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I

Abstract

The photophysical behaviour of a set of four novel pyrene-acceptor fluorescence probes was investigated in a variety of environments: in solvents of
different polarity, in protic solvents, in phosphocholine vesicles and on supported planar lipid layers, by means of UV/Vis absorption spectroscopy and
steady-state and time-resolved fluorescence spectroscopy. The probes have a
strong charge transfer character after photoexcitation. Using solvatochromic
shifts, the excited state dipole moments of the probes were calculated to be
appr. 21 D. Fluorescence decay times and quantum yields were used to calculate the radiative and non-radiative rate constants and the fluorescence transition dipole moments in solvents of different polarity. Strong quenching effects of protic solvents on the probes were observed. The structural differences
between the probes were found to only slightly influence the excited state relaxations in homogeneous solvents. The radiative and non-radiative rate constants of the probes and the solvent relaxation times, obtained with spectral
reconstruction, were used to gain information about the position of the probes
in a DPPC-bilayer. First steps were made to allow a preferential orientation of
the immobilised probes on glass supports.

II

Abstract

Es wurde das photophysikalische Verhalten von vier neuen Pyrene-Akzeptor
Fluoreszenzsonden in homogenen Lösungsmitteln unterschiedlicher Polarität,
in protischen Lösungsmitteln, in Phosphocholin-Vesikeln und in planaren
Lipid-Schichten auf Glassträgern mittels UV/Vis Absorptions- und stationärer
und zeitaufgelöster Fluoreszenzspektroskopie untersucht. Die photoangeregten
Sonden zeigen einen starken Charge-Transfer Charakter. Mit Hilfe der
solvatochromen Verschiebungen der Fluoreszenzmaxima der Sonden in Lösungsmitteln unterschiedlicher Polarität wurden die Dipolmomente der angeregten Zustände zu ca. 21 D berechnet. Starke Fluoreszenzlöschungseffekte
durch protische Lösungsmittel wurden beobachtet. Die strukturellen Unterschiede der Moleküle haben nur geringen Einfluss auf das Relaxationsverhalten in homogener Lösungsmittelumgebung. Die Geschwindigkeitskonstanten
für den Fluoreszenzzerfall und die strahlungslosen Zerfälle sowie Lösungsmittelrelaxationszeiten, die durch die Methode der spektralen Rekonstruktion
bestimmt wurden, wurden angewendet, um Informationen über die Position
der Moleküle in einer DPPC-Doppelschicht zu erhalten. Erste Experimente
wurden durchgeführt, um eine Vorzugsorientierung der immobilisierten Sonden auf Glassträgern zu realisieren.
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Abbreviations

CT
ET
FC
LE
TICT
MICT

charge transfer
electron transfer
Franck Condon
locally excited
twisted intramolecular charge transfer
mesomeric intramolecular charge transfer

S0
S1 ,S2
IC
ISC

singlet ground state
first and second electronically excited state
internal conversion
intersystem crossing

D
A
D-A

molecular moiety acting as electron donor
molecular moiety acting as electron acceptor
composite molecule consisting of a donor and acceptor
moiety linked by a single bond

UV/Vis
TC-SPC
SR
TRES
FWHM
TAC
MCA
ADC
CFD
PMT
MCP-PMT
AFM

ultraviolet and visible
time-correlated single photon counting
spectral reconstruction
time-resolved emission spectra
full width at half maximum
time to amplitude converter
multi channel analyzer
amplitude to digital converter
constant fraction discriminator
photomultiplier tube
microchannel plate photomultiplier tube
atomic force microscopy

ACN
BCN
EtOH
DE
THF

acetonitrile
butyronitril
ethanol
diethyl ether
tetrahydrofuran

VI

DPPC
DMABN
PhP
PA0
PA3

1,2-dipalmitoyl-sn-glycero-3-phosphocholine
dimethylaminobenzonitrile
1-phenylpyrene
Dimethyl 2-(pyren-1-yl)benzene-1,4-dioate
ammonium salt of dimethyl 2-(3-aminopropyl)-5-(pyren-6-yl)
benzene-1,4-dioate
PA5
ammonium salt of dimethyl 2-(5-aminopentyl)-5-(pyren-6-yl)
benzene-1,4-dioate
PA11
ammonium salt of dimethyl 2-(11-aminoundecyl)-5-(pyren-6-yl)
benzene-1,4-dioate
PA3b
ammonium salt of 1,4-benzenedicarboxylic acid,2-(3-aminopropyl)-5(1-pyrenyl)-,bis[3-[2,5-bis(methoxycarbonyl)-4(4,5,9,10-tetrahydro-1-pyrenyl)phenyl]propyl]ester
2AS
2-(9-anthroyloxy)stearic acid
6AS
6-(9-anthroyloxy)stearic acid
9AS
9-(9-anthroyloxy)stearic acid
12AS
12-(9-anthroyloxy)stearic acid
16AP
16-(9-anthroyloxy)palmitoic acid
PMA
pyrenemethylamine
Rho110
rhodamine 110
TRIS-HCl 2-amino-2-(hydroxymethyl)-1,3-propanediol, hydrochloride
SUV
LUV

small unilamellar vesicles
large unilamellar vesicles
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Chapter 2
Introduction

Charge transfer and electron transfer systems have long been under intensive
study. Electric fields in the form of localised charges in proteins are also of
great interest; for example, they are thought to influence the photophysics of
retinal, the light absorbing molecule in the eye and thus allow us to see in
color [1].
When a molecule absorbs a photon of a certain energy, its electron distribution changes and a photoexcited molecule with different physical properties
results, which can interact with its environment in a different way than the
molecule in its ground state. Electrical fields affect the electron distribution in
the initial molecule as well as in the excited molecule. For example, the UV/Vis
absorption and fluorescence spectra of fluorophores in solution can differ in
solvents of different polarity, which can be explained by describing the effects
of solvent polarity in terms of an electric field influencing the fluorophores’
electron distribution.
A charge transfer system involves an electron donor and an electron acceptor, which may be two distinct parts of a single molecule. Upon photoexcitation, an excited charge transfer state with a high dipole moment is formed.
In the case of the transfer of a full electron, this process is called “electron
transfer”, whereas the more general term “charge transfer” also includes systems in which only a partial charge separation takes place. An electric field
applied parallel to the dipole moment in a charge transfer system can significantly influence the charge transfer process and thus allows the study of the
charge transfer process in more detail than is possible in homogeneous solvent
environments [2–5].
This work will lay the foundation for studying oriented charge transfer systems under the influence of an applied electric field of defined magnitude and
orientation.
For this purpose, four novel fluorescence probes were synthesised. Their
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photophysical behaviour will be characterised using UV/Vis absorption and
steady-state and time-resolved fluorescence spectroscopy. The fluorescence
probes are pyrene-acceptor derivatives, where pyrene acts as the donor and
dibenzoate as the acceptor. In addition each probe has an alkyl chain with
an ionic headgroup, which allow incorporation into self-organising lipid bilayers with a preferential orientation of the donor-acceptor system parallel to the
bilayer normal.
In the first part of this work, the photophysics of the four probes will be
studied in homogeneous solvents of different polarity and in protic solvents,
in order to characterise the photophysical processes that the molecules undergo upon photoexcitation and to show that the structural differences of the
molecules do not significantly affect their charge transfer character and their
photophysics. The characterisation of the photophysical processes which the
probes undergo upon photoexcitation in homogeneous solvents is necessary to
interpret the processes in more complex environments.
In the second part of this work, the probes will be incorporated into lipid
bilayers in the form of vesicles. The photophysical behaviour of the probes will
be studied. Solvent relaxation times will be calculated using the method of
spectral reconstruction. The positions of the probes in a lipid bilayer will be
characterised using the results from the first and second part.
In the third part of this work, experimental steps toward providing immobilised and preferentially oriented donor-acceptor probes on glass surfaces will
be made. Hydrophilic glass surfaces will serve as support for lipid bilayers and
functionalised hydrophobic slides as a support for lipid monolayers.

Chapter 3
Theoretical principles and
methods
3.1

Fluorescence spectroscopy

S0 denotes the electronic ground state of a molecule. If the molecule absorbs
light of a certain wavelength it will be promoted to an electronically excited
state Sn>0 . Following Kasha’s rule, radiative processes occur from the S1 state,
independent of the energy of the electric state excited initially. To reach the
stable S0 state again, the molecule has several pathways to release the energy
stored as the difference between the potential energy of the S1 and S0 states.
These pathways include the radiative pathway: emitting a photon (fluorescence), and the non-radiative pathways: internal conversion (IC), intersystem
crossing (ISC), charge transfer (CT) and quenching. These processes, in competition with each other, depopulate the excited state. The emissive rate, or
the reciprocal observed fluorescence lifetime of a fluorophore, 1/τ , is therefore
the sum of the intrinsic fluorescence rate constant kf and the sum of the nonradiative rate constants knr :
1
= kf + knr
(3.1)
τ
The quantum yield Φf is the ratio of the number of photons emitted by the
fluorophore to the number of photons absorbed:
Φf =

kf
kf + knr

(3.2)

The measurement of τ and Φf thus allows the calculation of the radiative and
non-radiative rate constants:
Φf
kf =
(3.3)
τ
1 − Φf
knr =
(3.4)
τ
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The measurement of τ will be explained in Section 3.2. Φf can easily be obtained with a reference dye of known quantum yield using:

Φf = Φst

If
Ist



n2f
n2st


(3.5)

I denotes the integrated emission spectra and n the refractive index of the
solvent. The subscripts f and st denote the measured probe and the standard
dye, respectively.

3.1.1

Charge transfer in excited states and conformational relaxation

The change in the electronic state of a molecule involves the motion of an
electron from one orbital to another. If the final and the initial orbital of the
electron are separated in space then the dipole moment will change. If this
change is large, the excited state is called the charge transfer (CT) state. The
excited state dipole moment of a fluorophore can be calculated by measuring
the Stokes-shift, which is an effect of solvent relaxation, (Section 3.3). A CT
state requires two distinguishable parts of a molecule. One acts as the electron
donor, the other as the electron acceptor. A criterion for whether a charge
transfer is thermodynamically allowed is given by the Rehm-Weller equation
[6, 7]:
Ox
Red
∆G = E1/2
(D) − E1/2
(A) − E ∗
(3.6)
where ∆G, the free enthalpy, is the driving force of the formation of a charge
Red
Ox
(A) is
(D) is the oxidation potential of the donor and E1/2
transfer system. E1/2
∗
the reduction potential of the acceptor. E is the energy of the absorbed photon.
A value of ∆G < 0 thermodynamically allows the formation of a photoexcited
CT state.
The photophysics of CT systems can also be highly influenced by the conformational dynamics [8, 9] of the donor and acceptor pair upon photoexcitation.
For example the charge transfer in dimethylaminobenzonitrile (DMABN) has
been studied extensively [9–12]. In the ground state, DMABN is planar and
thus the conjugation between the NMe2 group and the aromatic ring is at a
maximum. After photoexcitation, DMABN is transferred into its planar excited LE state. Another excited state of DMABN also exists, in which the
NMe2 group and the aromatic ring are twisted at right angles to one another
and the conjugation between the two groups is completely lost. This twisted
intramolecular charge transfer (TICT) state has a high dipole moment and
thus solvents of high polarity stabilise the TICT state at a lower energy level
than that of the LE state. This model can explain why DMABN shows dual
fluorescence in solvents of high polarity.

3.1 Fluorescence spectroscopy
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Figure 3.1: 2,5E-PP. After [13].

Internal conformational changes of a donor-acceptor system with flexible
single bonds between the donor and acceptor can occur in two directions.
Molecules in the form D − π − A, in which the donor and acceptor are connected to a conjugated system, may not be planar in the ground state. Upon
photoexcitation, the dihedral angle between the donor and acceptor may increase, weakening the conjugation (TICT), or the angle can decrease toward
a more planar conformation, increasing the conjugation. The second case has
been called the mesomeric intramolecular charge transfer state (MICT) [13].
A criterion for distinguishing between the LE, TICT and MICT states is
the value of the fluorescence transition dipole moment Mf in dependence on
solvent polarity. It describes the fluorescent transition probability and is correlated to the radiative rate constant kf [14–16]:
Mf2 =

3h
kf
64π 4 n3 υf3

(3.7)

where Mf is the fluorescent transition dipole moment, h is Planck’s constant, n
is the refractive index of the solvent and υ is the emission maximum in cm−1 .
When no conformational changes occur, Mf should be constant. When conformational changes take place and influence the conjugation between donor
and acceptor, Mf is expected to decrease with decreasing conjugation and increase with increasing conjugation. For systems without conjugation (donor
and acceptor at right angles), Mf is expected to be close to zero.
A CT system based on pyrene and closely related to the probes used in this
work is 2,5E-PP (Figure 3.1). In [13] the photophysics of 2,5E-PP are investigated. AM1 calculations led to the conclusion, that in the ground state, the
pyrene moiety is twisted by 64˚ to the phenyl moiety. A high excited-state
dipole moment µ∗ of 21.5 Debye was found, which is characteristic for a CT
state. It was also found that even in non-polar solvents such as methylcyclohexane the fluorescence occurs mainly from a CT state. As solvent polarity
increases the Mf value decreases, implying that increased twisting is weakening the conjugation.

