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1. Introduction

1. Introduction

Information technology has revolutionized daily life in the last decades. The continuously
increasing amount of data to be stored at high speed stimulated the search for molecular
devices of ultra-fast response. Molecular electronic is one of the fields which deal with this
problem. Molecular electronics constitutes a multidisciplinary research area focusing on the
potential utilization of molecular scale systems and molecular materials for electronics or
optoelectronics. The study of molecular electronics has an ambitious but realistic goal: the use
of synthesis and assembly on a molecular level to achieve a huge density of devices molecular
wires, switches, rectifiers, transistors and memories. It foresees applications not only in
standard electronics but also some unique to molecular systems, for instance sensors based on
molecular recognition, and molecular interfaces with biological systems [Fer01, Jor97, Car88,
Mah96].

Molecular switches are active components of molecular electronic devices capable of
inducing chemical and physical changes in response to external stimuli such as electrical
current, light, and biological impulses. An optoelectronic molecular switch is a molecular
system which possesses electronic properties that can be triggered or controlled with the aid
of light or electrochemical potential. The most interesting natural process assisted by a
photonic switch is the phenomenon of vision in living systems. Thereby rhodopsin undergoes
changes in geometry upon optical excitation, altering from the cis to the trans conformation
on a subpicosecond time scale, and this is responsible for the various switching processes in
vision. Over recent years there have been several attempts to design molecular switches with
the goal of developing molecular electronic devices, expected to be a key technology of the
future. Photoresponsive molecular electronic switches in particular are of great interest, since

use of light as an external stimulus allows rapid and clean interconversions of distinctly
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different states. Several classes of photoresponsive molecular switches are known, operating
through various processes like reversible bond formation and breaking, -cis-trans
isomerization, photoinduced electron transfer and energy transfer. Photoinduced electron
transfer and energy transfer are the most interesting rapid switching mechanisms. Since
energy and electron transfer processes can occur on a subpicosecond timescale, it is possible
to produce devices that respond with equal rapidity. Fluorescence emission is perhaps the
most widely exploited property in the design of photoinduced electron transfer molecular
switches, since it is extremely sensitive to various perturbations such as solvent polarity,
donor-acceptor interactions, and the presence of metal ions. Several systems have been used
in the design of logic gates and molecular sensors [Fer01, Jor97].

Covalently linked molecules of electron donor and acceptor chromophore can be used to
perform switching operations. It is possible to tune both the optical and electrochemical
properties of a multicomponent system by selecting the appropriate electron donors and
acceptors. Generally, these systems consist of an acceptor chromophore (A), a bridging group
(B), and a donor chromophore (D). Absorption of a photon in a donor-acceptor system results
in one of two processes: photoinduced electron transfer from donor to acceptor, resulting in a
charge-separated state, or energy (excitation) transfer from donor to acceptor.

In this thesis an absorption and emission spectroscopic characterisation of a pyrene-
isoalloxazine dyad, a phenothiazine-isoalloxazine dyad, and a pyrene-isoalloxazine-
phenothiazine triad is undertaken. For an understanding of the electron transfer and energy
transfer processes in these dyads and the triad a detailed knowledge of the photo-physical
behaviour of the constituents is necessary.

Isoalloxazine dyes covalently linked to other dyes in donor acceptor systems with
bridges, antennas, and mediators are artificial model systems for biological counterparts
[K6n97, She03, She02, Tri05]. They gain importance in photo-voltaic systems, molecular

switching devices, and molecular logics applications [Jor97, Car88, Mah96].
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1. Introduction

Isoalloxazine forms the building block of the huge family of flavins [Hol05, Kam71, Yag94,
Ste97] with rich redox chemistry [Miil92, Pal97], photochemistry [Hee82], and biochemical
activity in enzymes [Miil92, Pal97, Fri88] and photoreceptors [Bat03, Bri05, Hid06]. The
optical spectroscopy of isoalloxazine dyes (flavins) is reviewed in [She03, Miil92, HeeS82,
Hee91, Son71]. 10-phenyl-isoalloxazine dyes, which are applied in the dyads and the triad
studied here, were investigated in [Kir95, Kna76, Kna74, Kir96, Pro04, Shi06].

Pyrene is an important polycyclic aromatic hydrocarbon [Ber71, Mur93, Win93, Vul05].
It is frequently used for fluorescence labelling of water-soluble polymers [Win93], silicas,
aluminas, clays, and zeolites [Ram91, Kra91]. It is also an important fluorescence label in
DNA research and molecular sensing [Wag05, Str04, Str02, Car93]. Optical spectroscopic
data on pyrene are found in [Ber71, Mur93, Win93, Bir70, Har80, Kar95, Nak73, Van98].
Environmental effects on the absorption strength and on the fluorescence behaviour of pyrene
[Kal77, Lia79, Lan83, Kar95] opens the application of pyrene in local environmental sensing.
The pyrene derivative I-methylpyrene, which is a constituent of the studied pyrene-
isoalloxazine dyad, reduces the high symmetry of pyrene and thereby increases the absorption
strength of the symmetry-forbidden Sy-S; transition [Lia80, Zeg84].

Phenothiazine derivatives are a pharmaceutically important class of heterocycles, known
as pharmacophores in sediatives, tranquilizers, antiepilectics, antituberculotics, antipyretics,
antitumor agents, bactericides, and parasiticides [Sai06, Bod68]. The phenothiazine chemistry
is described in [Bod68, Sai98, Sai84]. Optical spectroscopic data on phenothiazine are found
in [Rag64, Dom77, Kaw86, Kaw86b, BauOl]. 3-phenyl-phenothiazine (constituent in
investigated phenothiazine-flavin dyad) is considerably stronger absorbing than phenothiazine
[She03, Pro04].

The next chapter of this dissertation treats photophysical and photochemical

fundamentals such as photo-excitation and relaxation, energy transfer and electron transfer.
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In the chapter 3, first the investigated organic molecules are introduced and then the
different experimental setups and methods are discussed which have been applied for
measurements of absorption cross-sections, fluorescence quantum distributions and quantum
yields, fluorescence lifetimes, absorption transients, photo-degradations, and mass spectra.

In the chapter 4, the experimental results are presented and discussed.

Some overall discussion is presented in chapter 5, and conclusions are given at the end.
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2. Photophysical and Photochemical Fundamentals

2.1 Absorption

An electronic transition consists of the promotion of an electron from one occupied orbital
of a molecule to another unoccupied orbital. The transition maybe caused by the absorption of
a photon. Generally the molecule is initially in its electronic ground state and light absorption

brings it to an excited state.

2.1.1 Classification of Molecular Orbitals

A o orbital can be formed either from two s atomic orbitals, or from one s and one p atomic
orbital, or from two p atomic orbitals having a collinear axis of symmetry. The bond formed
in this way is called a 6 bond. A 7 orbital is formed from two p atomic orbitals overlapping
laterally. The resulting bond is called a m bond (Figure 2.1). For example in ethylene

(CH, =CH,), the two carbon atoms are linked by one ¢ and one n bond. Absorption of a

photon of appropriate energy can promote one of the m electrons to an antibonding orbital
denoted by n*. The transition is then called =—n*. A molecule may also possess non-bonding
electrons located on heteroatoms such as oxygen or nitrogen. The corresponding molecular
orbitals are called n orbitals. Promotion of a non-bonding electron to an antibonding orbital is

possible and the associated transition is denoted by n—n* [Bal65, Alb85].
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C 1

Figure 2.1: Illustration of 6 and « orbital by two p atomic orbitals of A and B.

To illustrate the orbital energy levels, Figure 2.2 shows the formaldehyde (CH,O) molecule as
an example, with all possible transitions. In absorption and fluorescence spectroscopy, two

important types of orbitals are considered: the Highest Occupied Molecular Orbitals (HOMO)

and the Lowest Unoccupied Molecular Orbitals (LUMO).
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Figure 2.2: Energy level of molecular orbitals in formaldehyde (HOMO: Highest Occupied

Molecular orbitals; LUMO: Lowest Unoccupied Molecular Orbitals) and possible electronic
transitions [Val02].
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2.1.2 Classification of Electronic States

The electronic state of a molecule is characterized by its total spin and the degree of
excitation. In the ground state for most molecules the total spin is S=0, here, all electrons
(each of them with S=1/2) are paired with anti-parallel spin. When exciting a single electron,
the two resulting unpaired electrons can either be parallel (S=1) or anti-parallel (S=0).
According to the resulting multiplicity of the states (number of potential realizations with the
same total energy) the S=0 and S=1 states are called singlet (S) and triplet (T) states,
respectively. The level of excitation is indicated by subscript numbers, 0 is the ground state
and 1 and 2,... are excited states with increasing energy (Figure 2.3). The triplet state has a

lower energy than the singlet state of the same configuration due to the exchange interaction,

[Val02].
E A
S,
T =T
Tz
£
T—T
S, -
n—rm T1
n-— 73'*
S,
singlet triplet
states states

Figure 2.3: Distinction between singlet and triplet states, using formaldehyde as an example
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2.1.3 Beer-Lambert law

The efficiency of light absorption at a wavelength A of an absorbing medium may be

described by the transmission T (A):

T(A) = IL @.1)

0

Where [/ and I are the light intensities of the beam entering and leaving the absorbing
medium, respectively. According to Beer-Lambert Law the transmission depends on the
absorption coefficient o () and the absorption cross-sectiono, (A1) in the following way:
T(1) = o @Dy No D _ =N, (el 2.2)

where [ is the sample length, N is the number density of dye molecules, N, is Avogadro

constant and C is the molar concentration. The absorption cross-section o,(4) characterizes

the photon-capture area of a molecule. Rewriting of Equation 2.2 gives

a(A) _ In(T)

A p—l
a,(4) N T

(2.3)

2.1.4 Selection rules
The transition dipole moment i is determined by the displacement of charges between

initial state |a> and final state |b> of an excitation, i.e. ;: <a|er|b>. Molecules with their

absorption transition moment parallel to the electric field vector of a linearly polarized
incident light are preferentially excited.

There are some rules for electronic transitions: transitions between states of equal spin
multiplicities are allowed and between different spin multiplicities are forbidden, i.e. singlet-
singlet and triplet-triplet transitions are allowed, but singlet-triplet or triplet-singlet transitions
are forbidden by electric dipole interaction. However, there is always a weak interaction

between the wavefunctions of different multiplicities via spin-orbit coupling. This leads to a

8



2. Photophysical and Photochemical Fundamentals

small but non-negligible absorption and emission between a singlet state and a triplet state or
vice versa. A transition can be forbidden for symmetry reasons (cancellation of transition
matrix element). Also symmetry-forbidden transitions may be observed weakly because the
molecular vibrations cause some departure from perfect symmetry (vibronic coupling)

[Atk97].

2.1.5 The Franck-Condon Principle

The motion of electrons is much more rapid than that of the nuclei (i.e. the molecular

vibrations) [Atk97]. Promotion of an electron to an antibonding molecular orbital upon
excitation takes about 10™"s, which is very quick compared to the characteristic time for

molecular vibration (107" —107'%s). This situation is the basic of the Frank-Condon principle:
an electronic transition occurs without changes of the position of the nuclei in the molecular
entity and its environment. The resulting state is called a Frank-Condon state, and the
transition is called Frank-Condon transition (Figure 2.4).

At room temperature, most of the molecules are in the lowest vibrational level of the
ground state (level population according to Boltzmann distribution). Excitation from the
ground state potential energy minimum to the excited state potential energy surface occurs
fast (no change in configuration coordinate system). The absorption of the vibrational levels

in the excited state is determined by the overlap of ground state and excited state
wavefunction (Franck-Condon integral S= <i | f > where |1> is the electronic wavefunction in
the ground state and | f > is the electronic wavefunction in the excited state). There are several

vibronic transitions whose interaction strength depends on the relative position and shape of

the potential energy curves (Figure 2.4) [Val02].
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nuclear configuration coordinate

Figure 2.4: Potential energy diagram with vertical transition (Franck-Condon principle) (a)

and illustration of absorption strength (b).

2.2 Deactivation of excited molecules

Excited molecules lose their excess energy by different chemical and physical processes.
The Perrin-Jablonski diagram (Figure 2.5) is often used to visualize the physical processes of
excitation and deactivation: photon absorption, internal conversion (IC), fluorescence,

intersystem crossing (ISC), and phosphorescence. The various deactivation processes are

discussed in the following.

10
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Figure 2.5: Perrin-Jablonski diagram showing the photo physical processes during
deactivation of excited molecules [Val02, Lak99].

2.2.1 Internal conversion

Internal conversion is an isoenergetic non-radiative transition between two electronic states
of the same spin multiplicity (e.g. S, =S, or S, =S, ). This process is followed by a
vibrational relaxation towards the lowest vibrational level of the final electronic state on a
time scale of 10" —107"'s [Val02]. When a molecule is excited to an energy level higher

than the lowest vibrational level of the electronic state S, , additional to internal conversion

vibrational relaxation may bring the excited molecule towards the 0 vibrational level of the

S, singlet state, and then internal conversion may make the transition from S , (v=10) to S .

(v) and so on.

11
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2.2.2 Fluorescence
Spontaneous emission of photons accompanying the S, — S, relaxation is called

fluorescence. Normally fluorescence emission occurs from S, and therefore its characteristics

(except polarization) do not depend on the excitation wavelength. According to Stokes Law
the fluorescence spectrum is located at longer wavelengths than the absorption spectrum
because of the energy loss in the excited state due to vibrational relaxation (see Figure 2.5).
Normally long wavelength part of the absorption spectrum overlaps with the short wavelength
part of the fluorescence spectrum because at room temperature, a small fraction of molecules
are in vibrational levels higher than 0 vibrational level, in the ground state as well as in the
excited state. The fluorescence spectrum often resembles the first absorption band (mirror
image rule), since the vibrational levels are similar in the ground and excited states .The gap
wavelength between the maximum of the first absorption band and the maximum of
fluorescence is called Stokes shift. Emission of a photon through fluorescence is as fast as

absorption of a photon (107" s). However, excited molecules stay in the S, state for a certain

time before emitting a photon or undergoing other de-excitation processes. Thus, after
excitation of molecules with a very short pulse of light (shorter than fluorescence lifetime),
the fluorescence intensity decrease exponentially with a characteristic time, reflecting the

average lifetime of the molecules in the S, excited state (excited state fluorescence lifetime).

12
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2.2.3 Intersystem crossing and phosphorescence

Intersystem crossing is a non-radiative transition between isoenergetic vibrational levels
belonging to electronic states of different multiplicities. For example, an excited molecule in
the 0 vibrational level of the singlet S, state may move to the isoenergetic vibrational level of
the triplet state 7;; and then relax vibrationally to the lowest vibrational level of 7;. Crossing
between states of different multiplicity is spin forbidden, but spin-orbit coupling overcomes
the selection rule partly.

Radiative de-excitation through 7, — S, emission is called phosphorescence. In fact, the
transition 7, — S, is spin forbidden, thus the phosphorescence radiative rate constant is very
low. During the slow process of radiative 7, — S, emission, numerous collisions with solvent
molecules favour 7, — S, intersystem crossing and subsequent vibrational relaxation in the
S, singlet state. In liquid solution of dye molecules at room temperature, non-radiative de-
excitation from the triplet state7;, is generally predominant over phosphorescence. At low
temperature and/or in a rigid medium, non-radiative relaxation is less efficient and
phosphorescence may become observable. Under these conditions, the triplet state lifetime
may increase up to minutes.

Reverse intersystem crossing 7; — S| may occur when the energy difference between S,
and 7; is small and when the life time of 7, is long enough. This results in emission with the

same spectral distribution as normal fluorescence, but with a much longer decay time

constant. This fluorescence emission is thermally activated and is called delayed fluorescence.

13
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2.3 Fluorescence lifetime and quantum yield

Excited molecule in the first excited singlet state depopulate generally exponentially after

excitation. The intensity of the fluorescence signal S, (¢f) (spontaneous emission) is

proportional to the §,-state level population. It decays exponentially after end of excitation

according to

Sp(t)=Sp exp(—t/7y) (2.4)
where t is the time, 7. is the fluorescence lifetime of excited state S,. The fluorescence
lifetime 7, is equal to the S, -state lifetime 7 . It is the inverse of the total de-excitation rate

of the excited state, k,, 1.e.
Tp=—" (2.5)
The total de-excitation rate consists of radiative, k., and non-radiative, k, de-excitation

contribution. The non-radiative relaxation rate includes internal conversion, (ratek, ) and

intersystem crossing, (rate k, ). Therefore it is

ktut = krad + kic' + kisc = krud + knr (26)
whereby
knr = kic + kisc (27)

The radiative lifetime 7, , is defined by

Ty = 2.8)

rad

The fluorescence quantum yield ¢, is the fraction of excited molecules which return to the
ground state S, by emission of photons. It is given by

k rad z-F

krad + knr z-rad

Pr (2.9)

14
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In other words, the fluorescence quantum yield ¢, is the ratio of the number of emitted

photons, n , . to the number of absorbed photons, 7, . , and is given by
n S, (A)dA

§, = L0 = I, =[E,(A)da (2.10)
nph,abs WL,abs / h VL

E . (A) is the fluorescence quantum distribution and is defined by

S, _ $,(1)

E. (1) =
r4) Wy | HV,

2.11)

n ph,abs

where §;(4) is the intrinsic spectral fluorescence photon density distribution, W, ,  is the

absorbed input energy and v, the frequency of the input light [Hol99].

2.4 Stimulated emission cross-section and radiative lifetime

The S;-Sy stimulated emission cross-section spectrum, cem(A), of dyes can be extracted
from the absorption cross-section spectrum, c,(A), and the fluorescence quantum distribution,

Ex()), by the relation [Spe87, Gra00, Pet71]

ooyt _EG) [ 0,0, o)
ny [ AT ER(M)d e

Where na and np are the average refractive indices of the solution in the S(-S; absorption

region and the S;-Syp emission region, respectively. The integrals extend over the Si-S;

absorption band and the S;-Sy emission band (em). The stimulated emission cross-section

characterizes the light amplification property of a medium [Bir69]. Equation 2.12 is derived

from the equivalence of the absorption and stimulated emission according to the Einstein B-

coefficient.

15
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Experimentally accessible is the radiative lifetime 7, , by measurement of the fluorescence

rad

lifetime and the fluorescence quantum yield, according to

» =;—F (2.13)
F

The radiative lifetime, 7., is the inverse of the rate of spontaneous emission, k,,. The

spontaneous emission rate is equal to the rate of stimulated emission caused by quantum
fluctuations. The radiative lifetime is the inverse of the Einstein A-coefficient which is fixed
related to the Einstein B coefficient and subsequently to the absorption cross-section. As a
result the radiative lifetime, T4 1s related to the absorption spectrum by the Strickler-Berg

formula [Str62]

1

. (2.14)

rad

8 n’ LmEF(/”L)a’/1 I o, (A)dA
n, LmEF(ﬂ)/fdﬂ abs )

Rewriting of Equation 2.12 with the aid of Equation 2.14 allow to express the stimulated

emission cross-section as a function of the radiative lifetime

X E.(4)
8znie,r,, j E.(A)dA'

o,,(1)= (2.15)

2.5 Degree of fluorescence polarisation and molecular reorientation time
The degree of fluorescence polarization [Dor66], P, =(S, —S, )/(Sp+S;,), can be

determined by measuring the fluorescence signal polarized parallel (Sr)) and polarized
perpendicular (Sr) to the excitation light. The degree of fluorescence polarisation, Pr, is
related to the reorientation time, To, of the transition dipole moment, p, by the Perrin formula

[Par68, Per29, Wei95]

16
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/P, -1/3

Ty = 1_P /P P.r., (2.16)
F 0

where Py = 0.5. In diluted solutions (no electronic energy transfer) the reorientation time of

the transition dipole moments, Tor,,, 1S equal to the molecular reorientation time, Torm.

2.6 Energy transfer

Transfer of the excited-state energy from the initially excited donor (D) to an acceptor (A)
according to
D'"+4A—>D+ 4"
is called energy transfer. One distinguishes the radiative and the non-radiative energy transfer
[Val02]. Radiative transfer is a two-step process: a photon emitted by a donor (D) is absorbed
by an acceptor (A). It is the process of absorption of the fluorescence of the donor by the
acceptor.

D" > D+hv

hv+A4— A

Such a transfer does not require any interaction between the partners; it depends only on the
spectral overlap of the emission spectrum of the donor with the absorption spectrum of the
acceptor. The higher the concentration of the acceptor the more fluorescence light is

reabsorbed. The process is illustrated in Figure 2.6.

17
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D

h lV’e_\'c‘

Figure 2.6: Illustration of radiative energy transfer (absorption of fluorescence of donor by
acceptor) (from [Val02, Lak99]).

Non-radiative energy transfer occurs without emission of photons at distances less than the
wavelength. It occurs if the emission spectrum of the donor overlaps with the absorption
spectrum of the acceptor.

