum swelling ratio value is measured to be about 1200.
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Figure 3.22. Dependency of swelling ratio (%S) of highly concentrated and dilute
hydrogel on time.

3.4.4. Swelling Effects on the Fluorescence Lifetime of BODIPY Dye

The time-resolved fluorescence lifetime of the BODIPY dye molecule is performed
using the Timeharp 200 PC-Board system. The measurement of the fluorescence life-
time is based on the time correlated single photon counting (TCSPC) method. In this

method, the time between the detected single photon of the fluorescence (start signal)
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and the excitation laser pulse (stop signal) is measured. The measured data is plot-
ted as a fluorescence lifetime histogram (see Figure 3.23). The fluorescence lifetime of
BODIPY dye molecules attached to dried and swollen hydrogel network are compared.
The results for highly concentrated and dilute hydrogels are presented in Figure 3.24
and Figure 3.25, respectively.

As the hydrogel sample swells, the fluorescence lifetime of BODIPY dye molecule
increases in both hydrogel networks. Decay parameters are determined using the double
exponential tailfit model and the best fits are obtained by minimizing the values. Decay
times for concentrated and dilute type hydrogels are summarized in Table 3.4 and
Table 3.5, respectively. In the highly concentrated sample, we measured a fluorescence
lifetime increase up to a factor of 3.5 at room temperature ((7) ary=2-0309 ns and
(T) sworten="-1437 ns). Moreover, the value of the intensity weighted average lifetime of

dried dilute hydrogel increases from 5.6154 to 6.3292 ns.
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Figure 3.23. Decay fitting and calculation of the decay parameters of dried highly
concentrated hydrogel (%S = 0).
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Figure 3.24. Decay plots of highly concentrated hydrogel for different swelling ratios
(%S).

Table 3.4. Decay Parameters for Highly Concentrated BODIPY-Azide-Doped

Hydrogel.

% S

A

71

Ay

T2

6540.2

2.7071

12454

0.7510

1.546

1.4245

2.0309

65.2

7038.0

3.9975

11965

1.1025

1.917

2.1747

3.0734

143.5

9239.3

4.0607

10363

1.2162

1.602

2.5569

3.3454

287.0

14883.9

5.3893

7657

1.1440

1.329

3.9472

4.9713

475.4

13466.5

6.0868

7313

1.1993

1.302

4.3667

5.6144

572.5

14065.4

6.2000

8188

1.4229

1.597

4.4423

5.6370

711.6

14608.7

6.5150

7557

1.4810

1.377

4.7987

5.9853

718.8

13113.3

7.2000

8204

1.3099

1.753

4.9332

6.5981

769.6

12746.0

8.0304

9939

1.6674

1.768

5.2426

7.1437
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Table 3.5. Decay Parameters for Dilute BODIPY-Azide-Doped Hydrogel.

% S Ay T A,y Ty e T (1)

0 17050.4 | 5.9648 | 7958 | 0.9591 | 1.386 | 4.3719 | 5.6154
242 | 16003.3 | 6.0365 | 7523 | 0.9625 | 1.896 | 4.1440 | 5.6827
404 | 16255.3 | 6.1556 | 7628 | 0.9325 | 1.956 | 4.4874 | 5.8089
702 | 16986.5 | 6.1100 | 6327 | 0.9218 | 1.527 | 4.7020 | 5.8340
838 | 13254.0 | 6.6274 | 6900 | 1.3695 | 1.181 | 4.8273 | 6.1167
937 | 15003.0 | 6.9520 | 7256 | 1.9620 | 1.856 | 5.1906 | 6.1618
1246 | 19025.0 | 6.3850 | 5826 | 2.0689 | 1.569 | 5.4270 | 6.3292

Where intensity weighted average lifetime values ((7)) are calculated using Equa-
tion 3.4 and the amplitude weighted average lifetime values (7) are calculated using

Equation 3.5.
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Figure 3.25. Decay plots of dilute hydrogel for different swelling ratios (%S).
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3.4.5. Calculation of Spectral Overlap Region and Forster Distance R,

One of the criteria which must be satisfied in order for Forster resonance energy
transfer to occur is spectral overlap region between emission spectrum of the donor
and absorption spectrum of the acceptor molecule. In this work, the donor and the
acceptor are the same species and Figure 3.26 shows the absorption and emission
spectra obtained from the highly concentrated and dilute BODIPY attached hydrogel
samples. According to these spectra, fluorescence energy transfer is very likely to occur

between two BODIPY dye molecules in both hydrogel networks.