6

3.1.2

3. Theoretical principles and methods

Quenching of fluorescence

Quenching of fluorescence is any process which decreases the fluorescence intensity of a sample. Many processes are known to decrease fluorescence, for
example collision or formation of complexes, and many different substances
are known to act as quenchers, including oxygen, cobalt, copper, ethers and
peroxides. There are two kinds of quenching: static quenching, which occurs
through the formation of a complex of the fluorophore and the quencher before photoexcitation; and dynamic quenching, which occurs when a quencher
comes into contact with an excited fluorophore.
A quantitative tool for describing dynamic quenching is the Stern-Volmer
equation:
F0
= 1 + kq τ0 [Q] = 1 + K [Q]
(3.8)
F
where F0 and F are the fluorescence intensities in the absence and presence
of a quencher with the concentration [Q], τ0 is the lifetime of the fluorophore
in the absence of a quencher, kq is the bimolecular quenching constant and
K is the Stern-Volmer quenching constant. The Stern-Volmer equation can
be derived using the fluorescence intensities in the presence and absence of
a quencher. Under constant illumination the concentration of excited fluorophores does not change:
d [F ∗ ]
= 0 = f (t) − (kf + knr ) [F ∗ ]0
dt

(3.9)

where f (t) describes the constant illumination function and kf and knr are
the radiative and non-radiative rate constant, respectively. When a quencher
and thus another relaxation path kq dependent on the concentration of the
quencher [Q] is added, 3.9 becomes:
d [F ∗ ]
= 0 = f (t) − (kf + knr + kq [Q]) [F ∗ ]
dt

(3.10)

Division of equations 3.9 and 3.10 leads to the Stern-Volmer equation: 3.8.
Considering the lifetimes τ (quencher present) and τ0 (quencher absent) which
are given by:
1
τ0 =
(3.11)
kf + knr
τ=

1
kf + knr + kq [Q]

(3.12)

one obtains by division of τ0 and τ :
τ0
= 1 + kq τ0 [Q]
τ

(3.13)

3.1 Fluorescence spectroscopy
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Comparison with 3.8 shows:
F0
τ0
=
(3.14)
F
τ
The dependence of τ on the quencher concentration can only be seen in dynamic quenching, in which case the quenching acts as one of the decay processes, which depopulate the excited state. In static quenching, the lifetime
shows no dependence on the quencher concentration. In this case fluorescence
only occurs from the unquenched and therefore unaffected fluorophores. The
theories of static quenching and of combined static and dynamic quenching
can be found in detail in [17].
In the case that a fraction of fluorophores is not accessible by a quencher, a
modified form of the Stern-Volmer equation can be used to obtain quantitative
information about quenching efficiency. For example, this is the case when
fluorophores are incorporated in lipid bilayers and a quencher cannot enter
the bilayer or is embedded in the hydrophobic part of the bilayer. Considering
two populations of fluorophores, one accessible by the quencher, a, and one not
accessible, b, the total fluorescence is given by:
F0 = F0a + F0b

(3.15)

where 0 refers to the intensity in absence of the quencher. In the presence
of a quencher only the accessible population is quenched. Therefore the total
fluorescence intensity is given by:
F =

F0a
+ F0b
1 + K [Q]

Subtraction of Equations 3.15 and 3.16 yields:


K [Q]
∆F = F0 − F = F0a
1 + K [Q]

(3.16)

(3.17)

Inversion of 3.17 and division into 3.15 yields:
1
1
F0
=
+
∆F
fa K [Q] fa

(3.18)

where fa is the fraction of the initial fluorescence accessible to the quencher:
fa =

F0a
F0b + F0a

(3.19)

Thus a plot of F0 /∆F vs. 1/ [Q] allows the calculation of K as a measurement
of the quenching efficiency and of fa as the reciprocal percentage of the fluorophores accessible to the quencher. This method has been used, for example,
by Thulborne and Sawyer [18] to examine the position of different fluorophores
in a lipid bilayer.

8

3.2

3. Theoretical principles and methods

Time-domain lifetime measurements

In the last section, the fluorescence decay time τ was used to calculate the
rate constants and thus to draw conclusions about conformational changes in
fluorophores. Fluorescence decay times are also a useful tool to distinguish
between dynamic and static quenching. This section will describe how fluorescence lifetimes can be measured and will introduce the method of timecorrelated single photon counting (TC-SPC).

3.2.1

Fluorescence decay time

When a number (n0 ) of fluorophores are excited at a given time t = 0, the
excited-state population decays according to:
dn(t)
= −(kf + knr )n(t)
(3.20)
dt
where kf and knr are the radiative and the non-radiative rate constants, respectively, and n(t) is the number of excited fluorophores at the time t following excitation [17]. Because emission is a statistical decay process, n(t) follows
an exponential decay:
n(t) = n0 exp(−t/τ )
(3.21)
Inserting 3.21 into 3.20 and integrating on both sides yields:
n(t) = n0 exp [(−(kf + knr )t]

(3.22)

where the lifetime τ is given as:
τ=

1
kf + knr

(3.23)

In a fluorescence measurement, one usually measures the intensity I(t). I(t)
is proportional to the number of photons n(t). Therefore equation 3.22 can be
written as:
I(t) = I0 exp(−t/τ )
(3.24)
One can also define the lifetime as the average time an excited fluorophore remains in its excited state. The average time hti can be calculated by averaging
t over the intensity decay of the fluorophore:
R∞
texp(−t/τ )dt
(3.25)
hti = 0 R ∞
I(t)dt
0
In a mono exponential decay, one can see easily that hti = τ . In a multi exponential decay model, the intensity is given by:
I(t) =

∞
X
1=1

I0i exp(−t/τi )

(3.26)

3.2 Time-domain lifetime measurements
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Figure 3.2: TC-SPC setup as used in our laboratory. CFD: constant fraction discriminator, TAC: time to amplitude converter, MCP-PMP: microchannel
plate photomultiplier. Coloured lines describe the pathway of light. Black lines
indicate a voltage signal.
where I0i is the intensity of the ith component at t = 0 and τi is the lifetime of
the ith component. Using equations 3.25 and 3.26, one obtains for the average
lifetime τ̄ of a multi exponential decay:
Pn
I0i τi2
(3.27)
τ̄ = Pi=1
n
i=1 I0i τi
Many methods have been developed to measure the fluorescence lifetime. In
the frequency-domain or phase-modulation method, the fluorophores are excited with frequency-modulated light. This causes a modulation in the emitted light, which is phase-shifted to the excitation. One can use this phase shift
to calculate the lifetime. Another approach is time-correlated single photon
counting, which is used in this work.

3.2.2

Time-correlated single-photon counting

Figure 3.2 shows a general setup for a TC-SPC experiment. A light source
emits a pulse of light. At this moment, the time to amplitude converter (TAC)
receives a start signal from a trigger (diode, photo multiplier tube (PMT), lamp
control unit) through a constant fraction discriminator (CFD). The light pulse
passes through a filter (monochromator, polarizer) and excites a probe. The
excited probe then emits a photon which is detected by a PMT, which sends a
stop signal through a CFD to the TAC. The TAC produces an output signal,

10
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Figure 3.3: Left: Illustration of the error in a leading edge discriminator for
pulses with different intensities. The dashed horizontal line marks the threshold of the discriminator. Right: principle of operation of a constant fraction
discriminator. After [17].
whose voltage is proportional to the time between the start and stop signal. A
multi channel analyser (MCA) uses an amplitude to digital converter (ADC) to
convert this signal into a time channel and builds up a probability histogram
using multiple pulse-excitation-emission cycles. The time resolution of this
experiment is dependent on many factors, including the excitation pulse width
and time response of the detector. In the next paragraphs, the components will
be described in more detail.
Light sources
TC-SPC measurements require a light source delivering short pulses, for example a flash lamp, diode or laser, with a pulse width and pulse frequency
appropriate to the decay of the probe to be observed. For example, a diode
with a pulse width of around 1 ns is difficult to use for probes with decay times
smaller than 1 ns. In this project, a mode-locked Ti:sapphire laser pumped by
a diode solid-state laser was used. This system delivers femtosecond pulses at
a frequency of approximately 81 MHz. The output wavelength can be changed
using different mirror sets in the Ti:sapphire laser. To achieve wavelengths
below 700 nm second and third harmonic generation was used.
Constant fraction discriminator (CFD)
A very important part of the TC-SPC setup is the CFD. It increases the time
resolution of the signals from the diode and the photomultiplier in our system.
The goal is to use the leading edge of the signal as the start or stop signal
without losing resolution to different pulse heights.
The left side of Figure 3.3 shows how the pulse height affects the time
resolution when the leading edge is used as the trigger. To circumvent this

3.2 Time-domain lifetime measurements
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problem, the CFD is used to split the signal in two parts, delaying one part
approximately half a pulse width and inverting the other and then adds them.
The obtained zero crossing point, independent of the pulse height, can be used
as the trigger signal. The right side of Figure 3.3 shows this principle. CFDs
can reach a resolution of approximately 30 ps.
Time to amplitude converter (TAC)
The TAC is analogous to a stopwatch, measuring the time between the arriving start and stop signals. In reaction to an incoming start pulse, the TAC
charges a capacitor until either a stop pulse arrives or a set time elapses. If, for
example, a time window of 20 ns is chosen, the capacitor will be fully charged
at 20 ns. If a stop signal arrives after 5 ns, the capacitor will be charged to
one fourth of the maximum voltage. The voltage is then read out by the multichannel analyser (MCA). Because the TAC needs to discharge after every cycle
and the discharging takes around several microseconds, it is usually run in reverse mode, meaning that the start pulse comes from a detected photon and
the stop pulse from the lamp trigger. Since only one photon in approximately
100 pulses is counted, there is enough time for the TAC to discharge. An important characteristic of the TAC is its linearity. One can easily confirm the
linearity by measuring light from a constant light source not dependent on the
pulse. Thus, in reverse mode, the start pulses should be randomly distributed
to the stop pulses (pulsed light), thus producing a constant line in the MCA.
Multi channel analyser (MCA)
The voltage, which is produced by the TAC and linearly dependent on the time
between the start and stop signal, is read out by the MCA. A histogram of the
number of counts in a certain voltage range is produced. The MCA used in our
laboratory has 4096 channels, so for a time window of 15 ns, for example, each
channel represents 3.7 ps. The produced histogram can then be read out and
represents the intensity decay of the fluorophore.
Microchannel plate photomultiplier tube (MCP-PMT)
The pulse width delivered by the detector in a TC-SPC measurement is an
important factor for the time resolution of the experiment. Standard photomultiplier tubes using dynodes to amplify the the signal coming from a photon
have a minimum pulse width of around 0.5 ns [17]. MCP-PMT use narrow
channels (4 - 12 µm) which gives a much narrower distribution of the transit times (TTS) in comparison to a dynode PMT. The MCP-PMT used in our
laboratory has a TTS of around 30 ps.
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Data analysis

The intensity decay N (t) recorded using the method described above is a convolution of the so-called instrument response function or lamp function R(t)
with the impulse response function I(t). I(t) is a theoretical function which is
obtained with a δ-function excitation and contains the desired "true" lifetime.
When each δ-function is assumed to excite an impulse response function I(t)
at a given time tk , then:
Ik (t) = R(tk )I(t − tk )∆t(t > tk )

(3.28)

Here the impulse response is started at t = tk . Now the measured decay N (t)
can be expressed as the sum of all impulse response functions:
N (tk ) =

t=t
Xk

Ik (t) =

t=0

t=t
Xk

R(tk )I(t − tk )∆k

(3.29)

t=0

For small ∆t this can be expressed as an integral:
Z t
0
0
0
R(t )I(t − t )dt
N (t) =

(3.30)

0

R(t) can be measured using a stray solution. N (t) is the directly measured
decay. To obtain I(t), a least-square analysis can be used. Here the parameters which describe the decay I(t) are iteratively aligned until the best match
between the measured decay N (tk ) and the computed decay Nc (tk ) is obtained
by minimizing the fit parameter χ2 :
n
n
X
X
[N (tk ) − Nc (tk )]2
1
2
[N (tk ) − Nc (tk )] =
χ =
σ2
N (tk )
k=1
k=1 k
2

(3.31)

where σk = [N (tk )]1/2 is the standard deviation following Poisson statistics and
n denotes the number of channels. To interpret the quality of the fit one can
use the reduced χ2 :
X2
χ2R =
(3.32)
n−p
where n is again the number of channels and p the number of parameters
used to described I(t). Depending on the model for I(t), for example 3.24 or
3.26, the number of parameters can differ. χ2 should be close to unity for
each data point. The number of data points should be much higher than the
number of parameters. Therefore a value of χ2R close to unity indicates a good
fit. Another way to characterise the goodness of a fit is a visual examination of
the residuals: the differences between the calculated decay and the measured
data points. A narrow, structureless distribution of the residuals around zero
indicates a good fit. In this work, the decays have been fitted using 3.26 with
i ≤ 3.
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Solvent relaxation

