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Scientific report

The PhD studies were financed by the Marie Curie ITN project TOPBIO (TwO Photon absorbers
for BIOmedical applications). The research activity was focused on the investigation of the linear
optical properties of novel two photon absorbers provided by various partners of the network.

Most of the activity was devoted to the characterization of the photophysical properties of
compounds designed for two photon bioimaging. Various substituted imidazole and
imidazopyridine derivatives and organic dendrimers made the object of the study. The results
obtained showed superior luminescence properties for sulphonamido imidazole derivatives with
respect to other substituted imidazoles. Imidazo[1,2-a]pyridines exhibited an important dependence
on the substitution pattern of their luminescence properties. Substitution at imidazole ring led to a
higher fluorescence yield than the substitution at the pyridine one. Furthermore, bis-imidazo[1,2-
a]pyridines of the Donor-Acceptor-Donor type were examined. Bis-imidazo[1,2-a]pyridines
dimerized at C3 position had better luminescence properties than those dimerized at C5, displaying
emission quantum yields close to unity and important 2PA cross sections.

Phosphazene-based dendrimers with fluorene branches and cationic charges on the periphery were
also examined as potential 2PA fluorofores. Due to aggregation phenomena in polar solvents, the
dendrimers registered a significant loss of luminescence with respect to fluorene chromophore
model. An improved design of more rigid chromophores yields enhanced luminescence properties
which, connected to a large 2PA cross-section, make this compounds valuable as fluorophores in
bioimaging.

The candidate also examined 2PA absorbers for applications in photopolymerization. The
photophysical study of several ketocoumarine photoinitiators, designed for the fabrication of small
dimension prostheses by two photon polymerization (2PP), was carried out. The compounds

showed low emission quantum vyields, indicative of a high population of the triplet excited state,



which is the active state in producing the reactive species. Their efficiency in 2PP was proved by
the fabrication of 3D structures in one of the collaborator’s laboratory.

In the frame of the 2PA photorelease of drugs, three fluorene-based dyads have been investigated.
They were designed to release the neurotransmitter y-aminobutyric acid (GABA) via two photon
induced electron transfer. The experimental data in polar solvents showed a fast electron transfer
followed by an almost equally fast back electron transfer process, which indicate a poor

optimization of the system.
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TOPBIO project

The present thesis is the result of my research activity over the last three years as early stage
researcher (ESR) within Marie Curic FP7 project ‘TOPBIO — TwO Photon absorbers for
BlOmedical applications’. I have worked at Istituto per la Sintesi Organica e Fotoreattivita’ (ISOF),
Consiglio Nazionalle delle Ricerche (CNR), under the supervision of Dr. Lucia Flamigni.

It is well-known that two-photon (2PA) technologies may have a strong impact in cell
biology, physiology, neurobiology and medicine. Within this context, TOPBIO aims at developing
new two photon absorbers in view of biomedical applications. The project includes the development
and the use of two-photon chromophores for (a) fluorescence microscopy and other luminescence
methods to image dynamical events, (b) the photo-initiated release, and concomitant activation, of
covalently-bound physiological probes and/or drugs, (c) elucidating mechanisms of photoinduced
cell death which will ultimately contribute to the design of better “drugs” for use in photodynamic
therapy and (d) photoinitiated polymerization reactions used to produce microscale devices.

Between many groups involved in TOPBIO, Bologna node had the role of studying the
excited state properties of the new 2PA systems, project that can be pursued in the majority of cases

by using simple one photon excitation. This makes the subject of the thesis.
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1. Introduction
1.1. Linear and nonlinear optical methods

1.1.1. Two photon absorption: theoretical aspects

Nonlinear optics (NLO) represents the behavior of light at the interaction with matter when
the dielectric polarization P responds nonlinearly to the electric field E of the light (nonlinear
medium).[Y In general, the polarization P induced by a high intensity light is related to the electric
field E by equation (1.1):

P= aE + BE*+ yE3 + .. (1.1)
Where « is the molecule polarisability, gis the first hyperpolarisability and y is the second
hyperpolarisability.™

Though, the nonlinearity of a bulk medium can be expressed by using the average of all
molecules in that medium, as given in the formula:

P= e (XE+ y?E?>+ x3E3+ ..) (1.2)
Where & is the permittivity of free space and y is the susceptibility of the medium to the

corresponding power (1, 2, 3,...).

1PA 2PA
AEs; s, = hv, AEs, s, = 2hv,
S]_ A A
hv,
hv Virtual hy
! T state F
hy,
S, :

Figure 1.1. Schematic energy level diagram for 1PA and 2PA processes.

In simple words, the two photon absorption (2PA) process represents the electronic
excitation of a molecule by near-simultaneous absorption of two photons having the same energy,
whereas in one photon absorption (1PA) the excitation occurs by absorption of a single photon with
higher energy (Figure 1.1). The prerequisite for almost simultaneous absorption and the very short
timescale of light absorption (femtoseconds (fs)) is given by the use of particular excitation sources.

These are represented by the mode-locked Ti-Sapphire lasers delivering light pulses of fs duration
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at high repetition rates in the infrared (IR) spectral range. The excitation of the chromophore by
absorption of two photons occurs through a ‘virtual’ excited state, as depicted in Figure 1.1.F
Though the selection rules differ for one- and two-photon excitation and the vertical excited state is

different, most often relaxation occurs to the same, lowest excited state.

Figure 1.2. Fluorescence emission obtained by one photon excitation at
400 nm (double cone, bottom) and two photon excitation at 800 nm
(point, above).

The two photon absorption process was theoretically predicted for the first time by Maria
Goppert-Mayer in 1930s* and verified experimentally only in 1963 by Kaiser and Garret, with
detection of the fluorescence of Eu®" in a doped crystal induced by 2PA excitation.®! With the
advent of sub-picosecond pulsed lasers (i.e. Ti: sapphire laser) in 1990s, 2PA processes became
easier to investigate. Within the same period, Denk et al.[) demonstrated the use of two photon
excitation in fluorescence microscopy, by showing images with excellent optical sectioning
obtained without killing cells.

The efficiency of 2PA process is known to be dependent on both the spatial and temporal
distribution of photons. High spatial photon density can be achieved inexpensively by focusing a
laser beam. A high temporal density is more difficult to achieve with current technology since it
requires the expensive, ultrafast pulsed light sources. For 2PA process the beam intensity decreases
quadratically with distance above and below the diffraction-limited focal plane, and as result, the
excitation is effectively restricted to the focal volume of the beam.

The motivation of preferring two photon excitation instead of commonly used one photon
excitation lies on the followings. The most important advantage of using 2PA techniques is the
restricted excitation to a very tiny volume of the sample (a femtoliter), as depicted in Figure 1.2.
Due to the fact that the laser intensity in the focal volume is so high, each fluorescent molecule

(provided that it is a good two photon absorber) absorbs concomitantly two photons. The
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probability of simultaneous absorption of two photons is proportional to the square of the intensity
applied, and this generates an intensity decrease outside the focal volume so steep, that virtually
nothing outside the volume is excited.

An important feature for biomedical applications is the higher penetration of the tissues. The
normal one photon excitation attained in the UV-Vis range by conventional lasers cannot ensure a
reasonable penetration of the living organisms without dealing with large scattering and bleaching
and absorption given by biological chromophores. 2PA can be induced at half of the frequency of
the actual energy gap, expanding the accessible range (longer wavelengths at 700-1300 nm, the so-
called ‘biological window’) and ensuring a deep penetration into scattering media.

All together, these properties make the 2PA technique a powerful tool in biomedicine field,
not only for diagnosis but also for treatments.

1.1.2. Two photon absorption cross-sections

The Lambert-Beer law for 1PA states that the transmission (T) of the light through the
substance depends logarithmically on the on the absorption coefficient of the substance, «, and the

path length, I, on which the light travels through the material:

—al — e—ecl (1.3)
Where lg and | are the intensities of the incident and transmitted light, respectively; ¢ is the

molar absorption coefficient and c is the concentration of the sample.

In 2PA the coefficient « turns into the 2PA cross-section o, By using assumptions similar
to simple Lambert Beer law for one photon absorption process, for 2PA the beam light attenuation
is given by the equation (1.4):

81/8z= —N a,1> = —N o,F | (1.4)
Where | represents the intensity, z the distance into the medium, N the number of molecules
per unit volume and a; is a molecular coefficient for 2PA.
The intensity I can be expressed also as a photon flux (F) (quantified in photons s cm™):
F=1/hv (1.5)
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and hvis the photon energy. By replacing the intensity (1) derived from expression 1.5. in
the former equation 1.4, the coefficient o, introduced in the last replaces the product of the photon

energy and the molecular coefficient for 2PA.

The 2PA activity is usually expressed in two photon absorption cross-sections (ov),
quantified in Goppert-Mayer (1 GM = 10 cm* s photons™ molecule™) units. By taking into
account the fact that it is measured in cm®s, it can be deduced that it is derived from the product of
the two areas (each photon in cm?) and the time (in seconds) when the two photons are near-

simultaneous absorbed by the molecule.

1.1.3. Two photon absorbers

The distinct properties of 2PA broaden its application field, making this technique favored
not only in biomedical, but also in non-medical domain. It is increasingly applied in spectroscopy,®
optoelectronics,’® microfabrication,™® high resolution fluorescence microscopy,® Y data

e,11%: 12 photodynamic therapy (PDT),!*®! different nanobiophotonic applicationst**! and the

storag
list can go on.

The characteristics of the two photon absorbers may vary as function of the application field.
For example, the fluorophores used in two photon excited fluorescence microscopy (TPEM),
besides large 2PA cross-section values, should have high luminescence quantum yields (¢). For
imaging purposes, in fact, the parameter to be maximized is the so called two-photon brightness, i.e.
o» X ¢n. In PDT, the photosensitizer (PS) should possess long lived triplet excited state allowing the
generation of singlet oxygen (*O,) by energy transfer to molecular oxygen. In two photon
polymerization the initiator should have a high quantum vyield of the generation of active species
(radicals or cations) and large 2PA cross-sections.

As the 2PA technique was rather recently applied and particularly in bioimaging, most of the
initial tests were carried out with many of the standard dyes developed for one photon excitation.
The first step in the characterization of the 2PA properties of some commonly used fluorophores
was made by Xu et al. in 1996,/ when over 20 compounds were examined. The results were
modest, varying between several to tens of GM units, reducing somehow their attainment in TPEM.

Consequently, a constant effort was dedicated to the development of new systems exhibiting
strong TPA while maintaining a high fluorescence quantum yield and possessing suitable properties

for the desired use. Between other features, the biocompatibility, solubility and photostability, as
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well as the ease of processing of the chromophore had to be taken into account. Later, it was
observed a strict dependence of the 2PA properties on the structure of the chromophores. It was
shown that enhanced 2PA cross-section values could be measured in 7 conjugated molecules.™ It
was demonstrated that a more rigid n-bridge can enhance o values, while maintaining high
fluorescence yields, due to the fact that electronic coupling is optimized when a = system has a
planar geometry. Another approach was the design of molecules with extended conjugation and
containing electron donor and/ or electron acceptor groups. As terminal donors, the alkyl and diaryl
amino groups are generally used, whereas the most widely utilized electron acceptors are cyano,
nitro, sulfonyl, aldehyde and =-deficient heterocycles. Recent publications showed that the
structures that have electron donating groups show comparatively higher o, values than the
molecules with electron withdrawing groups at the extremities.' In fact, a rigorous choice of
donor/acceptor groups and of 7z conjugated connectors, along with the symmetry can tune the
optical properties of the system.

Thus, the attention was moved from simple structures (as amino acids and flavins)™*” to
more complex push-pull dipolar™ or even quadrupolar™ **! arrangements. The quadrupolar
systems proved to act more efficiently as two photon absorbers than dipolar ones, due to their
extended conjugation.”” The same strategies were applied on systems involving porphyrins,?!
oligomers and polymers.'?? For example, a simple porphyrin monomer possesses a 2PA response of
about 8000 GM, whereas a fused tetramer reaches 100 000 GM, due to optimized conjugation and
planarity. Successful results were obtained particularly in bioimaging, by using more complex
architectures, as conjugated®! or multichromophoric’®? dendrimers and nanodots.!** 2!

Herein are described several biomedical applications for which the new 2PA systems

described in this thesis are designed for.

1.2. Two photon absorbers applications

1.2.1. Two photon bioimaging

The biological imaging refers to the observation of images of living organisms by making
use of a microscope. In the medical field, the technique is widely used for the detection and
characterization of pathologies, whose biomarkers can be sensed by fluorescent probes (Figure 1.3).
The method is strictly based on the ability of a probe molecule (fluorophore) to fluoresce, requiring
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a high luminescence quantum vyield, independent of the method used (either common confocal

microscopy or two photon bioimaging).

Figure 1.3. Example of a TPEM image of a blood vessels in a
living organism.

The first step into bioimaging field was made about one century ago, when experiments
using UV light were performed in order to achieve high resolutions. All these tests were initially
limited to specimens capable to autofluoresce, but soon after, the necessity for development of new
fluorescent dyes emerged. From this point, the interest in imaging cells and tissues enlarged rapidly,
but only after 1990 the fluorescence microscopy became a popular technique. The availability, and
mainly the efficiency of the use of fluorescent dyes, are highly dependent on factors as
photobleaching, autofluorescence and scattering of the media etc.?®! Since these limitations are not
always negligible in case of living organisms, the use of the appropriate technique together with the
right fluorophores can reduce them to some extent.

Due to its non-invasive characteristics and high penetration of the tissues, the concept of two
photon absorption was considered for bioimaging. It was approached not only in the development
of new methods as alternative to conventional single-photon confocal microscopy (i.e. novel two-
photon excited fluorescence microscopy), but also for design of new fluorophores. Imaging with
high resolution of a living animal and extracting quantitative information, became possible only
recently with the development of TPEM methods, capable of resolving up to the activity of a single
neuron. Thus, the method has gained increased popularity in the biology community. Though
TPEM can be carried out with most of the chromophores developed for one-photon excitation, there
IS a major importance in achieving higher sensitivity using dyes with large 2PA cross sections.
Achieving very large o is particularly important for early diagnostics or for dynamic imaging of
fast processes with biological importance (i.e. propagation of action potential in neurons).
Moreover, it makes possible the sensitive detection of more dilute species, not accessible to

ordinary one photon microscopy.
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Imaging based on two-photon excited fluorescence gained an increased consideration when
Denk at al.” revolutionized three dimensional (3D) in vivo imaging of cells and tissues. Since the
use of two lower energy photons can lead to deeper tissue penetration and to a reduction of
photodamage of the cells (as already stressed above), the method became particularly important in
case of prolonged exposition.'® In imaging by 2PA excitation, the most important parameter
describing the efficiency of 2PA fluorophores is the two photon brightness, given by the product ¢,
X op, and quantified in GM units.

From the fluorophores measured by Xu and Webb,™ Rhodamine reached the highest o»
value of about 200 GM, but its photostability raised problems. Various reports from later literature
described compounds with 2PA cross-sections varying from 102 GM (for NAD(P)H)™*¥ up to 50
000 GM for water soluble quantum dots.™! The quantum dots made the object of intense studies,
since these semiconductor nanoparticles possess unique photophysical properties, becoming a
particular class of fluorophores with special interest for applications in vitro and in vivo. They are
superior to other nanoparticles, being capable of absorbing light on a wide spectrum, having size-
tunable emission, large Stokes shift, resistance to photobleaching, and improved brightness.
Bruchez and Nie?” reported for the first time in 1998 the use of QDs in detection of biological
targets. After that, various QDs examined by 2PA microscopy and used for brain microvasculature

28] "in vivo cell tracking™ and intracellular Forster resonance energy transfer (FRET)

imaging
studies® were reported.

As a better alternative to QDs are the organic metal-free nanodots (or dendrimers), which
emerged as non-toxic and biocompatible fluorophores for bioimaging. Though these systems were
known from 1978,1* the first dendrimeric systems with 2PA fluorophores were reported by Frechet
only in 2000.12* 32 | ater, the groups of Caminade and Blanchard-Descel™® 2> 33 made the highest
effort in developing new materials exhibiting increased 2PA response. In particular, they described
various phosphorous based dendrimers with use in bioimaging. Their photophysical properties,
bioavailability and potential applications (imaging, transfection experiments, and carriers of active
substances) were investigated by the same groups.**! More important, their 2PA cross-sections can
reach values close to 60 000 GM!® % 331 'while maintaining relatively high fluorescence quantum
yields in organic solvents. Very recently, another work of Blanchard-Desce, describing the use in
cellular imaging of new octupolar systems with a triphenylamine core was reported.®® It was
shown that strong electron withdrawing end groups coupled to double bonds produced an
enhancement of o, up to 2000 GM at peak and larger than 1000 GM over the whole range (700 —

900 nm). The fluorophores retained their fluorescence (¢n up to 0.9) and two photon absorption
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properties not only in low polarity media, but also in biological conditions, proving their
compatibility in cell imaging.

Other types of fluorophores used in two photon bioimaging, but with modest o, values
compared to the ones already stated, were mentioned below. Fluorene chromophore, known for its
2PA activity, was used in the construction of other fluorescent dyes for multiphoton imaging.=® It
was shown that according to the substitution pattern, fluorene derivatives can possess elevated
fluorescence (close to unity) and high 2PA absorptivity (from 100 GM to over 2000 GM).
Following the basic principles for the design of efficient 2PA chromophores (described above),
novel systems based on a tetraketo derivative and with symmetric structure D-A-D (where D and A
are electron donor and acceptor, respectively) proved to have important 2PA cross-sections, close to
1000 GM. They were further used to trap metal ions, as calcium.B” Later, the work of Wong et
al.*¥ reported a series of novel biocompatible cyanines. They showed not only large two-photon
cross-sections (5130 GM at 910 nm), but also a high efficiency in localization of mitochondria and
lysosomes. Far better, the 2PA cross-sections (ca. 20 000 GM) and cytotoxicity of NIR emitting
squaraine dyes were also measured.% Their one photon and two photon fluorescence microscopy
imaging were realized after incubation of squaraine probes into various cells, demonstrating their
potential in multiphoton fluorescence imaging.