Non-radiative energy transfer results from different interaction mechanisms. The interactions
may be of Coulombic nature or of quantum mechanical wavefunctional nature. The
Coulombic interactions consist of dipole-dipole interactions (Forster’s mechanisms) and
multi-polar interactions (between donor and acceptor molecules). The energy transfer due to
electron exchange under charge resonance condition (Dexter’s mechanism), occur only if the
involved wavefunctions overlap spatially (donor and acceptor molecule in near contact). The
Forster-type energy transfer (excitation transfer) is shown in Figure 2.7. The Dexter-type

energy transfer (excitation transfer) is illustrated in Figure 2.8.

=, —
= = 4+

.
.
Yaun®
v
RELLLER

excited ground state de-excited excited
donor acceptor donor acceptor
*k &

D A D A

Figure 2.7: Schematic representation of the Forster-type energy transfer (from [H4d99]).
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ISR ST

D’ A D A

Figure 2.8: Illustration of Dexter-type energy transfer (from [H4d99]).

2.6.1 FOrster-type energy transfer

Forster derived the energy transfer rate constant (krr) due to dipole-dipole coupling and got

the following results [For51, Fle86]

6 6
R 1 R
ko =k _0] - [—J (217)
FT F,0,d {Rd TF’O’D Rd

Where k. ,, =1/7,, is the emission rate constant of the donor, in the absence of energy

transfer, R, is the distance between the donor and the acceptor, (distance of the transition
dipoles) and R, is the critical Forster distance, i.e. the distance at which the energy transfer
rate and the rate of spontaneous decay of the excited donor are equal (k. =k, ).

R,, is give by [For51, Fle86, Amm95]

9x?
RS = SR [Erp(Do, (DA dA (2.18)

where n in the average refractive index in the overlap region of absorption and emission

(Figure 2.9), E, ,(4) is the fluorescence quantum distribution of the donor, and o, (1) is the

absorption cross-section of the acceptor. The orientation factor xis determined by the
orientation of the transition dipole moments of the interacting molecules d (donor) and a
(acceptor) according to [Fle86]

19
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K = cos(9,,) ~ 3c0s(9, ) cos(p,) (2.19)
where ¢, and ¢, are the angles of the donor and acceptor transition dipole moments to the
connection line between d and a, and ¢,, is the mutual angle between the transition dipole

moments (Figure 2.10). Depending on the orientation of transition dipole moments x may

vary between 0 and 2. For a statistical isotropic orientation of the transition dipole moments it

is k2 =2/3 [Fle86].

Donor Acceptor

aps. em.  abs. em.

’ N
el s S~

Wavelength

Figure 2.9: Illustration of the integral overlap between the emission spectrum of the donor and
the absorption of the acceptor.
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Acceptor

Figure 2.10: Angles involved in the definition of the orientation factor x .

The quantum efficiency of Forster-type energy transfer, .., is given by

_kFT — kFT
kFT +kF,0,d

(2.20)

which is the ratio of the energy transfer rate to the total decay rate of the donor.

2.7 Electron Transfer

Electron transfer (ET) is the process where an electron moves from one atom or molecule to
an adjacent atom or molecule [Lak99]. In donor-acceptor system photo-excitation may cause
adiabatic electron transfer, called optical electron transfer, in the case of strong coupling
between electron donor and electron acceptor or non-adiabatic (diabatic) electron transfer,
called photo-induced electron transfer, in the case of weak coupling [Che06]. If the excited
molecule (D, excited electron donor) leaves an electron to the adjacent ground-state molecule
(A, electron acceptor) then one speak of oxidative electron transfer. If the excited molecule
(A", excited electron acceptor) gets an electron from the adjacent ground state molecule (D,
electron donor) then one speak of reductive electron transfer. In both cases the fluorescence
emission of the excited molecule is quenched.

Oxidative and reductive photoinduced electron transfer processes occurring according to the
following reactions
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D'"+A4—> D" +A4" (oxidative electron transfer)

A"+D—> A" +D"" (reductive electron transfer)

are schematically illustrated in Figure 2.11.

Photoinduced electron transfer is involved in many organic photochemical reactions. It plays
a major role in photosynthesis and in artificial systems for the conversion of solar energy to

charge separation [Val02, Lak99].

Oxidative Electron Transfer

D’ D+ A

1071
_[_

HOMO

LUMO e

o Tt

excited electron-poor oxidised Reduced
fluorophore quencher fluorophore quencher

Reductive Electron Transfer

A+ D

D
b 11

LUMO

J

] [——H— HOMO _H_ ——

excited electron-rich reduced oxidized
fluorophore quencher fluorophore quencher

Figure 2.11: Reductive and oxidative electron transfer (from [Val02]).
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The photo-induced electron transfer is described theoretically by the Marcus theory

[Jor76, Hop74, Mar56, Mar85, Lev77, Hus61]. It involves three parameters, the donor-

acceptor coupling constant, ¥, (square of wavefunction overlap integral, V5, of donor and

acceptor state), the free enthalpy AG® = G’(acceptor) — G’(donor) of the reaction, and the
reorganisation energy A = G°(acceptor, xp) - G’(acceptor, x,), where xp is the reaction
coordinate equilibrium position of the donor, and x4 is the reaction coordinate equilibrium

position of the acceptor. The donor-acceptor coupling constant depends exponentially on the
edge to edge distance, R, between donor and acceptor, i.e V' (R)=V, (0)exp(-AR), with
distance coefficient B of about 0.14 nm" [Mos92] (see Figure 2.12). Depending on the
magnitude of the reorganisation energy relative to the standard free enthalpy difference three
regions are distinguished: i) the normal region for A > - AG’, ii) the activation-energy-free

position A = - AG® (optimal region), and iii) the inverse region A < - AG’ (see Figure 2.13)

Donor

Acceptor

Free enthalpy

Reaction coordinate

Figure 2.12: Representation of the potential energy Marcus-parabola curve used in electron
transfer theory. The reorganisation energy (1), and the free enthalpy AG” are indicated (from
[H&ad99]).
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normal region

\\// optimal region
N

iInverse region

AG®

Free enthalpy

Reaction coordinate

Figure 2.13: The different regions in the Marcus theory of electron transfer, together with the

representations of the free energy AG’ change, and the reorganization energy (M) (from
Hid99]).
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3. Experimental

3.1 Investigated dyes

In this dissertation a pyrene — flavin (isoalloxazine) dyad (abbreviated by PFD), a
phenothiazine-phenyl-isoalloxazine dyad, (called PTFD, short-writing of phenothiazine-flavin
dyad), and a pyrene-flavin-phenothiazine triad (abbreviated by PYFPT) are investigated.
Their structural formulae are given in Figure 3.1. In order to understand the complex electron
transfer and energy transfer processes in these dyads and the triad, a detailed knowledge of
the photo-physical behaviour of their constituents, the flavoquinone molecules isoalloxazine
acetic acid ethyl ester (IAE) and bromo-phenyl-isoalloxazine (BrPF), the pyrene molecules
pyrene, l-methylpyrene, and the phenothiazine molecules heptyl-phenothiazine (HPT),
heptyl-phenyl-phenothiazine (HPPT), are needed. Their structural formulae are given in
Figure 3.2.

The dyes PFD, PTFD, PYFPT, IAE, BrPF, HPT, HPPT, were synthesized by Dr. R.
Prochézka from the group of Prof. J. Daub in the Institute fiir Organische Chemie, Universitit
Regensburg, Germany. The dyes pyrene, 1-methylpyrene, solvents dichloromethane,
acetonitrile and methanol, were purchased from Sigma-Aldrich, Taufkirchen, Germany and

were used without further purification.
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Phenothiazine-flavin dyad PTFD Pyrene-flavin dyad PFD

Figure 3.1: Structural formulae of investigated dyads and triad. PFD: Full name: 1-
Pyrenepropanoic acid, o-[[4,10-dihydro-2,4-dioxo-10-phenylbenzo[ g]pteridin-3(2H)-
yl)acetyllJamino]-, phenylmethyl ester, (aR) - (9Cl). Formula: C44H3NsOs. Molar mass:
709.75 g mol ™.

PTFD: Full name: 10 [4-(10-heptyl-10H-phenothiazine-3-yl)-phenyl]-3-methyl-10H-
benzo[g]pteridine-2,4-dione. Formula: C36H33N50,S. Molar mass: 599.75 g mol ™.

PYFPT: Full name: 2(2-{10-[4-(10-heptyl-10H-phenothiazin-3-yl)-phenyl]-2,4-dioxy-4,10-
dihydro-2H-beno[g]pteridin-3-yl}-acetylamino)-3-pyren-1-yl-proprionic acid benzyl ester.
Formula: C¢3Hs5,NgOsS. Molar mass: 1005.19 g mol .
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Br

N N O
C[ i
N
N/ \CH3
(0]
Dye IAE Dye BrPF

O

S

L0

Heptyl-phenothiazine HPT Heptyl-phenyl-phenothiazine HPPT

R

0

R=H pyrene
R =CH; 1-methylpyrene

Figure 3.2: Structural formulae of investigated constituents of PFD, PTFD dyads and PYFPT
triad. IAE: Full name: (2,4-dioxo-10-phenyl-4,10-dihydro-2H- benzo[g]pteridin-3-yl)-acetic
acid ethyl ester, Formula: Cy)H;¢N4O4, Molar mass: 376.37 g mol!. BrPF: Full name:10-(4-
bromo-phenyl)-3-methyl-10H-benzo[g]pteridine-2,4-dione, Formula: C;7H;;BrN4O,, Molar
mass: 383.20 g mol ™. Pyrene: Formula: Ci¢Hio, Molar mass: 202.25 g mol™. 1-methylpyrene:
Formula: Cy7H;;, Molar mass: 21625 g mol!. HPT: Full name: 10-Heptyl-10H-
phenothiazine, Formula: C9H»sNS, Molar mass: 299.47 g mol!. HPPT: Full name: 10-
Heptyl-3-phenyl-10H-phenothiazine, Formula: C,sH7NS, Molar mass: 373.55 g mol™.
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The dyes were dissolved in dichloromethane (CH,Cl,), acetonitrile (CH3CN), or methanol

(CH30H). The measurements were performed at room temperature (ca. 22 °C). Air-saturated

samples were used. Some characteristics of the applied solvents and dyes are shown in Table

3.1 and Table 3.2 respectivley.

Table 3.1: Some characteristics of the applied solvents (from Merck catalog)

solvent Boiling point ~ Freezing point  Dielectric Elctrical dipole
constant moment Debye)
Dichloromethan 40°C -95°C 1.6 D
e
Acetonitrile 82°C -46°C 344D
Methanol 65°C -98°C 1.7D
Table 3.2: Characteristic parameters of the applied dyes (from [Pro04])
dye Formula Molar mass g mol'  Melting point
IAE Ca0H16N4O4 376.37 290°C
BrPF Ci7H1iBrN4O,  383.20 >300°C
Pyrene CicHio 202.25 148°C
1-methylpyrene  C;7H» 216.25 74°C
HPT Ci9H2sNS 299.47 <0°C
HPPT CysH27NS 373.55 <0°C
PFD C44H31N50s5 709.75 285-289°C
PTFD C36H33NsO,S  599.75 238-240°C
PYFPT Cs3H52N6O5S 1005.19 262-263°C
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The synthesis and chemical characteristics of the applied flavoquinone dyes IAE and BrPF
are found in [She03, Pro04]. A brief description is given in [Shi06]. The synthesis and
chemical characters of pyrene — flavin — dyad are found in [She03, Pro04]. A short
description is given in [Shi07a]. The pyrene — flavin (isoalloxazine) dyad (abbreviated by
PFD) is made up of a phenyl-isoalloxazine derivative and of 1-methylpyrene, in which both
chromophores are linked via an enantiomerically pure dipeptide bridge of R-configuration
(Figure 3.1). The phenothiazine-phenyl-isoalloxazine dyad, (called PTFD, short-writing of
phenothiazine-flavin dyad) ) is made up of the approximate constituents of the dyad, 10-
heptyl-10H-phenothiazine (abbreviated by HPT), or 10-heptyl-3-phenyl-10H-phenothiazine
(abbreviated by HPPT), and 10 (4-bromo-phenyl)-3-methyl-10H-benzo[g]pteridine-2,4-dione
(called BrPF, short-writing of bromo-phenyl-flavin) (Figures 3.1 and 3.2 ). The synthesis and
chemical characteristics of PTFD are given in [She03, Pro04]. A short synthesis route is given
[Shi07b]. The pyrene-flavin-phenothiazine triad, (abbreviated by PYFPT), is made up of the
approximate constituents of the triad, 10-heptyl-10H-phenothiazine (abbreviated by HPT), or
10-heptyl-3-phenyl-10H-phenothiazine (abbreviated by HPPT), and 10 (4-bromo-phenyl)-3-
methyl-10H-benzo[g]pteridine-2,4-dione (called BrPF, short-writing of bromo-phenyl-flavin)
and of 1-methylpyrene (Figures 3.1 and 3.2 ). The synthesis of the triad PYFPT is described

in [Pro04].

3.2 Absorption detection
Absorption measurements were carried out with a commercial double beam UV-VIS-IR
spectrophotometer (Beckman type ACTA M IV) by measuring transmission spectra 7(A). The

absorption coefficient spectra, «,(4 ) and the absorption cross-section spectra, G,(A) were

extracted from the transmission spectra, 7(A), by the Equations 2.2 and 2.3 respectively.
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3.3 Fluorescence spectra

Fluorescence measurements were carried out with the experimental setup schematically
shown in Figure 3.3. The setup consists of an excitation path and a detection path. In the
excitation path a high-pressure mercury lamp in combination with an interference filter and a
polarizer is used as excitation source. The vertical polarized excitation light is focused to the
sample S by lens L2. In the detection path the fluorescence emission is gathered by lens L3
and directed to the spectrometer SP by lens L4 under magic angle direction (polarizer
transmission under an angle of 54.7° to the vertical) [Dor66], the dispersed fluorescence
spectrum is registered by a silicon diode array detection multi-channel analyser system
(Tracor DARRS system) and the data are transferred to a computer for analysis.
In experiments the absolute intrinsic fluorescence quantum distribution, FEr(A), and
fluorescence quantum yields, ¢r were determined by calibration to reference dyes of known
fluorescence quantum yield [Hol99, For51].
For excitation in the blue and violet spectral range the dye coumarin 314T in ethanol was
used as reference (fluorescence quantum yield ¢r = 0.87 according to technical data sheet of
Kodak). In the case of near UV excitation the dye quinine-sulphate dihydrate in 1N H,SOy4
was used as reference (¢r = 0.546/(1+14.5 C) where C is the dye concentration in mol dm™
[Mel61]). In the case of excitation in the green spectral range the dye rhodamine 101 in
ethanol (¢pr = 1.0 [Kar80]) was used as reference. The absorption cross-section spectra and the
fluorescence emission spectra of these reference dyes are shown in Figure 3.4 and Figure 3.5

respectively.
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Figure 3.3: Experimental setup for fluorescence measurements. LS, light source (high

pressure mercury lamp). IF, interference filter. L1-L4, lenses. P1, P2, polariser’s. S, sample.
SP, spectrometer. DA, diode-array detection system.
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Figure 3.4: Absorption cross-sections of applied reference dyes.
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Coumarin314T in ethanol, A.=428nm

Quinine-Sulphate dihydrate in TN H,SOy, A, =365nm

Rhodamine 101 in ethanol, A.,.=548nm
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Figure 3.5: Fluorescence spectra of applied reference dyes.

The degree of fluorescence polarization [Dor66], P. was determined by measuring the

fluorescence signal polarized parallel (Sr,|) and polarized perpendicular (S 1) to the excitation

light and by using the relation

P, = (SF,H _SF,J_)/(SF,H +SF,J_)
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3.4 The fluorescence lifetimes

3.4.1 Single-shot real time detection

Fluorescence lifetime measurements of samples in the time range between the sub-
nanoseconds and nanoseconds were carried out with the experimental setup depicted in Figure
3.6. The samples were excited by a vertical polarized picosecond laser pulses. For detection
the fluorescence was gathered by lens L1 and directed to a micro-channel-plate
photomultiplier (Hamamatsu, type R1564-U01) by lens L2 under magic angle direction
(polarizer transmission under an angle of 54.7° to the vertical) [D6r66]. The photomultiplier
signal was recorded with a high-speed digital oscilloscope (LeCroy, type DSO 9362). In the
fluorescence path edge filters (F) were used to cut unwanted excitation light.
The samples were excited at wavelength A; = 400 nm, with second harmonic pulses of a
Ti:sapphire femtosecond oscillator-amplifier laser system (Hurricane from Spectra-Physics)
with pulses of A7p, = 4 ps (FWHM) duration.
In the case of excitation at wavelength Ay = 347.15 nm, second harmonic pulses of a mode-
locked ruby laser system with pulse duration of Az;, = 35 ps (FWHM) were used [Wei93].
For excitation at wavelength A = 527 nm, second harmonic pulses of a mode-locked Nd-

phosphate:glass laser system [Sch90] with pulse duration of A7, =~ 6 ps FWHM were used .

33



3. Experimental

ps Laser

Figure 3.6: Experimental setup for fluorescence lifetime measurements. S, sample. L1-L2,
lenses. P, polarizer. F, Schott type filter. MCP, micro-channel-plate photomultiplier. OSC,
digital oscilloscope.

3.4.2 Fluorescence up-conversion

The temporal fluorescence behaviour of dyes in the sub-picosecond to picosecond region,
was studied by fluorescence up-conversion with a Ti:sapphire femtosecond oscillator -
amplifier system (laser system Hurricane from Spectra-Physics) [Shi07a, Sch01, Val02]. The
experimental setup is shown in figure 3.7. The laser was operated with a pulse-duration of
110 fs at 800nm. The samples were excited with frequency doubled femtosecond pulses at
400 nm, and the generated fluorescence signals (frequency vr) were frequency up-converted
with the fundamental laser pulses at 800 nm (frequency vi) in a non-linear optical crystal
(BBO crystal of 0.2 mm thickness[Dmi91]) by non-collinear type-II phase-matched sum-
frequency generation according to ve(e) + vi(0) = vyp(€), (0: ordinary polarized light, e:
extraordinary polarized light [Dmi91], vg is the frequency of the fluorescence light, vy is the
frequency of the fundamental laser light, and v, is the frequency of the up-converted light).
For time resolution the gating fundamental laser pulse was time-delayed relative to the
second-harmonic excitation pulse with a stepper-motor driven linear translation stage. The up-
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converted fluorescence signal passed through a broad band filter (Schott glass UGI1 of
10 mm thickness, transmission range from 270 to 380 nm) and was detected with a

photomultiplier tube (Valvo, type PM2254B) and a high-speed digital oscilloscope (LeCroy,

type DSO 9362). The laser was operated at 1 Hz repetition rate.
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Figure 3.7: Scheme of experimental setup for fluorescence up-conversion. fs-Laser:
femtosecond oscillator-amplifier system. SHG: BBO crystal for second harmonic generation.
HBS: harmonic beam splitter. VD: variable delay-line. FD: fixed delay line. L1 - L3: lenses

S: sample. M: parabolic mirrors. PD1, PD2: photo-detectors. F1, F2: filters. SFG: BBO
crystal for sum-frequency generation. PMT: photomultiplier tube.
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3.5 Ground state absorption recovery

The ground-state absorption recovery of PFD was determined by pump and probe
transmission measurement with the Hurricane laser system (applied pulse duration: 1.4 ps,
wavelength 400 nm, and pulse energy 200 pJ) [Shi07a]. The experimental arrangement is
shown in Figure 3.8. The pump pulse passes through a variable delay-line, and is focused to
the sample (dye in a I mm glass cell) with a 50 cm lens in 46 cm distance from the sample.
The probe pulse (applied pulse duration: 1.4 ps, wavelength 400 nm, pulse energy ca. 20 wJ)
is split-off from the pulse (10 % of pump pulse) and is focused (focal length 50 cm, distance
46 cm) to the sample in opposite direction. The optical delay is varied with a stepper motor.
The pump pulse transmission is measured with the photo-detectors PD1 and PD3, while the

probe pulse transmission is measured with the photo-detectors PD1 and PD2.
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Figure 3.8: Scheme of experimental setup for pump-probe measurements. M: beam steering
mirrors. BS: beam splitters. L1, L2: lenses. PD1-PD3: photo-detectors. Ob: camera objective.
CCD: CCD camera
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3.6 Photo-degradation

The photo-degradation measurements were carried out with the experimental arrangement
shown in Figure 3.9. The setup consists of three parts: the excitation part, the detection part,
and the probe part. In the excitation path a high-pressure mercury lamp or a high-pressure
xenon lamp in combination with an interference filter is used as excitation source. In the
photo-degradation experiments a small-volume sample cell were exposed to the excitation
light. During light exposure transmission spectra were recorded at several times by passing
the white light of an attenuated tungsten lamp or light of a deuterium lamp (in the case of UV
degradation study) through the samples and measuring their spectral distributions with a

spectrometer-diode array detection system (TRACOR DARRS).