The photophysics and photokinetics of molecules are strongly influenced by
their environment. These influences can be used to characterise the molecules
and vice versa: well-characterised molecules can be used as probes to study
their environments.
In solution, fluorophores undergo interactions which result in different
spectroscopic characteristics dependent on the different properties of the solvent. Consider, for example, a molecule in the ground state S0 with a dipole
moment µg different from zero. This dipole moment can affect the surrounding
solvent molecules, for example, influencing the orientation of surrounding solvent molecules, which also have a dipole moment. Suppose that this molecule
now moves into the first excited state S1 by absorption of a photon. Usually
the dipole moment of the excited state µ∗ differs from the dipole moment of
the ground state µg . Now the surrounding solvent molecules are no longer in
equilibrium with the excited molecule. A relaxation of the solvent molecules
occurs and thus a new equilibrium state with the excited state of the soluted
molecule is formed. The process of the relaxation from the first excited state
S1 to the state in which the solvent molecules and the soluted excited molecule
are in equilibrium, is called solvent relaxation.
Figure 3.4 shows the process schematically. The described process, which
results in a red-shifted emission spectra (Stokes-shift) of a fluorophore compared to its absorption spectra, can result from many dynamic processes, including the reorientation of solvent molecules, reorientation of electrons in the
solvent molecules due to a different dipole moment of the excited state of the
fluorophore, and specific interactions between fluorophore and molecule such
as H-bonding. In fluid solvents, the solvent relaxation process usually takes
place on a shorter time scale than the fluorescence deactivation processes and
thus the fluorescence occurs from a completely relaxed state. In solvents of
high viscosity, the solvent relaxation process can occur on a time scale close
to that of the fluorescence process and therefore the emission spectra changes
in time. When the solvent viscosity increases further, the fluorescence process
takes place before solvent relaxation can occur. Figure 3.5 shows a simplified
diagram of this process.
The molecules examined in this work are fluorophores which undergo a
large change in dipole moment between the ground state S0 and the first excited state S1 after photoexcitation. Therefore, solvents of high polarity have
a stronger influence on the excited state of the fluorophore than solvents of
lower polarity. Thus the Stokes-shift increases with increasing solvent polarity. Figure 3.6 shows the potential energy of weakly and strongly interacting
solvent-fluorophore pairs. For a strong interaction, the potential curve rises
more strongly than for a weak interaction, resulting in an increased energy
difference between the absorbed and the emitted light.
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Figure 3.4: Energy diagram of the relaxation of a ground state molecule M and
the excited molecule M ∗ in vacuum and in a solvent S. “r” refers to a relaxed
state, “f c” to a Franck-Condon state; “a” to an absorption spectrum, “f ” and
“f 0 ” to a fluorescence spectrum. Ese and Esg indicate the energy differences in
the excited and ground state, respectively. Nonradiative processes are indicated
with dashed arrows, radiative processes with solid arrows. After [19].
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Figure 3.5: Energy diagram of the relaxation of an excited molecule M ∗ in solvents of different viscosity, including typical time scales. “r” refers to a relaxed
state, “f c” to a Franck-Condon state, S to the solvent and “a” to the absorption
process. “fa ” refers to a high-viscous solvent where the fluorescence process occurs before any solvent relaxation. “fb ” refers to a viscosity at which the solvent
relaxation process is in the time scale of the fluorescence process and “fc ” refers
to a viscosity at which the solvent relaxation process is faster than the fluorescence process. After [17].

Figure 3.6: Potential energy for (a) weak and (b) strong interactions between
solvent and fluorophore. The arrows pointing up marks the absorption and the
arrows pointing down refer to the emission. After [17].
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To obtain quantitative information about the interactions between solvents
and fluorophores, the Lippert-Mataga-Equation (3.33) can be used [20–22].
This equation considers only effects of the diffractive index and the dielectric
constant of the solvent.
∆ν = νa − νf =

2(µ∗ − µg )2
∆f + const.
hca3

(3.33)

where ∆ν is the Stokes-shift, νa and νf denote the wavenumbers in (cm−1 ) of
the maxima of absorption and emission, respectively. µ∗ and µg refer to the
excited state and the ground state dipole moment, respectively. h is Planck’s
constant, c the velocity of light and a refers to the solvent cavity (Onsager)
radius, which is defined as the radius of a spherical cavity around the molecule
in which the molecule resides. ∆f describes the macroscopic polarity function:
∆f =

n2 − 1
−1
− 2
2 + 1 2n + 1

(3.34)

where n is the refractive index, and  the dielectric constant, of the solvent.
The Lippert-Mataga equation also assumes that the fluorescence arises directly from the Franck-Condon state after photoexcitation. When a molecule
undergoes geometrical changes after photoexcitation, for example twisting, the
solvatochromic shifts of the emission can be used [22, 23] to estimate the ex0
cited state dipole moment µ∗ . The emission maxima are now correlated to the
0
modified ∆f as described in equations 3.35 and 3.36,
0

0

−2µ∗ (µ∗ − µFg C )
0
∆f + const.
νf =
3
hca
0

∆f =

−1
1 n2 − 1
−
2 + 1 2 2n2 + 1

(3.35)
(3.36)

where µFg C is the Franck-Condon ground state dipole moment.
The excited state dipole moment of 2,5E-PP as described in Section 3.1.1
was calculated using Equations 3.35 and 3.36 and the assumption that µFg C =
0
µg for very small µg . The slope of a plot of the emission maxima over ∆f and
0
the knowledge of a and µg allows the calculation of µ∗ . The parameter a can
be obtained using the molecular density formula [24]:
a=(

3M
)1/3
4πNa ρM

(3.37)

A simpler approach is to take half the distance between the atoms of the
molecule which provide the strongest dipole vector component [25, 26]. To obtain µg , semi-empirical quantum chemical procedures such as the AM1 method
have frequently been used [13, 25, 26].
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Dynamics of solvent relaxation
The preceding section described the influences of solvents on the emission
spectra of solutes. It was mentioned that the emission spectra can change in
time when the emission process takes place during the solvent relaxation process. In Figure 3.5 it is indicated under fb that the resulting emission spectra
is a composite of emission spectra from states in which the solvent is not yet
completely relaxed. In this way it can be understood that an emission spectrum early in the relaxation process is blue-shifted with respect to emission
spectra at later times. These spectra, representing discrete times following
excitation, are called time-resolved emission spectra (TRES). The overall shift
of the TRES, which is defined as:
∆ν = ν(t = 0) − ν(t = ∞)

(3.38)

is proportional to the energy difference between the Franck-Condon state and
the fully relaxed state of the solute. The polarity function of a solvent (Equation 3.34) was shown [27] to be directly proportional to ∆ν. Therefore the
knowledge of ∆ν can already allow conclusions about the polarity of the environment of the solute. The kinetics of the spectral shift are usually [28, 29] described using the spectral response function (correlation function) C(t) which
is defined as:
ν(t) − ν(t = ∞)
(3.39)
C(t) =
∆ν
Whereas the determination of C(t) is the most precise way to describe the time
evolution of the spectral response, the calculation of the average relaxation
time:
Z t=∞
hτr i =
C(t)dt
(3.40)
t=0

is a simple method to obtain numerical measures of the solvation kinetics. It
was shown that hτr i is nearly proportional to the viscosity of the solvent [30–
32]. To obtain C(t) one must first obtain the TRES. The TRES have been
obtained using pulse sampling and time-gated detection [33–35]. Another
method which is now commonly used is the reconstruction of the TRES using
wavelength-dependent decays recorded via TC-SPC. This method is described
extensively by Hof et al. [28]. First, a set of fluorescence decays is recorded at
several (usually 10 to 20) wavelengths of the emission spectrum. These decays
are then fitted to a sum of exponentials to achieve parameterised forms D(t, λ)
of the decay curves. The TRES S(t, λ) at any desired time are then calculated
using:
D(λ, t)S0 (λ)
(3.41)
S(λ, t) = R t=∞
D(t,
λ)dt
t=0
The TRES can then be transformed into the frequency domain and fitted. Hof
et al. suggested [28] a log normal line shape function to obtain the parame-
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ters full width at half maximum (FWHM), lineshape parameter and center of
gravity:
#
"
(x−a1 )(a23 −1)
ln2ln(
+ 1)2
a2 a3
(3.42)
y = a0 exp −
ln(a3 )2
with a0 = amplitude, a1 = center, a2 = width (> 0) and a3 = shape (> 0, 6=
1). The time evolution of these parameters can now be used to described the
relaxation process.
Time-resolved full width at half maximum (FWHM)
Preliminary conclusions about the extent of the observed solvent relaxation
process can be drawn using the time evolution of the FWHM. Experiments
on lipid bilayers have shown that the FWHM should pass a maximum during the solvent relaxation process. The width of the TRES is linked to the
inhomogeneity of the surrounding solvent. This can be understood when every
solute is considered to have slightly different surroundings, for example, due
to fluctuations of the positions of the solvent molecules. These slightly different surroundings also react slightly differently when the solute changes, for
example through photoexcitation. This results in an increased inhomogeneity
which decreases again when the relaxed excited state is formed and the solvent relaxation process is finished. Considering the FWHM therefore allows
conclusions about the extent of the relaxation process monitored by the measurement. When only a decrease in the FWHM is observed, then parts of the
solvation process are occurring faster than the time resolution of the experiment. The opposite case, an observation of only an increase of the FWHM,
implies that the time window of the experiment is too short and the solvent
relaxation process is not finished by the end of the measurement.
Time-Zero Estimation
To obtain the spectral response function C(t) (3.39) and thus the average relaxation time hτr i (3.40) it is crucial to obtain the time-zero spectra ν(t = 0).
ν(t = 0) is a hypothetical spectrum at t = 0, when the excited molecule is
fully vibrationally relaxed (Franck-Condon state) and the solvent relaxation
has not yet started. A method which obtains the position of this spectrum using only steady-state emission data, and is therefore independent of the time
resolution of the experiment, has been developed by Maroncelli et al. [36] and
will be outlined here. In a polar solvent, every individual solute molecule has
its own local microenvironment. Assuming that every solute molecule’s absorption spectrum has the same line shape function and is only shifted by a
site-dependent shift δ, then the inhomogeneously broadened absorption spectrum is given by:
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Z
Ap (ν) ∝

g(ν − δ)p(δ)dδ

(3.43)

p(δ) describes here the distribution of shifts, and thus sites of the solute.
The emission spectrum is considered to be the convolution of the absorption
spectrum initially transferred to the excited state g(νex − δ)p(δ) with the fluorescence intensity function f (ν − δ)krad (δ) where νex is the monochromatic
excitation frequency and can thus be expressed as:
Z
3
FP (ν, t = 0; νex ) ∝ ν νex g(νex − δ)p(δ)f (ν − δ)kr (δ)dδ
(3.44)
kr here refers to the radiative rate constant which is known to vary with
δ. To calculate FP (ν, t = 0; νex ), the functions g(ν), f (ν), p(δ) and kr (δ) are
required. It is further assumed that the lineshape functions g(ν) and f (ν)
can be obtained from the absorption spectrum Anp and steady-state emission
spectrum Fnp measured in a non-polar solvent:
g(ν) ∝ ν −1 Anp (ν)

(3.45)

f (ν) ∝ ν −3 Fnp (ν)

(3.46)

and
A simple assumption for the radiative rate function kr (δ) is made using:
R
f (ν − δ)ν 3 dν
(3.47)
kr (δ) ∝ R
f (ν − δ)dν
and the site distribution function is assumed to follow a Gaussian distribution:


−(δ − δ0 )2
2 − 12
p(δ) = (2πσ ) exp
(3.48)
2σ 2
where σ denotes the variance of the distribution and δ0 the average shift induced by the polar solvent. Now by measuring the absorption and emission
spectra in a non-polar solvent, the lineshape functions g(ν) and f (ν) can be calculated using equations 3.45 and 3.46. Then p(δ) is calculated using equations
3.45 and 3.43 and the absorption spectrum Ap taken in the polar solvent of
interest. Thus the time-zero spectrum can be calculated using Equation 3.44.
A simplified method to calculate the time-zero spectrum can be used when
the excitation occurs in the absorption maximum and the absorption spectrum
is not highly structured. In this case, nearly no selection of the different solvation states occurs and thus neither the details of the width of the site distribution nor those of the homogeneous spectrum have to be considered [36]. In
this case the time-zero spectra can be obtained using:
νp (t = 0) ≈ νp (abs) − (νnp (abs) − νnp (em))

(3.49)
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where “p” refers to the polar and “np” to the non-polar spectrum. To verify the
described method, Maroncelli et al. used probes in a glass matrix of frozen
solvents. In a glass matrix, the solvent relaxation is very slow or perhaps
even completely stopped, and one can obtain the time-zero spectrum directly.
In this way it was shown that the uncertainty of the described method lies
in the order of approximately 200 cm−1 for the emission maxima of the timezero spectra. The deviations between the time-zero spectra obtained using the
simplified method and those obtained using the full approach are in the order
of ± 50 cm−1 for the emission maxima.

3.4

Lipid bilayers

Biological membranes have been studied extensively, being of great interest as
the main component of every living cell. Lipid bilayers are the basic structure
of many biological membranes. Incorporation of fluorescent probes into such
lipid bilayers helped to understand the bilayers structure and properties. The
ability of lipids to form self-organised bilayers can be used to orientate the
fluorophores.