Though only a limited number of fluorophores were mentioned here as used in bioimaging
by means of 2PA microscopy, the scientists are confronting new challenges in developing others.
Our groups have also reported the linear and non-linear optical properties of novel imidazole and
imidazopyridine derivatives, pioneering the 2PA work on these types of systems. The results
obtained are discussed in the following sections (Chapters 2 and 3). The photophysical properties of
several organic nanodots designed for bioimaging and investigated by our groups are detailed in
Chapter 4.

1.2.2. Two photon polymerization

Photopolymerization is defined as a chemical process triggered by light which transforms
molecules of low molecular weight (i.e. monomers, M) into macromolecules of repeating units (i.e.
polymers). In this case, the use of a light-sensitive photoinitiator (I) that produces an active species

upon irradiation with UV, Vis or IR light is actively involved. The photoinitiators that have been
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most extensively used so far are divided according to the nature of the generated active species (free

radicals, cations or anions).

PG

L <

15kV  X2,000 10pm
Figure 1.4. Microstructure fabricated by 2PP. Scale bar represents 10 um. Readapted from reference [40].

Free-radical polymerizations are chain reactions in which the addition of a monomer molecule to an

active chain-end regenerates the active site at the chain-end:

Initiation: | > I*>R* (1.5)
Propagation: R*+M — RM*— RM* (1.6)
Termination: RM®, + RM*n— RM*n:mR (1.7)

An effective photoinitiator has a high quantum yield in generation of active species, high
thermal stability, it is highly soluble in the polymerization medium and displays stability in the
darkness. Reactions can occur via singlet excited state, or more often via triplet excited state.

There are many studies referring to 1PP, where the radicals are formed upon excitation with
a continuous light source. In 1PP it is essential to have an absorption path length comparable to or
larger than the thickness of the object to be polymerized. In this way, the absorption does not
prevent the polymerization of the object’s area farthest from the light source. It reduces to some
extent the concentration of the photoinitiator used for 1PP. Other problems in this method are given
by a series of limitations, such as multistep procedures or long fabrication times.

To overcome this, two photon polymerization method (2PP) has emerged in 1997.1% |n
2PP, nearly simultaneous absorption of two photons within a small volume in a photosensitive
compound induces chemical reactions between photoinitiator molecules and monomers. A laser
with femtosecond pulses (titanium:sapphire laser operating at 800 nm) is used to generate high
energy intensity in the focal volume. Moreover, in 2PP the sample is transparent at the laser
wavelength, and polymerization occurs only in the focal region, making possible the use of a
photoinitiator with a higher concentration. As in 2PP the number of photons absorbed per unit time
is proportional to the concentration (c) of the initiator, implicitly the number of radicals generated is

dependent on c. !
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In case of biomedical applications increased efforts have been made for the fabrication of
new biocompatible and biodegradable structures, in particular for drug delivery (i.e.
microneddles)*? or scaffolds for tissue engineering.”*®! Microneedles with complex shapes (i.e.
rocket type geometry) were fabricated by 2PP in view of transdermal delivery.*? They are
characterized mainly by a very small tip angle, associated with lower microneedle penetration
forces.*! The method demonstrated the ease of duplicating the microneedles by 2PP, which may
facilitate their use in clinical applications.

2PP was also used for creating sensors for medical applications. 3D grid structures were
obtained from organically modified ceramics and biotin was immobilized on them by ultraviolet-
activated cross-linking.[**! Recently, a glucose sensing electrode was created by Kim et al.*®! by
2PP and the electrochemical detection of glucose was demonstrated by using a single-walled carbon
nanotube (which facilitates the ferrocene activity) containing electrode. The results presented here
demonstrate the ease of fabrication of sensors by 2PP technique and also point to their successful
use in combination with biologically active compounds.

The fabrication of structures that guide cell development and provide them mechanical
support is imperative for replacing damaged tissues.[*”! A series of studies involving different types
of cells grown on polymeric scaffolds with results on their migration and morphology were
reported.[*3® *®! Besides the fabrication of structures from different materials followed by tests to
prove their biocompatibility, a more viable route involving living cells containing materials was
approached. Therefore, scaffolds were prepared by 2PP from organically modified ceramics seeded
with B35-neuroblast cells™*! or endothelial and Chinese hamster ovary cells, without harming the
living cells.”® This might eliminate the biocompatibility problem often raised in first scaffolds
mentioned above (not containing cells).

Only a limited part of the achievements by means of 2PP technique were reported here.
Since only a limited number of photosensitive polymers were processed by using this method, there
is still room for expanding the class of materials to be used. Our groups have studied the
photophysical properties of a number of ketocoumarins, as well as their involvement in the
fabrication of microstructures (as photoinitiators) and the biocompatibility of these 3D grids. The

results are explained in Chapter 5 of the thesis.
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1.2.3. Two photon uncaging of biologically active molecules

The ‘caged’ compounds are light sensitive probes that encapsulate a biologically active
molecule, modified to remain inactive while caged. The irradiation with light allows the
fragmentation and the subsequent release of the molecule, which becomes afterwards active.
Ideally, the caged molecules are water soluble, but the ‘cage’ compound is stable under hydrolysis.
Moreover, the release of the trapped molecule should should occur with high quantum yield and
upon high wavelengths excitation (two photon excitation). Additionally, the photodeprotection is a
very fast process. The process of uncaging (or photolysis) plays an important role in
photomanipulation of the cellular chemistry and some examples of released compounds are:
protons®®Y, neurotransmitters®™, nucleotides®™, enzymes®?, mRNAP etc.

In the past decade, a considerable progress has been made in developing new families of
photolabile protecting groups and exploring their efficiency by various methods. The release of the
caged molecules was done via Norrish reactions (type I or Il), photosolvolysis, photoisomerization
trans-cis or photoinduced electron transfer. All these procedures were limited to one photon
excitation technique.

By taking advantage of two-photon excitation, one can further gain spatial control, deeper
penetration into tissues and reduced scattering, as already mentioned. In this case, the uncaging rate
is dependent on the application and its efficiency is quantified by the uncaging quantum yield (#,)
(the number of uncaging events per absorbed photon). Another important parameter for two photon
uncaging groups is the product of o» ¢,, known as two-photon uncaging cross-section.

Unfortunately, only few data are available so far for the two photon uncaging systems. Since
the 2PA cross-sections (o) of the systems used to date in uncaging is rather low, the development
of new chromophores with excellent 2PA properties is a rather emerging process. Initially, several
chromophores commonly used in one photon uncaging (as o-nitrobenzyl group and all its
derivatives, coumarin derivatives...) were probed for two photon release and their 2PA uncaging
yields were measured. For example, the o-nitrobenzyl-based photoprotecting groups have uncaging
yields between 0.01 to 0.035 GM, as function of the substitution pattern.®! Later, an improvement
of the uncaging yield and 2PA cross-sections of uncaging was reported for the same
photoprotecting groups, due to an energy transfer process from the dye to the caging chromophore.
Other compounds, as coumarin derivatives (o» ¢, = 2 GM at 700 nm) ) or ruthenium complexes
releasing glutamine or 4- aminopyridine (o> ¢ ~ 0.1 GM) P® were tested, but they displayed

modest results.

19



A rather new methodology involved in two photon uncaging is the release of the caged
molecules via photoinduced electron transfer process. The electron donor group (two photon
absorption dye) is excited by the incident light and transfers one electron to the electron acceptor
(caging group). Consequently, the formed charge separated state rearranges and the caged molecule

is released (Figure 1.5).

Caged molecule
2‘ 3 e &
.l/

2PAdye/ Release group/
electron donor electron acceptor
m -
2PA dye/ Release group/ Caged molecule
electron donor electron acceptor

Figure 1.5. Schematic representation of 2PA uncaging process by means of electron transfer from 2PA
absorbing dye/ electron donor to the release group/ electron acceptor. The process is followed by the
immediate release of the caged molecule.

Falvey et al. pioneered the release of the molecules via photoinduced electron transfer, but
using one photon excitation.™ They have showed that the acetic acid could be released of from
N,N- dimethylaniline ! and that 4-pyridylmethyl (picolyl) group could be reduced in the presence
of N,N,N’,N-tetramethylbenzidine.[®!

Dore et al. have measured the two-photon uncaging cross-sections of (quinoline-4-yl)methyl
PPGs via electron transfer process.[®? From this, the most efficient two photon uncaging quantum
yields values were up to 1 GM at 740 nm.!®! Further, a decrease of the two photon uncaging value
was registered upon replacement of bromo substituent with cyano'® and chloro.®®

Substantial improvements were made in the past years on the synthesis, stability, solubility,
as well as rate and efficiency of release for one photon absorbing dyes. Though, extending the
excitation wavelengths in the NIR-IR region (by two photon excitation) and combination with the
natural features of the systems used in uncaging applications, are challenges still to be solved. The
data obtained by our group on the investigation of the electron transfer dynamics in three fluorene-

based arrays, synthesized for photorelease of neurotransmitters via PeT, are detailed in Chapter 5.
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2. Imidazole based derivatives for bioimaging

In this chapter two series of imidazole based derivatives with excited state proton transfer
(ESIPT) property are presented. For comparison purposes their counterparts, in which the ESIPT
was deliberately blocked, were investigated. It is known that ESIPT is very complex and its
efficiency is affected not only by internal (e.g. substitution pattern) but also by external parameters
(e.g. solvent). Therefore, the first series that has been studied is a collection of differently
substituted molecules, designed with the aim of testing the influence of the molecular structure on
ESIPT efficiency. Once determined the best scaffold in order to maximize the fluorescence
quantum yield values, the second series of imidazoles was synthesized. It is formed by a number of
molecules containing the sulfonamido group and various substituents.

The linear optical properties of all the derivatives are described below, whereas details about
synthesis and 2PA absorption properties can be found elsewhere.™ The compounds were
synthesized by the group of Dr. Daniel T. Gryko, whereas the 2PA properties were determined by
the group of Dr. Mireille Blanchard-Desce. Hence, it is shown that the molecular structure and the
external medium can significantly influence the luminescence parameters of these ESIPT
compounds. They display modest two photon absorption properties, but they open the way to use
imidazole derivatives as fluorophores for bioimaging.

2.1. Introduction

Imidazole!® derivatives, and particularly tetraphenylimidazoles, are attracting attention due
to their photophysical properties. At the same time, ESIPTE! has emerged in recent years as a very
interesting phenomenon which can be applied to the design of fluorescent sensors.[! ESIPT is a four
state cycle based on the different acid- base properties of two tautomeric forms. They are enol or
enamide (E) and keto or ketimide (K) forms (the second nomenclature is used when NH rather than
OH is the group involved in H donation) respectively in the ground and excited states, leading to a
very rapid proton transfer between a proton donor (-OH, -NH, groups) and a proton acceptor (C =
O, -N = groups) found in the immediate proximity. Molecules undergoing ESIPT exhibit dual
emission: a normal emission (at higher energy and having a mirror image of the absorption) arising
from an excited species with similar geometry to the ground state and a Stokes shifted emission
(6000 — 12 000 cm™) originating from a tautomer formed in the excited state. The relative
intensities of these emissions are highly dependent on the molecular structure and on solvent
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conditions (i.e. proticity). Although many functional dyes display ESIPT, only a handful of them
are known to simultaneously exhibit also high fluorescence quantum yield. Among those studied
extensively is a variety of 2-hydroxyphenylbenzoxazole-[s] and 2-hydroxyphenylbenzothiazole
derivatives.'®! Very few derivatives and/or analogues of 2-(2-hydroxyphenyl)imidazole have been
photophysically studied. Given the promising optical properties of the imidazole derivatives
synthesized so far, it is desirable to gain in-depth knowledge on the structure-property relationship
for this group of compounds. In particular, one can envision that m-expansion of multisubstituted
imidazoles will significantly alter their optical properties, as is the case for many homoaromatic
systems.” While phenanthro[9,10-d]imidazoles have been previously described,’® derivatives
possessing a 2-hydroxyphenyl group at position 2 of the imidazole core were studied only
recently.

Lately however, the fundamental work by Fahrni and co-workers!*? proved that replacing
OH with sulphonamido group resulted in appreciably higher fluorescence quantum yields, while
maintaining other beneficial optical parameters such as largely Stokes-shifted emission. As a
consequence sulphonamidophenyl-benzimidazoles and phenanthroimidazoles are attracting high
interest as fluorescent sensors™™® ' and as probes.*? Aryl-substituted benzimidazoles and
phenanthroimidazoles functionalized with tosylamido or dansylamido groups can provide well
higher luminescence yields (¢ > 0.4)13 with respect to similar unsubstituted counterparts and the
corresponding benzoxazoles. Wu et. al demonstrated that the substitution position in the tosylated
compounds can play a significant role in keto tautomer emission energy. It was shown that inserting
a donor methoxy group in para position of 2-(2’-arylsulfonamidophenyl)benzimidazole led to red
shift of the emission maximum compared to unsubstituted fluorophore, whereas the substitution in
meta position led to a blue shift. X Since for biological applications the solubility in high polarity
solvents is of importance, the role of donor and/or acceptor groups in water soluble 2-(2’-
arylsulfonamidophenyl)benzimidazoles was investigated.'® None of the donor substituted
derivatives exhibited dual emission in aqueous solution, whereas for some of the acceptor
substituted compounds an additional band at higher energy was noticed. The quantum yield values
were far higher for acceptor substituted compounds (¢ around 0.4) and well correlated with the
observed Stokes shifts. More important, double substitution with both donor and acceptor groups
led to the highest luminescence yield of the series, ¢ = 0.46.11%

In fluorescence imaging it is desirable to use functional dyes which can be excited using red
or NIR light. Given that the majority of ESIPT-active compounds efficiently absorb UV or violet
light, (hence tissue penetration is rather low and applications in biological imaging are very
problematic) we were also interested in studying the two-photon absorption (2PA) cross-section of
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the selected molecules (which in turn allows for excitation in biological window). The aim of this
study is to explore the synhetic strategies to alter the basic imidazole-based ESIPT system and to
investigate the optical properties of the new compounds. This would allow us to address one of the
most important challenges regarding ESIPT systems, i.e. the wide tunability of chromophore

absorption as well as proton transfer emission.

2.2. Results and discussion

2.2.1. Generic imidazole derivatives

A library of novel fourteen imidazole based derivatives (ESIPT and non ESIPT) was the
object of photophysical investigation. All the ESIPT compounds, as well as their non-ESIPT
counterparts were synthesized via Debus-Radziszewski method (see reference [1] for details). For
sake of clarity, only the structures of some representative compounds are displayed in Chart 1,

whereas the others can be found in reference [1].

1 2 3 4 5

Chart 2.1. Structures of the selected compounds.

In order to ascertain the ESIPT properties of the new compounds, we have performed the
examination in solvents of different dielectric constant and proticity, namely toluene (TOL),
dichloromethane (DCM) and methanol (MeOH).

One photon absorption. As described in Chart 2.1, as representative for the series, the
families 1 and 2, and 3, 4 and 5 respectively, were chosen. Their photophysical parameters are

reported in Table 2.1, with two separate lines for E and the K forms.
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Chart 2.2. Possible conformers of compound 2.

Compound 2 exists in three different conformations (Chart 2.2), similar to other
benzoxazoles.™ Two of them are planar, with -OH group oriented either toward the N (syn) or the
O group (anti). In the third configuration (open), the phenoxy group lies in a plane perpendicular to
the one containing the n—extended benzoxazole. In non-polar solvents, the first two conformers, and
in particular the most stable syn which is capable of intramolecular proton transfer, are favored. On
the contrary, in protic solvents, the open structure is stabilized by intermolecular hydrogen bond
formation between the benzoxazole group and the solvent preventing an efficient ESIPT.

The absorption and emission spectra of the compounds are illustrated in Figure 2.1. The
molar absorption coefficients of non-ESIPT models and ESIPT compounds are about 20 000 M™
cm, the typical range for z— 7* transitions. Except sample 4 in MeOH, all the others display dual
luminescence. As expected, in polar solvent MeOH, an increase of the luminescence of E and
decrease or even suppression of K was noticed, which is actually the case of 4. The weak emission
maximizing at similar wavelengths with the models is coming from the E ground state tautomer,
whereas the one with a large Stokes shift belongs to the K excited state tautomer. It can be noticed a
strong decrease (almost 100 %) of the E luminescence compared to the one of the analogous model,
favoring the formation of K tautomer (Figure 2.1, Table 1.1). The quantum vyield values ¢ were

ranging from 0.001 to 0.05 for E, and they were increasing up to 0.4 for K.
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Figure 2.1. Absorption and emission spectra of the selected compounds in TOL and MeOH at room
temperature. Data in DCM™ not shown.

Time resolved data were measured by using a picosecond laser pulse and a Streak camera
device for the picosecond lifetimes, while for the longer nanosecond values a Time Correlated
Single Photon Counting (TCSPC) was used. The non-ESIPT models have lifetimes of several
nanoseconds in all solvents (Table 2.1). The time resolved data display rapidly quenched E
luminescence with 7< 20 ps for ESIPT sample 2, but with considerably longer lifetimes for K
(Figure 2.2 and Table 2.1). With an instrumental resolution of 10 ps, the 10 ps measured lifetimes
for 2 should be taken as the upper limit for z We cannot however exclude that the luminescence
decay of E detected in the present experiment is not due to the ESIPT process. In similar
compounds, in fact, much faster ESIPT processes have been reported, 7 << 1 ps, followed by a
multi-exponential decay of E fluorescence ascribed to different conformation not undergoing
ESIPT.'® On the other side, in case of 4, the proton transfer time, corresponding to the decay
lifetime of E form, could be measured from the streak images; these values were 115, 70 and 320 ps
in TOL, DCM and MeOH solutions, respectively. Whereas a weak K luminescence could be
detected in TOL and DCM with the same decay lifetime registered as for the decay of E band, no K
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luminescence was detected in MeOH. Identical lifetimes for E and K excited states in the
consecutive reaction scheme (E* — K*— K) mean that the lifetime of the intermediate K*
tautomer is very low compared to its formation; the product does not accumulate and the

exponential, apparent decay lifetime, is coincident with the formation lifetime.[*®!