LS1
L1 41 »
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12 et »
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Figure 3.9: Experimental setup for photo-degradation measurements. LS1, light source (high
pressure mercury lamp or high pressure Xenon lamp). LS2, tungsten lamp or deuterium lamp.
IF, interference filter. L1-L5, lenses. P1, P2, polarisers. S, sample. SP, spectrometer. DA,
diode-array detection system.

Quantum yield of photo-degradation is defined as the ratio of the length-integrated number
density of degraded molecules (ANp) to the number density of absorbed excitation photons by
the un-destroyed molecules (Anpnabs). Calculation of the quantum yields of photo-degradation

as a function of the exposed energy density to the samples done by the relations:
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b = : (3.2)

L In[T(w,4,,) = In[T(w,,4,,)]

AN, = , 33
’ 0,(4,) .
and
- T A T A
Anph,abs — W2 Wl 1 _ (Wl > exc) + (WZ > exc) . (34)
hv,, 2

ANp is the length-integrated number density of degraded molecules (in cm'z), and Anph aps 1S
the number density of absorbed excitation photons by the un-destroyed molecules (in cm™).
Ga(Apr) 1s the absorption cross-section of the un-destroyed molecules at the probe wavelength

(photo-product absorption at A, and Acxc are neglected).

3.7 Mass spectroscopy

For identification of the produced photoproducts, mass spectra have been determined for
dye IAE and BrPF, before and after some time of light exposure, by the work group of Prof.
R. Deutzmann, Institut fiir Biochemie I, Universitdt Regensburg Germany, using an ion-trap
mass-spectrometer (Bruker Esquire LC) with a nano-ESI (electro-spray-ionization) source.
The spectra were recorded in the positive ion mode, and selected ions were fragmented for
identification. The samples were infused in a 1:1 volume mixture of methanol/water
containing 0.5 vol-% acetic acid (IAE and BrPF in acetonitrile, methanol) or in methanol with

1 vol-% acetic acid (IAE and BrPF in dichloromethane).
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4. Results and discussion

In this chapter, absorption and emission spectroscopic results of the investigated dyads, the
triad and their constituents: the phenyl-isoalloxazine IAE and BrPF, pyrene and I-
methylpyrene, heptyl-phenothiazine (HPT) and heptyl-phenyl-phenothiazine (HPPT) are

given.

4.1 Phenyl-isoalloxazines dye IAE and BrPF

4.1.1 Results

The phenyl-isoalloxazine dye IAE and BrPF approximate the flavin constituents in the
investigated dyads and triad. To understand the behaviour of the full compounds later, the
photo-physics of the flavin compound is given in this section [Shi06]. The absorption cross-
section spectra of IAE in dichloromethane, acetonitrile, and methanol are shown in Figure
4.1. The Sy-S; absorption bands (extending up to A, ® 370 nm) show a well resolved vibronic
structures with peak absorption of the So(v = 0) to Si(v = 1) transition at 442 nm for
dichloromethane, and at 437 nm for acetonitrile. The vibronic structure in methanol is
smeared out, and the Sy-S; absorption peak is at 438 nm. Long-wavelength absorption
shoulders are present around 550 nm in all three solvents. They are thought to be due to a
small amount of impurity. The absorption tails remained unchanged by reducing the dye
concentration a factor of ten (tested for acetonitrile) as well as by measuring at 10 °C and 30
°C (tested for all three solvents). These findings exclude the presence of physically bound
ground-state dimers, since their absorption contribution should decrease with decreasing dye
concentration and with increasing temperature [Her74, McR64, Kop81, Pen86].

The absorption cross-section spectra of BrPF in dichloromethane, acetonitrile, and
methanol are shown in Figure 4.2. The So-S; absorption bands (extending up to A, ® 370 nm)
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in acetonitrile and dichloromethane again show a well resolved vibronic structure with peak

absorption at 442 nm for dichloromethane and at 437 nm for acetonitrile, while in methanol

again the vibronic structure of the So-S; band is smeared out. Well resolved long-wavelength

absorption shoulders are present at around 550 nm, which are thought to be caused by some

small amount of an unidentified impurity (absorption cross-section independent of

concentration).
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Figure 4.1: Absorption and stimulated emission cross-section spectra of IAE

n

dichloromethane (solid curves, concentration C = 1.17x10” mol dm™), acetonitrile (dashed
curves, C = 5.6x10” mol dm™), and methanol (dotted curves, C = 1.3x10™* mol dm™). A,

indicates upper wavelength border of Sy-S; transition.

40



4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF
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Figure 4.2: Absorption and stimulated emission cross-section spectra of BrPF in
dichloromethane (solid curves, concentration C = 6.1x10™ mol dm™), acetonitrile (dashed
curves, C =4.5x10™* mol dm™ ). and methanol (dotted curves, C = 1.3x 10 mol dm™).

The stimulated emission cross-section spectra of IAE and BrPF are included in Figure 4.1
and Figure 4.2, respectively. For both dyes the peak emission strength for the S; (v =0) to S
(v =1) transition is at 544 nm.

The fluorescence quantum distributions of IAE in dichloromethane (solid curve, C = 1.4x10™
mol dm?, A = 428 nm, viscosity n(15 °C) = 0.449 cP), acetonitrile (dashed curve, C =
1.1x10™* mol dm>, Aeyxe = 428 nm, Nn(15 °C) = 0.375 cP), and methanol (dash-dotted curve, C

= 3.79x10™ mol dm™, Aexe = 428 nm, n(15 °C) = 0.623 cP) are shown in Figure 4.3. The

extracted fluorescence quantum yields (Equation 2.10), ¢, :j E.(A)dA, are ¢r(IAE,

dichloromethane) = 0.22, ¢r(IAE, acetonitrile) = 0.15, and ¢r(IAE, methanol) = 0.09. The
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values are listed in Table 4.1. There is no relation between the fluorescence quantum yield
and the solvent viscosity. The fluorescence quantum distribution of IAE in acetonitrile in the
case of long-wavelength excitation at Ae. = 548 nm (impurity excitation) is included in the
top part of Figure 4.3. The approximate fluorescence quantum yield is ¢r = 0.015.

The fluorescence polarisation spectra, Pr(A), of IAE in dichloromethane, acetonitrile, and
methanol are plotted in lower part of Figure 4.3. (Aexe = 428 nm). The average degree of
fluorescence polarisation is found to be Pr(IAE) = 0.05 for all three solvents.

The fluorescence quantum distributions of BrPF in dichloromethane (solid curve, C =
1.3x10™ mol dm'3, Aexe = 428 nm), acetonitrile (dashed curve, C = 9.8x10” mol dm'3, Aexc =
428 nm), and methanol (dash-dotted curve, C = 1.98x10™* mol dm™, Aexec = 428 nm) are shown
in top part of Figure 4.4. The extracted fluorescence quantum yields are ¢p(BrPF,
dichloromethane) = 0.28, ¢r(BrPF, acetonitrile) = 0.25, and ¢p(BrPF, methanol) = 0.17. The
fluorescence quantum distribution of BrPF in acetonitrile in the case of excitation at Aexe =
548 nm is included in Figure 4.4. The approximate fluorescence quantum yield is ¢r = 0.015.

The fluorescence polarisation spectra, Pr(A), of dye BrPF in dichloromethane, acetonitrile,
and methanol are plotted in lower part of Figure 4.4. The average degree of fluorescence

polarisation is Pr(BrPF) = 0.039 for all three applied solvents.
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Figure 4.3: (a) Fluorescence
quantum distributions, Eg(A), of
dye IAE in dichloromethane
(solid curve, Aexe = 428 nm),
acetonitrile (dashed curve, Aexc
= 428 nm), methanol (dash-
dotted curve, Aexe = 428 nm),
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acetonitrile (dotted curve, Aexc
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4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF

Some temporal fluorescence traces are shown in Figure 4.5. The determined fluorescence
lifetimes are listed in Table 4.1. The solid curve in part (a) depicts the fluorescence signal of
IAE in dichloromethane in the case of excitation at A = 400 nm (duration A#. = 4 ps) and
fluorescence collection in the wavelength range from 500 nm to 610 nm (broad-band
interference filter). The dashed curve belongs to IAE in acetonitrile, and the dash-dotted line
belongs to IAE in methanol. The fluorescence signals fit well to a single-exponential decay
according to (Equation 2.4).

Fluorescence lifetimes of tr (IAE, dichloromethane) = 4.4 ns, 1 (IAE, acetonitrile) = 3.3
ns, and tr (IAE, methanol) = 2.1 ns are extracted.
o The fluorescence signal obtained by long-wavelength excitation at Ay = 527 nm (pulse
duration A#. = 6 ps) and fluorescence detection in the wavelength range from 645 nm to 699
nm (interference filter) is shown by the triple-dotted curve in Figure 4.5. It is composed of

two single-exponential contributions (dye IAE and impurity) according to
Sp(0)=Spo|xcexp(~t/ )+ (1~ Kx)exp(~t/ 7 im)]. (4.1)

where k gives the dye IAE contribution, and tr i, 1s the fluorescence lifetime of the impurity.
The best fitting parameters are kK = 0.26 and tg;m = 0.3 ns (fit curve not shown). The short
fluorescence lifetime and finite fluorescence quantum yield (Tradim = Trim/Orim = 20 ns)
excludes a singlet-triplet absorption of dye IAE as origin of the observed the absorption in the
500nm to 600 nm range (radiative lifetime of triplet state would be longer).

Temporal fluorescence signal traces of BrPF in dichloromethane (solid curve), acetonitrile
(dashed curve), and methanol (dash-dotted curve) are shown in part (b) of Figure 4.5. The
same experimental arrangements have been applied as for dye IAE. Again the fluorescence
signals fit well to a single-exponential decay. The obtained fluorescence lifetimes of BrPF in

dichloromethane (tr = 5.3 ns) and of BrPF in acetonitrile (tr = 5.5 ns) are quite similar. For
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dye BrPF in methanol a shorter fluorescence lifetime of 1 = 3.8 ns is measured. The impurity
fluorescence lifetime of BrPF in acetonitrile (triple-dotted curve in Figure 4.5b) was found to

be trim ® 0.87 ns (dye BrPF contribution k = 0.11, Tradim = Tr.im/¢F.im = 60 ns)

Dye IAE (a)

— A =400 nm, dichloromethane
————— A =400 nm, acetonitrile
—————e M =347 nm, methanol
e\ = 527 nm acetonitrile

0.8}

0.6-
0.4

0.2

Dye BrPF (D)
— A =400 nm, dichloromethane -
fffff A =400 nm, acetonitrile ]
- A = 347 nm, methanol

= N =527 nm, acetonitrile

0.8}
0.61

0.4

Norm. Fluorescence Signal Height Se/Se .,

o2t 4L e
0= N - ‘ e ‘ 1
’ ° 4 6 3 10
Time t (ns)

Figure 4.5: Temporal fluorescence signals of dyes IAE and BrPF. Dotted curve is system
response function.

a) Dye IAE. Solid line: solvent dichloromethane, excitation wavelength Ar = 400 nm,
fluorescence lifetime tr = 4.3 ns. Dashed line: solvent acetonitrile, A = 400 nm, tr = 3.2 ns.
Dash-dotted lines: solvent methanol, A; = 347.15 nm, t¢ = 2.1 ns. Triple-dotted line: solvent
acetonitrile, A, = 527 nm.

b) Dye BrPF. Solid line: solvent dichloromethane, A; = 400 nm, tr = 5.3 ns. Dashed line:
solvent acetonitrile, A1 = 400 nm, tr = 5.5 ns. Dash-dotted line: solvent methanol, A = 347.15
nm, tr = 3.8 ns. Triple-dotted line: solvent acetonitrile, A;, = 527 nm.
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Mass spectra are shown in Figure 4.6 top row (dye IAE) and Figure 4.7 top row (dye BrPF).
The lower rows were observed after photo-degradation and will be discussed later. They
reveal the molar masses of dye IAE (peak indicated by I, dye IAE + H': m/z =377.1, dye IAE
+Na': m/z=399.1) and dye BrPF (dye BrPF + H': m/z = 383.0 and 385.0 due to Br isotopes,
dye BrPF + Na': m/z = 405.0 and 407.0). The mass spectra were recorded up to m/z ~ 800, but

the displayed spectra are restricted m/z <490 nm.

1 377.1 377.1 3771

o
o)
— T T T T
T
T

=)

- >
— =
E

-

—

— =
=

-

3

2
— >
— >
= S
F

>
b

Normalized Intensity /1.y

375.0 Q
e g [ (@) Y
Acetonitrile | Dichloromethane Lo Methanol
Q
A
05F Lo ] 375.1 I
- C ‘
C A A
L~ q L
‘ ‘ : l l A l : l Q s77a | 4
L A L L L J A [
op TRTRTVY P llll.“ Y . o 1.1 TR AR P N

200 250 300 30400 450 200 250 300 360 400 450200 250 300 360 400 450
m/iz (g mol” )

Figure 4.6: Mass spectra of dye IAE in the solvents acetonitrile, dichloromethane, and
methanol before (top row) and after light exposure (bottom row). Excitation occurred at 428
nm. The excitation intensities, fox., and the periods of exposure, fexp, are 0.0175 W cm’ 2 and 50
min for acetonitrile (b), 0.0175 W cm™ and 79 min for dichloromethane (d) 0.0182 W cm™
and 7 min for methanol (f). The peaks are attributed to: 377.1: dye IAE + H'; 399.1: dye IAE
+Na'; 409.1: dye IAE + H" + methanol; 331.1: I+ H' with Ry =H, R, = CH,CH,CHj; 303.2:
I+ H" with Ry = H, R, = CHj; 349.2: I + H" with R, = H, R, = CH,COOH; 375.1: A + H'
with R; = H, R, = CH,COOC,Hs; 393.1: A + H" +H,0 with R, = H, R, = CH,COOC,Hs;
407.2: A + H" + methanol with R, = H, R, = CH,COOC,Hs; 429.1: A + Na" + methanol with
R; = H, R, = CH,COOC,Hs; 435.1: A + H™ + acetic acid with R; = H, R, = CH,COOC,Hs;
332.1: A + H with R; = H, R, = CH,COOH; 275.3: A+ H" with R, =H, R, = H; 278.2: Q +
H withR;=H,R, = NCHO, R; = CH,OH; 300.1: Q + Na’ with R; = H, R, ==NCHO, R; =
CH,OH; 260.2: Q + H" +methanol with Rl H, R, = =NH, R; = CHj3; 236.3: Q + H' with R,
=H, R, ==NH, R3 = CH3; 220.3: C + H" with R; =H, R, ==NH, R; = H.
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Figure 4.7: Mass spectra of dye BrPF in the solvents acetonitrile, dichloromethane, and
methanol before (top row) and after light exposure (bottom row). Excitation occurred at 428
nm. The excitation intensities, fox., and the perlods of exposure, tep, are 0.0155 W cm’ % and
167 min for acetonitrile (b), 0.0175 W c¢m™ and 54 min for dichloromethane (d), 0.0182 W
cm” and BrPF70 min for methanol (f). The peaks are attributed to: 383.0 and 385.0: dye
BrPF + H'; 405.0 and 407.0: dye BrPF + Na'; 412.9 and 414.9: A + H" + methanol with R, =
Br, R, = CHj; 355.1 and 357.1: Q + H" with R; = Br, R, = =NCHO, R; = CHO; 356.0 and
358.0: Q + H' +H (semiquinone form) with R; = Br, R, = =NCHO, R; = CHO; 314.1 and
316.1: Q + H" with R, = Br, R, = =NH, R; = CHs; 304.3: Q + Na" with R, = H, R, =
=NCH,OH, R3; = CH,0OH; 282.4: Q + H" with R, = H, Rz ==NCH,0H, R; = CH20H; 256.4:
Q + Na+ with R] H Rz = —NH R3 CH3, 234.9: Q + H with R] H R2 = —NH R3 CH3,
298.0 + 300.0: C + H with R; = Br, R, ==NH, R; = H; 282.4: C+ H + H (semiquinone
form) with R; = H, R, = NHCH,OH, R3 = CH,OH;

Dimer mass peaks were observed for dye IAE. Fragmentation of the dimer peak observed for
dye TAE gave only the monomer peak without higher m/z components, indicating that no
covalently bound dimers were present (should have shown up in fragments).

The absorption changes due to blue-light (A.xc =428 nm) excitation of IAE in acetonitrile
(part a), dichloromethane (part b), and methanol (part c) are shown in Figure 4.8. Absorption

coefficient spectra are depicted for different times of light exposure at fixed excitation

intensities, .. At the longest exposure time practically all original molecules have been
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4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF

converted to photoproducts, and the remaining spectra belong to the photoproducts. The speed
of photo-degradation and the shape of the photoproduct spectra depend somewhat on the
solvent. In acetonitrile and dichloromethane the long-wavelength absorption tail is first
decreased due to photo-degradation of the impurity, and then a long-wavelength absorption
band builds up due to the formation of long-wavelength absorbing photoproducts. After
initially slow absorption reduction of the main band around 440 nm, the absorption decrease
is speeded-up (see below Figure 4.10). It is thought that the photo-fragments enhance the
isoalloxazine degradation. The product formation stops when the excitation light is switched
off (this was tested experimentally on dye IAE in acetonitrile by stopping light exposure at

certain times of exposure).
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Figure 4.8: Absorption coefficient spectra of dye IAE after several durations of light
exposure. Excitation wavelength A.x. = 428 nm. Exposure times are listed in legends.
(a) Solvent acetonitrile. Excitation intensity Zexe = 0.0368 W cm™.
(b) Solvent dichloromethane. lox. = 3.31x 10° W cm™.
(¢) Solvent methanol. /. = 6.85x10° W cm™.
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Figure 4.9: Absorption coefficient spectra of dye BrPF after several durations of light
exposure. Excitation wavelength Acx. = 428 nm. Exposure times are listed in legends.

(a) Solvent acetonitrile. Excitation intensity /.x. = 0.0268 W cm™.

(b) Solvent dichloromethane. Iy, = 0.0114 W cm™.

(¢) Solvent methanol. /.x. = 0.0268 W cm™.

The absorption changes due to blue-light (Aexe =428 nm) excitation of dye BrPF in
acetonitrile (part a), dichloromethane (part b), and methanol (part c¢) are shown in Figure 4.9.
As in Figure 4.8 absorption coefficient spectra are depicted for different times of light
exposure at fixed excitation intensities, l.x.. Again the rate of photo-degradation speeds up
after some time of exposure (see Figure 4.11), and again the long-wavelength impurity
absorption band decreases and a new long-wavelength absorption band is build up by

photoproduct formation.
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The reduction of absorption at the wavelength position, A,, of peak So-S; absorption due
to light exposure is displayed in Figures 4.10 and 4.11 for dye IAE and dye BrPF,
respectively. The data points are taken from Figures 4.8 and 4.9. In all cases the initial
absorption decrease is small and then after some time of exposure the absorption decreases
faster (enhancement of quantum yield of photo-degradation). The fastening of the photo-
degradation is thought to be caused by formed photo-fragments. In the discussion below the
experimental exposure dependence will be used to determine rate constants and quantum

yields of photo-degradation.

(a) Dye IAE In acetonitrile

|, = 0.0368 W cm’®
%p =440.6 nm

20F
b loe = 3.31x103 Wem®
[ Ap =444 nm

- Dye IAE in dichlorormethane

(c) Dye IAE in methanol 1

Absorption Coefficient o, (cm‘w)

loye = 6.85x10° W cm®
%p =443 nm

40 60 80 100

Exposure Time te,, (Min)

Figure 4.10: Dependence of peak So-S; absorption coefficient, oy, of dye IAE on exposure
time at fixed excitation intensity. Excitation wavelength A = 428 nm. Data are taken from
Figure 4.8.

(a) Solvent acetonitrile. Curves are calculated (Equations 14-16) for k; = 5x10* s’ (dpo =
1.65x10™), and (1) k&, = 0, (2) 1x107"? s'em?, (3) 2x107"% s”lem?, (4) 3x10™? s™'em?, (5) 4x10°
2slem?, (6) 510" s'em’.

(b) Solvent dichloromethane. Curves are calculated for k; = 5x10% 5™ (¢po = 2.2x10™), and
(1) k, = 0, (2) 2x10™? s'em’, (3) 4x10™2 slem?, (4) 6x107"% s''em?, (5) 8x107% s™'em’, (6)
1x10™M s'em?’.

(¢) Solvent methanol. Curves are calculated for k; = 3.5x10° s (¢po = 7.7x10), and (1) k» =
0, (2) 1x10" s'em?, (3) 2x107" s'em?, (4) 3x107™ s”'em?, (5) 5x107" s7em’.
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Figure 4.11: Dependence of peak So-S; absorption coefficient, o, of dye BrPF on exposure
time at fixed excitation intensity. Excitation wavelength A = 428 nm. Data are taken from
Figure 4.9.