3.4.1

Lipids

Lipids are organic compounds which are insoluble in water. In “The Lipid
Handbook” by Gunstone, Harwood and Padley, several thousand lipids are described [37]. This section will focus on membrane lipids and especially on
phospholipids. Membrane lipids are amphiphilic molecules consisting of a
hydrophilic head group and a hydrophobic tail. The tail consists of one or
two alkyl or alkenyl chains, usually consisting of twelve to twenty-four carbon
atoms. Because of their amphiphilic character, lipids form bilayers or micelles
in an aqueous environment, so that the hydrophobic tails are shielded from
surrounding water. Lipids with one alkyl chain tend to form micelles, while
lipids with two alkyl chains tend to form bilayers. These bilayers can occur
in different forms, for example, unilamellar and multilamellar vesicles (liposomes). In Figure 3.7, several aggregates formed by lipids with one or two
alkyl chains can be seen. When a chain contains one or more cis-double bonds,
the chain will be twisted. This twisting, as well as the chain length, affect the
fluidity of a membrane.
The lipid used in this work is 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC). DPPC has two saturated alkyl chains of sixteen carbon atoms each
(Figure 3.8). DPPC appears in many different phases depending on the level of
hydration, temperature, pH value, pressure and salt concentration [39–41]. In
this project we work with fully hydrated DPPC and its Lβ 0 , Pβ 0 and Lα phases.
In the Lβ 0 or gel-phase, the alkyl chains, which are in an all-trans conforma-
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Figure 3.7: Various possible aggregates of lipids: micelle (a), cylindrical micelle
(b), bilayer (c), vesicle (d) and inverted micelle (e). From [38].

Figure 3.8: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC).
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Figure 3.9: Different membrane systems; from [42].
tion, are tilted with respect to the bilayer normal, and the long axis of the
head group is oriented parallel to the bilayer plane [39]. Upon heating, the
Lβ 0 phase undergoes a phase transition: the pretransition to the Pβ 0 or rippledphase. After further heating, the main transition Pβ 0 to Lα occurs. In the Lα or
liquid-crystalline phase, the chains are in a gauche conformation and the volume per lipid for DPPC increases from around 1140 Å3 to around 1230 Å3 [40].
The phase transition temperatures for fully hydrated DPPC at a pH value of 7
and a salt concentration <0.1 M are (34.4 ± 2.5)◦ C for the Lβ 0 → Pβ 0 transition
and (41.3 ± 1.8)◦ C for the Pβ 0 → Lα transition [39].
Model systems for the described lipid bilayers include Langmuir-Blodgett
films, black lipid membranes (BLM), supported planar monolayers and supported planar bilayers, small unilamellar vesicles (SUV), large unilamellar
vesicles (LUV) and multilammelar vesicles (Figure 3.9).
Reference [42] introduces and describes the systems in detail. The membrane systems used in this work are unilamellar vesicles, supported planar
bilayers and supported planar monolayers on pre-coated hydrophobic glass
slides.
Vesicles
Bangham et al. [43] first reported liposomes in which the lipids are organised
in concentric lamella, each separated from its neighbor by a water lamellae.
The described liposomes vary in diameter from several hundred angstroms to
several microns. Huang [44] introduced another form of liposome dispersion:
single spherical bimolecular lamellae which are homogeneous in size. These
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lamellae enclose a volume of aqueous solution and are called unilamellar vesicles. Small unilamellar vesicles are usually produced in two steps. First, large
multilamellar vesicles (LMV) are produced by the method described by Bangham [43]. In the second step, a modified version [45] of the method introduced
earlier by Huang et al. [46] is applied. Basically, the LMVs are sonicated to obtain unilamellar vesicles and then centrifuged to obtain SUVs. To characterise
the size of the resulting vesicles, dynamic light scattering (DLS) can be used.
A particle in a suspension undergoes Brownian motion induced by collisions
with solvent molecules. The larger a particle is, the more slowly it moves in
reaction to these collisions. When the probe is illuminated, the intensity of the
scattered light fluctuates differently for particles of different sizes, and thus,
velocities. Thus, by measuring the scattered light, it is possible to calculate
the radius of the light-scattering particles.
Supported planar layers
The formation of supported planar lipid layers uses hydrophobic or hydrophilic
driving forces. On a hydrophobic surface, for example glass slides coated with
alkanethiol monolayers [47] which are in contact with a vesicle suspension, the
vesicles fuse to the hydrophobic part. A lipid monolayer is generated in which
the hydrophobic chains point toward the surface and the hydrophilic head regions point toward the aqueous solution. The same self-assembly principle
occurs on a hydrophilic surface (for example a blank glass slide), except that
here a bilayer is generated, with a first layer in which the hydrophilic head regions point toward the surface followed by another layer with the head regions
pointing toward the aqueous solution. In both cases a hydrophilic surface is
generated. The principles and requirements of the surfaces and vesicles have
been studied extensively [47–56]. Methods of characterising surfaces include
atomic force spectroscopy, ellipsometry and contact angle measurements.
Many methods for characterising lipid bilayers are based on fluorescence
probes which are incorporated in or in contact with the bilayer. In this work
the interactions between a phospholipid bilayer and a particular set of fluorophores will be studied.

3.4.2

Fluorescence probes in lipid bilayers

Fluorescence probes with readily interpretable emission properties can be
specifically inserted into biological macromolecules. The emission characteristics of many fluorophores are responsive to their microenvironment. In this
way they can be used to probe the polarity, viscosity, rotational mobility and
geometry of biological membranes. Waggoner and Stryer [57] first used 12-(9Anthroyl)-stearic acid (see Figure 3.10) to probe particular regions of vesicles
composed of phosphatidylcholine. To allow the investigation of different re-
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Figure 3.10: Fluorescent probes designed by Waggoner et al. [57]. A, anthroyl
stearic acid; B, dansyl phosphatidyl ethanolamine; C, octadecyl naphthylamine
sulfonate. R and R’ in B are long-chain fatty acid residues.
gions of the bilayers, the fluorescence probes must fulfill the following criteria
[57]: first, they need to have a high affinity for bilayer regions. Therefore each
probe has a long alkyl chain to interact with the phospholipid molecules in the
bilayer. Second, the probes must have distinct polar and non-polar regions to
orient them with respect to the bilayer normal. In the probes A and C (Figure 3.10), the ionic head group acts as the polar part, while in B a phosphatidyl
headgroup (similar to that of the lipids) is used. Third, the emission spectra of
the probes must be sensitive to the polarity of its environment. Waggoner et al.
measured the emission spectra of these probes in solvents of different polarity
and incorporated in bilayers. Comparing these spectra allowed them to draw
conclusions about the position of the probes within the bilayer. Thulborne
and Sawyer [18] examined a set of four (n-(9-anthroyloxy) fatty acids (Figure
3.11) with n= 2, 6, 9, 12, using polarisation measurements to obtain their rotational relaxation times. Quenchers were used to gain information about the
position of the probes within the bilayer. A quenched probe is by definition
accessible by a quencher. Quenchers which cannot penetrate a lipid bilayer
can only quench probes close to its surface, whereas the quenching efficiency
of hydrophobic quenchers is highest for probes in the center of the bilayer. Using a modified Stern-Volmer plot and hydrophobic and hydrophilic quenchers,
Thulborne and Sawyer [18] could draw conclusions about the position of the
fluorophores within the bilayer. Using this information, they could show that
the change in microviscosity after phase transition from the gel phase to the
liquid crystalline phase is higher toward the center of the bilayer.
Easter, DeToma and Brand [58–60] developed and described a method to
characterise the time evolution of the red shift occurring after photoexcitation
of 2-p-toluidinonaphthalene-6-sulfonate in vesicles of egg lecithin. They in-
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Table 3.1: Solvent relaxation times of n-(9-anthroyloxy) fatty acids (Figure 3.11)
in DPPC - SUVs in the gel-phase obtained using Equation 3.39 and corresponding Stokes-shifts. From [65].
n
hτr i /ns
∆ (λ−1 ) /cm−1

2
6
9
12
16
2.7
3.0
3.6 4.8 5.9
1908 1314 971 635 287

terpreted the time-dependent red shift as a result of a “general relaxation of
polar residues about the excited chromophore on the nanosecond time scale”
[58]. Studies with fluorescence probes in bilayers were able to demonstrate polarity and viscosity gradients in the bilayer. In comparison with bulk-solvents,
properties of different regions of the bilayer were characterised. Stationary
anisotropy measurements [61] show that the microviscosity of a lipid bilayer
decreases toward the center of the bilayer.
Spectral reconstruction, combined with the time-zero estimation (Section 3.3), is a powerful tool to observe the microviscosity and micropolarity
of a probe’s environment. Quantitative information about the solvent relaxation time can be obtained for different compositions, parts and states of lipid
bilayers. For this purpose, probes have been designed to reach specific regions of the bilayer. In general, it can be said that solvent relaxation time
increases toward the center of the bilayer and also with decreasing temperature. Large changes in solvent relaxation time occur during phase transitions
of lipid bilayers. Vesicles with a strong curvature (SUVs) show shorter solvent
relaxation times than LUVs.
These effects can be understood by considering the water gradient in the
bilayer normal [28]. A polarity gradient in the vicinity of a bilayer is due to
the presence of water molecules hydrating the membrane. Even in the center of the bilayer, water molecules have been detected [62], in contradiction to
theoretical simulations [63]. Hof et al. [28] assume that the high dipole moment of the excited molecule in the center of the bilayer draws water molecules
toward itself from outer regions of the bilayer. A decreased microviscosity toward the center [61] appears to contradict increasing solvent relaxation times.
If the solvent relaxation mechanism is understood as a result of diffusing water molecules, then an increasing solvent relaxation time reflects decreasing
mobility of water molecules toward the bilayer center. Strong curvature of
the membrane results in a higher mobility of water molecules and thus in decreased solvent relaxation times. Table 3.1 lists relaxation times and Stokesshifts of a set of n-(9-anthoyloxy) fatty acids in DPPC-vesicles. The solvent
relaxation time increases toward the center of the bilayer due to decreased
mobility of water molecules. The Stokes-shift decreases due to decreased mi-
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Figure 3.11: From the left: 2-(9-anthroyloxy)stearic acid (2AS), 6-(9anthroyloxy)stearic acid (6AS), 9-(9-anthroyloxy)stearic acid (9AS), 12-(9anthroyloxy)stearic acid (12AS), 16-(9-anthroyloxy)palmitoic acid (16AP). After
[64].
cropolarity toward the lipid bilayer center.

Chapter 4
Results and discussion
4.1

Pyrene-acceptor probes in homogeneous solvent environments

The molecules used in this work are closely related to 2,5E-PP, which was
shown to form an excited charge transfer state [13]. For this work, to achieve
a preferential orientation of a charge transfer system in lipid bilayers, a set
of three different probes was synthesised based on the same donor-acceptor
system as in 2,5E-PP. To characterise the effects of their structural differences
of the probes on the photophysics and especially the excited charge transfer,
UV/Vis absorption and steady-state and time-resolved fluorescence measurements in solvents of different polarity and in protic solvents were undertaken
and will be described in this section.
The structure of the probes used in this work can be seen in Figure 4.1
and Figure 4.2. They are based on the chromophore 1-phenylpyrene (PhP,
Figure 4.3). The probes are modified to allow an incorporation into a lipid
bilayer. The ionic head group serves as the hydrophilic part and the length of
the alkyl chain causes a specific positioning of the probes in the lipid bilayer
and contributes to the hydrophobic part.
A preliminary characterisation of the structure and conformation of the
probes can be achieved using AM1 semiempirical calculations. The results are
given in Table 4.1. The dihedral angles between the phenyl and the pyrene
moiety are larger than in PhP due to sterical influences of the ester groups.
The ester groups also slightly increase the ground state dipole moment of PA3,
PA5 and PA11 compared to PhP.

4.1.1

UV/Vis absorption and fluorescence spectra

Figure 4.4 shows the absorption and fluorescence spectra of pyrene, PhP and
PA5 in THF. Both pyrene and PhP show structured absorption and fluores-

28

4. Results and discussion

Table 4.1: Calculated probe parameters. µg is the ground state dipole moment, r is the longest molecule axis. α describes the dihedral angle between
the pyrene and the phenyl ring. r, µg and α were calculated using Ampac [66]
AM1 semiempirical calculations. a denotes the Onsager radius, estimated as
half the distance between the C(1) atom of the pyrene moiety and the carbon
atom of the ortho-ester group after semiempirical AM1 calculations. µ∗ and µ∗ρ
are the excited state dipole moments, calculated with Equation 3.35, the slope
of νf /∆f 0 , where νf is the emission maximum and ∆f 0 the polarity function calculated using Equation 3.36 and the Onsager radius a after estimation and aρ
calculated using Equation 3.37.
Compound α
PhPc
PA0
PA3
PA5
PA11
a

56.9
61.2
61.2
61.4
61.2

µg
r
ρa
/D
/Å
/g cm−3
0.14 10
1.3
12
1.30
3.47 14.6 1.27
3.52 17.4 1.23
3.29 24.6 1.15

calculated with ACD [67]
error less than 10%
c
data taken from [13]

b

aρ
/Å
5.5
6.1
6.4
6.6
7.1

a
/Å
5.5
6.1
6.1
6.1
6.1

νf /∆f 0b
/cm−1
-300

µ∗
/D
2.1

µ∗ρ
/D

-23700
-23900
-23700

21.0
21.1
20.9

22.4
23.5
25.8
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Figure 4.1: Chemical structures of the ammonium salts of dimethyl
2-(3-aminopropyl)-5-(pyren-6-yl)benzene-1,4-dioate
(PA3),
dimethyl
2(5-aminopentyl)-5-(pyren-6-yl)benzene-1,4-dioate (PA5),
dimethyl 2-(11aminoundecyl)-5-(pyren-6-yl)benzene-1,4-dioate (PA11). The position of the
C(1) atom of the pyrene moiety is marked in the structure of PA3.