Table 2.1. Photophysical parameters of compounds 1-5 in TOL, DCM and MeOH at room temperature.

TOL DCM MeOH
Aem/NM o AL Aem/NM o VAL Aem/NM o /NS
1 368; 389; 0.53 2.69 368;388; 0.58 2.78 365; 385; 0.602 2.56
410 409 405
E 367:389; 0.003 0.02 365;387; 0.001 <001 364;384; 0.009 <0.01
413 414 410
K 495 0.111 0.84 492 0.073 0.8 480 0.013 0.12
3 422 0.275 2.67 424 0.278  3.05 430 0.275 4.18
E 398 0.009 0.115° 397 0.007  0.07 407 0.057 0.32
K 572 0.004 <<0.115 562 0.002 <<0.08 - - -
E 375 0.004 0.05 378 0.004  0.05 379 0.004 -
K 499 0.396 0.05"; 484 0.362  0.05" 482 0.201 0.07"%
5.08 5.80 5.28

See text for details. "Rise of K.

The ESIPT process in 5 had a lifetime of 50 ps in TOL and DCM and 75 ps in MeOH, as
determined by the decay of E luminescence and the matching rise in K luminescence (Figure 2.2).
In the case of MeOH solutions, the absorption at the exciting wavelength (355 nm) was low due to
poor solubility and the resulting signal was very weak. In the MeOH case, the E*—K* reaction
lifetime was determined only by the exponential rise in the K tautomer. As can be appreciated from
the streak camera image in Figure 2.2, the K tautomer form was long lived, with a lifetime of ca. 5
ns in all solvents (Table 2.1), and could be measured more precisely with a nanosecond TCSPC
apparatus. The combination of efficient formation and relatively long lifetime led to a remarkably
high yield of the Stokes-shifted K luminescence (¢n ca. 0.4 in TOL and ¢, ca. 0.2 in MeOH) with

promising perspectives for its application.
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Figure 2.2. Streak camera images of 2 (upper line) and 5 (bottom line) in TOL at room temperature. The
profiles of E and K are shown together with the corresponding fitting. Other data can be found in reference

[1].

The photophysical properties of the compounds were studied in rigid matrices of TOL and
MeOH at 77 K. In this thesis only the selected compounds (see Chart 2.1) are characterized,
whereas the others are described into detail in reference [1]. Prompt and delayed luminescence
together with the corresponding lifetimes were measured and the most important parameters for the
selected compounds are collected in Table 2.2. Here, the fluorescence and phosphorescence
maxima for each model and ESIPT compound are reported together with the lifetimes measured
upon excitation at 331 nm by a nanosecond TCSPC apparatus both in E and K emission regions. It
should be stressed that, due to the scattering of the solid matrix, the 77 K determinations are prone
to larger errors than those at room temperature and the results should be taken with caution. The
latter luminescence was measured with the use of a phosphorimeter with a 1 ms delay after

excitation with a pulsed lamp, in order to get rid of the strong fluorescence signal.
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Figure 2.3. Arbitrarily scaled 77 K total luminescence (full line) and arbitrarily scaled delayed luminescence
(dashed line) for model compounds (black) and corresponding ESIPT samples (red) in TOL. Other data can
be found in reference [1].

The energy levels were calculated from the highest energy emission maxima. Those of E
singlet excited states were well above 3 eV, whereas the corresponding triplet was 0.5-0.9 eV
lower, a rather large energy gap (Table 2.2). The energy level of the excited singlet K form was
very close, within 0.1-0.2 eV, to the triplet energy level of E form. No K phosphorescence was
detected in the explored wavelength range. The fluorescence lifetimes of E at 77 K displayed, in
most cases, a modest increase with respect to those at room temperature, showing that E—>K
tautomerism is a modestly activated process. A similar, unimportant increase in the lifetime was
registered in several cases for K form. Accordingly, the relative emission of K to E forms was
roughly similar for 2 and 4, with respect to those at room temperature (see above), whereas very
poor K emission was detected for 5 in the glass, indicating for the latter a thermally activated E—K
process. It should be noted that the delayed emission spectrum not only shows the phosphorescence
bands of the sample, but there is evidence of delayed fluorescence (Figure 2.3). Given the large

excited singlet—triplet splitting in these molecules, as commented above, we consider this delayed

32



fluorescence as deriving from triplet-triplet processes (p-type delayed fluorescence). In agreement
with this mechanism, the measured lifetime of delayed fluorescence was approximately half of that
of phosphorescence.™™ It might be recalled that in a sample structurally similar to 5, e-type
(thermally activated) delayed fluorescence has been reported in air purged chloroform matrices.!*®!
In that case, the process was likely due to extremely low singlet-triplet splitting, on the order of 0.08
eV.

Table 2.2. Luminescence properties of the samples in TOL and MeOH at 77 K. K and E form properties for
the ESIPT samples are reported in separate lines; fluorescence and phosphorescence data for E form are
shown. The non-ESIPT model compounds are in gray cells.

TOL MeOH

State Aem/NM NS E/eV Aem/NM hs E/eVv

1 1 366; 386; 405 1.7; 3.9 3.38 363; 383; 401 2.1;43 3.41

%1 504; 539 436 x10° 2.46 498; 535 380 x10° 2.48

2 E 368; 389; 413 0.2 3.36 364; 384; 406 0.3 3.40

E 496; 518; 537 150 x10° 2.50 494; 514; 535 119 x10° 2.51

K 469; 494 3.8 2.64 472; 494 4.8 2.62

3 13 402 5.8 3.08 405 2.7:8.3 3.06

3 488; 516 795 x10° 2.54 507 263 x10°; 2.44
1.04x10°

4 'E 377; 392 1.8 3.28 395 2.8 3.13

°E 484; 514 1.16 x10° 2.56 520 238 x10°% 2.38
811x10°

K 478° nd.? 2.59 5072 nd.? 2.44

5 E 353; 369; 385 2.0 351 364 2.4 3.40

°E 487; 509 908 x10° 2.54 508 487 x10°; 2.44
1.23 x10°

K 456 5.3 2.71 n.d.? n.d.? -

% E phosphorescence overshadows the fluorescence of K form.

To get further insight into the excited state dynamics of these compounds, we performed
transient absorption measurements in the nano-millisecond range to detect the presence of
intermediates. The absorption spectra registered at the end of an 18 ns laser pulse in air-free
solutions of the model compounds and corresponding ESIPT samples in TOL and MeOH solutions
are shown in Figure 2.4. Excitation was at 355 nm, except in the case of 5 in MeOH solutions,
which displayed a too low absorbance at 355 nm and was therefore excited at 266 nm. The solutions
were optically matched and the laser intensity was constant, so that signals from different samples

can be directly compared.
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Figure 2.4. End of pulse spectra after excitation of the samples with a 18 ns laser pulse (3 mJ, at 355 or 266
nm) for optically matched solutions with A=0.9: models 1 and 3 (full circles) ESIPT samples 2, 4 (open
circles) and 5 (stars). Other data can be found in the reference [1].

The model samples (indicated by full circles) showed an intense band in the range 460-500
nm. The lifetimes were all on the order of tens of microseconds (Table 2.3) and the rates with
oxygen were on the order of 2-4 x 10° M™ s both in TOL and MeOH solutions, typical of the
triplet quenching reaction by oxygen.!*® We compared the transient absorbance measured in the
ESIPT samples (Figure 2.4) to that measured in the model compounds. We noted that in sample 2
(and model 1) and sample 4 (and model 3), the same spectral shapes were obtained and hence we
can assume that the same triplet was formed in the two cases. This is true both in TOL and in
MeOH, with the only notable difference that the triplet yield in TOL was reduced to 60-70% with
respect to that of the model, whereas in MeOH, it was reduced to ca. 10%. What it is remarkable is
that there was no strict correlation between the yield of the parent singlet E form and that of the
corresponding E triplet. For example, E singlet excited state in 2 compared to model 1 was ca. 0.5%
in TOL and 1.5% in MeOH (Table 2.1), numbers quite different from those reported above for the
triplet excited states. The behavior of 4 and 5 in TOL compared to the common model 3 were quite

different from each other, with a value of almost zero for 4 and a broad band with a maximum at
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420 nm for 5. We tentatively ascribe this latter spectrum to the absorption of the triplet state of K
form. K singlet was in fact formed in quite remarkable yield in TOL solutions of 5. The yield of K
triplet was lower for 5 in MeOH, where the yield of K form was decreased, to about 50%. 4 in
MeOH had a band around 470 nm, similar to that of the model 3 in the same solvent, but with a
lower yield, in agreement with the parent singlet excited state yield. The assignment in the case of 4

in MeOH is that of an E triplet due to similarities with the non-ESIPT model compounds.

Table 2.3. Triplet excited state spectral features, lifetimes and reaction rates with oxygen in TOL and MeOH
solutions at 295 K.

TOL MeOH
A 2 us kq/ M7s™ 2 max/NM 2 lps K/ M7s™

mEX/nm
1 460 17.5 22x10° 450 51.4 1.6x10°
2 450 27.4 1.6x10° 450 72.7 1.3x10°
3 500 25.1 2.8x10° 490 18.9 59x10°
4 n.d. n.d. n.d. 470 20.2 1.2x10°
5 420 65.4 1.9x%x10° 430 225 1.6x10°

2 Air-free solutions.

Two photon absorption. The non-linear optical measurements were performed by using the
two-photon excited fluorescence (TPEF) method by the group of Dr. M. Blanchard-Desce. The data
are collected in Table 4. Dye 4 had the highest 2PA cross section value (about 100 GM), while

compound 2 possessed the lowest value (~5 GM).

Table 2.4. Two-photon absorption (2PA) cross-section of compounds 2, 4 and 5. Data measured by the
group of Dr. M. Blanchard-Desce.

Compound Solvent Aopa™ " (NM) o™ (GM)
2 CHCI; 710 5
4 CHCI, <700 >95
5 CHClI; - -
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2.2.2. Sulphonamido imidazole derivatives

Prompted by the results obtained for the ESIPT derivatives containing a sulphonamido
group in the molecule (g > 0.4, et Ca. 5 NS), a new small series of imidazole-based derivatives
was synthesized by using the same Debus-Radziszewski method.'"! Chart 2.3 illustrates the
structures of the sulfonamide series, including the compound 5 previously reported for comparative

purposes.

CMe SN

O
o

Chart 2.3. Structures of the investigated compounds.

Only the linear optical properties of these compounds were studied. Similar with the series
reported above, they were tested in TOL, DCM and MeOH, in order to get information about the
ESIPT property in various media. The most important data are collected in Table 2.5. The
investigated tetraphenyl imidazoles exhibit similar broad and intense absorption spectra up to 350
nm, and the main band is accompanied by a weaker one up to 400 nm (data not shown). The molar
absorption coefficients of the main UV band vary between 14 000 to 20 000 cm™ M™, typical range
for allowed =-m* transitions, and in agreement with other 2-(2’-tosylaminophenyl)benzimidazole

derivatives reported in the literature.™*”!
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Figure 2.5. Luminescence spectra of optically matched compounds in TOL (first line), DCM (middle line)

and MeOH (lower line) at room temperature. Excitation wavelength was 317 nm.
As seen from the Figure 2.5, except for the case of 7 which does not display a satisfactory
luminescence, the samples are quite bright and the properties of the K tautomers are in line with
those formerly reported for related compounds: emission quantum yields in apolar aprotic solvents
of the order of 0.5 with lifetimes of the order of several nanoseconds, from 5 to 11 ns (Table
2.5).[10% b 121 \What is undoubtedly new for these compounds is the detection of the weak E

fluorescence and, in several cases, of the resolution of the ESIPT process lifetime which can be as
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high as 190 ps, rather unusual for an ESIPT process. The reason has perhaps to be ascribed to
higher activation energy of the process in NH acids, characterized by a weaker hydrogen bond, as

formerly pointed out.*’!

Table 2.5. Photophysical parameters of the studied compounds in TOL, DCM and MeOH at room
temperature. The properties of the E and K forms are on different lines. 5 is reported in Table 2.1.

TOL DCM MeOH
Aeml NM P /ns Aem/NM ol 7/ ns Aen/NM il r/ns
6 E 373 0.005 006 377 0.006 0.00 380 0005 004
K 500 0393  0.06% 488 0420  0.08% 481 0238  0.05%
5.20 5.98 5.40
7 E 368 <0001 <001 399 <0001 <001
K 470 0003  3.46 525 0.002 5.88 554 <0001  0.89
8 E i i ] ] i ] 370 0008 <001
K 465 0561 5.8 456 0.596 5.23 462 0383 557
9 E _ _ _ _ _ _ _ _ _
K 487 0434  11.68 509 0574  17.24 53 0343  13.57
10 E  365:383 0007 015 368 384; 0011 0.16 364: 0015  0.19
408 407 381: 404
K 506 0468  0.14% 495 0515  016% 497 0171 016"
4.25 4.86 2.39
2 Rise.

77 K determinations in matrices of TOL and MeOH were performed. Both prompt and
delayed luminescence spectra were acquired. Lifetimes of the various components were also
measured and they are given in Table 2.6. Similar with the results reported above for the first series,
delayed luminescence ascribed to E form was recorded for the samples, whereas no K
phosphorescence was detected in the experimental window. The fluorescence lifetimes were longer
than the ones at room temperature, and the biexponential lifetimes present in some cases (Table 2.6)
were assigned to the aggregates formed by lowering the temperature. The phosphorescence

lifetimes were (0.2 — 2.7) x 10° sec.
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Table 2.6. Luminescence parameters in TOL and MeOH at 77 K. 5 is reported in Table 2.2.

TOL MeOH
State Aem/NM s E/ Aem/NM hs E/
eV eV
6 e 352; 369; 388 1.9 3.52  349; 365; 385 2.2 3.55
e 512; 538 0.4x10% 1.3 x10°  2.42 511 0.8 x10° 2.42
K 462 5.2 2.68 491 0.7:6.3 2.52
7 e 434 - 2.85 - - -
° 479; 503 1.3 x10° 2.58 506 0.9 x10° 2.45
K 490 9.9 2.53 493 1.3:15.4 2.51
8 e 355; 364 1.4 3.49 - - -
e 472; 500 1.2 x10° 2.62 462; 490 0.2 x10% 0.7 x10°  2.68
K 423 3.2 2.93 409 15:45 3.03
9 e 395; 423; 453° - 3.14 - - -
e 532 0.5 x10° 2.33 566 0.4 x10° 2.19
K 472 14.4 2.62 476 19.5 2.60
10 E 361; 381 403 4.2 343  359; 377; 396 6.6 3.45
e 469; 503; 539: 1.7 x10° 2.64  439; 468; 499 2.7 x10° 2.82
590 537
lK _ _ _ _ _ _
0.08 -
4 vogy Peo® 9
2 e —o—10
0.04 - ™ og®
o/ ®e
s ? 0% o0
0.021 Sae
00..’.-»'
0.00 -
460 560 660 760
A/ nm

Figure 2.6.Transient absorption spectra of 9 and 10 with 18 ns laser pulse (355 or 266 hm, 3 mJ) for DCM
solutions with A = 0.7 at the excitation wavelength. Other data can be found in reference [1b].

As concluded above, the transient spectrum of the E triplet displayed a broad absorption

band around 460-500 nm. On the contrary, a much weaker transient absorption band detected in

some samples around 420 nm and below was tentatively ascribed to the K triplet. DCM and MeOH

solutions of the samples were probed at room temperature by nanosecond flash photolysis.
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Transient absorption spectra of 9 and 10 in optically matched DCM solutions are shown in Figure
2.6. Except for compound 7, for which no transient was identified, all the others showed E or K
triplet absorption (Figure 2.6). The triplet lifetimes were of tens of microseconds, and the reaction

rates with oxygen of 10° M*cm™.

2.3. Conclusions

Photophysical properties of two series of imidazole based derivatives displaying ESIPT
were studied. These were compared with those of the reference samples where the possibility of
ESIPT occurrence was blocked. The excited state dynamics of the samples displaying ESIPT were
fully elucidated. The emission quantum vyields of the sulfonamide series, range from 0.4 to 0.6 in
aprotic solvents and the Stokes shift is tuned over a large range from 6000 to 15 000 cm™ allowing
a control of the emission wavelength from 460 to 560 nm. The tautomerization reaction in the
singlet excited state showed variable lifetimes from less than 10 ps to a value on the order of few
hundred picoseconds; the lifetime of the singlet excited K form varied from less than one hundred
picoseconds to several nanoseconds at room temperature. Luminescence experiments at 77 K
permitted us to derive phosphorescence spectra of the E form and to determine the relevant
lifetimes in the millisecond-second range. The triplet absorption features assigned to the E (with
broad maxima between 450 and 520 nm) and the K forms (with a less intense peaks at about 420
nm) were identified.

These results are not only of theoretical significance in that they provide new insight into
factors influencing the photophysics of ESIPT-capable molecules, but they may also open the door
to practical applications. Structurally accessible imidazole derivatives can serve as ideal platforms

to design more complex systems based on the N---NHSO, proton cycle in the excited state.
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3. Imidazo[1,2-a]pyridine derivatives for bioimaging

In the present chapter the linear optical properties of novel synthesized imidazo[1,2-
a]pyridine derivatives are detailed. The reason of choosing this class of compounds as potential
fluorophores for bioimaging, relies on the fact that their photophysical properties could be very
interesting and at the same time, their 2PA properties were unknown. The compounds were
synthesized by the group of Dr. Daniel T. Gryko, whereas the non-linear optical properties were
measured by the group of Dr. Mireille Blanchard-Desce.