(a) Solvent acetonitile. Curves are calculated (Equations 14-16) for k; = 4x10° ™! (dpo =
2.2x107), and (1) k, = 0, (2) 4x10™"° s'em?, (3) 5x107"° s'em?, (4) 6x10°™"° s'em’, (5) 7x107™"°
stem?, (6) 8107 s'em?.

(b) Solvent dichloromethane. Curves are calculated for k; = 5x10* s (¢po = 2.7x10™), and
(1) k, = 0, (2) 1x10™"? s'em’, (3) 2x107"2 slem?, (4) 3x107"2 s''em?, (5) 4x107"% s''em’, (6)
5x107"% s'em’.

(c) Solvent methanol. Curves are calculated for for &, = 2.5x10% s™! (dpo = 9.5%107), and (1)
f2=0,(2) 2x1077 s'em?, (3) 4x10°™° s'em?, (4) 6x107° s™'em?, (5) 8x107" s™'em’, (6) 1x107"2
s cm’.

The changes in the fluorescence quantum distributions due to light exposure are shown in
Figure 4.12a and 4.12b for the samples IAE in acetonitrile and BrPF in methanol,
respectively. The samples were degraded by light exposure at Ae. = 428 nm. The

fluorescence spectra were taken after certain times of light exposure and the fluorescence

quantum distributions are calculated. The fluorescence quantum yields, ¢, = I E.(A)dA,

decrease with exposure time to a certain limit. At the longest times of applied exposure the
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fluorescence quantum yields are ¢r(IAEgegraded, acetonitrile) ~ 0.03 and ¢r(BRPFgegraded,
methanol) =~ 0.05. The fluorescence quantum distributions broadened due to fluorescence

contributions from several photoproducts.
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Figure 4.12: Fluorescence quantum distributions after several durations of light exposure at
Aexe = 428 nm.

(a) Dye IAE in acetonitrile. Excitation intensity oy, = 0.029 W cm™.

(b) Dye BrPF in methanol. Iy, = 0.027 W cm™.

The temporal fluorescence traces of the photo-degraded dye IAE in acetonitrile and the
photo-degraded dye BrPF in methanol show single-exponential fluorescence decays with
lifetimes Tr(IAEgegraded,acetonitrile) = 8.6 ns and tr(BrPF gegraded,;methanol) = 3.4 ns (curves not
depicted). The fluorescence traces were obtained by excitation of the light-exposed samples
with picosecond light pulses of duration Az = 35 ps and of wavelength A = 347.15 nm
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(second harmonic of mode-locked ruby laser) and collecting the fluorescence in the
wavelength region from 500 nm to 610 nm. The effective radiative lifetimes, Trag = Tr/Qr, Of
the emitting photoproducts are  Trd(IAEdegrades,acetonitrile) ~ 290 ns  and
Trad(BrPF gegraded,methanol) = 70 ns. The radiative lifetimes of the photoproducts are longer
than the radiative lifetimes of the original dyes. This finding is in agreement with the small
long-wavelength absorption strength of the products seen in Figures 4.8 and 4.9.

The mass spectra of the dyes IAE and BrPF in the different solvents after light exposure
are shown by the second rows in Figures 4.6 and 4.7. The analysis reveals the presence of
several photoproducts. From their m/z values they may be attributed to phenyl-benzo-
pteridine (isoalloxazine) derivatives (abbreviation I), tetraaza-benzo-aceanthrylene derivatives
(abbreviation A), dihydro-quinooxaline derivatives (Q), and pyrazino-carbazole derivatives
(C). The structural formulae of these compounds are shown in Figure 4.15. The supposed
photoproduct compositions fitting to the m/z peaks are listed in the captions of Figures 4.6 and
4.7. The photoproduct classes (I, A, Q, C) are indicated in the mass spectra. The mass spectra
of the dyes IAE and BrPF in the different solvents before and after light exposure in the range
from 490 to 800 g mol™ could be shown in Figures 4.13 and 4.14. The peaks are not further

identified because of the complexity of possible combination.
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Figure 4.13: Mass spectra of dye IAE in the solvents acetonitrile, dichloromethane, and
methanol before (top row) and after light exposure (bottom row) in the range from 490 to 800
g mol!. Excitation occurred at 428 nm. The excitation intensities, lxc, and the periods of
eXposure, fexp, are 0.0175 W cm™ and 50 min for acetonitrile (b), 0.0175 W ¢cm™ and 79 min
for dichloromethane (d), 0.0182 W ¢cm™ and 7 min for methanol (f).
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Figure 4.14: Mass spectra of dye BrPF in the solvents acetonitrile, dichloromethane, and
methanol before (top row) and after light exposure (bottom row) in the range from 490 to 800
g mol!. Excitation occurred at 428 nm. The excitation intensities, lxc, and the periods of
exposure, fep, are 0.0155 W cm™” and 167 min for acetonitrile (b), 0.0175 W c¢m™ and 54 min
for dichloromethane (d), 0.0182 W ¢cm™ and BrPF 70 min for methanol (f).
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Table 4.1: Parameters of investigated dyes. Excitation wavelength Ae = 428 nm.

Dye IAE IAE IAE BrPF BrPF BrPF
Solvent CH,Cl, CH;CN  CH;O0H CH)Cl, CH;CN  CH;0H
ng 1.4271 1.3481 1.3290 1.4271 1.3481 1.3290
na 1.4340 1.3528 1.3364 1.4340 1.3528 1.3364
r 0.223£0.0  0.154+0.0 0.09+0.01 0.282+0.0 0.246+0.0 0.17+0.01
2 2 2 2
P 0.05£0.01  0.05£0.01 0.05£0.01 0.039+0.0 0.038+0.0 0.038+0.0
1 1 1
¢ (ns) 44402  33+02 2102 5302 = 55102  3.8+0.2
Trad (DS) 19.7+1 21.4£1.5 233425  18.8+l 22.4+1.5  223£1.5
Tory (PS) 407£30  306+30 195£30  370£30 37530  260+30
Garl (cm?) 3.60x10™"7  3.73x107" 3.99x10"7 3.38x10"7 3.54x107"7  4.28x10™
Garipr (cm?) 6.83x10"*  5.25x10"  6.91x10™ 3.4x10™  3.6x10"  4.13x10™®
Ap (nm) 444 440.6 443 440 437.9 440
Gapri (cm?) 3.97x107"7  3.79x10"7  4.50x107"7  4.20x107"7  4.0x107"7  4.14x107
Gapripr (cM®)  5.40x10™"° 3.42x10™"° 3.07x10"*  4.06x10"*  4.53x10™"*  3.97x107"®
ky (s ~5x10* ~5%x10* ~3.5x10°  =~5x10* ~4x10° ~2.5%x10"
k5 (s'mol ~3.6x10°  ~2.4x10°  24x10"°  =1.2x10° =~3x10° ~1.8x10°
ldm3)
Op.o 222x10%  =1.7x10%  =7.7x10°  =2.7x10*  22.2x10°  =9.5x107

Abbreviations: ng, average refractive index in fluorescence region; n,, average refractive index in Sy-
S, absorption region; ¢r, fluorescence quantum yield; Pr, degree of fluorescence polarisation; T,
fluorescence lifetime; t,.,, reorientation time of transition dipole moment; G, absorption cross-
section of initial dye at Acxc; Gapipr, absorption cross-section of photoproducts at Aex; Ap, wavelength of
peak Sy-S; absorption; G,, i, absorption cross-section of initial dye at A,; G,prpr, absorption cross-
section of photoproducts at A,; k;, unimolecular rate constant of photo-degradation; ké, 1nitial

bimolecular rate constant of photo-degradation. ¢p, initial quantum yield of photo-degradation.
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4.1.2 Discussion

The absorption behaviour of dye IAE and dye BrPF in acetonitrile, dichloromethane, and
methanol is somehow similar. The fluorescence quantum yields are limited between 9 % (dye
IAE in methanol) and 28 % (dye BrPF in dichloromethane) indicating that the dominant
excited state deactivation is due to non-radiative decay (singlet-triplet intersystem crossing
[Ghi89, Isl03] and internal conversion). The radiative lifetime, T4, determined by
fluorescence lifetime and fluorescence quantum yield measurements (Equation 2.13) is in
reasonable agreement with the Strickler-Berg radiative lifetime, tn.ass (Equation 2.14),
indicating simple single-component exponential S;-state relaxation (exact absorption cross-
sections somewhat uncertain because of experimental difficulty of exact dye concentration
determination). The changes of the fluorescence quantum yields with solvent indicate solvent
dependences of the efficiency of intersystem crossing, ¢isc, and internal conversion, ¢ic. The
efficiency of intersystem-crossing is expected to be in the range of ¢1sc ~ 0.4 to 0.6 [Cha88,
Is103]. The quantum efficiency of internal conversion is given by ¢ic = 1- ¢r - drsc.

The photo-stability of the dyes IAE and BrPF is limited by excited-state reaction towards
the formation of a series of photoproducts as is manifested by the mass spectra in Figures 4.6
and 4.7. The not extra excited dyes (top rows in Figures 4.6 and 4.7) already show the
presence of some photoproducts, since they were exposed to some room light during
preparation and analysis. Only dye IAE and dye BrPF in dichloromethane have about the
same moderate photo-stability (initial quantum yield of photo-degradation ¢py = 2.5x107.
For the other solvents the photo-stability of dye IAE and dye BrPF differs strongly
(¢p.o(IAE,acetonitrile) = 1.7 x10™, ¢p.o(BrPF,acetonitrile) = 2.2x107, and ¢p,o(IAE,methanol)
~7.7x107, ¢p,o(BrPF,methanol) = 9.5%107).

Four groups of compounds are attributed to the mass spectra peaks. They are phenyl-
isoalloxazine derivatives (I), tetraaza-benzo-aceanthrylene derivatives (A), dihydro-
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4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF

quinooxaline derivatives (Q), and pyrazino-carbazole derivatives (C). The dyes IAE and BrPF
in acetonitrile and dichloromethane primarily seem to degrade in tetraaza-benzo-
aceanthrylene derivatives (A) by ring closure between C9 of the isoalloxazine part and C6 of
the phenyl ring. This reaction is less pronounced for dye IAE and dye BrPF in methanol. The
tetraaza-benzo-aceanthrylene derivatives A with their carbazole-like structure are thought to

be responsible for the long-wavelength photoproduct absorption seen in Figures 4.8 and 4.9.
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Phenyl-benzo-pteridine derivatives (I) Tetraaza-benzo-aceanthrylene derivatives (A)

Ry Ry

i: iNIRZ | RZ
N/ Rs Z
Dihydro-quinooxaline derivatives (Q) Pyrazino-carbazole derivatives (C)

Figure 4.15: The structural formulae of the supposed photoproduct classes. They are
abbreviated by I for phenyl-isoalloxazine derivatives, A for tetraaza-benzo-aceanthrylene
derivatives, Q for dihydro-quinooxaline derivatives, and C for pyrazino-carbazole derivatives.
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4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF

In [Kna76, Kna74] the photo-induced N1, N10 benzo-bridged isoalloxazine formation out
of N10-phenyl-substiuted isoalloxazine derivatives was observed in the presence of weak
organic acids in organic solvents (no change of mass by benzo-bridge formation). The
formation of N1, N10 benzo-bridged isoalloxazine derivatives is not observed here for dye
IAE and dye BrPF in acetonitrile and dichloromethane (original mass peaks are no longer
present after degradation). The formation is likely for dye BrPF in methanol where the m/z of
dye BrPF (383.0 and 385.0) is still strongly present after light exposure.

The changes of the absorption coefficient spectra due to photoproduct formation are
displayed in Figures 4.8 and 4.9. The temporal absorption decrease at the Sp-S; absorption
peak wavelength, A,,, caused by light exposure is seen in Figures 4.10 and 4.11. The observed
absorption changes with exposure time cannot be fitted by a simple unimolecular reaction of
the photo-excited molecules. The photo-degradation speeds up with the amount of
photoproducts formed. The generated photoproducts (one or some of them) seem to catalyse
the photo-degradation. This dynamics may be described in its simplest form by the scheme
(4.S1-S3), where FI stands for dye IAE or BrPF, F/* is the photo-excited flavin, and F/Pr

represents the photoproducts.

Fl+hv,  —2=" 5 F[* (4.S1)
Fl*—% 5 Frpr, (4.52)
FI*+FIPr—% 52 FIPr . (4.S3)

The photo-reaction dynamics for this scheme is given by

WNey . Garr gy N 4.2)
ot hv,, = Tp

ON,. O, N,.

— :—’FllechFl ——H _klNFl* _kZNFlPrNFI*’ (4.3)
ot hv,, T,
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ON
% =k Nps + kyN o N s (4.4)
Ny =N+ Nppw+ Ny, - (4.5)
al@‘f{f
= _(O-a,F/NFl + O-a,F/PrNF/Pr )Iexc b (46)
0z
where o, , is the absorption cross-section of the educts (dye IAE or BrPF), and &, ,, is the

absorption cross-section of the photoproducts. /e is the intensity of the excitation light. Ny,
Nri+, and Ngpy are the number densities of the initial dye, the photo-excited dye, and the
photoproducts, respectively. Ny is the initial number density of dye molecules before light
exposure. k; is the unimolecular rate constant of photo-degradation (k; in s'l), and k, is the
photoproduct-averaged bimolecular rate constant of catalysed photo-degradation (k; in s”'cm’,
or kb =kyN 4/1000 in s mol ™ dm”).

Under steady-state conditions, T << ¢ (¢ is time duration of light exposure), the number

density of photo-excited molecules, Mg+, is given by (the time derivatives can be set to zero)

o NI o, T o, 5T
a,Fl FIt exc ~ _aFI"F ~ a,FI"F _
NFllexc ~ hV (NO NFlPr)I

N, = ~
FI* -1 exc *
h Vexc 2-F + kl + kZNFl Pr h Vexc

(4.7)

exc

Under our experimental conditions of 7, <<[I , =hv, /(0,7,), where Iy is the saturation

exc

intensity of ground-state depletion [Her67], it is Npjx << Np, and the equation system (4.3-7)

reduces to

ON O, T

ﬂ:(kl +k2NFlPr)#(NO _NFlPr)Iexc' (4-8)
ot hv,.

aIGXC

g = _[O-a,Fl(NO = Npp) + Oy rree NV rrpe M ore - (4.9)

The light intensity attenuation at the probe wavelength, A,, is given by

ol,

E = _[Ga,p,Fl (NO - NFlPr) + O-a,p,FlPrNFlPr ]Ip . (410)

The equation system (4.8-4.10) is solved numerically.
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4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF

The transmission, Ty, of the excitation light at wavelength Acyc, and the transmission, 7,

of the probe light at the probe wavelength, A, are given by 7, =1, (¢)/1,.(0), and

exc exc exc

T,=1,(0)/1,(0), where ¢ is the sample length. The absorption coefficient at the probe

wavelength, A, is given by a, =—In(7,)/¢. Some calculated curves of oy(f) are shown in

Figures 4.10 and 4.11, where the rate constants k; and k, are varied. The best fitting
parameters are listed in Table 4.1.
The quantum yield of photo-degradation, ¢p, is given by the relation

k,+ kyN gy p,
a1
Tp +h kN gy,

o = = (K + kN gy )T = (ky+ Ky 2 p Ny )T s (4.11)

where  y.p = Npp, /N, 1s the mole-fraction of photoproducts. The approximation at the

second express is valid for ¢p << 1.
The initial quantum yield of photo-degradation of dye IAE or BrPF is given by (N, still
Zero)
Ppo=ktp, (4.12)
and the final quantum yield of photo-degradation of dye IAE or BrPF is given by
(Nppe = No)
$p, = (ky +k,Ny)z ). . (4.13)
The initial quantum yields of photo-degradation of dye IAE and dye BrPF in the applied
solvents are listed in Table 4.1. They range from ¢po(BrPF, acetonitrile) = 2.2x10” to
op,o(IAE, methanol) = 7.7x 1072,

The photo-degradation dynamics of dye IAE in acetonitrile fits reasonably well to the
applied unimolecular and bimolecular relaxation scheme. For dye TAE in dichloromethane the

degradation follows the described scheme during the first 40 min of light exposure, then a

degradation with faster (bimolecular) rate sets in. For dye IAE in methanol the described
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4. Results and discussion: Phenyl-isoalloxazines dye IAE and BrPF

scheme was followed over the first 5 min, and then the rate of degradation slowed down. For
dye BrPF in all applied solvents the initial degradation can be fitted by the described
unimolecular and bimolecular degradation scheme, but at longer times the decay rates become

faster (stronger catalytic degradation action of one or several photoproducts).
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4. Results and discussion: Pyrene and 1-methylpyrene

4.2 Pyrene and 1-methylpyrene

4.2.1 Results

Pyrene and 1-methylpyrene are constituents of the investigated pyrene-isoalloxazine dyad
(PFD) and the pyrene-isoalloxazine-phenothiazine triad (PYFPT). To understand the
behaviour of the investigated PFD dyad, and PYFPT triad, a detailed knowledge of the photo-
physical behaviour of the pyrene and 1-methylpyrene constituents is helpful [Ber71, Mur93,
Win93, Bir70, Har80, Kar95, Nak73, Van98]. Some absorption and emission spectroscopic
characterisation of pyrene and 1-methylpyrene is given in this section [Shi07a].

The absorption cross-section spectra of pyrene and 1-methylpyrene in dichloromethane
and acetonitrile are shown in Figure 4.16. The weak S,-S; absorption band of pyrene and 1-
methylpyrene in the absorption tail of the strong S¢-S, band is seen. The pyrene and 1-
methylpyrene electronic transitions have a well resolved vibronic structure. The 1-
methylpyrene absorption spectrum is slightly red-shifted compared to the pyrene absorption
spectrum, and the Sy-S; absorption of 1-methylpyrene is approximately a factor of 3.7
(dichloromethane) to 5.3 (acetonitrile) stronger than the corresponding absorption of pyrene.

The stimulated emission cross-section spectra of pyrene and 1-methylpyrene are included
in Figure 4.16. The pyrene stimulated emission cross-section spectrum is very small because
of the forbidden S-S, transition [Win93, Kar95, Kal77]. The stimulated emission cross-
section spectrum of 1-methylpyrene is somewhat larger since the methyl group reduces
somewhat the molecular symmetry and the strength of the forbidden S-S, transition.

There is practically no Stokes shift (wavenumber difference between S(-S; absorption peak
and S;-Syp emission peak) between the zero-vibration S;-Sy emission peak and the zero-

vibration Sy-S; absorption peak, as is expected from the high symmetry of pyrene.
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Figure 4.16: Absorption and stimulated emission cross-section spectra of pyrene and 1-

methylpyrene in dichloromethane and acetonitrile. The applied dye concentrations in the

measurements were: C (pyrene, dichloromethane) = 3.5x10* mol dm> C (pyrene,

acetonitrile) = 3.9x10™* mol dm™, C (1-methylpyrene, dichloromethane) =5.2x10” mol dm™,

and C (1-methylpyrene, acetonitrile) = 6x10~ mol dm"™.

The fluorescence quantum distributions, Er(A), of the pyrene and 1-methylpyrene in as-

delivered dichloromethane and acetonitrile are shown in the top parts of Figure 4.17 and
Figure 4.18, respectively. The corresponding fluorescence quantum yields, ¢, = IE ~(A)dA,
are listed in Table 4.2. The fluorescence quantum yields of pyrene are ¢r(dichloromethane,
Aexe = 311 nm) = 0.068 and ¢r(acetonitrile, Aexe = 311 nm) = 0.031. The results for 1-
methylpyrene are ¢r(dichloromethane, Aexe = 311 nm) = 0.125 and ¢p(acetonitrile, Aexe = 311

nm) ~ 0.049.
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.................... Pyren, Aee=311nm
PR T-Methylpyrene, Ag,=311nm
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Figure 4.17: Fluorescence quantum distribution (top part) and degree of fluorescence
polarization (lower part) of pyrene and 1-methylpyrene in dichloromethane. Excitation
wavelengths, Acx, are indicated in the figures. Concentrations are C = 1.4x10™* mol dm™ for
pyrene, and 5.1x107 for 1-metylpyrene.
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Figure 4.18: Fluorescence quantum distribution (top part) and degree of fluorescence

polarization (lower part) of pyrene and I-methylpyrene in acetonitrile. Excitation

wavelengths, Acx, are indicated in the figures. Concentrations are C = 1.5 x10™* mol dm™ for
pyrene, and 6.3x107 for 1-methylpyrene.
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4. Results and discussion: Pyrene and 1-methylpyrene

The fluorescence polarisation spectra, Pr(A), of pyrene and 1-methylpyrene are plotted in the
lower parts of Figures 4.17 and Figure 4.18, and the average degrees of fluorescence
polarization are listed in Table 4.2. For pyrene and 1-methylpyrene the degree of fluorescence
polarisation is low indicating a short molecular reorientation time compared to the
fluorescence lifetime.