Figure 4.2:
Chemical structure of the ammonium salt of 1,4benzenedicarboxylic
acid,2-(3-aminopropyl)-5-(1-pyrenyl)-,bis[3-[2,5bis(methoxycarbonyl)-4-(4,5,9,10-tetrahydro-1-pyrenyl)phenyl]propyl]ester
(PA3b).
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Figure 4.3: From left: structure of the parent chromophores pyrene, 1phenylpyrene (PhP) and dimethyl 2-(pyren-1-yl)benzene-1,4-dioate (PA0).

Figure 4.4: Comparison of the UV/Vis absorption and fluorescence spectra of
pyrene, PhP and PA5 in THF.
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Figure 4.5: Normalised UV/Vis absorption and fluorescence spectra of PA3,
PA5 and PA11 in THF.
cence spectra approximately following the mirror image rule. The absorption
spectrum of PA5 is slightly red shifted to the pyrene absorption spectrum but
has a high conformity with the PhP absorption spectrum, indicating that for
PA5, the PhP moiety is the absorbing chromophore of the molecule. The fluorescence spectrum of PA5 is structureless and shows a strong red shift compared to the fluorescence spectrum of PhP, indicating that it forms an excited
state different from that of PhP.
While the absorption- and fluorescence spectra of PhP and PA5 differ in the
same solvent, no significant differences in the absorption spectra of PA3, PA5
and PA11 in the same solvent were found. Figure 4.5 shows the absorption
and fluorescence spectra of PA3, PA5 and PA11 in THF. The emission maxima
of PA3, PA5 and PA11 in the same solvent differ slightly in position (Table 4.2).
In Figure 4.6 one can see that the absorption spectra of PA5 have the same
structure and peak position in DE, THF, EtOH and ACN. This is also the case
for PA3 and PA11. Despite their ionic head group the compounds are not soluble in water. In n-hexane, the solubility of PA3, PA5, PA11 and PA3b was
too poor for resolution of the UV/Vis absorption spectra, while the fluorescence
excitation spectra indicated absorption maxima similar to those measured in
other solvents. This lack of a solvatochromic shift in the absorption spectra
indicates that there is only a small difference between the dipole moments in
the ground state and the excited Franck-Condon state of the four probes.
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Figure 4.6: Normalised UV/Vis absorption spectra of PA5 in solvents of different polarity.

Figure 4.7: Fluorescence spectra of PA5 in solvents of different polarity.
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Figure 4.8: Emission maxima (a) and Stokes shifts (b) as a function of the
solvent polarity function ∆f 0 and ∆f , respectively. The solvents were n-hexane,
DE, THF, BCN and ACN (from left to right). The slopes in (a) were calculated,
using a linear fit, as −23670cm−1 , −23954cm−1 and −23730cm−1 for PA3, PA5
and PA11, respectively. Stars represent the the values in EtOH.
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Although solvent polarity does not affect the absorption spectra, we see a
strong effect of solvent polarity on the fluorescence spectra. In Figure 4.7 the
fluorescence spectra of PA5 in solvents of different polarity can be seen. Figure 4.8 shows the emission maxima and the Stokes shifts of PA3, PA5 and
PA11 as a function of the solvent polarity ∆f . The shifts of the emission maxima over ∆f 0 allow the calculation of the excited state dipole moment (Equations 3.35 and 3.36). The results are given in Table 4.1. The calculated excited
state dipole moment is highly dependent on the Onsager radius a. Using Equation 3.37, a was calculated as 6.4 Å, 6.6 Å and 7.1 Å for PA3, PA5 and PA11,
respectively. These differences in a should lead to different excited state dipole
moments, dependent on the length of the alkyl chain. However, the slopes in
Figure 4.8 are very similar and indicate that the excited state dipole moments
do not differ between the three probes. Another estimation of a is half the distance of the atoms of the molecule which provide the strongest dipole vector
component [25, 26]. We assume that the alkyl chain does not contribute to
the dipole moment and thus the distance between the C(1) atom of the pyrene
moiety to the oxygen atom of the ester group was used: a = 6.1 Å. This approach for the estimation of a is consistent with the Onsager radius used for
D-A biphenyls reported in [14, 68–70] and with the Onsager radius of PA0
calculated using Equation 3.37. In [13] an Onsager radius of a = 6.9 Å was determined for 2,5E-PP (Figure 3.1) using Equation 3.37. The high excited state
dipole moments for PA3, PA5 and PA11 of around 21 D (Table 4.1) indicate
that an excited charge transfer state exists.

4.1.2

Fluorescence quantum yields and decay times

The measurement of the fluorescence decay time τ and the quantum yield Φf
allows the calculation of the radiative and non-radiative rate constants knr
and kf (Equations 3.3 and 3.4), and thus the fluorescence transition dipole moment Mf (Equation 3.7). The fluorescence decay times were obtained using the
method of TC-SPC. The quantum yields were obtained by measuring against
quinine bisulfate as a quantum yield standard. The results of the measurements of τ and Φf are given in Table 4.2.
In Figure 4.9, the kf values of the four probes are shown in solvents of different polarities. Notable is the decrease of kf with increasing polarity and the
value of kf in ethanol which do not fit the pattern. This decrease implies a decrease of Mf , which can be explained by a pre-twisting of the already twisted
compounds and thus a weakening of the conjugation between the pyrene moiety and the phenyl-ester moiety. In Figure 4.10 the knr values are shown to
be only weakly dependent on the solvent polarity. Again, the values for knr in
ethanol seem not to follow the tendency of the other solvents.
The unusual results in ethanol are important, considering that ethanol is
a protic solvent and thus able to form H-bonds. Because the probes will later
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Figure 4.9: Radiative rate constants of PA3, PA5, PA11 and PA3b in solvents
of different polarity and in the protic solvent EtOH.
be incorporated into vesicles and thus be in an aqueous environment in which
H-bonding can also occur, the influences of H-bonding effects therefore should
first be examined. Figure 4.11 and 4.12 show a comparison of the rate constants of the probes in non-protic solvents and in water-ACN mixtures of different ratios. It can be seen clearly that the non-radiative rate constant knr increases strongly as water concentration increases, whereas the radiative rate
constant kf shows no noticeable dependence. Figure 4.12 shows that the nonradiative rate constant increases less for the probe PA3b. The ∆f value for the
water-ACN mixture is calculated as:
∆f (ACN + H2 O) =

∆f (H2 O) [H2 O] + ∆f (ACN ) [ACN ]
[H2 O] + [ACN ]

(4.1)

The difference in ∆f values in plain ACN (∆f = 0.305) to a 1:1 water-ACN
mixture (∆f = 0.312) is slight.
The physical parameters obtained also show that the alkyl chain has only
a very small effect on the exited state relaxation behaviour of the probes. The
fluorophores are highly sensitive to solvent polarity and form a charge transfer
excited state.

4.1.3

Quenching effects of protic solvents

In the last section it was shown that protic solvents have strong influences on
the photophysics of the probes. In this section we therefore examine the effects
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Table 4.2: Absorption and fluorescence maxima of PA3, PA3b, PA5 and PA11
in different solvents. Fluorescence decays were measured at emission maxima
and the values of τ were calculated from monoexponential fits of TC-SPC data.
Φf is the fluorescence quantum yield and knr and kf are the nonradiative and
radiative rate constants, respectively. Mf denotes the fluorescence transition
dipole moment.
Probe νabs a
/103 cm−1
PA3
(29.16)f
n-hexane PA5
(29.16)
PA11 (29.16)

Solvent

DE

THF

BCN

ACN

EtOH

νf b
/103 cm−1
23.48
23.30
23.21

τc
Φf d
/ns
0.9
1
1.1

knr
/108 s−1

kf
/107 s−1

Mf e
/D

PA3
PA5
PA11
PA3b

29.16
29.16
29.16
29.16

21.36
21.54
21.70
21.47

3.5
3.3
3.0

0.28 2.05
0.19 2.5
0.22 2.64

8.0
5.7
7.31

1.02
0.86
0.96

PA3
PA5
PA11
PA3b

29.16
29.16
29.16
29.16

20.51
20.57
20.67
20.90

5.5
5.4
5.8

0.20 1.47
0.21 1.46
0.21 1.36

3.6
3.8
3.56

0.70
0.71
0.68

PA3
PA5
PA11
PA3b

29.16
29.16
29.16
29.16

18.69
18.90
19.25

2.1
2.5
2.8
2.4

0.03 4.6
0.05 3.77
0.06 3.4
0.04 4

1.45
2.07
2.2
1.6

0.52
0.61
0.61

PA3
PA5
PA11
PA3b

29.16
29.16
29.16
29.16

18.32
18.40
18.41
19.13

2.4
1.8
2.0
2.6

0.02 4.1
0.01 5.6
0.04 4.75
0.01 3.7

1.0
0.67
1.7
0.8

0.46
0.38
0.60

PA3
PA5
PA11
PA3b

29.16
29.16
29.16
29.16

17.71
17.87
17.93
18.73

0.7
0.7
0.8
1.3

0.02 14
0.02 13
0.02 12
0.03 7.8

2.4
2.5
2.8
2.3

error appr. 0.02 103 cm−1
error appr. 0.04 103 cm−1
c
error appr. ± 0.1 ns
d
error appr. ±15%
e
after Equation 3.7
f
values in parentheses are estimated from excitation spectra because of poor solubility of
probes in n-hexane
a

b
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Figure 4.10: Nonradiative rate constants of PA3, PA5, PA11 and PA3b in solvents of different polarity and in the protic solvent EtOH.

Figure 4.11: Radiative rate constants of PA5 and PA3b in a water-ACN mixture
of different ratios in comparison with the radiative rate constants of PA3, PA5,
PA11 and PA3b in non-protic solvents (a). Nonradiative rate constants of PA5
and PA3b in a water-ACN mixture of different ratios (b). The ∆f value for the
water-ACN mixture is calculated as the weighted mean value.
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Figure 4.12: Nonradiative rate constants of PA5 and PA3b in a water-ACN mixture of different ratios in comparison with the radiative rate constants of PA3,
PA5, PA11 and PA3b in non-protic solvents (a). Nonradiative rate constants of
PA5 and PA3b in a water-ACN mixture of different ratios (b). The ∆f value for
the water-ACN mixture is calculated as the weighted mean value.
of protic solvents on the probes. H-bonding effects between a fluorophore and
a solvent can depopulate the electronically excited state of the fluorophore.
Assuming that, in our case, water acts as a quencher, we can apply a SternVolmer plot to obtain quantitative measurements of the quenching efficiency.
In [9] similar quenching effects of protic solvents on highly polar twisting
charge transfer states of photoexcited probes were reported. In Figures 4.13
and 4.14, the Stern-Volmer plots of PA5 and PA3b in a water-ACN mixture of
different ratios are shown. The rise in τ /τ0 implies dynamic quenching in both
cases (Section 3.1.2). This indicates that the excited state is quenched by the
formation of H-bonds.
The downward slope of F0 /F cannot be explained considering only dynamic
quenching. In Figures 4.15 and 4.16, modified Stern-Volmer plots are shown,
based on the assumption that fractions of the fluorophores are not accessible
to the quencher (Section 3.1.2). Using Equation 3.18, the value of the SternVolmer quenching constant K is calculated as 1 for PA5 and 0.75 for PA3b.
The difference can be understood considering the structure of the probes. The
two arms of PA3b seem to hinder the formation of H-bonds between water and
the donor acceptor pair of PA3b.
The possibility that a constant fraction of the fluorophore is inaccessible
to water molecules is not likely, but the effect of preferential solvation might
be capable of explaining the observed downward slope of F0 /F over [H2 O].
When two solvents are miscible, it is usually assumed that they form a homogeneous mixture and that solutes are solved by this homogeneous solvent
mixture. However, in studies of the solvation of fluorophores in a water-ACN
mixture [71, 72], it was reported that fluorophores in low water concentrations
are surrounded by an ACN shell; they do not interact with the water molecules.
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Figure 4.13: Stern-Volmer Plot of PA5 in a water-ACN mixture using Equation
3.8.

Figure 4.14: Stern-Volmer Plot of PA3b in a water-ACN mixture using Equation
3.8.
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Figure 4.15: Modified Stern-Volmer plot of PA5 in a water-ACN mixture using
Equation 3.18.

Figure 4.16: Modified Stern-Volmer plot of PA3b in a water-ACN mixture using
Equation 3.18.
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As the water concentration of the solvent increases, more fluorophores can be
influenced by water. At a certain concentration, the effect reverses: the fluorophores are solvated preferentially by water at [H2 0]/[ACN]>0.85 [72]. This
would mean that in our case fractions of fluorophores are inaccessible to water
molecules. At high water concentrations, an upward slope of F0 /F over [H2 O]
would be expected because now the molecules are preferentially solved by water. It was not possible to measure this effect because of very low fluorescence
gain, but it is clear that water and the formation of H-bonds strongly affect the
examined fluorophores fluorescence.