The first part of the work describes a series of imidazo[1,2-a]pyridine monomer molecules
by varying mainly the substituents, but in some cases also their position on the scaffold. The idea
was to identify the substituent capable of tuning the luminescence properties and further, to imply
the substituted molecule in the construction of quadrupolar systems (Donor-Acceptor-Donor).
Starting from the simple molecule, bis-imidazo[1,2-a]pyridines (D-A-D) linked at C5 (at pyridine
ring) were constructed in order to increase the 2PA cross-sections. The second part of the work is
focused on the photophysical study of another series of bis-imidazo[1,2-a]pyridines with linkage at
C3 (at imidazole ring). The properties of the dimeric quadrupolar structures were studied by
comparison with the corresponding imidazo[1,2-a]pyridine monomer.!! The aim of the work was to
identify the structure property relationship, in view of using these compounds for two photon

excited fluorescence microscopy.

3.1. Introduction

Imidazo[1,2-a]pyridines have attracted attention due to their biological activity” and have
been intensively investigated since the beginning of the last century.! It is already known that
imidazo[1,2-a]pyridines display, in general, very good luminescent properties (¢ ca. 0.5-0.8)"! in
solution. Enhancing the fluorescence properties of imidazo[1,2-a]pyridines both in terms of
emission quantum yield and of Stokes shift as well as tuning their emission wavelength is important
not only for application in fluorescence microscopy, but also for optical materials. Therefore, we
explored the possibility of exploiting different substitution pattern on the imidazo[1,2-a]pyridine
scaffold. Several studies on imidazo[1,2-a]pyridines take advantage of the excited state

[4-5]

intramolecular proton transfer (ESIPT)® process, both in solutions and in the solid state.’! In

43



other cases interesting luminescence properties of new imidazo[1,2-a]pyridine derivatives were
presented, however quantitative data on fluorescence quantum yields were not reported.[”

Experimental studies made on series of imidazo[l,2-a]pyridines showed that the
fluorescence quantum yield can be considerably increased to ca. 0.8 by substitution at C2 by
naphthyl or phenyl derivatives.* & Currently, successful results involving imidazo[1,2-a]pyridines
in terms of luminescence properties, particularly in polar solvents, are limited. A recent report based
on combinatorial synthesis and screening showed that derivative of imidazo[1,2-a]pyridine drug,
Zolpidem, can lead to luminescence quantum yields from ¢y = 0.11 to ¢ = 0.89 in
dimethylsulphoxide solutions.

The advantage of using this drug-like scaffold for the design of fluorescence probes for in
vivo imaging is that these molecules can potentially retain their molecular recognition ability and,
as such, be used as specific probes targeting biologically relevant dedicated sites.

The aim of the work was to increase both ¢y and o, in quadrupolar systems based on
differently substituted imidazo[1,2-a]pyridines. We report in this chapter the optical properties of a
series of imidazo[1,2-a]pyridine monomers together with more complex bis-imidazo[1,2-

a]pyridines having the dimerization linkage at different positions.

3.2. Results and discussion

3.2.1. Bis-imidazo[1,2-a]pyridines dimerized at C5

As mentioned in the introduction part, the photophysical properties of the imidazopyridine
derivatives are influenced by the position and the type of the substituent. Since we are interested in
systems with high luminescence quantum vyield for bioimaging, we have constructed a consistent
library of monomers and dimers, all differently substituted, and the several representative structures
are described in this chapter (Chart 3.1). All the others together with the details about synthetic
procedure (via Gevorgyan method) are found in reference [1]. As can be noticed from Chart 3.1.,
the selected compounds display some differences in their molecular structure and they will be

pointed out along the discussion.
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Chart 3.1. Structures of the selected compounds.

One photon absorption. In the present study we have measured the linear optical properties
of the mentioned compounds in toluene (TOL) and dichloromethane (DCM) solutions, both at room
temperature and 77 K. This allowed us to gain some insight on the nature of the emitting states of

these samples. The most important parameters are reported in Table 3.1.
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Figure 3.1. Absorption and emission spectra of 1 and 2 in TOL at room temperature. Excitation wavelength
was 325 nm for optically matched solutions.

Figure 3.1 displays the absorption and emission spectra of 1 and 2 in TOL. These

compounds are characterized by the presence of electron withdrawing cyano (in 1) and electron
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donor dimethylamino group (in 2) on the phenyl (C2). The absorption and emission spectra of 1 has
intense and structured bands, whereas in 2 a bathochromic shift of the order of 20 nm and a
smoothing of the spectral structure can be detected. This might be ascribed to the increased strength
of the electron releasing group, giving some charge transfer (CT) character to the lowest excited
singlet. Moreover, it seems that the presence in the molecule of a strong electron donor in 2
increased its luminescence yield (¢n = 0.56 in TOL and 0.48 in DCM) at least 1.5 times compared
to 1 (& = 0.37 in TOL and 0.33 in DCM). Luminescence of both samples is slightly affected by the
polarity of the solvent (Table 3.1).

20000
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Figure 3.2. Absorption and emission spectra of 3 and 4 in TOL at room temperature. Excitation wavelength
was 325 nm for optically matched solutions.

Compounds 3 and 4 are characterized by extended m conjugated systems. Sample 3
possesses a double bond to increase the conjugation length and 4 is a dimer of 3-benzyl-
imidazo[1,2-a]pyridine connected by 1,4-phenylene bridge. Noteworthy are the higher molar
absorption coefficients and luminescence quantum yields (Table 3.1) of these samples compared to
the previous ones. From Figure 3.2 it can be noticed that 3 displays a slight bathochromic shift both
in absorption and consistently, in emission. As observed previously for imidazo[1,5-a]pyridines,!*%
also in our case the introduction of additional w-systems in the molecules led to increased quantum

yield values (¢n = 0.67 in TOL, 0.63 in DCM for 3 and ¢y = 0.63 in TOL and 0.68 in DCM for 4).
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Figure 3.3. Absorption and emission spectra of 5 in TOL at room temperature. Excitation wavelength was
325 nm.

Alternatively to the functionalization at imidazole ring, the substitution at the six-membered
ring was considered. In compound 5, a moderately good electron donor, morpholine,*Y! was
introduced at position 6 of 3-benzyl-2-phenyl-imidazo[1,2-a]pyridine. Morpholine gives a charge
transfer character to the lowest excited state, as noticed from the structureless luminescence
spectrum from Figure 3.3. The luminescence quantum yield is dramatically decreased compared to
previous cases, to ¢y = 0.16 in TOL and even more in DCM (Table 3.1).

Finally, the dimeric structures 7 and 8 with linkage at pyridine ring were investigated in
TOL and DCM (Figure 3.4). The two dimers, with linkage at pyridine ring (C5), have a different
center: 7 has two ethynyl groups, whereas 8 possesses a more complex diethynyl with the insertion
of a 1,4-dicyanobenzene (Chart 3.1). Their photophysical properties are discussed together with the
ones of the corresponding monomer model 6. The molar absorption coefficients of the dimers were
considerably higher with respect to the monomer 6 (Figure 3.4), indicating an extended conjugation
in the molecule. It is obvious that apart from intensity, compound 7 has an absorption spectrum not
so different from that of the model. Dimer 8 displays a different spectrum compared to the other
samples. It shows a largely bathochromically shifted absorbance up to 450 nm, as expected from its
extended m-conjugation. The luminescence of the dimer 7 is similar to that of 6, but ca. 20 nm
bathochromically shifted. On the contrary, 8 displays a largely shifted luminescence not only with
respect to the model, but also with respect to its own absorption spectrum (Figure 3.4 and Table
3.1). The bathochromic shift of 8 increases dramatically in DCM, with ca. 100 nm. This implies that

the structures of the emitting state and the ground state are rather different. This might be the case
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for an emitting state with a strong CT character, given by the strong dicyanobenzene electron
acceptor. The luminescence quantum yield in TOL of both 7 and 8, and monomer, is about ¢ = 0.3.
In DCM, whereas 6 and 7 were almost unaffected by the change in the solvent polarity, dimer 8

registered a consistent drop of the luminescence to ¢y = 0.06 (Table 3.1).
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Figure 3.4. Absorption and emission spectra of 6, 7 and 8 in TOL and DCM at room temperature. Excitation
wavelength was 325 nm for optically matched solutions.

Time resolved data obtained with a Time Correlated Single Photon Counting (TCSPC)
apparatus show lifetimes of 1 — 3 ns for all the investigated compounds, both in TOL and DCM
(Table 3.1). Exception makes the dimer 8 in TOL, for which a longer excited state lifetime of about

11 ns was measured.
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Table 3.1. Photophysical parameters of the studied compounds in TOL and DCM solutions at room
temperature.

TOL DCM

e b ohs  deinm gy vns

1 378, 397, 416 0.37 2.87 401, 420 033  2.66
2 392, 407 0.56 2.16 429 048 220
3 385, 406, 428 0.67 2.89 384,406,428 0.63  2.98
4 377,398, 418 0.63 1.99 375,395,415  0.68 2.13
5 402 0.16 3.62 417 011  3.39
6 390, 410, 434 0.30 3.58 414 030 3.3
7 413, 432 0.33 3.82 439 030  3.72
8 523 0.33 11.60 622 006  3.00

Excitation spectra taken at the emission maxima overlaid perfectly with the corresponding
absorption spectra indicating a genuine emission from the lowest excited state and a high purity of

the samples (data not shown).™*!

Luminescence experiments at 77 K on glassy TOL matrices were performed, and the
photophysical parameters for the selected compounds are collected in Table 3.2. The prompt
luminescence is hipsochromically shifted with respect to that at room temperature by ca. 15 nm in
all monomer samples (Tables 3.1 and 3.2). Most of the investigated molecules showed clear
structured delayed luminescencel™ with lifetimes in the milliseconds-seconds range (Table 3.2).

Figure 3.5 shows the prompt luminescence spectra in TOL of the dimers 7 and 8, and their
model 6. Dimer 7 is bathochromically shifted with respect to 6 but still structured, similar to room
temperature data. Differently, 8 shows broad prompt luminescence with a hypsochromic shift of 70
nm with respect to the room temperature luminescence (Table 3.2), and phosphorescence around
600 nm. The lifetimes measured at 77 K are not significantly different from room temperature data
(Table 3.2), indicating activationless processes for the deactivation of the emitting state. The bi-
exponential lifetime in a few cases is explained by the presence of aggregates formed at low

temperatures.
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Figure 3.5. Arbitrary scaled luminescence spectra of 6, 7 and 8 in TOL at 77 K. Excitation wavelength was

325 nm.

Table 3.2. Photophysical parameters of the studied compounds in TOL glassy matrices at 77 K.

77 K

State Aemr o/ nm /s E/ eV

1 11 365, 384, 405, 430 2.84 3.39
31 468, 501, 540, 584 1.45 x 10° 2.65

) 2 377,397, 417 1.93 3.28
3 464, 497, 536, 575 1.35 x 10° 2.68

3 13 378, 399, 423, 448 2.34 3.29
33 540 2.4 x 10% 30 x 10° 2.30

4 14 367, 388, 409 1.48 3.38
3 465, 500, 527, 567 1.40 x 10° 2.48

5 5 392 4.47 3.16
35 555 89 x 10°% 359 x 10° 2.23

6 6 373,394, 413, 441 3.99 3.32
) 475, 511, 553, 602 1.09 x 10° 2.61

5 7 401,421 4.58 3.09
37 496, 532, 581 130.5 x 10°% 323 x 10° 2.50

g 8 453 4.48: 10 2.73
33 548, 574, 619 226 x 10° 2.16
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Two photon absorption. The two photon absorption cross sections measured in the group
of Dr. M. Blanchard-Desce are reported in Table 3.3, with the highest value (120 GM) obtained for
the dimer 8. Other details can be found in reference [1b].

Table 3.3. Two-photon absorption data of 1, 4, 6, 7, 8 derived from TPEF measurements™ in toluene. Data
measured by the group of Dr. M. Blanchard-Desce.

Arpa™ [ nm " GM
1 <700 >18
4 <700 >16
6 <700 >8.5
7 720 51
8 800 33
720 120

o1



3.2.2. Bis-imidazo[1,2-a]pyridines dimerized at C3

The modest results described above for the first bis-imidazo[1,2-a]pyridines synthesized
particularly for the use in bioimaging, determined us to approach a new strategy on the same class
of compounds. Whereas in the first series the position C3 was blocked and the variation of the
substituent was made mainly at C2, in the new series, both C2 and C3 are involved. Moreover, the
most important feature of the novel D-A-D systems constructed from the corresponding monomer
models is the linkage made at the imidazole ring. These have as centers pyrazine or 1,4-
dicyanobenzene rings. Details about the synthesis of the compounds via Ortoleva-King-Chichibabin

method can be found in reference [1a], whereas their structures are shown in Chart 3.2.
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Chart 3.2. Structures of the investigated compounds.
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One photon absorption. Photophysical properties of the imidazopyridine dimers were
investigated and compared to the ones of the corresponding monomer models. Steady state and time
resolved experiments were performed in toluene (TOL) and dichloromethane (DCM), at room

temperature (295 K) and 77 K. The most important parameters obtained at 295 K are collected in

Table 3.4.
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Figure 3.6. Absorption spectra of dimers and monomers in TOL at room temperature.

Figure 3.6. shows the absorption spectra of the dimers together with the corresponding
monomer models. The monomers la-c display a single broad band (320-340 nm) and a molar
absorption coefficient (&) increasing upon substitution from ca. 10° to ca. 10* M™* cm™. The
monomers 2a-c and 3a-c have similar absorption features, with a structured band around 300 nm (&
ca. 10 000 M cm™) and a broader one around 340-360 nm (& ca. 5 000 M™ cm™). The absorption
spectra of the dimers are characterized by an intense vibrational band (sca. 50 000 M™* cm™)
around 480-490 nm for the 1,4 —dicyano benzene-containing dimers 5b-c and around 420-460 nm
for the ones having a pyrazine bridge, 4a-c. Sample 5b raised some solubility problems preventing

a careful determination of the molar absorption coefficient. Therefore its absorption spectrum is
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normalized in Figure 3.6 to that of the similar compound 5c. It can be noticed that the absorption
spectra of the dimers are entirely different from the superposition of the absorption properties of the
component monomers, a clear indication of an extensive electronic delocalization in the

quadrupolar structures.
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Figure 3.7. Luminescence spectra of the monomers in TOL at room temperature. Excitation wavelength was
325 nm for optically matched solutions.

The emission spectra of the monomers in TOL are presented in Figure 3.7 and their
photophysical parameters are reported in Table 3.4. The emission maximizes around 380-420 nm
and displays good mirror images of the absorption spectra, being ascribed to the lowest singlet
excited state, very likely n—n* in nature. From Table 3.4 it can be deduced that the a series shows
the lowest emission quantum yield (g =0.06-0.17) whereas the c series the highest one (0.17-0.23).
Moreover, within each a, b, c series, the family 1, exhibited the highest emission yield: 0.17 for 1a,
0.18 for 1b and 0.23 for 1c (Table 3.4). As expected, compounds 2 and 3 of each series, differing
only for the presence of a tertiary alcohol at the alkyne substituent, have similar properties. Steady
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state data in DCM showed that the emission quantum yield for each dye was independent of the

solvent polarity (Table 3.4).[*
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Figure 3.8. Luminescence spectra of the dimers in TOL at room temperature. Excitation wavelength was
424 nm for optically matched solutions.

The luminescence spectra of dimers in TOL are reported in Figure 3.8. The emission of 4a-c
is located around 470-520 nm, whereas of 5b-c is around 510-570 nm. Also in this case the
emission spectra display a good mirror image with the absorption spectra and they are ascribed to
the lowest —r* singlet excited state. They have remarkably high emission quantum vyields, up to
0.93 in TOL, which decrease in DCM, in general by less than 10%. Only in the case of the less
substituted 4a structure, the drop in emission quantum yield from TOL to DCM is from 0.69 to 0.35
(Table 3.4). In the case of samples 4a-c, a slight bathochromic shift occurs in more polar solvents, a
confirmation of some charge transfer character. An increased conjugation in the other bis-
imidazo[1,2-a]pyridines 5b-c stabilizes the m—n* excited state and weakens the CT character,
making their luminescence less affected by the solvent polarity (Table 3.4). Within the same
solvent, a bathochromic shift by increasing substitution from series a to b and ¢ can be noticed.

Fluorescence lifetimes of 1-3 ns were determined for the entire library of compounds (with
the exception of sample 1a which has a 7> 6 ns) and found to be independent of solvent polarity
(Table 3.4). The measured lifetimes are in agreement with those of similar imidazole-based
monomer compounds reported in the literature.[*? 6 3]

Excitation spectra measured on the emission maxima of both monomers and bis-
imidazo[1,2-a]pyridines overlay perfectly the corresponding absorption spectra, indicating a

genuine emission from the lowest excited state and the absence of contaminants.[*!
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Table 3.4. Photophysical parameters of the investigated compounds in TOL and DCM at room temperature.
Monomers are in grey cells.

TOL DCM

Aem" M gn  Ths Aer™INM ¢ ohs

1a 402 0.17 6.33 400 0.20 6.56
2a 423 0.06 3.20 422 0.07 3.16
3a 419 0.06 2091 418 0.07 2.80
4a 455; 477 069 1.38 470; 490 0.35 1.35
1b  379;401;416 0.18 240 374;394;415 019 2.15
2b  401;423;444 0.13 2.63 400;420;442 0.13 2.48
3b  396;416;440 0.15 2.86 394;413;433 0.15 2.67
4b 473: 500 093 1.49 480; 503 0.88 1.81
5b 507; 541 092 231 507; 540 0.83 2.66
1c  385;402;417 023 224 384;403;416 024 1.98
2c  408;426;448 0.17 255 405 424;446 018 2.41
3c  399;420;438 0.19 275 398;419;436 0.19 254
Ac 489; 517 087 173 498; 525 082 227
5¢ 525; 562 0.84 267 529; 563 0.80 3.25

Steady state and time resolved measurements at 77 K were performed and the parameters are

collected in Table 3.5. The prompt luminescence of the monomer imidazo[1,2-a]pyridines is

slightly hypsochromically shifted with respect to the one at room temperature. Structured delayed

luminescence was recorded between 450 — 650 nm.