Temporal fluorescence traces of pyrene and 1-methylpyrene are shown in Figure 4.19.
The excitation wavelength was 347.15 nm (duration Az; = 30 ps). The fluorescence signals of
pyrene and I-methylpyrene in the two solvents, dichloromethane and acetonitrile, decay
single-exponentially within our experimental accuracy.

The fluorescence lifetimes of pyrene and 1-methylpyrene in as-delivered solvents (no de-

aerating) are in the few tens of ns range. The determined lifetimes are listed in Table 4.2.
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Figure 4.19: Temporal fluorescence traces. Dotted curve is response functions. Dash-dotted
curves are single-exponential fits (Equation 2.4)

(a) Pyrene in dichloromethane (solid curve, tr = 29.3 ns) and acetonitrile (dashed curve, 1r =
13.5 n8). Aexe = 347.15 nm, Atexe = 30 ps.

(b) I-methylpyrene in dichloromethane (solid curve, 1 = 27.4 ns) and acetonitrile (dashed
curve, Tp = 16.3 ns). Aexe = 347.15 nm, Atexc = 30 ps.
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4. Results and discussion: Pyrene and 1-methylpyrene

In Figure 4.20 the absorption changes due to long-time blue-light excitation of pyrene in
dichloromethane (part a, excitation at Ae = 311nm, excitation intensity /.. = 0.001 W cm'z),
and acetonitrile (part b, excitation at 311 nm, [ = 0.047 W cm'z) are shown. Absorption
coefficient spectra are depicted for different times of light exposure. The photo-degradation is
more severe in dichloromethane than in acetonitrile. Within the displayed wavelength range

no build-up of a photoproduct absorption band is observed.
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Figure 4.20: Absorption coefficient spectra of pyrene after several durations of light exposure.
Exposure times, Z.xp, are listed in figure.

(a) Solvent dichloromethane. Excitation intensity, Il = 1x10° W cm? , Excitation
wavelength, Acxc =311 nm.

(b) Solvent acetonitrile. /oy = 4.7% 10° W cm'z, Aexe = 311 nm.
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4. Results and discussion: Pyrene and 1-methylpyrene

The transmission rise of pyrene at wavelength position, A, (at peak absorption of pyrene
around 335 nm) with exposed energy density at the excitation wavelength, Aexc = 311 nm for
acetonitrile and dichloromethane, are displayed in Figure 4.21 (data extracted from Figure
4.20). The transmission change versus light exposure will be used below to calculate the

quantum yield of photo-degradation as a function of the exposed energy density.
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Figure 4.21: Transmission, 7p{(wo), at probe wavelength, A, versus exposed input energy
density, wy, at excitation wavelength, A.=311, for pyrene. Data are extracted from Figure
4.20.

(a) Dichloromethane. Excitation intensity, lex.(pyrene) = 0.001 W cm™.

(b) Acetonitrile. Excitation intensity, and .c(pyrene) = 0.0047 W cm™.
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4.2.2 Discussion

The fluorescence quantum yield of pyrene in as-delivered solvents was measured to be
or(dichloromethane) ~ 0.068 and ¢g(acetonitrile) = 0.031. The small fluorescence quantum
yields are thought to be caused by molecular oxygen quenching. In degassed solvents
fluorescence quantum yields of ¢p(pyrene in dichloromehane) ~ 0.38 and ¢p(pyrene in
acetonitrile) = 0.62 were determined [Kar95]. The fluorescence quantum yield of 1-
methylpyrene in the as-delivered solvents dichloromethane and acetonitrile were measured to
be ¢r = 0.124 and ¢r =~ 0.049, respectively. The fluorescence quantum yields of 1-
methylpyrene are higher than those of pyrene because of shorter radiative lifetime (stronger
So-S; absorption). For deoxygenated solutions of 1-methylpyrene in cyclohexane, dioxane,
and water fluorescence quantum yields of 0.48, 0.46, and 0.34, respectively, were determined
in [Lia80]. Their radiative lifetimes r,,; =7 /¢ (Equation 2.13) are also listed in Table 4.2.
The 1-methylpyrene has shorter radiative lifetime because it has stronger So-S; absorption
band respect to pyrene.

The photo-degradation of pyrene was studied in Figures 4.20 and 4.21. Calculation of the
quantum yields of photo-degradation as a function of the exposed energy density was done
according to Equations 3.2-3.4 with using data in Figure 4.21.

The obtained quantum yields of photo-degradation, ¢p as a function of the exposed energy

density are shown in Figure 4.22.
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Figure 4.22: Quantum yields of photo-degradation, ¢p, at probe wavelength, A, versus
exposed input energy density, wy, at excitation wavelength, A =311, for pyrene. Data are
calculated from Figure 4.21.

(a) Dichloromethane. Excitation intensity, lex.(pyrene) = 0.001 W cm™.
(b) Acetonitrile. Excitation intensity, and (pyrene) = 0.0047 W cm™.

The obtained initial quantum yields of photo-degradation, ¢p,, are listed in Table 4.2. The
photo-degradation of pyrene in dichloromethane and in acetonitrile is independent of the
already deposited energy. The photo-stability of pyrene (Figure 4.20, Aexc =311 nm) is rather
low in dichloromethane (¢po = 1.8><10'3) and moderate in acetonitrile (¢po = 1.5><10'4). No
photoproduct absorption shows up in the displayed wavelength range of Figure 4.20 (A > 240
nm). This leads to the suggestion that the m-electron conjugation is lost and 4,5,9,10-

tetrahydro-pyrene derivatives are formed (Figure 4.23).
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Figure 4.23: Structural formulae of 4,5,9,10-tetrahydro-pyrene. Formula: C;sH4, Molar mass:

206.25 g mol™

Table 4.2 Spectroscopic parameters of pyrene and 1-methylpyrene at room temperature

Dye Pyrene 1-Methylpyrene

Solvent dichloromethane acetonitrile dichloromethane  Acetonitrile

Aabs max(nm) 320nm, 336nm,  317nm, 333nm, 328nm, 345nm,  326nm, 343nm,
372nm 371nm 376nm 376nm

AF.max(nM) 373nm, 394nm 372nm, 392nm 377nm, 397nm 375nm, 396nm

nE 1.4390 1.3581 1.4390 1.3581

na 1.4559 1.3713 1.4559 1.3713

Op 0.068+0.005 0.031+0.003 0.12440.01 0.049+0.005

Py ~0.03 ~ 0.04 ~ 0.04 ~ 0.04

Tr (nS) 29.2+1 14+0.5 27.4+1 16£1

Trad (DS) 429.4420 451.6120 221+£10 327420

dp.o ~0.0018 ~ 1.5x10™
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4.3 Heptyl-phenothiazine and heptyl-phenyl-phenothiazine

4.3.1 Results

Heptyl-phenothiazine (abbreviated by HPT) and heptyl-phenyl-phenothiazine (abbreviated by
HPPT) are constituents of the investigated phenothiazine-flavin dyad (PTFD), and pyrene-
flavin-phenothiazine triad (PYFPT). In order to understand the electron transfer and energy
transfer processes in the PTFD dyad and the PYFPT triad a detailed knowledge of the photo-
physical behaviour of the phenothiazine derivatives is necessary. Optical spectroscopic data
on phenothiazine are found in [Rag64, Dom77, Kaw86, Kaw86b, Bau01]. Some absorption
and emission spectroscopic characterisation of HPT and HPPT is given in this section
[Shi07b].

The absorption cross-section spectra of HPT and HPPT in dichloromethane and HPT in
acetonitrile are shown in Figure 4.24. The absorption cross-section spectrum of HPPT in
dichloromethane is taken from [Pro04, She03]. The HPPT absorption is 10 nm to 15 nm red-
shifted and strongly enhanced. This indicates that the phenyl ring of HPPT is in the plane of
phenothiazine ring structure.

The stimulated emission cross-section spectra of the HPT in dichloromethane and
acetonitrile, and HPPT in dichloromethane are shown in Figure 4.24. The stimulated emission
cross-section spectra of HPT are very small indicating the emission from a state in the tail of
the absorption band. The stimulated emission cross-section spectrum of HPPT is considerably
larger than the stimulated emission cross-section spectrum of HPT as is also the case for the
absorption cross-section spectrum. The shapes of the S;-Sy emission spectra and of the first
absorption bands of HPT and HPPT are not mirror images since within the first absorption

band the Sp-S; and S-S, absorption is overlapping.
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The fluorescence quantum distributions, FEp(A), of the investigated dyes in

dichloromethane and acetonitrile are shown in the top parts of Figures 4.25a and 4.25b,
respectively. The corresponding fluorescence quantum yields, ¢, = jE »(A)dA, are listed in
Table 4.3. The fluorescence quantum yields of HPT are ¢r(dichloromethane) =~ 0.0085 and

or(acetonitrile) = 0.00785, while the fluorescence quantum yield of HPPT in dichloromethane

is ¢r = 0.26 [Pro04, She03].
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Figure 4.24: Absorption and stimulated emission cross-section spectra of investigated dyes in
dichloromethane (a) and acetonitrile (b). The applied dye concentrations in the measurements
were: C(HPT, dichloromethane) = 2.38x10™ mol dm™, and C(HPT, acetonitrile) = 4.46x10™
mol dm™. Spectra for 10-heptyl-3-phenyl-phenothiazine (HPPT) are taken from [Pro04,
She03].

The fluorescence polarisation spectra, Pr(A), of HPT is plotted in lower part of Figures

4.25a and 4.25b, respectively, for the solvents dichloromethane and acetonitrile. The degree
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of fluorescence polarisation is low indicating a short molecular reorientation time compared

to the fluorescence lifetime.
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Figures 4.25: Fluorescence quantum distributions (top part) and degrees of fluorescence
polarization (lower part) of dyes in dichloromethane (a) and acetonitrile (b). Dyes and
excitation wavelengths, Ac, are indicated in the figures. Concentrations are
C(dichloromethane, HPT)=1.36x10* mol dm™ , and C(acetonitrile, HPT)=1.2x10"* mol dm".
Curve for HPPT in dichloromethane is taken from [Pro04, She03].
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Temporal fluorescence traces of the HPT in dichloromethane and acetonitrile are shown in
Figure 4.26. A fluorescence lifetime of tr = 5.86 ns is reported for HPPT in dichloroethane
[Pro04, She03]. The fluorescence signals of the HPT or HPPT decay single-exponentially
within our experimental accuracy according to Equation 2.4. The obtained fluorescence
lifetimes, tr, in the ns range are listed in Figure 4.26 and Table 4.3. Their radiative lifetimes

7,00 =7r ! ¢ (Equation 2.13) are also listed in Table 4.3.
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Figure 4.26: Temporal fluorescence (oscilloscope) traces of component HPT. Solid curves:
samples. Dash-dotted lines: single-exponential fits (Equation 2.4). Dotted lines: response
functions. (a) HPT in dichloromethane. (b) HPT in acetonitrile.

Absorption changes due to long-time blue-light excitation of HPT in dichloromethane (part a,
excitation in range of 260 nm - 380 nm, excitation intensity le = 0.015 W cm'z), and
acetonitrile (part b, Aexe=260 nm — 380 nm., excitation intensity le = 0.015 W cm'z) are

shown in Figure 4.27. Absorption coefficient spectra are depicted for different times of light

74



4. Results and discussion: Heptyl-phenothiazine and Heptyl-phenyl-phenothiazine

exposure at fixed excitation intensities, /.x.. In both solvent new absorption bands of

photoproduct are build up by photo-degradation.
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Figure 4.27: Absorption coefficient spectra of HPT after several durations of light exposure.
Exposure times, t..p, are listed in figure.

(a) Solvent dichloromethane, excitation intensity, lexc =0.015Wcm'2, excitation wavelength,
Aexc=260nm-380nm

(b) Solvent acetonitrile, /exc =0.015Wcm'2, Aexc=260nm-380nm.

The transmission changes of HPT at wavelength position, A, versus exposed energy density
(excitation wavelength, A = 260nm-380nm) for acetonitrile and dichloromethane, are
displayed in Figure 4.28 (data extracted from Figure 4.27). The transmission change versus
light exposure will be used below (in section 4.3.1) to calculate the quantum yield of photo-

degradation as a function of the exposed energy density.
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Figure 4.28: Transmission, 7p{(wo), at probe wavelength, A, versus exposed input energy
density, wy, at excitation wavelength, A.x=260nm-380nm, excitation intensity, lexc = 0.015 W
cm?, for HPT in dichloromethane and acetonitrile. Data are extracted from Figure 4.27.

4.3.2 Discussion

The fluorescence quantum yield of HPT in as-delivered solvents (no de-aeration) was
measured to be ¢p(dichloromethane) ~ 0.0085 and ¢g(acetonitrile) = 0.00785. The small
fluorescence quantum yields are thought to be caused by intersystem-crossing, internal
conversion and by the weak S;-Sj absorption and emission strength (long radiative lifetime of
Trad & 200 ns). In degassed solvents the same fluorescence quantum yields as in air-saturated
solutions of HPT was measured. The fluorescence quantum vyield of HPPT in
dichloromethane was reported to be ¢r = 0.26 with a fluorescence lifetime of tr = 5.86 ns.
This dye has a stronger So-S; absorption strength and S;-Sy emission strength. A radiative
lifetime of T;ag ® 22.5 ns is determined.

The photo-degradation of HPT was studied in Figures 4.27 and 4.28. From the absorption

change at probe wavelength, A,=297nm for acetonitrile and A,~282nm for dichloromethane
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with exposure time, 7, the quantum yield of photo-degradation was calculated according to

Equations 3.2-3.4.
The obtained initial quantum yields of photo-degradation, ¢, are listed in Table 4.3. The
photo-stability of HPT (Figure. 4.27, Aexe =260nm-380nm) is rather low in dichloromethane

(dpo = 6.1x107) and moderate in acetonitrile (¢p o ~ 4.5x10™).

Table 4.3: Spectroscopic parameters of HPT and HPPT at room temperature

Dye HPT HPT HPPT

Solvent dichloromethane acetonitrile dichloromethane

ng 1.4320 1.3503 1.4306

na 1.4559 1.3713 1.4504

0r(428 nm)

¢r(311 nm) 0.0085 0.00785 0.26 [Pro04, She03]
Pr(428 nm)

Pr(311 nm) 0.04 0.04

Tr (nS) 1.61 1.71 5.86 [Pro04, She03]
Trad (1NS) 190 218 22.5

dp.o 0.0061 4.5x10™
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4.4 Pyrene—flavin dyad (PFD)

4.4.1 Results

The pyrene — flavin (isoalloxazine) dyad (abbreviated by PFD) is made up of a phenyl-
isoalloxazine derivative and of 1-methylpyrene, in which both chromophores are linked via an
enantiomerically pure dipeptide bridge of R-configuration (Section 3.1.1). Detailed studies
have been carried out in [Shi06]. The absorption cross-section spectra of the investigated PFD
dyad in dichloromethane and acetonitrile are shown in Figure 4.29. The absorption cross-
section spectra of the structural subunits of the dyad, (i) pyrene and 1-methylpyrene, and (i1)

isoalloxazine acetic acid ethyl ester (abbreviated by IAE) are also included in Figure 4.29.
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wo47;

Cross-Sections o, 0., (cm°)

48; N Pyrene |
10 (b) \\\ ——— 1-Methylpyrene
| \\e‘r\ﬂl ]
\\y
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Figure 4.29: Absorption and stimulated emission cross-section spectra of investigated
compounds in dichloromethane and acetonitrile. The applied dye concentrations in the
measurements were: C(PFD, dichloromethane) = 3.1x10™ mol dm™, C(PFD, acetonitrile) =
4.5%10”° mol dm>, C(IAE, dichloromethane) = 1.17x10° mol dm~, C(IAE, acetonitrile) =
5.6x10* mol dm™, C(pyrene, dichloromethane) = 3.5x10* mol dm™ C(pyrene, acetonitrile) =
3.9x10” mol dm™>, C(1-methylpyrene, dichloromethane) = 5.2x10” mol dm™, and C(1-
methylpyrene, acetonitrile) = 6x10™ mol dm™.
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The absorption spectrum of the dyad PFD is roughly the sum of the absorption spectra of the
components, IAE and 1-methylpyrene, indicating that both components retain their electronic
structures and transition dipoles.

The stimulated emission cross-section spectrum of PFD, is also included in Figure 4.29. The
stimulated emission cross-section spectrum of PFD is roughly the mirror image of the Sy-S;

absorption spectrum with a spectral Stokes shift of about 6V, = 4100 cm™.

The fluorescence quantum distributions, Er(A), of PFD in as-delivered dichloromethane

and acetonitrile are shown in the top parts of Figures 4.30a and 4.30b, respectively. The

corresponding fluorescence quantum yields, ¢, = _[ E,(A)dA, are listed in table 4.4. The

fluorescence quantum yield of PFD is very low, i.e. ¢r(dichloromethane, Aexe = 428 nm) =
0.0031 and ¢r(acetonitrile, Aexc = 428 nm) = 0.011. In the case of excitation at 428 nm only
the isoalloxazine (flavin) part of the dyad is excited and the typical isoalloxazine fluorescence
spectrum is observed. In the case of excitation at 311 nm the light is absorbed by the 1-
methylpyrene moiety (fraction of ypy ~ 0.44 for solvent dichloromethane, and xp, = 0.60 for
acetonitrile) and the isoalloxazine moiety (fraction of yp = 0.56 for dichloromethane, and yp
~ 0.40 for acetonitrile). The fluorescence emission from the isoalloxazine part is reduced to
or(311nm) = 0.47x¢p(428nm) in the case of solvent dichloromethane, and to ¢p(311nm) =
0.4x¢pp(428nm) in the case of solvent acetonitrile. The observed fluorescence approximately
agrees with the emission of the directly excited isoalloxazine part. A weak emission from the
pyrene part is observed.

The fluorescence polarisation spectra, Pr(A), of PFD in dichloromethane and acetonitrile
are plotted in the lower parts of Figures 4.30a and 4.30b, and the average degrees of

fluorescence polarization are listed in Table 4.4.
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Figure 4.30a: Fluorescence quantum distribution (top part) and degree of fluorescence

polarization (lower part) of PFD in dichloromethane. Excitation wavelengths, Ay, are
indicated in the figure. Concentration is C = 3.3x10™ mol dm".
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Figure 4.30b: Fluorescence quantum distribution (top part) and degree of fluorescence
polarization (lower part) of PFD in acetonitrile. Excitation wavelengths, A, are indicated in
the figure. Concentration is C = 2.4x10” mol dm™.
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In the case of excitation at 428 nm the degree of fluorescence polarisation is reasonably high
because the fluorescence lifetime is short (small fluorescence quantum yield). In the case of
311 nm excitation the degree of fluorescence polarization is low indicating a different
orientation of the transition dipole moments of 311 nm excitation and of S;-Sy emission. Also
reorientation in the energy transfer from pyrene to isoalloxazine (see section 4.4.2) may
contribute to the reduction of the degree of fluorescence polarisation.

Temporal fluorescence traces of the PFD dye are shown in Figure 4.31. The excitation

wavelength was A, = 400 nm (excitation of flavin part of PFD only).
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Figure 4.31: Temporal fluorescence traces. Dotted curve is response function. Dash-dotted
curves are double-exponential fits (Equation 4.14).

(a) PFD in dichloromethane (up-converted fluorescence signal). Excitation wavelength Aex =
400 nm, excitation pulse duration Afex. = 150 fs.
(b) PFD in acetonitrile (up-converted fluorescence signal). Aexe =400 nm, Afexe = 150 fs.

The fluorescence up-conversion traces of PFD in dichloromethane and acetonitrile are

well fitted by a two-component single-exponential decay according to

Sp()=S8po[x exp(—t/7,,)+x,exp(=t/7,,)], (4.14)
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where x; and x, are the weight-factors, while tg; and tr> are the fluorescence decay times.
The obtained fluorescence lifetimes are in the several ps up to 150 ps range. In the case of

double-exponential decay we define an average fluorescence lifetime by 7, = x,7,, +x,7,,.

The determined fluorescence lifetimes and average fluorescence lifetimes are listed in Table
4.4.