4.2

Pyrene-acceptor probes in phospholipid bilayers

The criteria for fluorescent molecules useful for probing the interior of lipid
bilayers are given in Section 3.4.2, and PA3, PA5, PA11 and PA3b fit these
criteria. They are highly sensitive to the polarity of their surroundings. They
have an ionic headgroup and a hydrophobic alkyl chain. Unlike the anthroyl
stearic acids, which have alkyl chains of constant length and a photosensitive
part is covalently attached at different positions of the chain, the photosensitive parts of our set of probes are attached to the end of alkyl chains of varying
lengths. According to [28, 57], the probes should have the position and orientation shown in Figure 4.17.

4.2.1

Vesicle preparation and characterisation

As a first approach to studying the behaviour of the probes in a lipid bilayer,
we used vesicles. Vesicle are easy to make from DPPC and can approximately
be treated as planar lipid bilayers, although for very small vesicles, effects
from the stronger curvature of the outer vesicle layer need to be considered. In
[28] a slight decrease in the solvent relaxation time in SUV’s of a diameter of
20 nm was reported. Vesicles in this work were obtained following the method
described in Section 3.4.1. Dynamic light scattering experiments were used to
measure the size of the vesicles. The vesicles’ mean size in different vesicle
solutions, after a storage time of appr. 24 h at room temperature, was found
to vary between 90 nm and 230 nm. Typical SUV sizes are from appr. 15 nm
to 100 nm, LUV sizes are appr. 100 nm to several µm. The differences in the
vesicles’ mean size are a result of the sonication procedure. The mean vesicle
size was not found to be affected by the different incorporated probes.
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Figure 4.17: Schematic sketch of a DPPC-bilayer with incorporated probes PA3,
PA11 and PA5 (from left to right). The bilayer thickness in the liquid crystalline state is around 0.4 nm [73]. The structures shown are the results of
AM1 semiempirical calculations and, in the case of DPPC, represent different
minimisation minima.

4.2 Pyrene-acceptor probes in phospholipid bilayers

43

Table 4.3: UV-Vis absorption and fluorescence measurements, parameters and
mean lifetimes at emission maxima (using Equation 3.27) of PA3, PA5 and
PA11 incorporated in DPPC-vesicles.
Probe
PA3
PA5
PA11
a

max
νabs
/103 cm−1
29.053
28.852
28.885

νfmax /103 cm−1
20.501
20.637
20.473

Φf a
0.015
0.041
0.087

τ̄ /ns
2.34
2.63
2.24

kf /107 s−1
0.6
1.5
3.8

knr /108 s−1
4.2
3.6
4.0

the error of Φf is appr. ± 20%.

4.2.2

UV/Vis absorption and fluorescence spectra of pyreneacceptor probes in DPPC-vesicles

The results of steady state fluorescence and UV/Vis absorption measurements
of the probes in vesicles are shown in Table 4.3 and in Figure 4.18.
The absorption spectra of the three probes in vesicles are 1 nm to 3 nm
redshifted with respect to the absorption spectra of the free probes described
in the last section. Small differences between the absorption spectra of PA3,
PA5, PA11 and PA3b were seen. The absorption spectra of the free probes in
toluene (refractive index n = 1.5) against a reference cuvette filled with water
(n = 1.33) are 4 nm red-shifted with respect to the spectra measured in toluene
against a toluene reference cuvette. Since the absorption measurements of the
probes incorporated in the vesicles were made with water as reference, it is
very likely that the 1 nm to 3 nm shift in the absorption spectra of the probes
in the DPPC-vesicles with respect to those of the free probes result from the
differences between the refractive index of the DPPC-bilayer (nbulk = 1.46 [74])
and of water. Assuming a different refractive index in different regions of the
lipid bilayer, the differences in the absorption spectra of the probes could be explained, provided that the probes are incorporated in the bilayer in accordance
to Figure 4.17. To our knowledge, quantitative data about differences in the
refractive index in different regions of a lipid bilayer has not yet be published.
The fluorescence spectra of PA3, PA5 and PA11 in vesicles show only small
differences in shape and maxima but great differences in the fluorescence
quantum yield. The spectra are unstructured, have a high Stokes-shift and
are wider than the spectra of the free probes in bulk solvents like THF. A
slight broadening of the spectra occurs when the probes are measured three
to four days after vesicle preparation, as compared to measurements made
within 24 h after preparation. The broadening is strongest for PA11. Vesicle
decomposition and resulting movement of the probes into different positions
in the bilayer may explain the broadening of the spectra after longer storage
of the vesicle solution.
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Figure 4.18: Relative fluorescence and UV-Vis absorption spectra of PA3, PA5
and PA11 incorporated in DPPC-vesicles.

Figure 4.19: Normalised fluorescence spectrum of PA5 in DPPC-vesicles in comparison with the fluorescence spectra of PA5 in solvents of different polarity.
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Figure 4.19 shows the fluorescence spectrum of PA5 in DPPC-vesicles in
comparison to the fluorescence spectra in solvents of different polarity. The
unstructured and red-shifted fluorescence spectrum indicates that an excited
state charge transfer occurs in lipid bilayers. The broadening of the fluorescence spectra in vesicles with respect to the spectra in a homogeneous solvent
like THF can be explained by considering solvent relaxation (Section 3.3).
The measured spectra of the probes in DPPC-vesicles and in THF show
a resemblance in shape and emission maxima to the pyrene excimer spectra. However, Lianos et al. [75] reported that no pyrene excimer formed
in 3-sn-phosphatidylglycerol, dipalmitoyl (DPPG) vesicles when the concentrations of DPPG to pyrene were smaller than 100:1. The probes PA3, PA5,
PA11 and PA3b did not show a pyrene excimer spectra up to concentrations of
0.5*10−3 Mol in THF. When PA3, PA5 and PA11 were incorporated into DPPCvesicles with a concentration of DPPC to probe of 250:1, no differences in the
shape and position of the fluorescence spectra compared to those with higher
probe concentrations could be seen. The formation of excimers can thus be
excluded, with high certainty, as the origin of the fluorescence spectra. This
may be because the pre-twisted structure of the molecules prevents a close
approach of the chromophores.

4.2.3

Fluorescence quantum yields and decay times of
the probes in DPPC-vesicles

The time-resolved fluorescence decays of the probes in DPPC-vesicles show
multi exponential character. To obtain the mean lifetime τ̄ , a three exponential
fit and Equation 3.27 was used. The values of Φf and τ̄ are listed in Table 4.3.
The length of the alkyl chain strongly affects the fluorescence quantum yield
but the fluorescence lifetime does not change significantly. In Figure 4.20, the
radiative rate constants of PA3, PA5 and PA11 in DPPC-vesicles in comparison with the kf values in solvents of different polarity are displayed. If the
radiative rate constant is used as a measure for the solvent polarity, then it
indicates that the environment of PA3 is highly polar. The polarity of the environment of PA5 is lies between the polarity of ACN and BCN and the polarity
of the environment of PA11 is comparable to that of THF. The nonradiative
rate constants are almost the same for all three probes. The quantum yield
can only be calculated with an uncertainty of 20% because the optical density
of the probes in vesicles is influenced by a slight but non-reproducable degree
of turbidity of the vesicle solution. The multi exponential fluorescence decay
can be explained considering that the solvent relaxation time in lipid bilayers
is in the same order as the fluorescence lifetime of the probes (Sections 3.3).
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Figure 4.20: Comparison of kf in bulk solvents (triangles; black for BCN, red
for ACN, green for THF and blue for DE) to kf in DPPC-vesicles (empty circles).

4.2.4

Temperature effects

The temperature dependence of the fluorescence intensity of the probes was a
first test for the probes sensitivity to the state of the DPPC-bilayer. The fluorescence intensity of fluorescence probes in bilayers was shown to be highly
dependent on the temperature and state of the bilayer [76]. Figure 4.21 shows
a steep decrease of the fluorescence intensity after the temperature increased
through the main phase transition temperature of DPPC-bilayers. An increase
in the fluorescence intensity occurs in the region of the sub-phase transition of
DPPC-bilayers. The slope after the main phase transition temperature differs
between the probes and is highest for PA3. The measurements imply that the
probes are in contact with the interior of the DPPC-vesicles and that the interactions of the probes with the bilayer have the same character (decrease at
high temperature, increase during sub phase transition) but are distinguishable (different slopes). The measurements show that the fluorescence of the
probes is highly sensitive to the state of the bilayer.

4.3

Solvent relaxation

The method of spectral reconstruction as described in Section 3.3 allows conclusions about the microviscosity of the probes’ environment. Figure 4.22
shows the differences in the lifetime decays of PA5 in THF and in vesicles
at emission wavelengths of 450 nm and 590 nm. The residues for both wavelengths are calculated using the fit parameters of the decay at shorter wavelengths. No differences in the decays in THF are seen, whereas the decays
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Figure 4.21: Fluorescence intensity of PA3 and PA11 in DPPC-vesicles as a
function of temperature. The vertical lines mark the main phase and the sub
phase transition temperature.
at different emission wavelengths differ strongly when they are measured in
vesicles. These differences in the fluorescence decays are the result of solvent
relaxation occurring in a time scale in the order of the fluorescence decay time
of the probes and they allow the calculation of the time resolved fluorescence
spectra.

4.3.1

Spectral reconstruction

To obtain the reconstructed spectra, the time-resolved fluorescence decays of
PA3, PA5 and PA11 incorporated in DPPC-vesicles were measured at eighteen different wavelengths, spanning the steady state fluorescence spectra of
the three probes. Each decay was fitted to a sum of three exponentials. The
resulting D (λ, t) and the steady state fluorescence spectra S0 were then used
to calculate the reconstructed spectra S (λ, t) according to Equation 3.41. The
results are shown in Figures 4.24, 4.25 and 4.23.
The time resolved emission spectra (TRES) of PA3, PA5 and PA11 show a strong time dependence for
times shorter than approximately 3 ns. At times longer than approximately
5 ns after excitation, only small changes in the shape and peak position of the
TRES occur.
Figure 4.27 shows the time-resolved emission maxima of PA3, PA5 and
PA11. The transient red shift of the emission maxima of PA3 is higher than
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Figure 4.22: Comparison of the fluorescence decays of PA5 in THF (a) and in
DPPC-vesicles (b) measured each at two different emission wavelengths. The
decay was fitted at the shorter wavelength and the obtained parameters were
used to calculate the residua for both wavelength to reveal the differences of the
decays at different wavelength.

Figure 4.23: Reconstructed fluorescence intensities of PA3 in DPPC-vesicles (a)
and normalised reconstructed fluorescence intensities of PA3 in DPPC-vesicles
(b).
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Figure 4.24: Reconstructed fluorescence intensities of PA5 in DPPC-vesicles (a)
and normalised reconstructed fluorescence intensities of PA5 in DPPC-vesicles
in comparison with the steady state spectra of PA5 in a glass matrix of a DEEtOH mixture at 77 K (b).

Figure 4.25: Reconstructed fluorescence intensities of PA11 in DPPC-vesicles (a)
and normalised reconstructed fluorescence intensities of PA11 in DPPC-vesicles
in comparison with the steady state spectra of PA11 in in a glass matrix of a
DE-EtOH mixture at 77 K (b).
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Figure 4.26: Reconstructed spectra of PA11 in DPPC-vesicles after fitting of the
data from Figure 4.23 with a log-normal-fit in comparison with spectra of PA11
in a glass matrix of a DE-EtOH mixture at 77 K.

Figure 4.27: Time-resolved emission maxima of PA3, PA5 and PA11.
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Figure 4.28: Fluorescence spectra of PA3, PA5 and PA11 in a glass matrix
of a DE-EtOH mixture at 77 K. The light dotted line shows the fluorescence
spectrum of PA3 in n-hexane.
that of PA5, indicating that the polarity of the surrounding of PA3 is higher
than that of the surrounding of PA5. The highest transient red shift is seen
for PA11, which was assumed to be located close to the center of the bilayer,
where the polarity should be lowest. However, the high values for the red shift
of PA11 could indicate that backfolding takes place as it was reported for 16AP
(Figure 3.11) [65], where an unexpectedly large red shift was also reported. At
this time this red shift is not fully understood, but it is thought that the alkyl
chain is folding back toward the lipid-water interface [77].

4.3.2

Time-zero estimation

To obtain quantitative information about the solvent relaxation process, it is
important to know the time-zero spectrum. The limited time resolution of the
experimental setup does not allow the direct measurement of this spectra. It
was shown that the time resolution of the experiment greatly influences the
obtained time-zero spectrum [36]. Therefore the method described by Maroncelli and Fee is used for a better estimation of the time-zero spectrum [36]: the
non-polar fluorescence spectrum provides a good approximation for the timezero spectrum in a polar solvent. The time-zero spectrum can be observed
directly in a glass matrix of a frozen solvent [36]. Figure 4.28 shows the fluorescence spectra of PA3, PA5 and PA11 in a glass matrix of a frozen DE-EtOH
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Table 4.4: Emission maxima of PA3, PA5 and PA11 in a glass matrix of a
DE-EtOH mixture at 77 K and in n-hexane.
Solvent
PA3
DE-EtOH (77 K) 420 nma
n-hexane
426 nm

PA5
PA11
423 nm 423 nm
429 nm 430 nm

a

emission maxima were obtained after fitting of the measured spectra
with PeakFit R [78].

mixture and the fluorescence spectrum of PA3 in n-hexane. All spectra were
fitted with PeakFit R and their emission maxima are given in Table 4.4. In [13]
it was reported that the charge transfer state of 2,5E-PP could be frozen out in
the non-polar solvent methylcyclohexane at 77 K and a high structured fluorescence from the LE state occurred. The fluorescence spectra of PA3, PA5 and
PA11 in a glass matrix of a DE-EtOH mixture are not structured and slightly
blue shifted with respect to the fluorescence spectra in n-hexane. Thus we can
assume that they can be treated as the "true" time-zero spectra emitted from
an already formed charge transfer state, but before any solvent relaxation occurs.