[1a]

_TOL
—_— RT
prompt 77 K
. delayed 77 K
:
450 500 550 600 650 700 750 800
A/ nm

Figure 3.9. Arbitrary scaled RT luminescence in TOL and 77 K total and delayed luminescence of 4b in
TOL with 50% Etl, upon excitation at 424 nm.
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As representative for the series it was chosen the dimer 4b and Figure 3.9 shows its room

temperature and 77 K emission spectra. As it can be noticed from Figure 3.9, a fluorescence more

resolved than at room temperature or, in some cases, a slightly hypsocromically shifted one was

detected at 77 K. As no trace of phosphorescence was detected, we utilized the heavy atom effect

(ethyl iodide - Etl), which increases spin-orbit coupling and hence the triplet yield. With the

addition of Etl, well-defined structured phosphorescence spectra above 550 nm were recorded for

the dimers. Since the presence of Etl not only enhances the excited singlet to excited triplet

conversion, but also the excited triplet to ground state singlet conversion, the corresponding triplet

lifetimes are not reported in Table 3.5.

Table 3.5. Photophysical parameters of the investigated compounds in TOL at 77 K. Monomers are in grey

cells.

TOL
State Aem o /nm 7hs E/eV
la 1a 381 5.50 3.25
*1a 469; 500; 527 0.98 x 10° 2.64
2a 2a 395; 422; 452 3.61 3.14
2a 479; 509; 549 1.08 x 10° 2.59
3a 133 394 3.10 3.14
*3a 469; 500; 540 1.31 x 10° 2.64
4a 43 455; 485 2.36 2.72
*4a 612; 669 - 2.02
1b 11b 366; 384; 404 2.58 3.38
*1b 476; 508; 541 1.02 x 10° 2.60
2b 12b 391; 413; 432 4.08 3.17
2b 479; 511; 550 1.09 x 10° 2.59
3b 13h 381; 400; 420 4.27 3.25
%3b 476; 505; 538 1.29 x 10° 2.60
4b 4 473; 504 1.42 2.62
*4b 585; 626; 680 - 2.12
5b 15h 492; 524 2.30 2.52
35h 554; 595; 638 - 2.23
1c ¢ 367; 385; 404 2.31 3.37
*1c 476; 507; 533 0.85 x 10° 2.60
2c 12¢ 394; 418; 442 3.40 3.14
2¢c 481; 510; 549 0.96 x 10° 2.57
3c 3¢ 381; 401; 424 3.65 3.25
*3c 467; 501; 543 1.11 x 10° 2.65
4c 4¢ 487; 517 1.70 2.54
%4c 553; 592; 635 - 2.24
5¢ 5¢ 509; 541 2.60 2.43
%5¢ 592; 650; 707 - 2.09
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Two photon absorption. The non-linear optical properties are reported in Table 3.6. There
can be noticed the high 2PA cross-sections for compounds 5b and 5¢ (o2 > 800 GM), which lead to
high two photon brightness values (730 GM for 5b and 640 GM for 5c¢).

Table 3.6. Two-photon absorption properties of bis-imidazo[1,2-a]pyridines in DCM. Data measured by the
group of Dr. M. Blanchard-Desce. ™

2ﬂ,opAmax/n m ﬂTpAmaX/n m O'zmaX/G M O'zmax ¢f| /GM

4a 848 <700 >500 >180
4b 880 730 640 560
4c 228 750 550 450
5b 33; 770 880 730
5C 322 800 800 640

3.3. Conclusions

The first comprehensive study of optical properties of substituted imidazo[1,2-a]pyridines
monomers has been performed at room temperature in solutions of different polarity (TOL and
DCM) and at 77 K in rigid TOL glass. It proved that it is possible to tune their linear optical
properties by changing the substituents at position 2 and/or 3. Their photophysical results were
rationalized in terms of substitution pattern. We also reported the luminescence properties of bis-
imidazo[1,2-a]pyridines by comparing them to the ones of the corresponding monomers.

Most of the investigated monomer imidazo[1,2-a]pyridines have shown good luminescence
guantum vyields, ranging between 0.2 and 0.7, both in toluene and dichloromethane. The highest
quantum vyields were obtained for the samples substituted by electron donor group at C2 or with
increased conjugation at same position. The bis-imidazo[1,2-a]pyridines (linked at pyridine ring -
position 5) treated in the first part, had modest luminescence yields (ca. 0.3 in TOL) and high
solvent polarity dependence for one sample. More interesting, the bis-imidazo[1,2-a]pyridines
(linked at imidazole ring - position 3) characterized in the second part, displayed very high
luminescence, close to unity in some cases. Moreover, the influence of the solvent polarity on the

fluorescence properties was modest (<10%) in this case.

58



Phosphorescence spectra are easily recorded for monomers and dimers linked at pyridine
ring in TOL matrix at 77 K. In the case of bis-imidazo[1,2-a]pyridines linked at C3,
phosphorescence could be observed by adding a heavy-atom solvent. The fluorescence lifetimes are
of the order of several nanoseconds, both at room temperature and 77K, whereas phosphorescence
lifetimes for monomers are of the order of seconds.

The most important finding is that linking two imidazo[1,2-a]pyridine moieties at position 3
offers significant advantages over similar D-A-D architectures linked at position 5. In particular, as
both fluorescence quantum yield is 2.5 times higher and o, is ~10 times larger, these quadrupolar
compounds show significant two-photon brightness (500-750 GM). Among them, the dye which
combines hydrophilic core (pyrazine) and substituents (4-(oligoethyleneglycol)phenyl) holds
promise as a new two-photon probe for bioimaging.
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4. Organic nanodots for bioimaging

As a final approach in identifying new two photon absorbers for bioimaging purposes, we
have investigated four organic dendrimers of various sizes. Unlike the systems presented in the
previous chapters, these compounds have the advantage of possessing significant 2PA cross
sections. In combination with a reduced toxicity (given mainly by the absence of metals in the
structure), solubility in solvents of high polarity (i.e. dimethylsulphoxide) and a high luminescence
quantum yield, the investigated organic nanodots could have important values of two photon
brightness (¢ o).

Our aim in this work was to elucidate the excited state properties of these dendrimers, and to
do this, steady state and time resolved methods were employed. Synthesis and 2PA measurements

were performed by the group of Dr. Mireille Blanchard-Desce.

4.1. Introduction

Organic dendrimers (nanodots or ONDs) were developed as alternative to semiconductor
quantum dots (QDs) for bioimaging purposes. Though the QDs have gained popularity due to their
extremely large two photon (2PA) cross-sections (two photon brilliance ¢ o > 47 000 GM) and
intense luminescence properties, they suffer of some drawbacks (i.e. biological toxicity).™
Therefore, an alternative route implying organic nanodots (ONDs) was developed. This approach is
based on the confinement of a large number of optimized chromophores to build nano-objects of
defined and controlled structure. The novel ‘soft’ ONDs proved to have competitive 2PA
properties,”” and this could be attained by grafting a large number of fluorophores displaying
significant 2PA properties on the surface of a dendrimeric platform. Whereas the luminescence of
ONDs can be tuned by acting on the nature of the fluorophore, the minimization of the toxicity can
be obtained by rigorous choice of the dendritic scaffold. It was shown that phosphorous dendrimers
possess low toxicity and biodegradability, as required in biomedical applications.®! In order to
increase their solubility in aqueous media, nanodots with shielding dendrimeric layers and
peripheral charged groups were synthesized.”! Apart from solubility, also the problem of the low
luminescence in biological medium (water) should be overcome,!® since the maintenance of a high
emission is of importance in imaging applications.

It is also known that the luminescence properties of these dendrimers can be significantly

affected by the formation of dimers or aggregates between adjacent chromophores.® Processes like
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energy or electron transfer, excimer formation or exciton annihilation® can also lead to changes in
the optical response.

Within this context, we aimed at the development of novel water soluble phosphorous based
ONDs with optimized cross-sections (o) values in the biological window (700 — 1100 nm), while
maintaining high luminescence yields (¢n). Fluorene chromophore was chosen to decorate the core,
since it was successfully involved up to date in the construction of ONDs with large multiphoton
absorption.[” The optical characterization of the new compounds was performed by steady state and

time resolved spectroscopy.

4.2. Results and discussion

We have investigated four dendrimers synthesized via divergent method (from the core to
the outer part) and characterized by the presence of cationic groups on their periphery. The number
of charged groups varies between 24 (3, 6) and 48 (4, 5). The compounds are structured on a central
phosphazene ring on which were grafted 12 (3, 4, 6) or 24 (5) fluorene chromophores. Their
photophysical properties were compared to the ones of the fluorene models 1 and 2. The structures
of the investigated compounds are shown in Chart 4.1. Chart 4.2 contains a schematic
representation of ONDs, in order to simplify the visualization of the dendrimers for the reader. The
compounds were investigated in a series of solvents of different polarity: THF (£ =7.58), DCM (&=
8.93), DMF (&= 36.7) and DMSO (&= 46.4), according to their solubility.

One photon absorption. The absorption spectra of the dendrimers in all solvents show a
reasonably good superposition with the sum of the spectra of the 12 or 24 chromophores which
compose them, in the region of absorption of the fluorene unit, i.e. 350-450 nm. A considerably
higher absorption coefficient is observed around 300 nm, due to the absorption contribution of the
phosphazene center and of the aromatic groups situated on the dendrimers’ branches. AS
representative for the series, the absorption spectrum of 5 in DMSO is compared with the sum of 24
spectra of the fluorene model 1 in Figure 4.1.
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Chart 4.1. Structures of the investigated compounds. Fluorene chromophore is highlighted in the
corresponding color of the emission.
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Chart 4.2. Schematic structures of the investigated ONDs. Fluorene chromophore is highlighted in the
corresponding color of the emission.

A comparison of the absorption spectra of all the compounds in the same solvent, i.e. DCM,
is shown in Figure 4.2 left. It is evident that the maximum of absorption of the dendrimers 3, 4 and
5 is unshifted with respect to models 1 and 2, whereas 6 is red-shifted by ca. 27 nm. The same trend
occurs in all the examined solvents. This can be explained by considering that the fluorene unit in 6
is differently substituted. In 6, in fact, the chromophore is connected via ethenyl, whereas in the
other dots the connection is made by ethynyl linkers. The type of connection has been proven to
affect the photophysical properties of the dendrimers: the more extended conjugation introduced by

the double bonds causes a red shift of the absorption transition of the fluorene chromophore.®!
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Figure 4.1. Absorption spectrum of 5 compared with the absorption spectrum of the model 1 multiplied by
24 in DMSO solutions.
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Figure 4.2. Arbitrary scaled absorption spectra (left) and emission spectra (right) of samples 1-6 in DCM
solutions.

All the examined compounds show a moderate solvatochromism, with the absorption band slightly
shifting to lower energy while increasing the polarity of the solvent.

The normalized luminescence of the samples 1-6 in DCM is presented in Figure 4.2 right.
This shows the normalized emission spectra of models 1 and 2 and the different dendrimers in
DCM solvent. One can notice that 6 displays a bathochromic shift of 10 — 40 nm with respect to the
other compounds (Table 4.1 and Figure 4.2 right), in agreement with the absorption behavior and
ascribable to the increased conjugation introduced by the ethylene linkers in the structure. A similar
trend can be observed by comparing the emission maxima of the compounds in each examined
solvent (Table 4.1).

//a.u.

400 500 600 700
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Figure 4.3. Arbitrary scaled emission spectra of 3 in all solvents at room temperature.
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At variance with the absorption, the emission of the examined dots and of the models is
strongly influenced by the polarity of the solvent, as noticed for representative dendrimer 3 (Figure
4.3). While the maxima are almost invariant when passing from THF to DCM, they show
bathochromic shifts ranging from 30 to 50 nm when moving to DMF and DMSO, solvents with
high dielectric constants (Table 4.1). A pronounced fluorescence solvatochromism has been noticed
for 1 and similar fuorene based quadrupolar moleculest** ¥ and has been ascribed to the polar nature
of the relaxed excited state where a symmetry breaking occurs. The data show that this seems to be
effective also in the present newly designed dots with peripheral charges.

As mentioned above, an interesting outcome is the dependence of the fluorescence quantum
yield of the compounds on the polarity of the solvent. It can be noticed that while models 1 and 2
show a high yield that ranges from ca. 0.6 to 0.8 in all solvents, similarly to what previously
reported for related compounds,*” 8 ®! the dots show different behaviors (Table 4.1). Dendrimer 6
appears to be slightly affected by the polarity of the solvent, ¢y about 0.5 -0.6 in all solvents, i.e.
slightly lower than that of the model. For all other dendrimers 3, 4 and 5, an important drop in the
quantum vyields occur in all the examined solvents, with trends not directly correlated to the polarity
of the medium. Their luminescence is quenched to about 12 % that of the models in THF and DCM
(¢ =0.07 — 0.11), and to 20-26% in DMF and DMSO (¢ = 0.13 — 0.16) (Table 4.1). These values
are lower, to some extent, with respect to other dendrimers based on similar fluorene chromophores

[2. 4b, ¢, 9b, 101 |+ can be noticed that neither the number of

lacking charged groups on the periphery.
branches nor the number of charges influences the luminescence features of these dendrimers.

Time resolved experiments led to the measured lifetimes collected in Table 4.1. Models 1
and 2 have a short lifetime (< I ns) in the less polar solvents and longer than one ns in more polar
media, in agreement with previously reported data.’! The interesting outcome is that while 6 shows
a perfect monoexponential decay (z = 1.1 — 1.4 ns) in all the solvents except DMSO, the other
dendrimers 3, 4 and 5 show always bi-exponential decays. One of the measured lifetimes is very
similar to that of models i.e. 0.9 -1.4 ns, whereas the other is much shorter, of the order of hundreds
of picoseconds (Table 4.1). The percentage distribution of each lifetime is around 50:50 within
experimental uncertainties for 3 and 4, whereas is around 65:35 (short lifetime: long lifetime)
within experimental uncertainties, for 5. These results lead to speculate on the presence of at least
two populations of fluorophores, one with an excited state unaffected and the other quenched by
some still unidentified process.

If one assumes, within the same solvent, a constancy of the radiative rate constant k; in the
dendrimers 3, 4 and 5 compared to the model 1 (k;= ¢1/ 71), the expected fluorescence yield (ac)

in case of the cromophore quenching can be calculated from the kinetic data (z and ) and the
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fraction of the two observed lifetimes (f; and f,) reported in Table 4.1, as: ¢ = ki (1 71 + 2 ).
For 3, 4 and 5 the calculated luminescence yield in each solvent is well higher than the experimental
one, i.e. in DCM is 0.35, 0.39 and 0.29 respectively against an experimental value which is ca. ¥ of
the calculated one for all dots. This means that part of the luminescence is lost in the time resolved
determinations and suggests that a static quenching, i.e. faster than the time resolution of the
experiments, occur between closely spaced fluorene units. Moreover, this occurs for a large
majority of the chromophores, from 50% to 75%. So, in addition to the quenching process measured
on the picosecond time scale and reported on Table 4.1 there must be at least another quenching

process which escapes our detection, with a lifetime of the order of few picoseconds or lower.

Transient absorbance. Flash photolysis experiments have been performed for selected
compounds in order to get more information on the excited state dynamics of the fluorophores in
the dots. Figure 4.4 shows the end of pulse spectra of 5 and model 1 in air-free DMSO. The spectra
obtained for both solutions are similar, displaying bleaching features at 390 nm and positive
features around 500 nm and 750 nm, typical of the fluorene triplet excited state.™™ The lifetime in 1
is 250 us. It can be noticed that the AA values of the spectra registered for 5 are well lower than
those of the fluorene model and the triplet lifetime is greatly reduced, to 450 ns. The low A4A in 5
can be interpreted by considering that the parent singlet excited state is also decreased to ca. 20%
than the model 1 (Table 4.1). On the other hand the reduction of the triplet lifetime can be ascribed
to the trapping of molecular oxygen inside the dendrimer branches or to self-quenching by fluorene
ground states in the high concentration of the dot microenvironment. The reaction rate with oxygen
of 1 is of the order of 10° M s in DMSO solutions, typical of triplet quenching reaction by
oxygen.[*?) No effect on the triplet lifetime of 5 (450 ns) was noticed upon equilibrating the solution

with air.
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Table 4.1. Fluorescence data at room temperature of dots and models in air-equilibrated THF, DCM, DMF
and DMSO at 295K; n.s. —not soluble. The concentrations used are of the order of 107 M.

Aem >/ nm M Pralc r/ns
THF 1 450 @ 0.80 % 1.02
£=7.8 2 448 0.73 0.96
3 448 0.11 0.45 0.16 (47%);
0.95 (53%)
4 n.s n.s n.s
5 n.s n.s n.s
6 493 0.64 - 1.12
DCM 1 443 0.74 0.98
£=8.93 2 447 0.62 0.87
3 454 0.09 0.35 0.14 (57%);
0.91 (43%)
4 459 0.11 0.39 0.15 (58%);
1.04 (42%)
5 464 0.07 0.29 0.12 (70%);
1.00 (30%)
6 491 0.54 - 1.12
DMF 1 486 0.57 1.51
£=36.71 2 492 0.59 1.43
3 490 0.15 0.34 0.38 (44%);
1.33 (56%)
4 492 0.15 0.34 0.40 (50%);
1.39 (50%)
5 488 0.16 0.23 0.26 (60%);
1.11 (40%)
6 509 0.61 - 1.42
DMSO 1 501 @ 0.78 @ 1.46
£ =46.45 2 501 0.63 1.45
3 503 0.14 0.49 0.24 (42%);
1.41 (58%)
4 n.s. n.s. n.s
5 490 0.13 0.43 0.31 (60%);
1.53(40%)
6 520 0.47 - 0.36 (32%);
1.94 (68%)

& Data from reference [4c].
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Figure 4.4. End of pulse spectra after excitation of the samples with an 18 ns laser pulse (3 mJ at 355 nm)
for optically matched solutions with A = 0.8 in DMSO.