It is found that there is a good spectral overlap between the fluorescence and
absorption spectra of the concentrated BODIPY, whereas the overlap between the
fluorescence and absorption spectra of the dilute BODIPY is comparatively poorer.
Concentration-dependent spectroscopic characteristics of BODIPY dye molecules in
hydrogel networks and their Forster distances are given in Table 3.6. We are partic-
ularly interested in the case where the dyes have rapidly rotating dipoles; therefore
the x? orientation factor value is taken to be 2/3. Refractive index of the medium
is 1.4 and the quantum yield is equal to 0.9 in methanol [73]. The spectral overlap
integral J(\) is calculated using Equation 2.36. The value of the Forster distances Ry

is determined using Equation 2.35.

Table 3.6. Spectroscopic Characteristics of BODIPY Azide Dye in the Hydrogel
Network.

Hydrogel type | Aws (nm) | Ay (nm) | e'M~tem™) | JA)(M~tem?) | Ro(nm)
concentrated 528 548 70000 1.763 x 1013 5.38
dilute 504 512 82000 1.086 x 10'3 4.96

!The molar extinction coefficient at the peak wavelength.
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BODIPY dye doped hydrogel and (b) Dilute BODIPY dye doped hydrogel.
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3.4.6. Energy Transfer Mechanism Between BODIPY Dye Molecules

If the donor and acceptor fluorophores in the hydrogel clusters are the same
species, like the BODIPY dye molecules used here in this work, two different types of
mechanism can be effective on quenching of the fluorescence intensity: self-quenching
(or contact quenching) and fluorescence resonance energy transfer (FRET). Self-quenching
is the predominant mechanism of quenching if there is a physical contact between the
donor and acceptor dye molecules. Otherwise, FRET becomes the predominant mech-
anism and efficiency of the energy transfer is strongly sensitive to the distance between
the donor and acceptor, typical distance changes from ~ 1 to 10 nm. It is possible
to find many applications of the fluorescence self quenching method in the literature.
For example, recently, fluorescence quenching between two dye molecules has been em-
ployed to elucidate the movement of single kinesin molecules on microtubules in real
time [74]. Calculations based on our experimental results, specifically, the overlap in-
tegral that represents the degree of the spectral overlap between the donor emission
and the acceptor absorption, confirm that the fluorescence dynamics of the BODIPY
azide dye molecules confined within the hydrogel network obeys the Forster resonance

energy transfer.

It is seen that an efficient FRET is taking place between two BODIPY dye
molecules that are both covalently bound to the same cluster of a hydrogel network. As
the Forster resonance energy transfer theory states, FRET efficiency E depends on the
distance between the donor-acceptor pairs (Equation 2.41) and also the lifetime of the
donor molecule (Equation 2.42). The distance between two BODIPY dye molecules at
different swelling ratios is calculated via fluorescence lifetime measurements. Experi-
mental data points for r -shown in Table 3.7 and 3.8 also in Figure 3.27- are obtained
through the experimental values of FRET efficiency F, which are obtained from the
lifetime measurements, using Equation 2.41. The theoretical solid curves in Figure 3.27
are generated for the FRET efficiency F versus r (again using Equation 2.41) by simply
giving arbitrary values to distance r from 0 to 15 nm. It is seen that our experimental
data points fall on these theoretical curves when Ry values are adjusted to 5.4 nm and

5.0 nm, which are quite close to our experimental Ry values (i.e., 5.38 nm and 4.96
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nm). Figure 3.27 is useful, since it shows where the data points lie on these curves;
however, this shall not be interpreted as a perfect agreement between the theory and
experiment as the experimental data points do not carry any more information than
the tables. Such proper donor-acceptor distances are summarized in Tables 3.7 and

Table 3.8, together with the percentage swelling and the FRET efficiency E.

Table 3.7. S, E and r Values for the Concentrated Hydrogel Sample (Ry = 5.38 nm).