4.3.3

Time-resolved full width at half maximum

Section 3.3 describes how the time evolution of the FWHM allows conclusions
about the extent of the observed solvent relaxation. In Figures 4.29, 4.30 and
4.31, the time evolution of the FWHM of PA3, PA5 and PA11 are shown. For
PA3 and PA5, the FWHM reach maximum and then decrease, thus indicating
that the whole relaxation process is monitored [28]. The time evolution of the
FWHM of PA11 also shows an increase followed by an decrease, but it then
increases again. It was shown that the time evolution of the FWHM passes a
maximum in neat solvents and supercooled liquids [79]. It was further proven
that the broadening occurs because every particular fluorophore has a different solvation shell and each solvation shell responds differently to the change
in the local electric field after photoexcitation [27, 80, 81]. The FWHM is therefore a measure for the heterogeneity of the probe’s microenvironment. A possible explanation for the increase in the FWHM of PA11 is a backfolding of the
alkyl chain toward the water-lipid interface of the DPPC-vesicle. The high excited state dipole moment of the probes might force the excited chromophores
toward the polar lipid-water interface, resulting in varied positioning in the
lipid bilayer of the chromophores and thus in increasing heterogeneity of the
chromophores’ environment. A backfolding of the alkyl chain is more likely for
long chains due to lower sterical hindrances, which would explain why only
PA11, the longest probe, shows increasing FWHM.
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Figure 4.29: Time evolution of FWHM of PA3 in DPPC-vesicles at room temperature (gel phase). The error bars were generated by PeakFit R during the fitting
of the reconstructed spectra.

Figure 4.30: Time evolution of FWHM for PA5 in DPPC-vesicles at room temperature (gel phase).
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Figure 4.31: Time evolution of FWHM for PA11 in DPPC-vesicles at room temperature (gel phase).
The FWHM of PA5 show an unusual decrease at initial times. In [28] a
similar effect was reported for a dye localised in the headgroup region of a
DPPC-bilayer in the gel phase. It was assumed that partial relocalisation of
the dye takes place because of a close packing of the bilayer.

4.3.4

Spectral response function

In the previous section, the time-zero spectra were obtained by measuring the
fluorescence spectra of the probes in a glass matrix of frozen solvent. The
emission maxima of the time-zero spectra allow the calculation of C (t). The
spectral response functions for PA3, PA5 and PA11 are shown in Figure 4.32.
Table 4.5 lists the solvent relaxation parameters of PA3, PA5 and PA11 in
DPPC-vesicles determined at room temperature. The ν (∞) values were determined by inspecting the time-resolved emission spectra [79]. The solvent
relaxation times of PA3 and PA5 differ by a factor of two, which indicates that
the mobility of water molecules is higher in the environment of PA3 than in
the environment of PA5. Because the mobility of water molecules decreases
toward the center of the lipid bilayer, it can be assumed that PA5 is located
closer toward the center of the bilayer than PA3. This is in agreement with the
time-resolved emission maxima. The polarity of the bilayer decreases toward
the center and thus a blue shifted emission from molecules located close to the
center is expected [28]. The solvent relaxation time of PA11 is only slightly
higher than that of PA5 but at times smaller than 2 ns the slope of C(t) of
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Figure 4.32: Spectral response function of PA3, PA5 and PA11 in DPPC-vesicles
at room temperature (gel phase). The area under the curve is a measure for the
solvent relaxation time.

Table 4.5: Solvent relaxation parameters of PA3, PA5 and PA11 in DPPCvesicles at room temperature (gel phase). ∆ν is the time-dependent Stokes shift
with ∆ν = ν (0) − ν (∞). The relaxation times τ1 , τ2 and τ3 are obtained by three
exponential fitting of C(t). Note that τ2 is smaller than the time-resolution of our
experiment. Observed SR is calculated by division of ν(t = 0 ps) from time-zero
estimation and ν(t = 80 ps) achieved from TRES measurements.
Compound ∆ν/cm−1
PA3
3600±50
PA5
3000±100
PA11
3700±100
a

τ1 /ps τ2 /ps
310
0.14
1150 0.5
1100 6

calculated using Equation 3.40

τ3 /ps
210
84
120

hτr i /ps a
240
470
490

observed SR (%)
89
90
91
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PA11 in Figure 4.32 implies that the relaxation process of PA11 is slower than
that of PA5. The high red shift of PA11 with respect to PA3 and PA5 implies
that PA11 is located closest to the lipid-water interface, but the highest solvent
relaxation time implies the opposite: PA11 is incorporated closest to the center of the bilayer. Considering the FWHM of the TRES, it might be assumed
that backfolding of the alkyl chain occurs upon photoexcitation of PA11. This
hypothesis would explain the high red shift: the backfolding moves the chromophore toward the water-lipid interface and the excited chromophore which
emits a photon at later times has a more polar environment and thus emits a
photon of lower energy.
The solvent relaxation times of the probes are shorter than those reported
for the n-(9-anthroyloxy) fatty acids (Section 3.4.2) in DPPC-vesicles in the
gel-phase. Possible explanations might include the high probe-to-lipid ratio of
around 1:30 and the strong effects of protic solvents. Solvent relaxation measurements at different probe-to-lipid ratios, different temperatures and different phases of the bilayer as well as fluorescence depolarisation measurements,
will help to reveal more details about the solvent relaxation processes of the
probes in DPPC-bilayers.

4.4

Dye immobilisation and supported bilayers

Molecules incorporated in a vesicle may have a preferential orientation with
respect to the bilayer normal. However, if the bilayer is forming a sphere,
only the sum of all orientations of incorporated probes will be seen macroscopically. Therefore, vesicles cannot be used to achieve a preferential orientation
of charge transfer systems in electric fields. In this section, the first steps
to achieve a defined preferential orientation of the probes will be described.
The method of vesicle fusion was applied to hydrophilic and functionalised hydrophobic glass slides. In addition, a probe chamber was developed to allow
the measurement of fluorescent decay times of immobilised probes on glass
supports.

4.4.1

Immobilised fluorophores on a glass support

The measurement of the fluorescence of a single layer of chromophores requires a highly sensitive equipment due to the fact that only a small number
of chromophores can be monitored. To develop a probe holder meeting this
requirement, the standard dyes pyrenemethylamine (PMA) and rhodamine
110 (Rho110) were covalently attached to glass supports by reaction of the
amino groups of the dyes with the epoxy-functionality of the glass supports,
which had been functionalised with (3-glycidylpropyl)trimethoxysilane [82].
The results of the surface functionalisation process and the attachment of the
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Figure 4.33: Fluorescence spectra of rhodamine 110 covalently bound to a
silanised glass slide in comparison to the fluorescence of an blank silanised
glass slide.

dyes were charactrised using contact angle and AFM measurements. The uncleaned glass slides have a contact angle of (30 ± 3)˚. After the cleaning procedure the contact angles are measured to be below 10˚: the glass slides are
highly hydrophilic. The surface roughness of the clean glass slides was measured using atomic force microscopy to be less than 2 nm. After silanisation
with epoxy silanes, the contact angle were measured as (45 ± 2)˚, which is in
agreement with the contact angles reported for silanised slides in [83]. The
surface roughness of the epoxy-silanised layers of about 10 nm measured by
atomic force microscopy indicates a formation of polysiloxane layers (Figure
4.35). The contact angle after the attachment of the dyes is (53 ± 3)˚.
The probe holder for the glass slides allows the measurement of the emitted
light at different positions and angles of the slide with respect to the beam of
the incoming excitation light. An angle of 18˚ off a 45˚ position of the glass slide
toward the excitation light yielded a sufficient emission intensity and a low intensity of scattered light. Figures 4.33 and 4.34 show the fluorescence spectra
of PMA and Rho110 after they have been covalently attached to a silanised
glass slide in comparison to the fluorescence spectrum of an blank silanised
glass slide. The spectra show that a sufficient amount of emitted light can
be detected to allow fluorescence measurements. In the fluorescence spectrum
of covalently attached PMA, no excimer emission is observed, thus indicating
that the chromophores are not highly ordered and closely packed on the sur-
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Figure 4.34: Fluorescence spectra of pyrenemethylamine covalently bound to
a silanised glass slide in comparison to the fluorescence of an blank silanised
glass slide.
face. The photo stability of PMA is very poor and the fluorescence intensity
decreases quickly upon illumination. The high photo bleaching threshold of
PMA is known, so this is not a surprising effect [84]. Rho110 has a high photo
stability and no differences in the fluorescence intensity were found after illumination with laser light for appr. thirty minutes.
The fluorescence lifetimes of PMA and Rho110 on silanised glass slides
were measured as (3.0 ± 0.2) ns and (1.0 ± 0.1) ns, respectively. The fluorescence lifetime of Rho110 in methanol was reported to be 4.2 ns [85].
The shorter lifetime of Rho110 on a silanised glass slide can be explained by
quenching by oxygen, because the chromophore on the glass slide is directly in
contact with air.

4.4.2

Supported DPPC-layers on blank and C12 coated
glass slides

Vesicle fusion on hydrophobic and hydrophilic surfaces allows the production
of a supported planar lipid bilayer parallel to the supporting material [86].
When a vesicle comes in contact with a hydrophilic or hydrophobic surface it
can spread along the surface and form a planar monolayer or bilayer of lipids
[49, 51, 56, 87]. However, the stability of fused bilayers is poor and dehydration
can change the orientation of the lipids when they are exposed to air [88]. It
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Figure 4.35: AFM pictures of epoxy coated glass slide (a) in comparison to a C12
coated glass slide (b) with corresponding height profiles.
was shown that it can be difficult to obtain large areas of defect-free layers
with the method of vesicle fusion [51]. The ionic strength, the pH value and
the structure of the substrate surface are factors which highly influence the
quality of the obtained lipid layers.
The hydrophilic glass slides were prepared by cleaning untreated glass
slides with Deconex R 11 Universal solution in a sonificator at 70˚C for 30 minutes. The hydrophobic glass slides were prepared by silanisation of clean glass
slides with dodecyltrichlorsilane. The silanisation resulted in a contact angle
of (108 ± 2)˚. The AFM picture of the C12 coated slides shows a smooth surface interrupted by high peaks (Figure 4.35). It can be assumed that the C12
silanisation also resulted in formation of a polysiloxane layer. To improve the
smoothness of the C12 coated slides, the silanisation procedure will need to be
modified, for example, by adjusting the solvent polarity, to obtain surfaces of
higher quality.
For vesicle fusion, 0.1 M vesicle solutions were prepared in a Tris-HCL
buffer with a pH of 7.4 and with varying concentrations of NaCl. The blank,
cleaned glass slides and the C12 coated glass slides were immersed in the vesicle solution for 16 h under mild agitation. The slides were then carefully
washed and another clean, blank glass slide was placed on top of the layer.
The contact angle measurements of the dried glass slides after vesicle fusion showed only small changes. The contact angle of the C12 coated slides decreased to (89 ± 5)˚, and the contact angle of the blank glass slides increased
to (38 ± 5)˚. The dried C12 slides after vesicle fusion showed macroscopic stain-
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Figure 4.36: Fluorescence and excitation spectra of PA5 on hydrophilic glass
slide after fusion of vesicles in comparison to fluorescence and UV/Vis absorption spectra of PA5 incorporated in DPPC-vesicles.
ing. The fluorescence spectra and excitation spectra were measured and can
be seen in Figure 4.36. After intense washing of the slides with water, the fluorescence spectra did not change. After rinsing with acetone, no fluorescence
spectra could be recorded indicating that the probes were totally removed from
the slides. The emission maxima of the probes on slides are blue shifted with
respect to the emission maxima of the probes in vesicles. The fluorescent decay times could be recorded with a count rate of up to 5000 counts per second
for the blank hydrophilic glass slides after fusion of vesicles. A typical fluorescence decay of PA5 after the procedure of vesicle fusion on a blank glass slide
is shown in Figure 4.37.
The mean fluorescence decay time of PA5 in a lipid layer on a glass slide was
calculated as 2.57 ns using Equation 3.27 and two exponential fitting of the
decay and shows no significant differences from that of PA5 in DPPC-vesicles
(2.63 ns).
To interpret the above shown results in more detail, additional experiments
to improve the silanisation protocol and the vesicle fusion process are needed.
The characterisation of the surfaces with atomic force microscopy and ellipsometry will play an important role.
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Figure 4.37: Fluorescence decay of PA5 after fusion of DPPC-vesicles onto a
hydrophilic glass slide. The decay is fitted with a two exponential decay model
using GlobalsWE.
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Chapter 5
Experimental Part
5.1

Synthesis of the probes

PA3, PA5 and PA11 were synthesised and purified by Dr. Julia Bricks of the
Academy of Science, Kiev and PA3b by Dirk Schubert of ETH-Zürich, all following the method of Suzuki-Miyaura cross coupling described in [89]. The
details of the synthesis and the characterisation of the structure of the probes
will be published elsewhere.