Discussion. On the basis of the collected data we will here try to identify the possible
reasons for the important quenching of fluorescence detected in some of the dots, in particular in
media which provide a highly polar microenvironment, since this is a serious drawback for the use
of these luminophors for imaging in physiological conditions.

Energy transfer from excited fluorene to any other component of the dot is excluded on the
basis of thermodynamic grounds. The energy of fluorene excited state (model 1) is around 2.8 eV,
whereas all other components, in particular the central phosphazene core, has a much higher energy,
of the order of 3.5 eV."*® We also examine the possibility that the luminescence drop observed in
more polar solvents is ascribable to a photoinduced electron transfer process from the fluorene
singlet excited state to other units present in the dot. This process can occur if the energy stored in
the fluorene chromophore excited state, 2.8 eV, is sufficient to promote the oxidation of fluorene
and the reduction of the possible electron acceptor. The charged surface of the dot and the
stabilization effect of the medium/high polarity solvents could provide a polar microenvironment
favorable to the charge separated state formation. Nevertheless, the oxidation potential of fluorene
is of the order of 1.58 V vs. SCE,™! and the reduction potential of phosphazene compounds similar
to the central unit are of the order of -3 VV vs. SCE.[*™ The energy necessary to allow the electron
transfer would be too high, and the process cannot occur.

Having excluded electron and energy transfer, one of the most likely processes for the
quenching of the chromophores might be the formation of stacked non-fluorescent fluorene
structures. These might be formed either by fluorene units belonging to different dots

(intermolecular aggregation) after interpenetration of the branches, or by chromophores belonging
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to the same dot (intramolecular aggregation). An intramolecular aggregation of the fluorene units in
the flexible chains constituting the dots 3, 4, 5, would be quite expected. Nonetheless, the similar
results obtained in the lifetime and exponential distribution in samples 3 and 5 characterized by the
presence of respectively 12 and 24 fluorene chromophores, do not seem to support intramolecular
aggregation. Such increase in the number of chromophores, vyielding a more crowded
microenvironment, would in fact be expected to favor the stacking process and alter to a large
extent the quenching. As a matter of fact we have a slightly higher contribution by the fast process
in 5, 65% with respect to 50% in 3, but this is not so pronounced to positively identify
intramolecular aggregation as the source of the detected quenching. It might however be a con-
cause.

On the other hand, it has formerly been shown that similar water soluble rod-like dendrimers
are susceptible to aggregation.l*! Accordingly, a possible explanation for the results could be an
intermolecular aggregation phenomenon. To investigate this possibility, we designed an experiment
where solutions of the dendrimers were prepared by varying their concentration of two orders of
magnitude and the fluorescence lifetimes were measured (Table 4.2). If this hypothesis is true, an
increase in aggregation phenomenon with the concentration would be expected and hence a change
in the ratio of the two lifetimes in favor of the fast one. It is clear that no significant differences in
the lifetime values or percentage distributions are observed. However, if we imagine that the
aggregation of these dots proceeds via micelle formation, i.e. only above a certain threshold
aggregation occurs and the aggregates are characterized by an identical size, i.e by the same number
of components. Under these conditions, where an increase in concentration changes the number of
aggregates but not their size, one might expect that the ratio between the interdigitized
chromophores and the one exposed to the solvents remain constant with the overall concentration of
dendrimers. This hypothesis needs a confirmation but it seems to be at the moment the most likely
one.

It should be noted that the completely different behavior of 6, where an emission quantum
yield similar to that of the monomer and a mono-exponential lifetime is observed in all solvents
(except the highly polar DMSO), supports the aggregation hypothesis as responsible of the
guenching since the rigidity of the ethylene linkers prevents the conformational flexibility necessary
for the staking. Unfortunately this confirmation cannot give us any indication about the intra- or the

inter-molecular aggregation hypothesis.
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Table 4.2. Lifetimes at 295 K measured by TCSPC in air-equilibrated solutions of different concentrations

(C) of 3, 4 and 5, upon excitation at 373 nm.

C/IM z/ns C/M r/ns
THF o 0.13 (48%); o 0.14 (50%);
£=7.58 29x10% o5 (5205 ~ 02%10 0.94 (50%)
o 018 (57%); o 021 (58%);
38x10 10 (3% 2210 1.0 (42%)
DCM o 0.15 (50%); s 0.15 (52%);
£=8.93 1.1x10 10(50%)  >2*10 1.0 (48%)
S 016 (73%); o 017 (72%);
6.1x107  gag(a70sy 3010 1.1 (28%)
o 0.39 (56%); o 031 (51%);
28x10% 7y 3 (aa0py 4210 1.2 (49%)
DMF o 0.36 (49%); o 042 (56%);
£=36.71 14x10" 7 3 m10s) A2 * 10 1.4 (44%)
. 029 (68%); o 0.31(66%);
8.5x10 12@32%)  >0x10 1.2 (34%)
o 0.36 (48%); o 0.47 (49%):
OMSO 153107 6500 ~ 02% 10 15 (51%)
£=46.45 . 0.36(68%); o 0.28(66%);
7.3x10 15@20%)  >0*10 1.3 (34%)

Two photon absorption. The two photon absorption properties of the compounds are
currently under investigation in the group of Dr. M. Blanchard-Desce.

4.3. Conclusions

Four different dendrimers characterized by the presence of charges on the periphery were
characterized by means of steady state and time resolved spectroscopy. All but one (where the
chromophore is connected via ethenyl instead of ethynyl linkers) showed a high loss of the
luminescence, independent of the polarity of the solvent. It seems that the type of
chromophore/connection involved in the molecular structure affects the optical properties. The
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quenched emission in polar solvents was characterized by biexponential lifetimes, indicative of two

different populations. Energy/ electron transfer processes were excluded as potential cause for the

luminescence loss, due to unfavorable thermodynamic conditions. The results were discussed on the

basis of the occurrence of aggregation processes that are responsible of the quenching of the

chromophores.
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5. Systems for other applications

So far in this thesis, different two photon absorbers were characterized for applications in
fluorescence microscopy. As part of TOPBIO project aiming at development of new 2PA systems
for biomedical use, the current chapter is presenting novel compounds with other potential
applications. Here, two photon polymerization and two photon uncaging of biologically active
molecules were considered.

Since both domains are relatively new by means of 2PA methods, we believe that our
contribution together with others’ in the mentioned fields can be of significant value. The synthesis
of the samples used as photoinitiators was made by the group of Dr. Daniel T. Gryko, whereas of
the systems for uncaging by the group of Dr. Harry Anderson (in both cases via multi-step
synthesis). The 2PA properties of the photoinitiators were determined by Dr. Maria Farsari’s group.
The biocompatibility tests were conducted by the group of Dr. Maria Chatzinikolaidou.

5.1. Two photon initiators for photopolymerization

5.1.1. Introduction

Besides the biomedical applications mentioned in Chapter 1, two photon polymerization
(2PP) technique finds applications in photonic crystals,!! optical storage,’® biomolecule scaffolds™
etc. The method has attracted considerable attention due to the fabrication of 3D structures with
micro- and nanoscale dimensions. Among others, a 9 nm resolution has been reported recently.

The photoinitiator, capable of creating the reactive species, requires large two photon
absorption cross-sections (o) and high efficiency. These can guarantee an elevated writing speed
and low polymerization threshold. A lot of work has been done in the field by using already
available UV photoinitiators,™ but they proved to have low o values leading to long exposure
times of the material and implicitly, damage.

Between the compounds tested as photoinitiators for 2PP (see Chapter 1), ketocoumarins
presents great interest due to the enhancement of o, values by the proper molecular design.
Moreover, in order to be efficient as polymerization photoinitiator, the sample needs to display high
intersystem crossing to the triplet state which is usually the “active” state and, consequently a low

emission is indicative of high population of the triplet state.!® In fact, ketocoumarins are known for
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possessing low luminescencel”? and high intersystem crossing yields,[® making them efficient
triplet sensitizers. Though many studies reported the ketocoumarins as photosensitizers in one
photon polymerization™® only few derivatives have been used for 2PA photopolymerization ! ™ !
Still, there is no clear information about the 2 PA polymerization and burning thresholds.

Here, the optical properties of several bis-ketocoumarins are investigated as function of the
central core and terminal parts. In fact, the solubility issue has been solved by the introduction of
branched-alkyl chains at the end of the amino moieties. It is also known that the type of central ring
can affect the photophysical properties of the system.'® Since cycloketones are commercially
available at relatively low costs, testing the effects of ring size on photophysical properties could be
a useful method to overcome the synthetic economic issues. In the end, the 2PA properties of the
compounds were measured and their capability as photoinitiators was tested by fabricating 3D
microstructures. The migration and proliferation of cells seeded on these microstructures were

evaluated.

5.1.2. Results and discussion

Experiments on the compounds showed in Chart 5.1 were conducted in two solvents of
different polarity, toluene (TOL) with &= 2.38 and dichloromethane (DCM), ¢ = 8.93.

Chart 5.1. Structures of the investigated bis-ketocoumarins and their monomer model M.
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One photon absorption. Representative for the series, the absorption spectra in the two
solvents of the samples 1 and 3 are displayed in Figure 5.1 and the most important data are
collected in Table 5.1.
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Figure 5.1. Absorption spectra of 1 and 3 in TOL and DCM solutions.

The absorption spectra of 1 and 2 are almost identical with an absorption maximizing at 450
nm and with a molar absorption coefficient (&) value close to 100 000 M™* cm™ (Figure 5.1). The
data are not dissimilar from the ones of the monomer M though in the latter the maximum is 10 nm
hypsochromically shifted and the molar absorption coefficient is almost half (Table 5.1). The
compounds 3 and 4 show bathochromically shifted broader spectra in comparison to M, indicative
of an extended conjugation (¢= 60 000 — 80 000 M™ cm™). The absorption spectra of all samples
shift bathochromically in DCM, from 10 nm to 25 nm. The bathochromic shift is indicative of a
transition which occurs at lower energy in the polar solvent and it might be due either to a
destabilization of the ground state or to a stabilization of the excited state in the vertical transition.

The fluorescence spectra from solutions with matched optical density in TOL and DCM are
reported in Figure 5.2 and the luminescence data are collected in Table 5.1. The monomer M
displays a strong fluorescence quantum yield, 0.576 in TOL and 0.656 in DCM. The spectral
features and the fluorescence quantum yields (¢n) of 1 and 2 are almost identical, only slightly
bathochromically shifted with respect to those of the monomer M, but with a much lower
fluorescence quantum yield compared to that of M. They display a low ¢, of the order of a few
percent in both TOL and DCM. Sample 4 has a ¢ slightly higher than that of the former samples,
of the order of 5-10% of that of M, whereas the compound 3 has a noticeable luminescence, of the
order of 50% of that of the reference monomer M. The trend of 4 within the series is similar in
both solvents, with a higher luminescence quantum yield in DCM compared to TOL for 3, 4 and M,

whereas 1 and 2 have a lower ¢, in DCM. One can notice that the Stokes shift (4s) are in general
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higher in DCM than in TOL but from a qualitative viewpoint, A for the various samples in TOL
parallel the one in DCM, with a larger Stoked shifted emission for sample 3 and even more for 4.
For the latter, a value of ca. 2200 and 3400 cm™ is detected in TOL and DCM respectively. These
values testify the large change in polarity from the ground to the relaxed excited state. An increased
charge transfer character in the excited state is compatible with the observations. Accordingly, as
observed for the absorption features the vibronic structure present in the emission spectra of 3 and 4
in TOL solutions, is lost in DCM. The reported data are in agreement with other reports on similar

samples.[* "
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Figure 5.2. Room temperature corrected luminescence spectra in TOL (left) and DCM (right), A e is 440
nm and Az nm = 0.10 for all samples.

The data on lifetimes are missing in the literature also for the already published
ketocoumarines. This might be due to the subnanosecond lifetime of the bis-ketocoumarine
derivatives, which require nonstandard time resolved luminescence techniques. In addition to a
Time Correlated Single Photon Counting (TCSPC) apparatus, we have used Streak camera device
with 10 ps resolution. This allowed to measure the luminescence lifetime of all samples, as reported
in Table 5.1. Streak camera images and the derived lifetime decays of 4 are shown in Figure 5.3. At
variance with the cases of samples 3, 4 and M which have a strict exponential decay lifetime, 1 and
2 display a bi-exponential decay in both solvents, with a major component with tens of picosecond
lifetime and a 15%-20% component with about two hundred picosecond lifetime. The presence of a
double exponential, ascribable to two different types of populations in the excited state, has been

formerly reported for a similar compound and ascribed to the presence of different conformers.!”®
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Table 5.1. Spectroscopic and photophysical parameters of the samples at room temperature.

&/M*em?

™M) Aem™NM Aglem™ . /ns K rag/sec™
TOL
1 89700 (451) 477 1210 0.010 8182 Eggzﬁg 2.0x10°
2 91000 (450) 475 1170 0.010 8:(1)2 ggf;z; 2.0x10°
3 2 (éga)); 540;578 (sh) 1320 0.251 0.900 2.8x10°
4 72100 (460)  514;558 (sh) 2280 0.025 0.07 3.6x10°
M 52700 (440) 462 1080 0.576 1.95 2.9x10°
DCM
1 91400 (464) 506 1790 0003 097 ggzﬁg 3.0x10°
2 93700 (464) 504 1710 0003 0% gggﬁg 15x10°
3 64100 (523) 605 2590 0.313 12 2.6x10°
4 75800 (485) 582 3440 0.078 0.27 2.9x10°
M 56200 (450) 483 1520 0.656 2.47 2.6x10°

Whereas the monomer lifetime is in the nanosecond range, the biscoumarin samples display
lifetimes of the order of tens/hundreds of picoseconds. The lifetimes in DCM solutions are higher
than those in TOL for sample 3, 4 and M, whereas they are slightly lower for samples 1 and 2. This
parallels the trend of luminescence quantum vyield, in fact the calculated radiative rate constants Kiaq
=dnl T are, for all samples, almost unaffected by solvent polarity, within experimental error.l*Y) This,
in broad terms, indicates that the triplet yield (¢s) which occurs from the lowest singlet excited
state in competition with the radiative deactivation, should also be unaffected by the solvent. From
the polymerization viewpoint, the formation of a high triplet yield is crucial. The maximum
achievable triplet yield is the difference between unity and the emission quantum yield. From this
simplified approach, the lower limiting triplet yield can be derived for sample 6a, which has the
highest emission quantum vyield, ¢; = 0.25 and 0.31 in TOL and DCM respectively. 2PA
photopolymerization is a very complex process, therefore the number of parameters affecting the
process is quite large. However, as formerly pointed out,*® the luminescence properties and hence

the triplet yield formation can give a broad indication.
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Figure 5.3. Streak camera images (upper line) of compound 4 in TOL and DCM. The time decays registered
on the emission maxima with the exponential fitting are shown (bottom line).

As a final step in the characterization of the lowest excited states of the samples, we
determined the luminescence properties at 77 K in a rigid TOL glass. The results of the
luminescence experiments at 77 K are summarized in Table 5.2. This determination gives a precise
Eoo for the singlet excited level, for which we conventionally assume the energy of the emission
maxima at 77 K, and it can provide the triplet energy level from the phosphorescence spectra.

In samples 1 and 2 a high triplet quantum vyield is expected, based on the literature data
(dhse= 0.92) for very similar samples. The phosphorescence of samples 1 - 4 can be detected in
TOL glasses, whereas for monomer M, the use of a heavy atom solvent as ethyl iodide (Etl) is
required (Figure 5.4). The presence of the Etl increases the spin orbit coupling and consequently the
triplet yield and allows detection of the phosphorescence of M, characterized by a high
luminescence quantum vyield and hence by a low ¢s. Figure 5.4 illustrates some representative
examples of the fluorescence and phosphorescence spectra detected at 77 K. The phosphorescence
lifetime is about 25 ms for all samples.

The singlet-triplet splitting is of the order of 0.36 - 0.40 in samples 1 - 4 and increases to
0.54 in monomer M. A larger splitting is commonly associated to a more difficult intersystem

crossing, and apparently this is the case here.
79



1TOL 1TOL

1 ] 4
5 — prompt 5 — prompt
2 —— delayed < 1 —delayed

450 500 550 600 650 700 750 450 500 550 600 650 700 750 800
Alnm 2/nm
TOL/ Etl
M
1 prompt
5 delayed
[1+]

4565 Bobi BRI R00T es0t oo
Alnm

Figure 5.4. Arbitrarily scaled prompt and delayed luminescence measured in glassy solutions at 77 K for 1
and 4 in TOL and for M in TOL/EtI. Excitation was at 430 nm.

Table 5.2. Band maxima and energies of fluorescence and phosphorescence in TOL solid matrix at 77 K.
For model M, the solvent is TOL: Etl (1:1).

77K

State Aem > nm E/eV

1 11 482 2.57
31 560; 609 2.21

2 2 482 2.57
) 559:; 607 2.21

3 13 494; 545 2.51
3 587; 625 2.11

4 4 493; 529 2,51
3 587; 629 2.11

M M 462; 494 2.68
M 578: 631 2.14
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Two photon absorption. 2PA properties of the compounds were investigated by using the
Z-scan technique in the group of Dr. Maria Farsari. The 2PA cross-sections values are collected in
Table 5.3 and a photograph illustrating some microstructures fabricated with the investigated

compounds as photoinitiators is shown in Figure 5.5. More details can be found in reference [12].

b i\

15kV  X1,500 10pm 15kV _ X1,500 10pm

Figure 5.5. Microstructures fabricated in Dr. Maria Farsari’s lab by using the investigated compounds as
photoinitiators.

Table 5.3. 2PA cross-section values of the compounds measured by Z-scan technique in DCM at 800 nm.
Data measured in the group of Dr. Maria Farsari.

CM O'z/ GM
1 0.01 153
2 0.01 90
3 0.01 55
4 0.01 401

Cells adhesion and proliferation on various materials surfaces and on the polystyrene
control surface were tested in the group of Maria Chatzinikolaidou. The cells were monitored
between 1 and 7 days, as shown in Figure 5.6. A clear proliferation increase with a dense layer of

well-spread flattened cells completely covering all material surfaces was observed.
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Polystyrene

Figure 5.6. Optical microscopy images of pre-osteoblastic cells seeded on polystyrene and custom-made
photoinitiators 1- 4: after 1 day (upper line) and 7 days (bottom line). Scale bar represents 50 um.