% S E | r(nm)
0 0.721 | 4.59
65.2 | 0.578 | 5.11
143.5 | 0.540 | 5.24
287.0 10317 | 6.11
4754 1 0.229 | 6.59
572.5 | 0.226 | 6.61
711.6 | 0.178 | 6.94
718.8 1 0.094 | 7.85
769.6 | 0.019 | 10.41

Table 3.8. S, E and r Values for the Dilute Hydrogel Sample (Ry = 4.96 nm).

%S| E |r(um)

0 10220 6.07
242 |1 0.219 | 6.13
404 | 0.202 | 6.24
702 | 0.199 | 6.26

838 | 0.180 | 6.54

937 | 0.127 | 6.84

1246 | 0.043 | 8.31
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From the absorption and emission spectra shown in Figure 3.26, the value of the
Forster distance is determined to be 5.38 nm for the concentrated type hydrogel sample.
When the hydrogel is in the deswollen state, the energy transfer efficiency equals to 72%
and the fluorescence lifetime of the BODIPY dye molecules is measured to be 2.031
ns. Using Equation 2.39 and 2.40, the distance between two dye molecules within
the cluster is calculated as 4.59 nm. After immersion of the concentrated hydrogel
in distilled water, its average lifetime is measured at definite intervals of time and the
separation between two dye molecules is calculated for each swelling ratio. The lifetime
measurements are iterated until the hydrogel achieved a constant weight. It is observed
that the average lifetime of the concentrated hydrogel starts to increase. For a water-
saturated hydrogel state, average lifetime is measured up to 7.143 ns. In this case,
the bonds within the cluster are widely separated from each other and the distance
between the two close BODIPY dye molecules reaches 10.41 nm, which corresponds
to a FRET efficiency of about 2%. On the other hand, the Forster distance of the
BODIPY dye molecule, which is covalently bound to dilute hydrogel, is calculated as
4.96 nm. As far as the dried dilute hydrogel sample is concerned, the fluorescence
energy transfer efficiency equals to 23% and the fluorescence lifetime is measured to
be 5.615 ns. After applying the same swelling process, the fluorescence lifetime of
the BODIPY dyes increases up to 6.329 ns and the distance between the two close
BODIPY dye molecules reaches 8.31 nm, which corresponds to a FRET efficiency of
about 4.30%.

It is well known that a hydrogel consists of a network of polymer chains. Any
two polymer chains are connected to each other with a cluster, that is, a cross linking
point. Each cluster is depicted with a red dot in Figure 3.28 and has also a flexible
chemical structure. The method of cross-linking used here in this work for preparation
of samples allows one to obtain hydrogels with a control over the degree of cross-linking
and also control over the number of reactive groups in its interior. This control of re-
active groups allows controlled dye loading using covalent dye immobilization. In this
work, two different hydrogels are prepared, one with concentrated and the other with
dilute BODIPY fluorophore density. Experimental results presented in this thesis give
the following physical insight of this work and help explaining the significance of the
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Figure 3.27. Normalized FRET efficiency and the separation between two dye

molecules within one cluster of highly concentrated hydrogel and dilute hydrogel.

measurements on commenting the fluorescence dynamics of the BODIPY dye molecules
attached to hydrogel clusters: A BODIPY dye molecule is used as both a donor and an
acceptor fluorophore, which is covalently bound to the same cluster. As briefly stated
above, when the donor and acceptor fluorophores are chosen to be the same species,
two different types of mechanism can be effective on the dynamics of the fluorescence
intensity. These mechanisms are self-quenching (or contact quenching) and fluorescence
resonance energy transfer. Self-quenching is the predominant mechanism of quenching
if there is a physical contact between the donor and acceptor dye molecules. In this
kind of processes, the typical donor-acceptor separation is less than 1 nm. If such
a donor-acceptor separation is between 1 and 10 nm, fluorescence resonance energy
transfer becomes the predominant mechanism and the efficiency of energy transfer is
strongly sensitive to the distance between the donor and acceptor. Since our hydrogels
are designed to allow attachment of the dye molecules only at cross-linking points, one
needs to clarify whether the fluorescence energy transfer or self-quenching is due to
the interaction of the dye molecules within the same cluster or between the molecules
in different clusters of the hydrogel network, before deciding which mechanism is pre-
dominant for the fluorescence dynamics. As two clusters of the hydrogel are connected