The results of the picoseconds pump-probe measurements are shown in Figure 4.32. For
both, PFD in dichloromethane (a) and PFD in acetonitrile (b), the probe pulse transmission is
reduced after the pump pulse passage through the sample indicating that the excited-state
absorption at the excitation wavelength (Aexc = 400 nm) is slightly higher than the ground-
state absorption. The transmission recovery is fitted in the figure by the following single-
exponential function
T(t)=T,, —AT,,, exp(-t/7,,.). (4.15)
where T, is the initial transmission before excitation, ATjump is the pump pulse induced
transmission jump, and T, 1S the ground-state absorption recovery time. In the case of PFD
in dichloromethane the ground-state absorption recovers with a time constant of T, = 100
ps, while a bi-exponential fluorescence decay with the time constants tz; ~ 5 ps and 15, = 89
ps was observed (Figure 4.31a). This indicates that after excitation a non-fluorescing
intermediate state is formed (charge-transfer state) with a time constant of tr; =5 ps which
relaxes slower than it is formed with a time constant of T, =tr2 = 100 ps. For PFD in
acetonitrile the probe pulse transmission is only very weakly reduced by the pump pulse
excitation, the absorption recovery time of T, ® 150 ps agrees within the experimental
accuracy with the fluorescence signal decay of tr2 = 150 ps. This indicates that the expected
non-fluorescent intermediate state (charge-transfer state, see section 4.4.2) is formed with a

time constant of tr; 28 ps and has an approximate lifetime of T, ec Tr2 = 150 ps.
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Figure 4.32: Probe pulse transmission through PFD in dichloromethane (a) and acetonitrile
(b) as a function the delay time between probe pulse passage and pump pulse passage through
the sample. Cell length 1 mm. Pulse duration 1.4 ps, laser wavelength 400 nm, pump pulse
energy ca. 200 pJ, probe pulse energy ca. 20 pJ. Pulse focusing with 50 cm lenses in 46 cm
distance from sample. Dash-dotted curves are fits of Equation 4.15 to the data points with
Taree = 100 ps (a) and 150 ps (b).

In Figure 4.33 the absorption changes due to long-time blue-light excitation of PFD in
dichloromethane (part a, excitation in range of 400 nm - 440 nm, excitation intensity lex. =
0.02 W cm'z), and acetonitrile (part b, excitation at 428 nm, Iy = 0.029 W cm'z) are shown.
Absorption coefficient spectra are depicted for different times of light exposure. In both
solvents the Sy-S; absorption of the isoalloxazine part decreased with exposure time. The

pyrene part was not directly excited, but the pyrene absorption reduced strongly in

dichloromethane.
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Figure 4.33: Absorption coefficient spectra of PFD after several durations of light exposure.

Excitation wavelengths, Ay, excitation intensities, lox., and exposure times, feyp, are listed in
figure.

(a) Solvent dichloromethane.
(b) Solvent acetonitrile.

The transmission rise of PFD at two wavelength positions, A, (one at peak absorption of
isoalloxazine part around 440 nm, and one at peak absorption of 1-methylpyrene part around
340 nm) with exposed energy density at the excitation wavelengths, A = 428 nm
(acetonitrile) or 400-440 nm (dichloromethane), are displayed in Figure 4.34 (data extracted
from Figure 4.33). The transmission change versus light exposure will be used (section 4.4.2)

to calculate the quantum yield of photo-degradation as a function of the exposed energy

density.
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Figure 4.34: Transmission, T,{(wp), at probe wavelengths, A, versus exposed input energy
density, wy, at excitation wavelength, A, for PFD. Data are extracted from Figure 4.33.

(a) Dichloromethane. Excitation intensities, Zex(PFD) = 0.02 W cm™.
(b) Acetonitrile. Excitation intensities, Zex(PFD) = 0.029 W cm™.

4.4.2 Discussion

The fluorescence efficiency in the PFD is strongly reduced compared to the constituents,
IAE and 1-methyl-pyrene. The weak fluorescence efficiency of PFD in the case of excitation
at Aexe = 428 nm is thought to be caused by photo-induced reductive electron transfer [Val02]
from the ground-state pyrene moiety to the flavin chromophore according to the reaction

scheme

Fl-Py—* 5F1*-Py—: 5F]” —Py" —< 5F1- Py

(4.54)
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The photon absorption excites the isoalloxazine (flavin) part Fl, reductive electron transfer
(ET,) forms the ion pair FI'Py", which finally recovers (REC) to the original compound. The
processes are illustrated in Figure 4.35. The measured fluorescence lifetimes tg,; (Aexe = 400

nm) give excited-state lifetimes of F1*-Py. The rate of reductive electron transfer, &, , is
approximately given by k., ~ T;h (PFD) -7, (IAE). The measured ground-state absorption

recovery times Tarec (Aexe = 400 nm) are determined by the relaxation channels of the PFD
molecules (radiative relaxation, internal conversion, triplet-singlet relaxation, charge-transfer

complex recombination). The recombination rate 1is approximately given by

kige = Ty (PFD) ~ 7, . Values of k,, and kggc are included in Table 4.4.

a,rec

o S = - REC |

4 T T o

Fl Py FIr Py I Py Fl Py

Figure 4.35: Illustration of photo-induced reductive electron transfer from ground-state
pyrene part to isoalloxazine part in the case of excitation of the S; state of the isoalloxazine
moiety of the dyad PFD

In the case of excitation at 311 nm both the pyrene and the flavin moieties are excited.
Weak emission from the 1-methylpyrene part and from the flavin part is observed. The 1-

methylpyrene fluorescence is reduced by i) Forster-type energy transfer (rate constant kgr),

and i1) photo-induced oxidative electron transfer [Val02] (rate constantk,, ) from excited 1-

methylpyrene to isoalloxazine. The fluorescence emission from the flavin part is slightly more
than a factor of two reduced compared to the long-wavelength excitation. The fluorescence
reduction roughly agrees with the fraction of excitation light absorbed by the 1-methylpyrene

moiety. In the case of efficient excitation energy transfer from the 1-methylpyrene part to the

86



4. Results and discussion: Pyrene-flavin dyad (PFD)

flavin part there should be no reduction of the fluorescence emission from flavin part.
Oxidative electron transfer from excited 1-methylpyrene to flavin does not contribute to flavin
emission. Since we observe fluorescence reduction, we think that the photo-induced oxidative
excited-state electron-transfer from excited 1-methylpyrene to flavin dominates over the
Forster-type energy transfer from excited 1-methylpyrene to flavin. The processes are

illustrated in Figure 4.36. The following reaction scheme is thought to apply:

Fl-Py— 5 Fl-Py* L 5Fl" - Py" —2 5 F1-Py
VFT

F1*-Py—£: 3FI" —Py" —2< 3FI-Py

(4.S5)
with dominance of the oxidative electron transfer. F7 indicates the Forster-type energy

transfer, and ET, indicates the photo-induced excited-state oxidative electron transfer from

Py* to FL.
# ET, A REC |
. N A T ot
— W I FI* Py I Py Fl Py
YR T
Fl P f R 2 I - -
y y- —
REC
T 4ty
I Py Fl Py

Figure 4.36: Illustration of photo-induced excited-state electron transfer and Forster-type
energy transfer from pyrene part to isoalloxazine part in the case of excitation to the S, state
of the pyrene moiety.
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The rate of Forster-type energy transfer, kg, from the 1-methylpyrene moiety (energy
donor) to the flavin moiety (energy acceptor) was determined by use of Equation 2.17-20
(Section 2.6).

For the considered situation of energy transfer from the 1-methylpyrene part to the flavin

part in PFD the distance between donor and acceptor is approximately 1.26 nm [She03], and

statistical isotropic orientation of the transition dipoles is assumed (x° = 2/3). The calculated

critical Forster distances are R, (Py-Fl, dichloromethane) = 2.5 nm, and R, (Py-Fl,

acetonitrile) = 2.26 nm. The energy transfer rate constants are calculated to be kpr(Py-Fl,
dichloromethane) ~ 2.22x10° s™! (kroa=(27.4 ns)'l), and krr(Py-F1, acetonitrile) ~ 2.08x10° s
" (keo.q = (16 ns)") by using the fluorescence lifetimes of 1-methylpyrene in the solvents.

The rate of excitation transfer from the I-methylpyrene moiety to the flavin moiety,

k. =kpr +kg; 1s approximately given by &, ~ ;' (Py *~Fl)-7,'(Py) , where tp(Py*-Fl) ~

Tr(Py) ¢r(Py*-Fl)/[xpy ¢r(Py)]. Thereby tr(Py) is the fluorescence lifetime of 1-methylpyrene,
or(Py) is the fluorescence quantum yield of 1-methylpyrene, ¢p(Py*-Fl) is fluorescence
quantum yield contribution of the 1-methylpyrene part in PFD, and xp, is the fraction of
excitation light absorbed by the 1-methylpyrene part. The estimated values of kex and kgt (Aexc

=311 nm) are included in Table 4.4. It is found that k& e, > ker.

The relevant photodynamics of the pyrene-flavin dyad is determined by the occurring three
photo-induced electron transfer reactions, the reductive electron transfer ET, from HOMO-Py
to HOMO-FI" when the flavin part is excited, the oxidative electron transfer ET, from
LUMO-Py" to LUMO-FI when the pyrene part is excited, and electron recombination LUMO-
FI" to HOMO-Py " after electron transfer.

The electron transfer processes may be analysed by the Marcus theory of electron transfer and
illustrated by Marcus-type potential parabolae in reaction coordinate diagrams as described in

chapter 2.7 and as it will be illustrated for the phenothiazine-flavin dyad in the next section.
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The rate of the reductive electron transfer was found to be kg}r ~5Spsfor PFD in

dichloromethane. It indicates an electron transfer in the normal Marcus region (donor slightly

above acceptor level) with a typical rate. The rate of oxidative electron transfer for PFD in

dichloromethane was found to be k. ~ 77 ps. It indicates an electron transfer in the normal

Marcus region (donor slightly above acceptor level). The electron recombination occurs from
a high lying donor state (LUMO-FI') to a low lying acceptor state (HOMO-Py"). Therefore
this transition is likely in the inverted Marcus region. A recombination speed of k.. ~ 100 ps
was found. This indicates a not too high lying crossing point of the Marcus potential
parabolae above the donor electron energy level.

The photo-degradation of PFD was studied in Figures. 4.33 and 4.34. From the data in Figure
4.34 the quantum yields of photo-degradation were calculated as a function of the exposed
energy density to the samples using Equations 3.2-3.4.

The obtained initial quantum yields of photo-degradation, ¢, are listed in Table 4.4. PFD
dyad was excited in the flavin absorption part (Aexc = 400-440 nm for dichloromethane, and
Aexe = 428 nm for acetonitrile). This long-wavelength excitation in the flavin part of the dyad
causes also degradation of the pyrene part. The quantum yield of photo-degradation of the
pyrene part is lower compared to pure pyrene in solution (¢po = 1.5x10™ in dichloromethane,
and ¢py = 2x107 in acetonitrile). The energy inputted to the dyads causes some disruptive
action on the not electronically excited pyrene part. The photo-induced degradation of the
flavin part of PFD in dichloromethane is (¢p ~ 1.5x10™* ) independent of the already inputted
energy. In the solvent acetonitrile the quantum yield of photo-degradation of the flavin part
rises from initially ¢po = 1x10™ to ¢p ~ 7x10™* at exposed energy density of wy = 30 J cm™
and remains then approximately constant. The formed photo-fragments seem to speed-up the

photo-degradation.
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Table 4.4: Spectroscopic parameters of investigated dyes at room temperature

Dye PFD IAE
Solvent dichloromethane  acetonitrile dichloromethane  Acetonitrile
()3
428 nm 0.0031+0.0003 0.011£0.001 0.223+0.02 0.154+0.02
311 nm 0.0016+0.0002 0.0044+0.0004
Py
428 nm ~0.28 ~0.18 ~ 0.05 ~ 0.05
311 nm ~ 0.07 ~ (.03
Tr,1 (PS) =5 ~ 28
Tr2 (pS) ~ 89 ~ 150
T (ns) ~ 0.062 ~0.121 4.4+0.2 3.3£0.2
Trad (NS) ~19.5 ~19.5 ~19.5 ~ 19.5 [Dr603]
Tasec (PS) ~ 100 ~ 150
krec (s7) ~9.9x10° ~9.9x10°
kpr s ~1.99x10" ~3.54x10"
kex (s7) ~1.5x10'° ~1.7x10'°
ker (s™) ~2.2x10° 2.1x10°
kpr s ~ 1.3x10" ~1.5x10"
dp.0 ~1.5x10* @ ~ 1x10*? ~ 5x10™ ~ 6x10™
~ 1.5x10™ © ~2x10° 9

a: Aexc = 400-440 nm and A, = 440 nm. b: Aeye = 428 nm and Ay, = 439 nm. ¢: Aeye = 400-440
nm and A, = 345.5 nm. d: Aexe =428 nm and A, = 339 nm.
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4.5 Phenothiazine—flavin dyad (PTFD)

4.5.1 Results

The phenothiazine-phenyl-isoalloxazine dyad, (called PTFD) is made up of the
approximate constituents of the, HPT, or HPPT (phenothiazine moiety), and BrPF
(isoalloxazine moiety) (Section 3.1.3). Detailed studies have been carried out in [Shi07b]. The
absorption cross-section spectra of the investigated dyad PTFD in dichloromethane and
acetonitrile are shown in Figures 4.37a and 4.37b, respectively. The absorption cross-section
spectra of BrPF and of HPT are also included. In Figure 4.37a also the absorption cross-
section spectrum of HPPT in dichloromethane is shown (taken from [Pro04, She03]). The
PTFD absorption cross-section spectrum is roughly given by the sum of the full absorption of
BrPF and of about 60 % of the absorption of HPPT. This indicates that in the dyad the
isoalloxazine moiety and the phenothiazine moiety retain their electronic structure and
transition dipoles (separate chromophores, local excitations), and that the phenyl group is not
fully in the plane of the phenothiazine ring structure (less absorption strength).

The stimulated emission cross-section spectra of PTFD are included in Figures 4.37a and
4.37b. The stimulated emission spectra of PTFD are roughly the mirror image of the S¢-S;

absorption spectra. The spectral Stokes shifts are about 6V, ~ 4300 cm’.

The fluorescence quantum distributions, Er(A), of PTFD in dichloromethane and acetonitrile

are shown in the top parts of Figures 4.38a and 4.38b, respectively. The corresponding

fluorescence quantum yields, ¢, = IE ~(A)dA, are listed in Table 4.5.
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Figure 4.37: Absorption and stimulated emission cross-section spectra of investigated dyes in
dichloromethane (a) and acetonitrile (b). The applied dye concentrations in the measurements
were: C(PTFD, dichloromethane) = 1.34x10™* mol dm™, C(PTFD, acetonitrile) = 1.14x10”
mol dm™, C(BrPF, dichloromethane) = 6.1x10™ mol dm~, C(BrPF, acetonitrile) = 4.5x10™
mol dm”, C(heptylphenothiazine, dichloromethane) = 2.38x10* mol dm>, and
C(heptylphenothiazine, acetonitrile) = 4.46x10™* mol dm™. Spectra for 10-heptyl-3-phenyl-
phenothiazine (HPPT) are taken from [Pro04, She03].
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The fluorescence quantum yield of PTFD is low. In the case of excitation at 428 nm only
the isoalloxazine (flavin) part of the dyad is excited and the typical isoalloxazine fluorescence
spectrum is observed. The fluorescence quantum yields are ¢p(PTFD, dichloromethane) =
4.8x10™ and ¢p(PTFD, acetonitrile) ~ 4.9x10™*. The fluorescence of the isoalloxazine moiety
is reduced approximately a factor of 500 compared to the BrPF fluorescence efficiency. This
fluorescence reduction will be interpreted below to be caused by reductive electron transfer
from the HPPT moiety to the isoalloxazine moiety (see section 2.7). In the case of excitation
at 311 nm the light is absorbed by the HPPT moiety (approximately ypppr = 0.64 for solvent
dichloromethane, and ymppr = 0.53 for acetonitrile) and the isoalloxazine moiety
(approximately yp =~ 0.36 for dichloromethane, and yp = 0.47 for acetonitrile). The
fluorescence quantum yields are ¢p(PTFD, dichloromethane) ~ 0.0026 and ¢r(PTFD,
acetonitrile) = 0.0029. The fluorescence originates dominantly from the HPPT moiety. The
fluorescence efficiency is reduced approximately a factor of 100 compared to the HPPT
fluorescence efficiency. This fluorescence reduction will be interpreted below to be caused by
oxidative electron transfer from the phenothiazine moiety to the isoalloxazine moiety (see
section 2.7).

The fluorescence polarisation spectra, Pr(A), of PTFD are plotted in the lower parts of
Figures 4.38a and 4.38b, respectively for the solvents dichloromethane and acetonitrile. In the
case of excitation at 428 nm the degree of fluorescence polarisation is low in the range of 0.04
(acetonitile) to 0.1 (dichloromethane). This indicates that the PTFD fluorescence spectra are
dominated by emission from a slowly relaxing excited state (formed charge-transfer state, see

below) when the isoalloxazine moiety is excited.
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Figure 4.38: Fluorescence quantum distributions (top part) and degrees of fluorescence
polarization (lower part) of PTFD in dichloromethane (a) and acetonitrile (b). Excitation
wavelengths, Ay, are indicated in the figures. Applied dye concentrations are C (PTFD,
dichloromethane) = 3.91x10™ mol dm™ and C (PTFD, acetonitrile) = 3.11x10™* mol dm™ .
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In the case of excitation at 311 nm the fluorescence comes mainly form the HPPT moiety.
The degree of fluorescence polarisation is small despite the short fluorescence lifetime. It is
thought that mainly the S, state of HPPT is excited and that emission occurs from the S; state
with different transition dipole moment orientation resulting in a small degree of fluorescence

polarisation.

Temporal fluorescence traces of the dyad PTFD are shown in Figure 4.39. The excitation
wavelength was Aex. = 400 nm (excitation of flavin part of PTFD only). The fluorescence up-
conversion measurements revealed a fast lifetime component (tr;) of sub-picosecond
duration (Figures 4.39a and 4.39c), and real time fluorescence oscilloscope measurement
revealed a slow lifetime component (tr2) of about 5 ns duration (Figures 4.39b and 4.39d).
The fast component is thought to originate from the isoalloxazine part with radiative lifetime
of Tra1 = 19.5 ns [Shi06]. The fluorescence quantum yield of this contribution is ¢r; =
Tp1/Trad1 (= 3.5x107). The slow component is thought to originate from the formed charge-
transfer state (see below). Its fluorescence quantum yield is given by ¢r2 = ¢r - dr1 (=
4.5><10'4). The radiative lifetime of the charge-transfer state is Trada2 = Tr2/Gr2 (= 10 ps). The

parameters are collected in Table 4.5.
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Figure 4.39: Temporal fluorescence traces of dyad PTFD. Solid curves: samples. Dash-dotted
lines: single-exponential fits (Equation 4.2). Dotted lines: response functions.

(a) Solvent dichloromethane (up-converted fluorescence signal)

(b) Solvent dichloromethane (oscilloscope trace).

(c) Solvent acetonitrile (up-converted fluorescence signal)

(d) Solvent acetonitrile (oscilloscope trace).

Absorption changes due to long-time blue-light excitation of dyad PTFD in dichloromethane
(part a, excitation in range of 400 nm - 440 nm, excitation intensity Joxc = 0.02 W cm™), and
acetonitrile (part b, excitation at 428 nm, I = 0.0356 W cm™) are shown in Figure 4.40.
Absorption coefficient spectra are depicted for two different times of light exposure at fixed
excitation intensities, . In the solvent dichloromethane the absorption reduced only
slightly. In the solvent acetonitrile no absorption change by the applied light exposure is

observed. The transmission changes will be used in the next section 4.5.2 to calculate the

quantum yield of photo-degradation.
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Figure 4.40: Absorption coefficient spectra of dyad PTFD after several durations of light
exposure. Excitation wavelengths, Acx, €xcitation intensities, /ey, and exposure times, fexp, are
listed in figure.

(a) Solvent dichloromethane. Sample length / = 5 mm.
(b) Solvent acetonitrile. Sample length ¢ = 1.5 mm.

4.5.2 Discussion

The fluorescence efficiency in the dyad PTFD is strongly reduced compared to the
constituents, HPPF and BrPF. The weak fluorescence efficiency of the dyad PTFD in the case
of excitation at Ae. = 428 nm is thought to be caused by photo-induced reductive electron
transfer from the ground-state HPPT moiety to the flavin moiety according to the reaction

scheme

Fl- PT—2»FI*-PT—5FlI" - PT* —2< 5 F| - PT. (4.56)

The photon absorption excites the isoalloxazine (flavin) part Fl, reductive electron transfer

forms the ion pair (intramolecular charge-transfer state) FIPT', and finally charge
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4. Results and discussion: Phenothiazine-flavin dyad (PTED)

recombination (REC) forms the original compound. The reductive electron transfer from PT
to FI* requires that the HOMO level of PT is higher than the HOMO level of Fl. The

processes are illustrated in Figure 4.41.

nv ! ET, N REC
— :Q?m — \?Ff —
A T ap A
I PT I PT FIm PT* F PT

Figure 4.41: Illustration of photo-induced reductive electron transfer from ground-state
phenyl-phenothiazine part to isoalloxazine part in the case of excitation of the S; state of the
1soalloxazine moiety.