5.1.3. Conclusions

A series of four biscoumarins photoinitiators, together with their monomeric model, were
photophysically studied by means of steady state and time resolved techniques. The experimental
data showed that the central ring affects significantly their photophysical properties. Whereas
simple biscoumarins showed strong solvent dependency, registering a decrease of luminescence and
lifetime in more polar DCM, the ones possessing a central ring behaved contrarily, with an increase
in the parameters. Intense phosphorescence spectra were detected for some of the compounds,
indicative of an efficient triplet formation.

By using these structures as photoinitiators, 3D microstructures were successfully
fabricated. The experimental results showed that the compound with the highest 2PA cross-section
has the lowest fabrication window, whereas the simple biscoumarins showed the largest one. This is
in agreement with photophysical data, which proved that in the former compounds the triplet is
formed with high quantum yield.
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5.2. Two photon systems for uncaging purposes

5.2.1. Introduction

Two photon uncaging (or photolysis) represents a non-invasive and optimum method for the
release of molecules in biological systems.™ It has the advantage of being a fast process and non-
invasive for the release, up to the cellular level. A variety of biomolecules as enzymes,™*
proteins,™™® nucleotides!*® or neurotransmitters!*”! were released by using photolysis method.

Recently, the two photon uncaging via photoinduced electron transfer process (PeT) gained
a lot of interest. This strategy involves the transfer of one electron from the electron donor (2PA
photosensitizer) to the electron acceptor (uncaging group), followed by the immediate release of the
caged molecule. Although many groups can be used as caging groups in PeT systems, phenacyl
esters, picolinium esters and nitrobenzil derivatives are attracting considerable interest. Falvey et al.
pioneered the work in photolysis processes via photoinduced electron transfer. They developed the
first PeT uncaging system for the trapped phenacyl.l'®! They started by using N,N- dimethylaniline
as photosensitiser™!, and continued with the use of a covalently linked system.”” Both N,N-
dimethylaniline and anthracene were linked to phenacyl uncaging group with ester bonds. Only
N,N- dimethylaniline showed the release of acetic acid upon irradiation, whereas anthracene showed
no evidence of uncaging. It was assumed that the anthracene triplet state prevented the formation of
the charge separated state, and consequently the molecule could not be released. Phenacyl groups
exhibiting very high protecting and deprotecting quantum yields (>80%), have been reported.!*®!

The same group established that picolinium salts are capable of uncaging via PeT.”Y] The
uncaging of acetic acid from N-methyl-4-picolinium acetate perchlorate from a variety of donors (as
BODIPY, carbazole and coumarin derivatives) was demonstrated using *H NMR spectroscopy.
Moreover, the electron transfer occurrence was proved by flash photolysis experiments, since
transient absorption bands at 410, 690 and 770 nm were detected. The peak at 410 nm corresponds
to the N-methyl-4-picolinium radical ion, while the other peaks are related to the donor radical
cation.

Up to date there are no examples of uncaging of nitrobenzyl via PeT, but the group was used
to cage phosphates, carboxylic acids, alcohols and amines by Norrish type 11 mechanism.??

Regarding the caged groups, the neurotransmitter y-aminobutyric acid (GABA) is a good
candidate due to its biological function. Furthermore, the research performed to date on the release
of GABA is rather limited. Two-photon uncaging of GABA was demonstrated by using a
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nitroindoline derivative in brain tissue.”®! A recent work of Specht et al. reported that only EANBP-
GABA can release quantitatively GABA in vitro with uncaging cross-section over 1 GM.?

Within this context, three dyads designed for optimized intramolecular PeT and in view of
caging GABA, are reported. The characterization of the electron transfer process was performed by
steady state and time resolved methods. The results obtained on the charge separated state, should
be able to help in the evaluation of the use of these arrays as uncaging systems for neurotransmitter
GABA and help in the design of optimized 2PA uncaging systems.

5.2.2. Results and discussion

One photon absorption. The photophysical measurements of the compounds shown in
Chart 5.2 were performed in non-polar toluene (TOL, ¢ = 2.38) and polar methanol (MeOH, &=
32.66). The absorption spectra of the dyads and models in MeOH are collected Figure 5.7.
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Chart 5.2. Structures of the investigated compounds.
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Figure 5.7. Absorption spectra of the dyads and models in MeOH solutions.

The spectra of the models M5, M6 and M7 are characterized by absorption bands under 320
nm and with extinction coefficients () between 5 000 and 20 000 M™* cm™ in MeOH. The
absorption spectra of the dyads maintain the fluorene features, displaying broad bands between 350
and 450 nm (& about 100 000 M™* cm™) (Figure 5.7). A minor bathochromic shift of the fluorene
bands and a hypsochromic shift of the acceptors can be observed in the dyads, but overall their
absorption spectra are well-reproduced by the addition of the absorption of the constituent models
(Figure 5.7). This indicates a weak electronic coupling of the different moieties of the dyads in the
ground state.

85



1/a.u.
1/ a.u.

Heg-OH
o Heg-ONB

I/ a.u.

400 450 500 550 600 650 700

Al nm

MeOH
Heg-OH
Heg-Phen

TOL

Heg-OH
Heg-Phen

I/a.u
I/a.u

| /100

| /100
A//N‘—\\~,____7

400 500 600 400 450 500 550 600 650 700
Alnm Alnm

Figure 5.8. Luminescence spectra of model Heg-OH divided by the indicated value and of dyads in TOL
and MeOH at room temperature. Excitation was at 350 nm and Asso nm = 0.10.

The models M5, M6 and M7 are non-emissive at room temperature after excitation on the
respective bands, both in TOL and MeOH. On the contrary, selective excitation at 350 nm on the
fluorene chromophore in optically matched model and dyads solutions returned the luminescence

spectra collected in Figure 5.8. The fluorescence of model Heg-OH is structured in TOL and the
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shape and band positions are maintained in the dyads. In MeOH the spectrum of model fluorene is
structureless and bathochromically shifted by almost 50 nm with respect to the spectrum in apolar
toluene. In MeOH, the fluorescence band appears slightly hypsochromically shifted in the dyads
with respect to the model. Taken altogether, these data indicate the presence of charge transfer
interaction in the excited state of the model Heg-OH, stabilized in polar MeOH but slightly
destabilized in the dyads, with respect to the model in the same solvent. The fluorene model Heg-
OH emits strongly, with ¢q = 0.52 in TOL and 0.48 in MeOH (Table 5.4). Its fluorescence is
dramatically quenched in the dyads with respect to the model, more in MeOH than in TOL (Figure
5.8 and Table 5.4). The fluorene luminescence is quenched in TOL to 0.5% of the initial model
fluorescence in Heg-Pyr and Heg-ONB, and to 8% in Heg-Phen. In MeOH the quenching in the first
two dyads reduces the fluorescence to below 0.5% and in Heg-Phen to 0.6% of the original model
fluorescence. Since an energy transfer process in the dyads from the fluorene to the acceptor is
thermodynamically unfeasible (see energy levels on Table 5.4), the quenching in the dyads is an
indication of an electron transfer process.

Time resolved luminescence experiments were performed by Time Correlated Single Photon
Counting (TCSPC) technique with excitation at 373 nm and resolution of 0.3 ns. The lifetime of the
model Heg-OH was measured as 0.75 ns in TOL and 1.30 ns in MeOH. The fluorene based
chromophore in the dyads was too short- lived and a picosecond laser (Aex = 355 nm) with Streak
Camera detection was necessary. The fluorescence lifetimes of fluorene moiety in MeOH in Heg-
Pyr, Heg-ONB and Heg-Phen were 15 ps, 18 ps and 43 ps, respectively. In TOL, slightly higher
lifetimes were measured for Heg-Pyr (24ps) and Heg-ONB (21 ps), whereas for Heg-Phen a longer
bi-exponential decay (66 ps and 352 ps) was detected (Figure 5.9 and Table 5.4), with a 50%
contribution by each lifetime. The presence of two different lifetimes with an almost equivalent
contribution in TOL solutions is indicative of the presence of two different populations of fluorene
excited state with a similar weight, which do not equilibrate during the lifetime of the state. This
might well correspond to two conformers with similar energy in the donor-acceptor structure,
whose formation is favored in TOL solutions. In MeOH there is a single population as testified by

the monoexponential decay (Figure 5.9).

87



Table 5.4. Photophysical parameters of the investigated compounds at room temperature and 77 K.

295 K 77K
Excited state  Aya/NM e 7ns JmasdNM 7/ns® E/eV ¢
TOL
Heg-OH 'Heg-OH  425;447 0.52 0.75° 422; 448; 482 0.76 2.94
*Heg-OH 511; 548 72x 10% 2.43
224 x 10°
Heg-Pyr 'Heg-Pyr  426;449 0.003 0.024°¢ 442; 471° 0.50 ° 2.90°
*Heg-Pyr 574; 620 300 x 10°  2.16
Heg-ONB  'Heg-ONB  425;451  0.002 0.021°¢ 428; 454 0.30 2.90
*Heg-ONB 570; 611 348x 10° 2.17
Heg-Phen  'Heg-Phen  426;448 0.04  0.066;0.352° 426; 450 0.70 2.91
*Heg-Phen 567; 611 360 x 10°  2.18
M7 ‘M7 - - - - - -
M7 409; 438; 471; 504 48x 10°; 3.03
124x 10°
MeOH
Heg-OH 'Heg-OH 478 0.48 1.30° 428; 446 0.92 2.89
*Heg-OH 548, 590 349x 10° 2.26
Heg-Pyr "Heg-Pyr 451 0.001 0.015° 434; 460 0.79 2.86
*Heg-Pyr 572; 613 318x 10° 2.16
Heg-ONB  'Heg-ONB 452 0.001 0.018° 430 0.30 2.88
*Heg-ONB -f -f -f
Heg-Phen  'Heg-Phen 462 0.003 0.043° 426; 449 0.77 2.91
*Heg-Phen 567; 613 274x 10° 2.18
M7 ‘M7 - - - - - -
M7 411; 440; 471 55x 10°; 3.01
235x 10°

® Fluorescence quantum yield. ° Lifetime by TCSPC (resolution 0.3 ns). © Lifetime by Streak Camera
(resolution 10 ps). @ Energy levels of the excited state from luminescence maxima at 77 K. ® Emission from
an aggregate; the monomer singlet excited state is expected to have an energy of ca. 2.90 eV, similar to that
of fluorene in the other dyads. " Not observed.
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Figure 5.9. Streak camera images of Heg-Phen in TOL and MeOH .The time profiles data at 435 nm in
TOL and 450 nm in MeOH are displayed with the fitting and the flash profile.

Luminescence experiments were run at 77 K in rigid glasses and the fluorescence spectra of
the samples registered upon excitation at 370 nm in TOL are reported in Figure 5.10. Luminescence
data at 77 K have only a qualitative meaning, as the conditions of the sample and the geometry of
excitation (glass of irreproducible quality in cylindrical tube within a quartz Dewar filled with
liquid nitrogen) do not allow for a direct comparison of signals from optically matched samples.
However, it is quite evident that in TOL the electron donor fluorescence is still quenched in Heg-
ONB, whereas in Heg-Pyr and Heg-Phen an intense fluorescence from fluorene moiety is detected.
The fluorescence of Heg-Pyr is remarkably broader and bathochromically shifted compared to the
others dyads and we assign it to an aggregate. Similar data were obtained in MeOH glass (data not
shown). A more conclusive confirmation on the quenching of the fluorene chromophore
luminescence at 77 K comes from lifetime determinations. Following excitation at 373 nm by a
TCSPC apparatus, lifetimes of 0.50 ns, 0.30 ns, and 0.70 ns were measured for Heg-Pyr, Heg-
ONB, and Heg-Phen in TOL against a model lifetime of 0.76 (Table 5.4). In MeOH a model
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lifetime lower than at room temperature is measured, 0.92 ns against 1.30 ns. The reason of this
behavior is unclear, but it might be ascribable to an emitting state different from that at room
temperature. However the luminescence lifetime in the dyads in MeOH is 0.79, 0.30, and 0.77 ns
for Heg-Pyr, Heg-ONB, and Heg-Phen respectively. This indicates that only in Heg-ONB the
quenching process due to electron transfer is still effective. In the dyads Heg-Pyr and Heg-Phen,
the reduction in lifetime is modest and it is difficult to state whether the small variation represents a
real quenching or a change of the fluorene moiety lifetime, induced by a change in radiative/non-
radiative decays of the excited state in the dyads. A decreased or even suppressed quenching by
electron transfer in glassy solutions is well known and is often used as an evidence of the
identification of the quenching process, i.e. electron- against energy-transfer. In fact, the
rigidification of the solvent prevents its re-polarization around a polar state formed upon electron
transfer and destabilizes (i.e. raise the energy) the charge separated states. This in general, except
for highly exergonic reactions at room temperature, is sufficient to decrease the driving force for
charge separation to an extent that it is not anymore feasible.

Luminescence experiments at 77 K are also useful to establish the existence of emitting
triplets. In order to do so, luminescence was detected with a phosphorimeter, which allowed
detecting delayed luminescence spectra. This technique not only allowed to detect a weak
phosphorescence from Heg-OH with bands around 510 and 550 nm, but also to observe a rather
strong phosphorescence with bands at about 570 and 615 nm in all dyads in TOL (Figure 5.10).
Almost identical results, not shown here, were obtained for MeOH solutions of Heg-Pyr and Heg-
Phen, but not in Heg-ONB, where no triplet phosphorescence was detected. We identify the
emitting species as a fluorene based triplet, bathochromically shifted in the dyads with respect to the
one seen in Heg-OH for the different substituents present and the slight charge-transfer character of
the excited state in the arrays. The fluorene based triplet, *Heg-Pyr, *Heg-ONB and *Heg-Phen can
be formed in the dyads at 77 K as a decay product of the unquenched corresponding singlet excited
state. We can infer from the moderate fluorescence lifetime reduction to be a relatively large
amount, except for the case of Heg-ONB in MeOH. However, formation of triplet as a consequence
of the charge separated state (CS) recombination cannot be excluded. Upon excitation at 300 nm in
TOL and 270 nm in MeOH of the acceptors, an intense structured phosphorescence was detected
for acceptor M7, with bands around 410, 440 and 468 nm in both solvents, Figure 5.10. The
phosphorescence lifetimes for all compounds are in general around 250 — 350 ms (Table 5.4). In
some cases they display a non-exponential decay, suggesting the involvement of aggregates in the

glass.
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Figure 5.10. Prompt and delayed (1 ms delay, 4 ms gate) luminescence spectra of models Heg-OH and
M7 and dyads in TOL glass at 77 K. Excitation was at 370 nm.

In order to detect the absorbing transients, as products of the electron transfer process,
transient absorption experiments with picosecond resolution (Aex = 355 nm) were performed.
Fluorene model Heg-OH and the dyads were examined in TOL and MeOH. Solutions of the model
Heg-OH in TOL displays a structured band (with maxima at 680 nm and 740 nm and 7= 0.7 ns)
whereas the same sample in MeOH has a single broad maximum at 675 nm (z = 1.2 ns) (Figure
5.11). Based on the reasonably good agreement with the corresponding fluorescence lifetime, 0.75
and 1.30 ns the species can be positively ascribed to the singlet excited state of the fluorene

chromophore.

| ToL 05| MeOH

1.5
1 / 24 8 680nm
A4 =700 ps
i 0.5
S v T Tipe s '0'5'.'| . .”9.4000. .
500 600 700 800 900 1000 500 600 700 800 900 1000
Alnm Alnm

Figure 5.11. Left-TOL: Transient absorption spectra of Heg-OH detected after end of pulse (red), 450 ps
(green) and 1400 ps (cyan). Right-MeOH: Transient absorption spectra of Heg-OH detected after end of
pulse (black), 500 ps (magenta) and 1800 ps (olive). In the inset, the time profiles at the selected wavelengths
with the corresponding fitting.
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Figure 5.12. Transient absorption spectra of arrays detected after 35 ps pulse (355 nm, 3 mJ pulse) at various
delay times. TOL: end of pulse (black), 275 ps (magenta) and 1 ns (green) with the fitted time profiles at 540
nm in the insets. MeOH: end of pulse (black), 100 ps (magenta) and 140 ps (green).

The fluorene singlet excited state ‘Heg-OH, was present during the pulse but rapidly

decayed to produce a positive band between 500 and 600 nm (Figure 5.12). Consistent with the

literature data reporting an absorption between 580 and 700 nm for fluorene cation, depending on

the substitution type,® we ascribe this band to the cation of the fluorene chromophore. This is a

confirmation of the occurrence of electron transfer with production of the charge separated state
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formed upon LUMO-LUMO electron transfer from excited fluorene to the acceptor. The
corresponding reduced radicals of the acceptor units, M5 and M6™ (for M5 at 410 nm,"*®! for M6 at
435 and 465 nm[?")) are not detected since their absorption bands are out of the spectral range of
detection of the pump and probe apparatus. Only M7 has an absorption band at 580 nm,® but
overlays the fluorene cation band. In TOL the cation band disappears with lifetimes of 0.25, 0.18
and 1.6 ns for Heg'-Pyr’, Heg"-ONB™ and Heg'-Phen’, respectively. One can also notice the
persistence of some free fluorene chromophore in the solution of Heg-Pyr, (Figure 5.12) very likely
coming from a slight degradation of the solution under the high energy laser irradiation. In MeOH
solutions the spectra of the fluorene cation can be observed (Figure 5.12), but their decays (not
shown here) are faster than in TOL: ca. 30 ps for Heg*-Pyr and Heg"-ONB™ and ca. 60 ps for Heg"-
Phen'.
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Figure 5.13. Transient absorption spectra of Heg-OH in TOL and MeOH and Heg-Phen in TOL after laser
excitation (18 ns pulse, 355 nm, 3 mJ/pulse).