to each other with long hydrophilic polyethylene glycol polymer chain, which has 134
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repeating units of ethylene glycols, and the length of this polymer chain is expected
to be longer than 40 nm when the hydrogel is fully swollen, it is obvious that the
cluster-cluster interaction of the hydrogel have no contribution effects neither on self
quenching nor on resonance energy transfer. However, the spectral overlap shown in
Figure 3.26 between the fluorescence and absorption spectra of the BODIPY together
with the determined molecular separations of 5.38 nm and 4.96 nm strongly suggest
that the underlying predominant fluorescence mechanism is based on the resonance
energy rather than that of self-quenching. Such a large molecular separation implies
that there is no physical contact between two dye molecules within one cluster of the
hydrogel matrix. Furthermore, one more verification that our fluorescence dynamics
does not obey self quenching but conforms to resonance energy transfer is due to the
concentration induced change in the lifetime of the dyes and the red-shift occurrence
in the absorption spectrum. As it is known that self-quenching takes place between the

same type of the dye molecules and is divided into two categories; namely, static self-
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quenching and dynamic self-quenching [75]. In the static self-quenching, absorption
spectrum of the dye molecules is red-shifted upon increasing the dye concentration
in the network but lifetime of the molecules is constant and experiences no change
[76, 77]. In the dynamic quenching case, the lifetime of molecules change as the dye
concentration is altered; however, no spectral shift occurs in the absorption spectrum
[78, 79]. Additionally, for very dilute dye concentrations, one may observe a complete
self-quenching, that is, no fluorescence intensity at all, when two single molecules are
touching each other [74]. In our experiments, fluorescence is never detected to be zero
even for extremely dilute samples; moreover, both spectral shift and concentration in-
duced change in the lifetime is observed for the BODIPY dye molecules used in the
hydrogel network.

The separation displacement between dye molecules is studied via exposing the
BODIPY doped hydrogel samples to water induced swelling. As far as the physical
mechanism is concerned, we may assume each cluster, depicted with red dot in Figure
3.28, as a spherical polymer ball that contains covalently bound hydrogel BODIPY
azide dye molecules. Water induced swelling of the hydrogel causes elongation in
the network chains and hence introduces tensional forces onto the clusters, causing
an increase in the volume of the cluster and consequently forcing attached-BODIPY-
molecules to undergo a separation from each other. The level of fluorescence intensity
is observed to clearly increase as the dye separation increases. When the hydrogel is in
a dehydrated (or deswollen) state, BODIPY dye molecules are in close proximity and
one BODIPY molecule can transfer its energy to another one. As a result, the decay
time of the BODIPY dye molecules is quenched and their intensity weighted average

lifetime decreases.

An alternative way of determining the separation distance between two dye
molecules is to extract such information from the fluorescence intensity measurements.
In our experiments, as seen in Figure 3.21, it is observed that the emission spectrum
of the highly concentrated dye molecules is red-shifted and the fluorescence intensity is
dramatically low when compared to the dilute sample. This is mainly due to formation

of aggregates and hence the resonance energy transfer of the dyes in the hydrogel clus-
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ters, which significantly reduces the fluorescence intensity of these dyes. By changing
the swelling ratio, one can increase the dye-dye separation without deforming the net-
work and hence can partially avoid the effects of this phenomenon on the fluorescence
intensity. However, for a dynamic system like ours, intensity based measurements may
not be absolutely reliable since each time one needs to monitor the fluorescence inten-
sity over the same number of dye clusters through a confocal microscopic technique. As
the hydrogel swells, the physical locations of these dye-doped clusters will not remain
the same, and therefore, one may not guarantee the same number of the dye clusters to
get trapped within the spot size of the monitoring laser beam upon swelling. Therefore,
we believe that the time resolved technique presented in this paper is much accurate,

more reliable method and also does not suffer from the aforementioned deficiency.
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4. CONCLUSIONS