In the case of excitation at 311 nm both the phenothiazine moiety and the flavin moiety are
excited. Approximately 60 % of the absorbed incident light is used to excite the phenothiazine
part and about 40 % is used to excite the flavin part. Emission from the phenothiazine part
together with weak emission from the flavin part (hidden in the stronger phenothiazine
emission) is observed. Without phenothiazine—flavin excitation transfer a fluorescence

quantum yield of @, ..., G11nm) = X, ppr @ ppr + XgppPp priep (428nm) = 0.156 is expected

[xuppr = 0.6, xprpr = 0.4, Opmppr = 0.26, Opprrp(428 nm) = 4.8x10™]. The experimental
fluorescence quantum yield is only ¢rprep(331 mm) = 0.0026. This indicates efficient
excitation transfer by oxidative electron transfer from the excited phenothiazine moiety to the
flavin moiety and Forster-type energy transfer from the excited phenothiazine part to the
ground-state flavin part. It turns out that the dominant excitation transfer is due to oxidative
photo-induced electron-transfer from the excited phenothiazine part to the LUMO level of the

unexcited flavin part. After electron transfer the system recovers dominantly by charge
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recombination. The following excitation transfer and relaxation scheme is thought to be

relevant:

FI-PT— SF1-PT*—EL sFI" - PT" —2£< S F1-PT
JFT

Fl1*-PT—£L SFI" —PT" —2< SF1-PT

(4.57)

FT indicates the Forster-type energy transfer, E7, indicates the photo-induced excited-state
oxidative electron transfer from PT* to Fl, and E7; denote the ground-state reductive electron
transfer form PT to FL. REC indicates the charge recombination. The expected processes are

illustrated in Figure 4.42.

- _+_ - _
o v | e i ET, _‘_\qm REC |
— P —— N
4 H IV o IV o 4 H
FlPT FoPT FrPT FPT
Fr
- ET, _‘_\@FZ REC |
E— \\’ e
N 4 o
F* PT FrPT FlPT

Figure 4.42: Illustration of photo-induced oxidative electron transfer from phenyl-
phenothiazine part to isoalloxazine part and of Forster-type energy transfer in the case of
excitation to the S; state of the phenyl-phenothiazine moiety.
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The quantum efficiency of Forster-type energy transfer, ¢rr, between the HPPT moiety
(energy donor) and the flavin moiety (energy acceptor) are calculated by use of Equations
2.17-20.

For the considered situation of energy transfer from the phenothiazine part to the flavin part in
dyad PTFD the distance between donor and acceptor is Rq = 1.18 nm [She03], and the angles
are estimated to be @4 = 12°, @, = 83°, and @4, = 72° (see structural formula of PTFD in
Figure 3.1) giving k* ~ 0.0024 (see Equation 2.19). The calculated critical Forster distance

(see Equation 2.18) is R, (Py-Fl, dichloromethane) ~ 1.18 nm. The energy transfer rate

constant (see Equation 2.17) is calculated to be kpr(PT-Fl, dichloromethane) = 1.7x10% s
(kr0,4=(5.86 ns)") by using the fluorescence lifetime of HPPT (donor) in the dichloromethane.

The rate of excitation transfer from the HPPT moiety to the flavin moiety, &, =k, +k;;

is approximately given by  k, ~7z'(PT*-Fl)-zz(HPPT) , where tp(PT*-Fl) =~
Trad(HPPT) ¢p(PTFD,311 nm)/xgppr. Thereby 7t..4(HPPT) = tx(HPPT)/¢p(HPPT) is the
radiative lifetime of HPPT (section 4.3), ¢r(HPPT) is the fluorescence quantum yield of

HPPT, and xpppr is the fraction of excitation light absorbed by the HPPT part. The estimated

value is ke, = 1x10'° 57, 1t is found that k sr.0 > ket (see obtained kgt ~ 1.7x108 s'l). Roughly

it 1S kgt o = kex.

The time-resolved fluorescence studies (excitation at 400 nm in absorption region of flavin
part) revealed an initial fast fluorescence decay (tr; = 650 to 700 fs) followed by a slow
fluorescence decay (tr2 = 4.5 to 5.5 ns). It is thought that during and after femtosecond pulse
excitation reductive electron transfer (from phenothiazine HOMO donor to half-occupied
flavin HOMO acceptor takes place which quenches the locally excited state fluorescence. The

fast fluorescence decay is determined by the rate of reductive electron transfer, i.e.

kr zrm_l. The formed charge-transfer state has low oscillator strength (long radiative
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4. Results and discussion: Phenothiazine-flavin dyad (PTED)

lifetime T.,42). The charge-separated state recombines on a nanosecond time-scale, and during
this time weak fluorescence light is emitted. The charge recombination time is given by the
slow fluorescence time constant, i.e. Trec = Tr 2.

A level scheme of the proposed dynamics in the case of flavin part excitation at 400 nm is
shown in Figure 4.43. vi and op denote the excitation laser frequency and the absorption
cross-section at the laser frequency. kex denotes the rate of excitation transfer. &y and kiaq 1
are the non-radiative and radiative relaxation rates of the initial locally excited flavin state,
respectively, while ky» and k.42 are the non-radiative and radiative relaxation rates of the
final charge-transfer state. The proposed model is supported by a recent ab-initio quantum

chemical study of the PTFD dyad at the level of coupled cluster response theory [Sad07].
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Figure 4.43: Level scheme of dyad local state excitation (flavin moiety), charge-transfer state
formation (electron transfer from phenothiazine part to flavin part), and radiative and non-
radiative relaxation.
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The relaxation of the population number density, N, of the locally excited state 1 (excitation
at time ¢ = 0) is given by

ON
8_t1 =—(kpga 1 +kypg + ke )N =—Ny /7. (4.16)

The build-up and decay of the population number density, N,, of the charge-transfer state 2 is

given by
ON,
o =k, N, - (knr,Z + krad,Z)N2 =k,N, —-N, /TF,Z ~ N, /TF,I - N, /TF,Z' (4.17)

The fluorescence signal, Sg(?), is given by

Sp () = 1lkyag )N + Kraa 2N2 ) (4.18)

where « is a proportionality constant.

The solution of Equation 4.16 is

Ni(t)=Ngexpl-t/7p;). (4.19)
Insertion of Equation 4.19 into Equation 4.17 leads to an ordinary linear differential equation

with the solution

Ny(e) = FeLoTrTE2 [eXp[_ ;J _ exp[— ;]] , (4.20)

TF2~TF1 TF2 TF,1

Insertion of Equations 4.19 and 4.20 into Equation 4.18 leads to
1 kexTF1TF 2 t kexTF1TF 2 t
- exp| — + exp| —
Trad) Trad 2(TF2 —TF1) Tr1) Trad2(TF2—TF 1) TF)
4.21
KNy t Trad,1 t ( )
~ exp| ——— |[+———exp| ———
Trad 1 TF.1 Trad,2 TF,2

In the last approximation the relations tr; << T2, Trad,1 << Trad2, and kexTr,; = 1 have been

Sp(t)=xNp

used. The bi-exponential fluorescence of Equation 4.21 agrees with the experimental
observations of Figure 4.39.
Photo-excitation of the PTFD dyad cause non-adiabatic (diabatic) electron transfer (section

2.7), since coupling between electron donor (phenothiazine) and electron acceptor (flavin) is
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weak. This is seen from the dyad ground-state absorption spectra which show up as the sum
of the constituent absorption spectra.

The studied PTFD photo-dynamics involves three Marcus-type electron transfers: the
HOMO-PT — HOMO-FI* reductive electron transfer (ET,, called hole transfer in polymeric
systems with band structure —valence band- description) in the case of FIl excitation, the
LUMO-PT* — LUMO-FI] oxidative electron transfer (ET,, called electron transfer in
polymeric systems with band structure —conduction band- description) in the case of PT
excitation, and the LUMO-FL" — HOMO-PT" charge recombination (REC). The Marcus-
type potential energy parabola reaction coordinate diagrams for these three processes are

illustrated in Figures 4.44-46. The available experimental data do not allow us to extract the
Marcus theory parameters, Voz, AGO, and A of the occurring electron transfer processes. But

the Marcus theory illustration gives a qualitative understanding of the dynamics. The ground-

state reductive electron transfer rate is fast (kET,r'1 ~ 700 fs) indicating reasonable large
coupling VOZ. The level position of the phenothiazine HOMO higher than the flavin HOMO

leads to electron transfer in the normal Marcus region (Figure 4.44).

LUMO-PT

/

LUMO-FI

|
|

HOMO-F|

Figure 4.44: Potential energy Marcus-parabolae reaction coordinate diagram for reactive
electron transfer from HOMO-phenothiazine to HOMO flavin.
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The excited-state oxidative electron transfer rate (kET,O’1 ~ 100 ps) is slower than the transfer
rate in the ground-state indicating smaller coupling VO2 and higher energy barrier, A-[AG| in

the normal Marcus region. The charge recombination rate (krgc” ~ 5.5 ns) is the slowest
electron transfer process in the PTFD dyad which may be attributed to the coupling constant
and/or the energy barrier. The recombination process is expected to be in the inverted Marcus
region (Figure 4.46). Dexter-type excitation transfer [Dex53, Spe96] (concerted two-electron
transfer, combined reductive and oxidative electron transfer) is not expected to occur since for
FI*PT (Fig 4.41) the oxidative electron transfer from LUMO-FI to LUMO-PT is energetically
forbidden, and for F1 PT* (Figure 4.42) the reductive electron transfer from HOMO-FI to

HOMO-PT is energetically forbidden.

LUMO-FI

A
|

A HOMO-PT

HOMO-FI

Figure 4.45: Potential energy Marcus-parabolae reaction coordinate diagram for oxidative
electron transfer from LUPO phenothiazine to LUMO flavin.
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LUMO-
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Figure 4.46: Potential energy Marcus-parabolae reaction coordinate diagram for charge
recombination from LUMO flavin to HOMO phenothiazine.

The photo-degradation of dyad PTFD was studied in Figure 4.40. From the absorption
decrease at an arbitrary probe wavelength, A,;, with exposure time, ¢, the quantum yield of
photo-degradation may be calculated using (Equations 3.2-3.4). In the data analyses A,=440
nm was used.

For dyad PTFD in dichloromethane quantum yield of photo-degradation of ¢pp ~ 1.6x107 is
obtained by the data analysis (¢#; =0, and # = 180 min). This value means that the dyad
molecules in dichloromethane may be excited 6.2x10” times before degradation. For PTFD in
acetonitrile no decrease of absorption was observed during light exposure for the applied
excitation intensities (Figure 4.40b). Taking experimental inaccuracy into account an upper
limit of ¢p < 4x 10 is estimated.

The photo-stability of PTFD is considerably higher than the photo-stability of dyad
constituents BrPF (section 4.1) and HPT (section 4.3). This may come from the fact that BrPF
and HPT are considerably longer in the excited state than PTFD.
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Table 4.5: Spectroscopic parameters of investigated PTFD dyad at room temperature

Dye PTFD PTFD Comments

Solvent dichloromethane acetonitrile

nE 1.4271 1.3481

na 1.4340 1.3528

Op(428 nm)  4.8x10™ 4.9x10™ Figure 4.38

¢r(311 nm) 0.0026 0.0029 Figure 4.38

Pp(428 nm) ~ 0.1 ~ 0.04 Figure 4.38

Pr(311 nm) ~0.07 ~0.07 Figure 4.38

Tr,1 (8) 700 650 Figure 4.39

Tr2 (nS) 5.45 4.53 Figure 4.39

Trad,1 (DS) ~ 19.5 ~19.5 [Dro03]

Trad2 (US) 12.2 9.9 Figure 4.38

dF.1 ~3.6x10° ~3.3x10°  Figure 4.38

Or2 4.44x10™ 457x10*  $p(488 nm)-
OF.1

o 1.6x107 <4x10® Figure 4.40

ket (s 1.4x10" 1.5x10" kere = ey

kero (s7)  1.0x10" 9.2x10°

TREC (DS) 5.45 4.53 TREC = TF.2
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4.6 Pyrene-flavin-phenothiazine triad

4.6.1 Results

The pyrene-flavin-phenothiazine triad, (abbreviated by PYFPT) is made up of the
approximate constituents 1-methylpyrene (pyrene moiety, section 4.2), BrPF (isoalloxazine
moiety, section 4.1), and HPPT (phenothiazine moiety, section 4.3). Its photodynamic has
been studied in [Shi07c].

The absorption cross-section spectra of the investigated triad PYFPT in dichloromethane
and acetonitrile are shown in Figure 4.47a and 4.47b, respectively. The absorption cross-
section spectra of the approximate constituents, BrPF, HPPT (phenyl-phenothiazine moiety,
60 % of absorption strength compared to planar free molecule (section 4.3)), and 1-
methylpyrene are included in Figure 4.47a. In Figure 4.47b the absorption cross-section
spectra of BrPF, HPT, and 1-methylpyrene are included. Absorption cross-section spectra of
HPPT in acetonitrile cannot be shown since HPPT is not available for measurement. The
PYFPT absorption is roughly given by the sum of the absorptions of the constituents. This
indicates that in the triad the isoalloxazine moiety, the pyrene moiety, and the phenothiazine
moiety remain their electronic structure and transition dipole moments (separate

chromophores, local excitations, weakly coupled system).
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Figure 4.47: Absorption cross-section spectra of investigated dyes in dichloromethane (a) and
acetonitrile (b).The applied dye concentrations in the measurements were: C(PYFPT,
dichloromethane) = 1.11x10™ mol dm™, C(PYFPT, acetonitrile) = 7.11x10™ mol dm™, C (1-
methylpyrene, dichloromethane) =5.2x10”° mol dm™, and C (1-methylpyrene, acetonitrile) =
6x10” mol dm™, C(BrPF, dichloromethane) = 6.1x10™* mol dm™, C(BrPF, acetonitrile) =
4.5x10* mol dm™, C(HPT, acetonitrile) = 4.46x10™ mol dm™. Spectra for 10-heptyl-3-
phenyl-phenothiazine (HPPT) are taken from [Pro04,She03].
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The fluorescence quantum distributions, Er(A), of triad PYFPT in dichloromethane and

acetonitrile are shown in the top parts of Figures 4.48a and 4.48b, respectively. The

corresponding fluorescence quantum yields, ¢, =IEF(/1)d/1, are listed in Table 4.6. The

fluorescence quantum yields depend on the excitation wavelength. In the case of excitation at
428 nm only the isoalloxazine (flavin) part of the triad is excited and the typical isoalloxazine
fluorescence spectrum is observed. The fluorescence quantum yields are ¢r(PYFPT,
dichloromethane) ~ 3x10™ and ¢p(PYFPT, acetonitrile) ~ 2.4x10™. The fluorescence of the
isoalloxazine moiety is reduced approximately a factor of 500 compared to the BrPF
fluorescence efficiency (section 4.1). This fluorescence reduction will be interpreted below
(section 4.6.2) to be caused by reductive electron transfer (section 2.7) from the phenothiazine

moiety to the isoalloxazine moiety (section 4.5).

w
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Figure 4.48a: Fluorescence quantum distributions (top part) and degrees of fluorescence
polarization (lower part) of triad PYFPT in dichloromethane. Excitation wavelengths, Aexc, are
indicated in the figure. Applied dye concentrations are C = 2x10° mol dm” in
dichloromethane, and 4x10” mol dm™ in acetonitrile.
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Figure 4.48b: Fluorescence quantum distributions (top part) and degrees of fluorescence
polarization (lower part) of triad PYFPT in acetonitrile (b). Excitation wavelengths, Ay, are
indicated in the figure. Applied dye concentrations are C = 2x10° mol dm™ in
dichloromethane, and 4x10™ mol dm™ in acetonitrile.

In the case of excitation at 365 nm the light is dominantly absorbed by the HPPT moiety
(approximately ypr = 0.58) and the isoalloxazine moiety (approximately yrp = 0.365, see
Figure 4.47a). Only a small part (ypy = 0.055) is absorbed by the pyrene moiety. The
fluorescence quantum yields are ¢p(PYFPT, dichloromethane) ~ 0.0028 and ¢p(PYFPT,
acetonitrile) ® 0.0022. The fluorescence originates dominantly from the HPPT moiety. The
fluorescence efficiency is reduced approximately a factor of 100 compared to the HPPT
fluorescence efficiency (section 4.3). This fluorescence reduction will be interpreted below to
be caused by oxidative electron transfer (section 2.7) from the phenothiazine moiety to the
isoalloxazine moiety (section 4.5). In the case of excitation at 311 nm the light is absorbed by
the HPPT moiety (approximately ypr = 0.54), the 1-methylpyrene moiety (approximately ypy

~ 0.26), and the isoalloxazine moiety (approximately yg = 0.20, see Figure 4.47a). The
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4. Results and discussion: Pyrene-flavin-phenothiazine triad (PYFPT)

fluorescence  quantum yields are ¢p(PYFPT,dichloromethane) ~ 0.0035 and
or(PYFPT,acetonitrile) = 0.0019. The fluorescence originates dominantly from the HPPT
moiety. A fluorescence contribution from the 1-methylpyrene moiety is observed (structured
emission in 350 to 420 nm range) with the quantum vyields of ¢gr(pyrene moiety,
dichloromethane) =~ 5.5x10* and ¢p(pyrene moiety, acetonitrile) ~ 2.9x10™. The
corresponding fluorescence lifetimes are tp(pyrene moiety, dichloromethane) ~ 120 ps and

Tr(pyrene moiety, acetonitrile) = 95 ps using the relation 7z, =¢.7,, (Equation 2.13) with

Trad(1-methylpyrene in dichloromethane) = 221 ns, and t.,4(1-methylpyrene in acetonitrile) =
327 ns (section 4.2). The fluorescence efficiency of 1-methylpyrene in the triad is reduced
approximately a factor of 200 compared to the fluorescence efficiency of 1-methylpyrene in
dichloromethane or acetonitrile (section 4.2). This fluorescence reduction will be interpreted
below to be caused by oxidative electron transfer from the pyrene moiety to the flavin moiety
(section 4.4), and Forster-type energy transfer to the phenyl-phenothiazine moiety.

The fluorescence polarisation spectra, Pr(A), of PYFPT are plotted in the lower parts
Figures 4.48a and 4.48b, respectively, for the solvents dichloromethane and acetonitrile. The
degree of fluorescence polarisation depends somewhat on the excitation wavelength. In the
case of excitation at 428 nm the degree of fluorescence polarisation is low in the range of
0.08. This small value indicates the PYFPT fluorescence spectra are dominated by emission
from a slowly relaxing excited state (formed charge-transfer state, see below) when the
isoalloxazine moiety is excited. In the case of excitation at 365 nm the degree of florescence
polarisation is small despite a low fluorescence lifetime (= 170 ps, see section 4.3). It is
thought that the S-state and the S,-state of the HPPT moiety are excited, while only the S;-
state is emitting, and the orientation of the transition dipole moments of the S;-sate and the
S,-state is different. In the case of 311 nm excitation the degree of fluorescence polarisation is
thought to be small because of the small degrees of fluorescence polarization of the phenyl-
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phenothiazine moiety, of the flavin moiety and because of excitation transfer from the pyrene
moiety to the phenothiazine part and the flavin part.

Temporal fluorescence traces of the triad PYFPT are shown in Figure 4.49. The samples
are excited at Agy = 400 nm where only the flavin part of the triad is absorbing. The
femtosecond fluorescence up-conversion measurements (part a for dichloromethane, and part
c for acetonitrile) reveal the presence of a sub-picosecond component (tr,; = 600 fs), while the
real-time fluorescence measurements with micro-channel-plate photomultiplier and high-
speed digital oscilloscope reveal a nanosecond component (Figures 4.49b and 4.49d, 15, = 4
ns).The obtained fluorescence lifetimes, tr; and 15, are listed in Figure 4.49 and Table 4.6.
The fast component is thought to originate from the isoalloxazine part with radiative lifetime
of Traa1 = 19.5 ns (section 4.1). The fluorescence quantum yield of this contribution is ¢g; =
TF.1/Trad1 (R 3.2><10'5). The slow component is thought to originate from the formed charge-
transfer state (see below). Its fluorescence quantum yield is given by ¢ro = Or - ¢ (=
2.5><10'4). The radiative lifetime of the charge-transfer state is Traa2 = Tr2/¢r2 (= 17 ps). The

parameters are collected in Table 4.6.
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Normalized. Signal Height Se(1)/Se ax

5
Time t (ps) Time t (ns)

Figure 4.49: Temporal fluorescence traces of triad PYFPT. Line-connected circles:
experimental data. Dash-dotted lines: single-exponential fits. Dot-connected triangles:
response functions.

(a) Solvent dichloromethane (up-converted fluorescence signal).

(b) Solvent dichloromethane (oscilloscope trace).

(c) Solvent acetonitrile (up-converted fluorescence signal).

(d) Solvent acetonitrile (oscilloscope trace).