The poor accumulation of charge separated state which decayed during the pulse (35 ps
FWHM) and the lifetime close to the resolution limit prevented a more precise determination. As

already noticed for the luminescence quenching, i.e. the charge separation reaction, also charge
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recombination is faster in the polar MeOH compared to TOL, and this can be explained by the
thermodynamics of the processes (see below).

Transient absorption determinations in the microsecond range were performed in order to
obtain information on triplet excited states. Optically matched (Asss = 0.8) air free solutions of the
arrays and model Heg-OH in TOL and MeOH solutions were examined by flash-photolysis after
excitation at 355 nm. The end of pulse absorption spectrum of model (Figure 5.13) in TOL is
characterized by two bands at 600 and 730 nm, with lifetime of 8 ps.?® In MeOH the main band is
at 720 nm and the 600 nm band is less pronounced. The lifetime is longer than in TOL, 28 us. The

1 st in both solvents, in

presence of oxygen quenches the species with a rate of 4 x 10° M’
agreement with a triplet assignment. The data indicates a lower triplet yield for the MeOH solution,
ca. 40 % lower than in TOL assuming a similar molar absorption coefficient. Being the
fluorescence quantum vyield in the two solvents similar (ca. 50%, see Table 5.4) this points to the
presence of more efficient processes competitive to intersystem crossing in MeOH solution.

After excitation at 355 nm, Heg-Pyr did not display any transient absorption signal both in
TOL and MeOH. In the same conditions, Heg-ONB displayed a very weak transient absorption
band maximizing around 600 nm in TOL with a lifetime of 4 us, which was absent in MeOH
solutions (data not shown). The species reacts with oxygen with a rate of the order of 10°° M™* s?,
however we are unable to assign the band at the moment and a more a detailed study would be
necessary to ascribe it.

No signal is detected in MeOH solution of Heg-Phen. On the contrary, in TOL the end of
pulse spectrum of Heg-Phen is very intense, with a strong band maximizing at 730 nm, Figure 5.13,
similar to that detected in the model Heg-OH but with a much weaker shoulder at 600 nm. The
species reacts with oxygen with a rate of 4 x 10° M s™, confirming its identification as a fluorene
centered triplet, *Heg-Phen. One might notice that, provided that the molar absorption coefficient of
*Heg-OH is similar to that of *Heg-Phen, the yield of triplet in the dyad is more than expected. The
guenching of the singlet excited state by electron transfer in Heg-Phen competes in fact with
intersystem crossing, and the resulting triplet should be reduced to 28%, according to the singlet
lifetime reduction (Table 5.4) . This is not the case here and the extra triplet might be produced by
recombination of the charge separated state.

Excitation of the acceptors M5, M6 and M7 at 266 nm in MeOH solutions was also
performed, but only for M7 a transient signal was observed (Figure 5.14). We identified the triplet
absorption of the phenacyl group around 330 nm, which decays with a lifetime of 20 us, in
agreement with former reports.?® ® A longer lived transient species with an intense maximum

overlaying the one of triplet at 330 nm and a weaker band at 500 nm was also detected. Based on
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literature data, the species is ascribable to an intermediate formed upon proton transfer reactions
and this might be the case here, in protic MeOH.B! The experiment on TOL solution of M7 was not
possible since the 266 nm is absorbed by the solvent.
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Figure 5.14. Transient absorption spectra of M7 in MeOH solutions at various delays after laser
excitation (18 ns pulse, 266 nm, 3 mJ/pulse).

Photoinduced processes. Schematic energy level diagrams for the three dyads are illustrated
in Figure 5.15. The energy levels of the excited states are derived by the luminescence data obtained
at 77 K (Table 5.4) and they are 2.90 eV for the singlet and 2.13 eV for the triplet localized on the
fluorene unit of the dyads. Another triplet localized on the acceptor M7 at above 3 eV is not
relevant to the present discussion since it is higher that the relaxed excited state of excited fluorene.
The electrochemistry data (Table 5.5) provide the parameters necessary for the determination of the
energy levels of the charge separated (CS) state.

The CS state resulting from electron transfer from fluorene electron donor toward each of
the electron acceptors in the dyads is calculated rather crudely in MeOH, simply from the addition
of the energy necessary to oxidize the donor and to reduce the acceptor in the dyads (Table 5.5).
This leads in the polar solvent to a CS state energy of 2.04 eV in Heg-Pyr, 1.88 eV for Heg-ONB
and 2.56 eV for Heg-Phen. The determination of the CS energy levels in TOL solutions by
applying the Weller equation,’® largely overestimate the level of the charge separated state in
apolar media,? especially when excited states with a charge transfer character as the present ones,
are involved.¥ The formula is furthermore strongly dependent on geometric molecular parameters,
liable to large errors in a flexible structure.®™ Therefore, we feel more appropriate to discuss the
results on a qualitative basis, assuming for the CS state level in TOL a destabilization, with respect
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to MeOH of ca. 0.3 eV. This is a very simplified view, but sufficient for the qualitative discussion

of the results.

Table 5.5. Electrochemistry data vs. ferrocenium/ferrocene in tetrahydrofuran (THF) measured in the group
of Harry Anderson.

Compound Reduction Oxidation
potential / V potential / V
HegOH +0.36
M5 -1.76
M6 -1.47
M7 -2.18
HegPyr -1.71 +0.33
HegONB -1.51 +0.37
HegPhen -2.20 +0.36

From the lifetime of the donor fluorescence quenching in the dyads (Table 5.4) rate
constants corresponding to electron transfer process 1, charge separation, can be determined from
the relation

k=(1/7) - (Uw) (5.)
where 7 and 7 stand for the lifetime of the fluorene moiety in the dyad and in the model

respectively.

In MeOH the rates of charge separation are 6.6 x10'° s™*for Heg-Pyr, 5.5 x10*° s*for Heg-
ONB, 2.2 x10% s for Heg-Phen. These are all very high rates, justified by a driving force for
charge separation in MeOH of 0.86 eV for Heg-Pyr, 1.02 eV in Heg-ONB and of 0.34 eV in Heg-
Phen. We can observe that whereas for larger driving forces there is almost no dependence on the
AG (activationless regime)! some slight slowing down is noticed in the case of Heg-Phen
characterized by the lower driving force, with AGcs=-0.34 eV. In TOL the calculated rates are 4.0
x10'° st for Heg-Pyr, 4.6 x10% s for Heg-ONB, 1.4 x10' s'and 1.5 x10° s''for the two
conformers populations of Heg-Phen. In apolar solvent, where all driving forces are reduced by a
value of ca. 0.3 eV, we can still notice an activationless regime for Heg-Pyr, and Heg-ONB, AGcs
= -0.56 and -0.72 eV respectively, while in Heg-Phen, the less exergonic reaction (AGcs = -0.04
eV) the rate is decreased remarkably. The above behavior is typical of the so called “normal Marcus

region” [34]
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On the contrary, a “Marcus inverted region” behavior, consisting in the decrease of the
reaction rate with the increase of the driving force, can be noticed in the charge recombination (CR)
reaction 2. In MeOH the rates of 2 are poorly defined: Heg-Pyr, and Heg-ONB have lifetimes of
the order of the instrumental resolution (30 ps in the absorption mode) and a rate of ca. 3.3 x 10*° s°
! can be calculated for both. Only Heg-Phen has a recombination rate lifetime longer, of the order
of 60 ps which allows to calculate a rate of 1.6 x 10'° s™. The trend is however indicative of a
reduction of the recombination reaction by increasing the driving force, 2.04 eV for Heg-Pyr, 1.88
eV for Heg-ONB and 2.56 eV for Heg-Phen, in agreement with the “Marcus inverted” behavior.
This is more evident in TOL solutions, where rates of 4.0 x 10° s, 5.5 x 10° s*and 6.2 x 10® s can
be measured. Whereas in the first two dyads the recombination is to the ground state, with a AGcg=
-2.34 eV and -2.18 eV, in the case of Heg-Phen the remarkably high AGcgr = -2.86 decreases the
back electron transfer reaction to an extent that the recombination to triplet, step 3,
thermodynamically feasible, becomes competitive. This is evident from the triplet yield in this
dyad, approximately 1.3 times higher than the one in the model, Figure 5.13. This is made possible
by the fact that, whereas in the model the triplet yield is, at most, 0.48 (i.e. 1-¢y) in the dyad the
new path of triplet formation occurring through the CS state (formed with a 70% vyield from the
singlet excited state), is more efficient. The occurrence of recombination of the CS state to a lower
triplet rather than to the ground state has been reported previously not only for heavy metal
containing arrays,'®> but also for systems based on purely organic chromophores. In one case it has
also been observed in a very similar donor-acceptor dyad based on anthracene and on chromophore
M7 [

What is however surprising in the excited state dynamics of the present dyads, is the fast rate
of both the forward and the back electron transfer. The latter are orders of magnitude faster that
those reported for closely related systems based on similar photoinduced electron-transfer
releasable protective groups. Lifetimes of the charge separated states of the order of 107 s in
acetonitrile have been in fact reported for these systems, characterized by similar thermodynamic
parameters.[?® In absence of other explanations, we ascribe the poor performances of the present
systems in term of lifetime of charge separation, to the flexibility of the dyad. This can allow, in
spite of the large through bond distance, a close through space approach of the donor and acceptor
reacting partners. A further development of the system will have to take this point in due

consideration.
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Figure 5.15. Schematic energy level diagrams for HegPyr, HegONB and HegPhen in TOL (black) and
MeOH (red).

Two photon absorption. 2PA data on these compounds were not available at the

submission of the present thesis.

5.2.3. Conclusions

We have solved the electron transfer dynamics in a series of model dyads designed for the
photo-induced release of biologically active molecules upon 2PA. The process is activated by
electron transfer from the relaxed lowest excited state of the donor, a fluorene derivative. Several
acceptors, characterized by different redox properties, have been used to assemble the dyads.
Photoinduced release of the active component is competitive with the recombination of the charge
separated state formed upon electron transfer, therefore high yield and long lifetime of this state are
desirable. Polar solvents, which mimic physiological conditions, are found to increase the yield of
charge separation but also their recombination rate. Between the examined acceptors the best
performances is shown by the worst (in terms of difficulty to be reduced) electron acceptor, M7; the
corresponding dyad has a driving force for charge separation of ca. 0.05 eV and for charge
recombination of almost 2.9 eV (TOL). In the Heg-Phen dyad, a still efficient charge separation
reaction, (70%) coexists with a slow recombination. In fact, the high negative value of AGcr
prevents a fast recombination to the ground state and increases the lifetime of the charge separated
state to an extent that recombination to triplet excited state of the donor is favored. Overall, very
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likely as a result of the structural flexibility of the dyads, charge recombination in this series is fast
and consequently the potential for the current dyads to promote molecular uncaging is poor. In the
design of further systems the flexibility issue needs to be addressed in order to improve the

performances.
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6. Experimental section

6.1. Electronic absorption spectra

The experiments were carried out on solutions contained in quartz cuvettes (from 10 mm to
1 mm optical path) at room temperature. The absorption spectra were recorded with a Perkin-Elmer
Lambda 9 or with Perkin-Elmer Lambda 650 spectrophotometer. The molar absorption coefficient
values were determined by applying the Lambert-Beer law; the experimental error is estimated to be

+ 10 % and the precision on the wavelengths values was + 2 nm.

6.2. Electronic emission spectra

The luminescence spectra were registered with a Spex Fluorolog Il spectrofluorimeter
equipped with a Hamamatsu R928 photomultiplier (PMT) or with an Edinburgh FSP920
fluorimeter equipped with a R928P Hamamatsu PMT. All the spectra were corrected for the
photomultiplier response, unless otherwise specified. The experiments at room temperature made
use of solutions placed in quartz cuvettes (10 mm optical path). Absolute luminescence quantum
yields of the samples, &, were evaluated against a standard with known emission quantum yield, ¢,
by comparing the areas under the corrected spectra using the equation: ¢/¢= An’ (area)s / Asn®
(area);, where A is the absorbance, n is the refractive index of the solvent employed and s and r
stand for sample and reference, respectively. A values < 0.15 were used. The standard used was
air-equilibrated quinine sulphate in IN H,SO, with an emission quantum yield ¢; =0.546! or an
air-equilibrated coumarin 153 in ethanol with the emission quantum yield ¢ =0.544.”) Experiments
at 77 K made use of capillary quartz tubes dipped in a home-made quartz Dewar filled with liquid
nitrogen. Phosphorescence spectra, corrected for the PMT response, were registered upon excitation
with a microsecond Xenon flash lamp pF920H with the Edinburgh FSP920 fluorimeter. The
estimated errors were + 2 nm for the wavelength maxima and + 10 % for the emission gquantum

yields.

6.3. Luminescence lifetimes measurements

Lifetime measurements in the nanosecond time range at room temperature and at 77 K were

performed by IBH Time Correlated Single Photon Counting apparatus. The excitation was made by
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NanoLED diodes with different excitation wavelengths. The flash of the diode excites the sample
and a sensitive photomultiplier (PMT), placed in right angle with respect to incident light, receives
the emitted photons. Simultaneous with the excitation (start), the TAC (time to amplitude
converter) starts generating a tension direct proportional with the time, until the PMT receives the
first photon (end). The value of the tension is registered, and the TAC takes the initial position
(zero) for the new measurement. Even any photon arrives at PMT, after a constant time (typical for
the instrument) TAC comes anyway to the zero position. In practice, this allows for the conversion
of the time in a proportional tension, easier to elaborate. The signals are registered on a
multichannel analyzer, which divides the time in a certain number of channels. In this way, by
measuring the time delay between the arrival of the photon at PMT (end) and the start of the
incident photon, and distributing it on different channels, the emission decay versus time is
reconstructed. The decay has an exponential value, and the probability that a single photon is
emitted by the sample is statistically connected in time with the excited state concentration. The
data were elaborated by DAS6 Analysis software, capable of calculating single or multiple decays.

Phosphorescence lifetimes were registered upon excitation with a microsecond Xenon flash
lamp uF920H with Edinburgh FSP920 fluorimeter equipped with a R928P Hamamatsu PMT and
elaborated by the corresponding software.

For picosecond time-resolved luminescence, Streak Camera Hamamatsu C1587 equipped
with a fast unit M1952 (2 ps resolution) was used after excitation with a Nd-YAG laser (Continuum
PY62/10, 35 ps pulse, energy < 1 mJ). The third (355 nm) or fourth (266 nm) harmonic were used
for the excitation of the samples. A small part of the laser beam is captured by the PIN diode head
(Hamamatsu C1083), whereas the other part is focused on 0.1 cm? on the sample. The necessary
time adjustments of the trigger signal are performed by a delay unit, Hamamatsu C1097. The
transmitted light from the sample is collected at 90° and focused into the entrance slit of a
spectrograph (HR 250 Jobin-Yvon) equipped with a 300 grooves/mm. Neutral density or cut-off
filters can be used if necessary. The light, horizontally dispersed by the spectrograph, enters the slit
(20 um) of the Streak camera. The result is an image produced by photoelectrons on the
phosphorous screen, which contains spectral, temporal and intensity information. Acquisition and
processing of the data are performed by a cooled charge-coupled device (CCD) camera
(Hamamatsu C3140) and related software running on the computer. The image consists of 1280
time points by 1024 wavelength points (ca. 190 nm). Time decays were acquired on Streak
horizontal profiles £ 10 nm wide around the specified wavelength. Deconvolution with the

instrumental profile was carried out for all decays with z < 0.5 ns by a program provided by
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Hamamatsu (HPD-TA version 6.4). The overall time resolution of the system is estimated to be 10

ps.

6.4. Transient absorption measurements

Transient absorbance in the picosecond range made use of a pump and probe system based
on a Nd-YAG laser (Continuum PY62/10, 35 ps pulse). With two amplification stages it is capable
of delivering pulses up to 120 mJ / pulse (1064 nm) at 10 Hz with 35 ps full width at half-maximum
(fwhm). The third (355 nm) harmonics with energy of ca. 3 mJ/pulse were used to excite the
samples with absorbance around 0.5 in 0.5 cm cell. The residual 1064 nm was focused on a cell
containing a mixture of D,O/D3PQO, to produce a white light continuum, used as analyzing light.
The optical delay stage (Ealing Electro-optics) of the excitation beam is computer-controlled and
provides a variable delay time (0-3.3 ns) between the excitation and the analyzing beam. The
emission is transmitted by optical fibers to a spectrograph (Spectrapro 275, ARC) and it is detected
by a detected by a CCD on which two separate portions are used to detect the incident light (lp) and
a part of the sample’s transmitted light (1) as function of delay time and the obtained differential

absorbance is given by the following equation:

AA(t) = log IIOT(tt))

The kinetic analysis was made at a specific wavelength by applying standard iterative

procedures.

Transient absorbance to detect triplet properties (nanosecond and microsecond range) was
performed on air free solutions if not otherwise specified. To this aim, solutions contained in
homemade, 10 mm optical path cuvettes, were bubbled with argon for 15-20 minutes and sealed.
Quenching rates by oxygen kq were derived from: kq= (1/7-1/% ) / [O;], where 7y and 7 are the
lifetimes of the triplet in air free and air equilibrated solutions, respectively and [O;] is the
concentration of oxygen in air equilibrated solutions. The apparatus used was based on a Nd:YAG
laser (JK Lasers) delivering pulses of 18 ns.

The third harmonic (355 nm) or the fourth harmonic (266 nm) was used for excitation.
Absorbance of the solutions at the exciting wavelength was around 1 and the energy used was 3

mJ/pulse for the determination of the spectra and ca. 0.8 mJ/pulse for lifetime measurements, in
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order to prevent undesired second order triplet-triplet annihilation reactions. The analyzing light
was perpendicular to the exciting laser beam and probed the first 0.2 cm of the sample cell. The
light transmitted by the sample was detected by a Hamamatsu R936 photomultiplier. A Tektronix
R7912 transient digitizer or a digital oscilloscope in conjunction with a computer was used to

acquire and process the signals by standard iterative methods.
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