The illumination light source effects on the structural properties of porous sili-
con are described for the samples produced by an electrochemical anodization method.
Conical regular nanopillar structures are formed under pulsed, coherent and monochro-
matic UV illumination. While white light source irradiation, which contains multiple
wavelengths, causes formation of irregular nano-pores with various diameters, a blue
LED irradiation gives relatively regular and greater nanopores. Our work shows that
the porous layer structure can be controlled easily by suitable selection of a coherent
illumination light source and better control can be achieved when a pulsed UV laser
is used in the etching process. The wavelength effects on the pillar tip size and vertex
angle are investigated for 337, 405 and 467 nm UV pulsed lasers. As the illumination
wavelength increases, the nanopillar size increases proportionally. In addition to struc-
tural analysis, the fluorescence dynamics due to the interaction of fluorescent BODIPY
azide dye molecules with such silicon nanostructures is studied with a time resolved flu-
orescence lifetime measurement system. The fluorescence lifetime of a dye molecule in
the close proximity of silicon nanopillar is inhibited, which means that the spontaneous
emission rate depends on the pillar size. In other words, smaller nanopillars give rise
to smaller lifetimes for BODIPY dye molecules. A pulsed UV tunable source can be

conveniently used to produce appropriate pillar sizes and hence the desired lifetimes.

The fluorescence dynamics due to the interaction of fluorescent BODIPY azide
dye molecules with a porous silicon nanostructure is described via fluorescence lifetime
imaging. When a dye molecule is attached to a freshly etched PSi surface, the flu-
orescence of the dye molecule is almost completely quenched. As the porous silicon
nano structure oxidizes over time, fluorescence intensity of the attached dye molecules
increases. As the growing oxide layer increases, the separation between the dye and
the semiconductor nanostructure increases, thus causing a significant increase in the
fluorescence lifetime of the dye molecules. Due to the thickness of the oxide layer,
which acts as an insulator, being more than 10 nm, it is anticipated that the effective

energy transfer mechanism is based on nano surface energy transfer process. BODIPY
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dye molecules transfer their electronic state energy to the porous silicon nanosurface
through the free Fermi electrons. Oxidation converts the porous silicon semiconductor
to a Si0y insulator, significantly reducing the free carrier concentration and density
of the free electronic states. Therefore, the fluorescence lifetime of BODIPY dye on
oxidized porous silicon is much greater than the freshly etched porous silicon. The
enhancement in the fluorescence lifetime is attributed to a reduction in the efficiency
of the energy transfer between the BODIPY azide dyes and the PSi nanostructure.
The increase in the fluorescence lifetime measured from the dye-modified PSi nanos-
tructures provides a convenient means of monitoring the extent of the oxidation of the
porous silicon surface. In this work, NSET theory is successfully combined with the
FLIM microscopy method in order to monitor the PSi surface topography and obtain

a three-dimensional map of the oxide layer on a PSi nanosurface.

The last part of this work describes the fluorescence dynamics of BODIPY azide
dye molecules embedded within a hydrogel matrix employing time-resolved fluorescence
lifetime measurements. Due to the distance between the dye molecules being smaller
than 10 nm, it is anticipated that effective dynamical mechanism is based on the
resonance energy transfer process. The conformational change in hydrogel clusters is
analyzed and the distance between the dye molecules inside one cluster is calculated
with respect to the lifetime of donor molecule in the presence of the acceptor for
different swelling ratios. Forster distance measurements show that the energy transfer
observed in these gels is due to dipole-dipole (or dye-dye) interaction that are confined
in individual single clusters but not due to cluster-cluster interactions. Water induced
swelling allowed us to continuously change the distance between the dye molecules.
Upon swelling, the physical displacement between BODIPY-doped clusters, that is,
the red color nodes shown in Figure 3.28, increases. However, this cluster displacement
is far too big to affect the dipole-dipole interaction and consequently has no possessions
on the fluorescence self-quenching and the Forster energy transfer. Our experimental
results and theoretical calculations show that the mechanism that governs the Forster
energy transfer is mainly due to dipole-dipole interaction within BODIPY-doped single
clusters (nodes) but not due to cluster-cluster interaction. It is observed that FRET

efficiency significantly decreases as the dipole-dipole distance increases within a single
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cluster upon water swelling. Such a large change in FRET efficiency can, for example,
provide a handle for measuring stimuli responsiveness of hydrogels to be employed as

a sensing mechanism for an application in concern.
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