5.2

UV/Vis absorption and fluorescence measurements

All solvents used for spectroscopic measurements were of spectrophotometric
grade. UV/Vis absorption spectra were measured with a ATI UNICAM series
spectrometer. For quantum yield measurements, the optical density of the solution was held below 0.1. Fluorescence spectra were measured on a SLM
AMINCO-Bowman AB 2 spectrofluorimeter and corrected for instrumental
sensitivity. The fluorescence spectra were recorded in the wavelength domain.
To obtain the emission maxima, the emission spectra were converted to the
wavenumber domain, multiplied by λ2 [90] and then fitted with a log-normal
function in PeakFit R . A quinine bisulfate solution (Φf = 0.52) in 0.1 M H2 SO4
was used as a standard for the measurements of the fluorescence quantum
yields [91]. Measurements at 77 K were performed in glass tubes immersed
in liquid nitrogen. The probes were solved in a mixture of diethylether and
ethanol with a ratio of appr. 60:1.
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TC-SPC

Fluorescence decay measurements were performed using the principle of timecorrelated single photon counting (TC-SPC) with a setup using a passively
mode-locked Ti:sapphire laser from SpectraPhysics pumped by a Millenia pro
diode-pumped, CW visible laser system. Pulse duration is appr. 80 fs and pulse
frequency is appr. 81 MHz. Two polarizers at 54.7˚ to each other were used:
one between the excitation source and the probe, the other between the probe
and the detector. The excitation wavelength was obtained by second harmonic
generation from the fundamental wavelength of 700 nm. Fluorescence and
scatter were detected by a microchannel plate photomultiplier (MCP, Hamamatsu R 1564 U-01 at -30˚C) coupled by a quartz fiberoptic to the emission
monochromator (Oriel MS257). The signal from a constant fraction discriminator (CFD, Tennelec 454) was used as the start pulse for the time to amplitude converter (TAC, Tennelec TC864) operating in reverse mode. Stop pulses
were obtained by imaging a small part of the excitation light with a photodiode (HSA-X-S-1G4-SI, FEMTO R Messtechnik GmbH). The MCP pulses were
amplified using a Hamamatsu C4890 wide band amplifier. The count rate
was held below 6k counts per second to avoid pile-up effects. A multichannel analyzer (Fast Comtec MCDLAP) was used for data accumulation. The
instrument response function was detected using a stray solution at excitation wavelength and has width of 60-70 ps. The program Globals Unlimited
[92] was used for the analyses of the fluorescence decays. Each recorded decay
consisted of 230k to 280k counts. The error of the lifetimes is appr. 5%.

5.4

Vesicle preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) in chloroform was purchased from Avanti R Polar Lipids Inc. and used without further purification.
The probes were added to the DPPC-chloroform solution to yield a lipid-toprobe ratio of 30:1. The chloroform was removed in a vacuum evaporator and
was then dried under high vacuum for two more hours to remove remaining
traces of chloroform. After addition of ultrapure water with a temperature
of 50˚C, the lipid suspension (1 mM) was sonicated at 50˚C for appr. thirty
minutes until the solution was clear. The fluorescence, UV/Vis absorption and
DLS measurements were performed at room temperature within 24 h after
preparation.

5.5

Dynamic light scattering

The average diameter of the vesicles was determined by dynamic light scattering (DLS), using a Zetasizer 3000HS (Malvern Instruments) at a temperature
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of 25 ± 0.1˚C. The intensity of the laser light scattered by the samples was
detected at an angle of 90˚ with a photomultiplier. The vesicle solutions were
diluted with distilled water in order to avoid multiscattering phenomena. For
each probe incorporated in vesicles at least three measurements were made.
For each of these specimens ten autocorrelation functions were analysed using
a cumulative analysis. From this analysis, the z-average value was obtained,
which is an approximation of the diameter of the vesicles. Samples were analysed within 24 h after preparation.

5.6

Glass slide preparation
TM

Glass slides used in this work were Nexterion Glass B slides (Schott). Before
further usage they were cleaned in Deconex R 11 Universal solution (Borer
Chemie) in a sonificator at 70˚C for 30 minutes. The slides were dried under a
stream of nitrogen and then used within ten minutes after cleaning.
For silanisation, the slides were placed in a 2.5% solution of (3-glycidylpropyl)
trimethoxysilane (FLUKA) in toluene at 80˚C for three hours. They were
rinsed then four times with methanol, twice with acetone and then washed
once with acetone. For thermal curing, they were then placed in an oven at
100˚C for at least fifteen hours. Until further usage they were stored under
an atmosphere of dry nitrogen. C12 coated glass slides were prepared using
the same steps, except with dodecyltrichlorosilane (ABCR GmbH) replacing
(3-glycidylpropyl)trimethoxysilane.
Pyrenemethylamine and rhodamine 110 were purchased from Aldrich. For
covalent attachment of the dyes, the silanised glass slides were kept for two
hours in a 10 mM solution of the dyes in ethylenglycol at 90˚C for two hours.
Then they were rinsed four times with acetone and twice with deionised water and placed for one hour in deionised water. Contact angle measurements
were made after each step and fluorescence was measured within 24 h after
preparation.

5.7

Contact angle measurements

Contact angles of 3 µl drops of ultrapure water were measured with a contact
angle measurement setup (OCA 15 plus, dataphysics) using the sessile drop
method. Contact angles were measured at ten or more different positions of
the glass slide.
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Atomic force microscopy

Atomic force microscopy (AFM) measurements on glass slides were made with
a Nanosurf MobileS Rasterkraft Mikroskop System from Nanosurf AG with a
cantileva NCLR-10 Pointprobe R -Silizium SPM sensor in non-contact mode.

5.9

Vesicle fusion

Hydrophobic (C12 coated) and hydrophilic (blank, cleaned) glass slides were
prepared as described above. For vesicle fusion experiments, vesicle solutions
as described above were prepared in a TRIS-HCl buffer at pH 7.4 with several
different concentrations of up to 100 mM NaCl instead of ultrapure water.
The glass slides were then placed in the vesicle solutions under mild agitation
overnight.

Chapter 6
Summary

A set of four fluorescence probes (PA3, PA5, PA11 and PA3b) was synthesised
for this work. Each consist of a pyrene-acceptor moiety, an alkyl chain (with
different length for each probe) and an ionic group at the end of the alkyl chain.
In the first part of this work, the photophysical behaviour of the probes was
measured in homogeneous solvent environments. The UV/Vis absorption and
the fluorescence spectra of the probes were measured in solvents of different
polarity. The positions of the absorption maxima of the probes were found
not to be dependent on the solvent polarity. This can be explained by the low
ground state dipole moments of the probes, which were calculated with with
AM1 semiempirical calculations to be 3.5 D, 3.5 D and 3.3 D for PA3, PA5 and
PA11, respectively.
The fluorescence spectra of the probes are unstructured and red shifted,
with respect to the fluorescence spectrum of the parent chromophore PhP. The
Stokes-shifts of the fluorescence spectra of the probes increase with increasing
solvent polarity. The shifts in the emission maxima were used to calculate
the excited state dipole moments of the probes, using a modified form of the
Lippert-Mataga equation which considers that the fluorescence occurs from
an excited state different from the LE state. The high excited state dipole
moments (appr. 21 D for all three probes) in comparison with the small ground
state dipole moments indicate that the probes form a charge transfer state
upon photoexcitation.
The quantum yields and fluorescence decay times of the probes in solvents
of different polarity were measured, allowing the calculation of the radiative
and nonradiative rate constants and the fluorescence transition dipole moments. The radiative rate constants and the fluorescence transition dipole
moments were found to decrease with increasing solvent polarity. This can be
explained by further twisting between the acceptor moiety and the donor moiety of the molecules. The solvent polarity was found to have only small effects
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on the nonradiative rate constants. The differences between the structures of
the probes were found to have only slight influences on their photophysics.
Ethanol, as a protic solvent, was found to have a significant effect on the
nonradiative rate constants of the probes. In a water-acetonitrile mixture, it
was shown that the nonradiative rate constant increases significantly with increasing water concentration. This effect was further examined using a SternVolmer quenching formalism to better understand the effects of aqueous environments on the probes before further work in vesicles, which also represent
an aqueous environment. It was shown that water quenches the fluorescence
of the probes dynamically and that the quenching efficiency was decreased
when the accessibility of the acceptor moiety to water molecules was lowered.
A modified Stern-Volmer plot was used to quantify the quenching efficiency.
In the second part of this work, the three probes PA3, PA5 and PA11, were
incorporated in lipid bilayers in the form of DPPC-vesicles. The UV/Vis absorption spectra of the incorporated probes show a 3 nm red shift with respect
to the absorption spectra of the probes in bulk solvents. This effect could be explained by considering the different refractive indices of the lipid bilayer and
reference cuvette.
The fluorescence spectra of the probes in vesicles are structureless, with
emission maxima close to those in THF. The red shift and the structureless fluorescence spectra imply that the probes form an excited charge transfer state
upon photoexcitation. The fluorescence spectra in DPPC-vesicles are broadened in comparison with the fluorescence spectra in bulk solvents.
The quantum yields and fluorescence decay times in DPPC-vesicles were
measured and used to calculate the radiative and nonradiative rate constants. The fluorescence quantum yields differ significantly for the three
probes whereas the fluorescence decay times differ only slightly. Decays measured in DPPC-vesicles show a multi exponential decay behaviour in contrast
to the decays measured in bulk solvents of low viscosity. The radiative rate
constants of the probes decrease with decreasing length of the alkyl chain.
The nonradiative rate constants show no dependence on the length of the alkyl
chain.
The broadening of the fluorescence spectra and the multi exponential fluorescence decay behaviour can be explained by considering solvent relaxation
processes that occur in a time scale close to that of the fluorescence lifetime.
The differences in the radiative rate constants can be explained when the differences in the polarity of the probes’ surroundings are considered. The polarity in DPPC-bilayers decreases towards the center of the bilayer and when it
is assumed that the probes are located in different depths of the bilayer, the
differences in the radiative rate constants can be explained.
The method of spectral reconstruction was applied to the probes incorporated in DPPC-vesicles to obtain more information about the probes position
in the bilayer. Fluorescence decays were recorded at eighteen different emis-
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sion wavelengths spanning the fluorescence spectra of the probes. Each decay
was fitted using a three exponential decay model and the time-dependent fluorescence spectra were calculated. The time-dependent Stokes shifts and the
time-resolved FWHM of the probes in DPPC-vesicles were calculated using a
log-normal fit of the reconstructed spectra. The time-resolved FWHM show
an increase at short times followed by a decrease, indicating that the whole
relaxation process is monitored. An increase of the FWHM at longer times
was observed for the probe PA11. The overall red shift, which is known to
be directly proportional to the polarity function of a solvent, was found to be
highest for PA11, followed by PA3 and then PA5.
To obtain quantitative measurements of the solvent relaxation time, the
spectral response function was calculated. The time-zero spectra were obtained by measuring the fluorescence spectra of PA3, PA5 and PA11 in a glass
matrix of a frozen DE-EtOH mixture. These fluorescence spectra were unstructured and the emission peaks were slightly blue shifted with respect to
the fluorescence spectra measured in the non-polar solvent n-hexane and can
therefore be treated as the time-zero spectra. The solvent relaxation times
of PA3, PA5 and PA11 were calculated to be 240 ps, 450 ps and 480 ps, respectively. The solvent relaxation times reflect the mobility of water molecules
surrounding the probes, which decreases toward the center of the bilayer. It
was shown that the mobility of surrounding water molecules is highest for
PA3, indicating that PA5 and PA11 are positioned closer to the center of the
bilayer than PA3.
The solvent relaxation time and the large red shift of the time resolved
emission maxima of PA11 compared to those of PA3 and PA5 cannot be understood assuming PA11 is situated in the center of the bilayer, as it would
be expected to considering only its structure. Effects like the backfolding of
the alkyl chain or an initial incorporation of PA11 at different depths in the
bilayer are possible explanations.
Nevertheless, it can be assumed that PA3 and PA5 probe different regions
of the lipid bilayer. The high dependence of the fluorescence intensity of the
incorporated probes on different temperatures and phases of the lipid bilayer
allows a first application of the molecules as fluorescent probes.
In the third part of this work, experimental steps toward providing oriented
charge-transfer systems on planar lipid layers on a support are performed.
Glass slides were treated to create hydrophilic or hydrophobic surfaces to allow the fusion of vesicles into lipid bilayers or monolayers, respectively. The
glass slides were characterized with contact-angle and AFM measurements. A
monolayer of Rhodamine 110 was covalently bound to a silanised glass slide
and emission intensities sufficient for steady-state and time-resolved fluorescence measurements were recorded. The protocol of the fusion experiment
needs to be improved but initial steady-state and time-resolved fluorescence
measurements are promising.
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