Absorption changes due to long-time blue-light excitation of triad PYFPT in
dichloromethane (part a, excitation in range of 400 nm - 440 nm, excitation intensity /.x. =
001 W cm'z), and acetonitrile (part b, excitation at 428 nm, e = 0.0356 W cm'z) are shown
in Figure 4.50. Absorption coefficient spectra are depicted before exposure and after long-

time of light exposure. Practically no absorption change is observed for the applied excitation

intensities and exposure times. These findings indicate a high photo-stability.
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Figure 4.50: Absorption coefficient spectra of triad PYFPT before and after light exposure.
Excitation wavelengths, Ay, excitation intensities, lox., and exposure times, feyp, are listed in
the figure.

(a) Solvent dichloromethane. Sample length / = 5 mm.
(b) Solvent acetonitrile. Sample length / = 1.5 mm.

4.6.2 Discussion

The fluorescence efficiency in the triad PYFPT is strongly reduced compared to the
constituents, BrPF, 1-methylpyrene, and HPPT.

The photo-dynamics of the pyrene-flavin-phenothiazine triad is complex because it
depends on which moiety of the triad is locally excited and on the interaction channels of this
moiety with the other molecule constituents. The relaxation channels include besides normal
radiative and non-radiative (internal conversion and intersystem-crossing) decay i) Forster-
type energy transfer [For51] between pyrene and flavin or phenothiazine, as well as between
phenothiazine and flavin, and ii1) electron-transfer [Mar85] between phenothiazine-pyrene-

flavin combinations. The electron transfer studies on dyads of pyrene-flavin (section 4.4),
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phenothiazine-flavin (section 4.5), and phenothiazine-pyrene [She03, Dau0l] indicate an
energetic ordering of the HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) levels according to E;ymo(phenothiazine) > Epymo(pyrene) >
Erumo(flavin) and Epomo(phenothiazine) > Egomo(pyrene) > Epomo(flavin). This ordering
allows ground-state reductive electron transfer from phenothiazine to unoccupied ground-
state pyrene and flavin, and from pyrene to unoccupied ground-state flavin (HOMO-HOMO
transfer). It also allows excited state oxidative electron transfer from phenothiazine to pyrene
and flavin, and from pyrene to flavin (LUMO-LUMO transfer). In photo-induced reductive
electron transfer the photo-excited molecule gets reduced while in photo-induced oxidative
electron transfer the photo-excited molecule gets oxidized. In the charge recombination,
neutralizing electron transfer from the anionic LUMO state of the electron donor moiety to
the cationic HOMO state of the electron acceptor moiety takes place. Dexter-type excitation
transfer [Dex53, Val02, Spe96] (concerted two-electron transfer, combined reductive and
oxidative electron transfer) is not expected to occur since for the interaction of the excited
moiety with the unexcited moieties either the reductive electron transfer or the oxidative
electron transfer is energetically unfavourable (see Figures 4.51-53).

In the case of triad PYFPT irradiation at Aexc = 428 nm the flavin part is involved. The
photon absorption excites the isoalloxazine (flavin) part Fl. Reductive electron transfer from
PT to Fl forms the intra-molecular charge-transfer complex PyFI'PT". This process occurs
with a time constant of kET,r'1 ~ tp1 = 600 fs. The charge-transfer complex recovers to the
original ground-state dominantly by charge recombination (REC). During the charge-transfer-
complex lifetime fluorescence emission occurs (tTrec = Tr2 = 4.5 ns). Its efficiency is weak
because of the long radiative lifetime (t.g = 17.1 ps, low oscillator strength) of the charge-
transfer complex. The process is illustrated in Figure 4.51. The dynamics is similar to the case

of dyad PTFD excitation (phenothiazine-flavin-dyad) (section 4.5). Reductive electron
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transfer from pyrene to flavin is thought to be less important, since a lower rate of Py FI°
formation was found for the pyrene-flavin dyad PFD than of FIPT' formation for the

phenothiazine-flavin dyad PTFD (section 4.4 and section 4.5).

— — —

v ET, _
+H H| ke, "2 06ps —+
H H H
PY FI PT PY FI* PT PY FI PT*
A REC |

Figure 4.51: Illustrations of excitation and recovery dynamics of triad PYFPT in the case of
excitation of the flavin part. Rates apply to solvent dichloromethane.

In the case of excitation at 365 nm the phenyl-phenothiazine moiety and the flavin moiety
are excited while the excitation of the 1-methylpyrene moiety is small. From the absorption
cross-sections in Figure 4.47a we expected the following excitation mole-fraction for
isoalloxazine, phenothiazine, and pyrene: xp = 0.365, xpr = 0.58, and xpy =~ 0.055. The
fluorescence is dominated by emission of the locally excited phenyl-phenothiazine moiety. It
i1s quenched by oxidative electron transfer from the phenothiazine part PT* to the flavin part
F1 and Forster-type energy transfer from PT* to FI. The relaxation dynamics is illustrated in
Figure 4.52. The efficiency of Forster-type energy transfer was found in section 4.5 to be
small (rate kg = 1.7x10% s'l). The rate of oxidative electron transfer is estimated to be kgt =
kex = T;I (365nm) = 1/[¢pp(365nm)Taerr] With the effective radiative lifetime given by

1

— _ -1 —1 -1 . . .
vadeff = X1Trad i1t XprTrag.pr + XpyTraq py - Using the above estimated mole-fractions and the

T

radiative lifetime for flavin, Tnam = 19.5 ns (Table 4.1), Tgapr = 22.5 ns (Table 4.3) for

phenyl-phenothiazine in dichloromethane, and t.apy = 221 ns (Table 4.2) for 1-methylpyrene
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in dichloromethane , we estimate Trgerr = 22.3 ns and kgt = 2.0x10" s!. The higher rate of
oxidative electron transfer observed here compared to section 4.5 may be due to two electron
transfer paths, one directly from PT* to FI" and one from PT* via PY" to FI" (both processes of
similar effectiveness). The formed PYFI'PT" charge transfer complex is the same as in the

case of 428 nm excitation (Figure 4.51), and it recovers as described above.

—+ cT
1 ker, ' = 0.6 ps

H
PY FI* PT

FT |ker '~ 5.9ns

- . —+ . —
o v - T _ —
—|_|_ —|_ RET,OJ‘ ~ 50 pS —|_
H H oy H oy
PY FI PT PY FI PT* PY FI PT
4 REC |

Figure 4.52: Illustrations of excitation and recovery dynamics of triad PYFPT in the case of
excitation of the phenothiazine part. Rates apply to solvent dichloromethane.

In the case of excitation at 311 nm the flavin moiety, the phenothiazine moiety, and the
pyrene moiety are excited with the mole-fractions: xg = 0.20, xpr = 0.55, and xpy = 0.25 (see
Figure 4.47a). The excited flavin part is expected to behave as shown in Figure 4.51 (fast

relaxation from S;-state to S;-state, then dynamics the same as in Figure 4.51). The excited
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phenothiazine part is expected to behave as shown in Figure 4.52. The fluorescence lifetime
of the pyrene part is estimated from Figure 4.48a and 4.48b to be approximately 100 ps. This
agrees with the pyrene part fluorescence quenching of the dyad PFD by oxidative electron
transfer from pyrene to flavin (Section 4.4.2 Figure 4.36). Therefore we think that this transfer
is the dominant fluorescence quenching process for the pyrene moiety in the triad. The
deactivation scheme for the locally excited pyrene part is shown in Fig 4.53. The Forster-type
energy transfer processes, PY*FIPT — PYFI*PT and PY*FIPT — PYFIPT*, with subsequent
electron transfers, PYFI*PT — PYFI'PT" (see Figure 4.52) and PYFIPT* — PYFIPT" (see
Figure 4.52), are included. The allowed reductive electron-transfer form the phenothiazine
part to the pyrene part is thought to be slower than the oxidative electron transfer from pyrene

to flavin since the later rate known from the PFD dyad agrees with the here observed rate for

the triad.
ET,
| ker, ! % 0.6 ps
T
—+ — ET,
-1
+H —+ Kero = 0.11s
T B
PY FI* PT  PY FI PT*
ker ' = 455 psN\ T FT |ker' 2830 ps
| A |
- - _|_ - - - - -
o v o ET, + ET, -
+H H| kerd H| ke, —+
‘H‘-H— ‘|_-|-|— ~ 77 ps '|_—|-|— > 100 ps ‘H‘—H—
PY FI PT PY* FI PT PY*FI PT PY FI PT*
A REC | |
Taee = 4.5 s

Figure 4.53: Illustrations of excitation and recovery dynamics of triad PYFPT in the case of
excitation of the pyrene part. Rates apply to solvent dichloromethane.
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The relaxation of the PYFIPT' charge transfer complex by dominant charge recombination is

the same as in the case of 428 nm (Figure 4.51) or 365 nm excitation (Figure 4.52).

The photo-degradation of triad PYFPT was studied in Figure 4.50. No absorption decrease
was observed with the applied experimental condition. For the experimental data upper limits
of the quantum yield of photo-degradation were estimated using (Equations 3.2-3.4). These
upper limits are listed in Table 4.6. For both the triad PYFPT in dichloromethane and in
acetonitrile practically no change in the absorption coefficient spectra is observed for the
applied excitation intensities and exposure times displayed in Figure 4.50. Taking
experimental inaccuracy into account, one estimates an upper limit for the quantum yields of

photo-degradation of ¢p < 1x107 for both case.

Table 4.6: Spectroscopic parameters of investigated PYFPT triad at room temperature

Dye PYFPT PYFPT Comments

Solvent CH,Cl, CH;CN

Or(428 nm) 3x10™ 2.4x10™ Figures 4.48a and 4.48b
¢dr(365 nm) 0.0028 0.0022 Figures 4.48a and 4.48b
¢r(311 nm) 0.0036 0.0019 Figures 4.48a and 4.48b
5.1 (PS) 0.60 0.66 Figure 4.49

g, (nS) 4.5 3.6 TF2 = TREC

Trad,1 (DS) ~19.5 ~19.5 of flavin [Dr603]

OF.1 ~3.1x107 ~3.4x107 Pr1=TF 1/ Traa )

Or2 2.7x10™ 2.1x10™ brr = P (428nm) — @, |
Trad2 (1S) 16.7 17.1 Trad2 =TF 2/ PF 2

Op <1x107 <1x107 Figure 4.50, Equations 3.2-4
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5. Comparative discussion

The pyrene-flavin dyad (PFD) [ShiO7a], the phenothiazine-flavin dyad (PTFD) [ShiO7b],
and the pyrene-flavin-phenothiazine triad (PYFPT) [Shi07c] and their constituents have been
characterized by absorption and emission spectroscopy.

The absorption spectrum of PFD dyad resembles the superposition of the absorption of
1soalloxazine (flavin) and 1-methylpyrene, indicating that both components retain their
electronic structures and transition dipoles (Figure 4.29). Excitation of the long-wavelength
absorbing isoalloxazine part led to reductive electron-transfer from the pyrene ground-state
moiety to the isoalloxazine moiety (with time constant of ca 5 to 28 ps) followed by charge
recombination (with time constant of ca. 70 ps to 150 ps) (Figure 4.54). Short-wavelength
irradiation of PFD led to the excitation of both the isoalloxazine and the pyrene chromophore
and caused —besides the relaxation dynamics of directly excited isoalloxazine part- the
fluorescence quenching of the pyrene part by electron-transfer and Forster-type energy

transfer from excited pyrene to isoalloxazine (Figure 4.55).

o v — eT, i
_H__H_ ‘H—_|_ ker, | = 5ps _|__H_
PY FI PY FI PY* FI

A REC |

Tree ~ 100 ps

Figure 4.54: Illustrations of excitation and recovery dynamics of dyad PFD in the case of
excitation of the flavin part. Rates apply to solvent dichloromethane. ET;: reductive electron
transfer. ET,: oxidative electron transfer. REC: charge recombination (charge-transfer state
relaxation).
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T ET,
ket = 5PS
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Figure 4.55: Illustrations of excitation and recovery dynamics of dyad PFD in the case of
excitation of a) the flavin part, and b) the pyrene part. Rates apply to solvent dichloromethane.
Parameters are taken from section 4.4. ET.: reductive electron transfer. ET,: oxidative
electron transfer. REC: charge recombination (charge-transfer state relaxation). FT: Forster-
type energy transfer.

The photo-stability of the PFD was measured by intense continuous photo-excitation of
the S¢-S; absorption band of the isoalloxazine part. Besides photo-degradation of the
isoalloxazine part, the deposited energy also caused photo-degradation of the pyrene subunit.

The quantum yield of photo-degradation has been obtained by analysis of the temporal

absorption changes (¢, , ~107)
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Also for the PTFD dyad the absorption identity of the isoalloxazine part and of the heptyl-
phenyl-phenothiazine part remained in the dyad (Figure 4.37). Photo-excitation of the flavin
moiety causes fluorescence quenching by ground-state reductive electron transfer from
phenyl-phenothiazine to isoalloxazine (with time constant of ca.700 fs) followed by charge
recombination (with time constant of ca. 5 ns) (Figure 4.56). Photo-excitation of the
phenothiazine moiety causes i) moderate Forster-type energy transfer followed by ground-
state phenothiazine electron transfer and recombination, and ii) excited-state oxidative
electron transfer from phenothiazine to isoalloxazine with successive recombination (Figure

4.57). The quantum yield of photo-degradation has been obtained by analysis of the temporal

absorption changes (g, ~107° —10"°). The photo-stability was found to be solvent

dependent with higher stability in acetonitrile than in dichloromethane.

- v — cT,

+ H| ke, 2 0.7ps —+
s + s
FlPT Fie PT FIPT

) REC |

Figure 4.56: Illustrations of excitation and recovery dynamics of dyad PTFD in the case of
excitation of the flavin part. Rates apply to solvent dichloromethane.
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Figure 4.57: Illustrations of excitation and recovery dynamics of dyad PTFD in the case of
excitation of the phenothiazine part. Rates apply to solvent dichloromethane.

The PYFPT triad absorption spectrum resembles the superposition of the absorption of the
1soalloxazine moiety, the 1-methyl-pyrene moiety, and the phenyl-phenothiazine moiety (Fig
4.47). Excitation to the long-wavelength absorbing isoalloxazine part led to reductive
electron-transfer dominantly from the ground-state phenothiazine moiety to the isoalloxazine
moiety showing up in severe fluorescence quenching (Figure 4.51). The rate of charge-
transfer state formation was resolved by locally excited state fluorescence measurement (=0.6

ps). The charge-transfer state relaxation (charge recombination) was determined by charge-

transfer state fluorescence measurement (=4 ns).
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Excitation to the short-wavelength region of combined isoalloxazine, phenothiazine, and
pyrene absorption added to the relaxation dynamics of directly excited flavin 1) the relaxation
dynamics of locally excited phenothiazine (Figure 4.52) which was found to be dominated by
oxidative electron transfer from the phenothiazine to flavin, both direct and via electron
transfer to the pyrene part, and ii) the relaxation dynamics of the locally excited pyrene
(Figure 4.53) which was found to be dominated by oxidative electron transfer from pyrene to
flavin. Forster-type energy transfer between excited phenyl-phenothiazine and ground-state
isoalloxazine and between 1-methylpyrene and ground-state phenothiazine and isoalloxazine
is occurring but is less efficient than the electron-transfer processes.

For triad PYFPT in the case of flavin part excitation the reductive electron transfer from
phenothiazine moiety to flavin part (see Figure 4.51) is similar to the case of dyad PTFD
excitation (Figure 4.56). Reductive electron transfer from pyrene to flavin is thought to be less
important, since a lower rate of Py FI" formation was found for the pyrene-flavin dyad PFD
(Figure 4.54) than of FIPT" formation for the phenothiazine-flavin dyad PTFD (Figure 4.56).

In the case of phenothiazine part excitation of the triad PYFPT the rate of oxidative
electron transfer from excited phenothiazine moiety to flavin part (see Figure 4.52) is higher
than in the case of dyad PTFD excitation (see Figure 4.57). The observed higher rate may be
due to two electron transfer paths, one directly from PT* to F1" and one from PT* via PY" to
FI" (both processes of similar effectiveness).

In the case of pyrene part excitation of the triad PYFPT (see Figure 4.53) the rate of oxidative
electron transfer and rate of the Forster-type energy transfer from excited pyrene moiety to the
flavin part are similar to the case of dyad PFD excitation (Figure 4.55)

A high photo-stability of the triad PYFPT with quantum yield of photo-degradation, ¢p <

1x107, was determined. The high photo-stability is likely due to the short excited state life

time of triad.
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The photo-dynamics in the pyrene-flavin dyad, the phenothiazine-flavin dyad, and the
pyrene-flavin-phenothiazine triad are speeded up compared to their building blocks (flavin,
pyrene, and phenothiazine) because of mutual interaction (energy transfer and charge transfer)
between their constituents. The optical absorption and emission spectra of the studied dyads
and the triad are overlapping. Therefore Forster-type energy transfer between their moieties
occurs. They mimic the antenna effect or light harvesting effect observed and applied in
biological photosynthetic reaction centres [Mat96, Hdd99, She(02], and in some bi-
chromophore biological photoreceptors like photolyases and cryptochrome [Mat96, H&d99,
She02, She03, Pro04].

The photoionization potential (reduction state, HOMO-energy levels) and the electron affinity
(oxidative state, LUMO-energy levels) of the studied dyads and the triad are so arranged
(Enomo(phenothiazine)>Epomo(pyrene)>Egomo(flavin) and Erumo(phenothiazine)>
Erumo(pyrene)> Erumo(flavin)) that the fluorescence (even from lowest lying LUMO-state) is
quenched by efficient electron transfer. The occurring electron transfer mimics the photo
induced charge separation in photosynthetic reaction centres [Mat96, H4d99, She02] and
electron transfer processes in flavin-based blue-light photoreceptors [Bat03, Bri05, Had06].

Electron transfer plays an important role in the development of organic photovoltaic devices
and generally in molecular electronics. The performed fundamental spectroscopy studies on
the pyrene-phenothiazine-flavin dyads and triad may be of interest in the active field of

molecular electronics.
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6. Conclusions

In this thesis a pyrene-flavin dyad (PFD), a phenothiazine-flavin dyad (PTFD), a pyrene-
flavin-phenothiazine triad (PYFPT), and their constituents -the phenyl-isoalloxazine (IAE),
bromo-phenyl-isoalloxazine (BrPF), pyrene and 1-methylpyrene, heptyl-phenothiazine (HPT)
and heptyl-phenyl-phenothiazine (HPPT)- have been characterized by absorption and
emission spectroscopy. Absorption cross-section spectra, fluorescence quantum distributions,
fluorescence quantum yields, degrees of fluorescence polarisation, and fluorescence lifetimes
were determined. The photo-stability of the dyes has been investigated.

The two dyads and the triad retain the absorption spectral behaviour (spectral shape and
absorption strength) of their constituents, indicating a weak coupling of their chromophores.
The electron clouds of their constituents remain localized to them. The constituting moieties
retain their identity. They may be considered as weakly coupled oscillators.

The dyads and the triad are electron donor-spacer-acceptor systems. Photo-excitation of
one of the dyad or triad constituents brings the coupling between the constituent moieties
strongly into action, quite similar to the excitation of one part of a coupled mechanical
oscillator system. Due to the near distance between the dyad and triad constituents, exchange
of excitation (Forster type energy transfer) occurs where the excited moiety gets deactivated
and the adjacent moiety absorbing in the emission region of the excited moiety gets activated.
Photo-excitation of the near distant chromophore in dyads or triad disrupts the lowest level
population of the molecular orbitals of the constituents and a population re-equilibration by
electron transfer sets in. Photo-excitation of the moiety with the lowest HOMO-level
(HOMO=highest occupied molecular orbital) induces reductive electron transfer from the
neighbouring moiety of higher lying HOMO-level. Photo-excitation of the moiety with the

higher HOMO-level causes oxidative electron transfer if its LUMO level (LUMO=lowest
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unoccupied molecular orbital) is energetically higher than of LUMO level of its neighbour
moiety.

Both reductive and oxidative charge transfer quenches the fluorescence of the
constituents. Depending on the coupling strength of the constituents after photo-excitation and
depending on the solvent properties, either extremely fast charge-recombination, or charge-
separation and charge-transfer-state stabilization may occur. This temporal behaviour
determines the donor-acceptor system application in fast switching processes or in long-living
bistable-state information storage devices.

In biology the photosynthetic apparatus is a refined electron donor-acceptor multi-
molecular complex where energy-transfer, electron-transfer, charge separation stabilisation,
and recovery to the initial state take place. The performed studies on a pyrene-flavin dyad, a
phenothiazine-flavin dyad and a pyrene-flavin-phenothiazine triad may be considered as
mimicry studies of the intricate dynamics occurring in photo-biological systems.
Photoinduced energy transfer and electron transfer dynamics in biology [Mo0s92] is not
limited to photosynthesis but also determines the photo-receptors dynamics [H4d99] of light
driven biological process like vision, plant flowering or human circadian rhythm [Bri05,

Bat03, Hid99].
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