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1. Abstract

1 Abstract

Die Einzelmolekiilspektroskopie ist eine in der Physik und den
Lebenswissenschaften etablierte Methode. Anwendungen auf mech-
anistische Fragestellungen in der Chemie sind selten, was auf das
Fehlen geeigneter Fluorophore zuriickzufiihren ist. Deshalb stand in
dieser Arbeit die Entwicklung eines reaktiven Systems zur spéateren
Visualisierung von chemischen Reaktionen auf dem Einzelmolekiil-
niveau im Vordergrund. Es wurden Farbstoffsysteme auf der Basis
der BODIPY Fluorophore dargestellt. Erstmalig wird hier die
Synthese der Stammverbindung dieser Farbstofffamilie beschrieben.
Methylierte Derivate der Stammverbindung wurden hinsichtlich
ihrer Photostabilitdat charakterisiert und als tiberlegen gegeniiber
Fluorescein eingestuft. Photophysikalische Elementarprozesse wur-
den auf ihre Eignung als Auslesemechanismus fiir das Projektziel
untersucht. Hier konnte ein Substrat fiir Phosphorsaureesterspaltun-
gen entwickelt werden, bei dem die Reaktion durch eine Anderung
der Fluoreszenzlebensdauer detektiert werden kann. FEin anderer
Auslesemechanismus beruht auf dem Wechsel der Fluoreszenzfarbe
durch chemische Reaktionen. Hier konnten entsprechende Substrate
fiir Oxidationsreaktionen wie auch fiir Metathesereaktionen entwick-
elt werden. Diese Systeme stellen vielversprechende Kandidaten
fiir die projektierte Verfolgung individueller Reaktionsabléaufe durch
ultrasensitive Fluoreszenzspektroskopie dar.

Single-molecule spectroscopy is a well established method in
physics and life sciences. Appliances on mechanistic problems in
chemistry are rare, which can be traced back to the lack of suitable
fluorophores. Therefore the development of a reactive system for
future imaging of chemical reactions on a single-molecule level had
top priority in this work. Dye systems based on the BODIPY fluo-
rophore were prepared. For the first time, the synthesis of the core
compound of this dye family is presented here. Methylated deriva-
tives of this core compound have been characterized concerning
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1. Abstract

their photostability and were categorized as superior to fluorescein.
Elementary photophysical processes have been examined for their
suitability as read-out mechanism for the project aim. Here a
substrate for phosphorester cleavage has been developed where the
reaction could be detected by a change of fluorescence lifetime. An-
other read-out mechanism was based on the change of fluorescence
colour by chemical reactions. Appropriate substrates for oxida-
tion reactions and metathesis reactions could be developed. The
systems are promising candidates for the projected pursuit of indi-
vidual reaction processes by ultrasensitive fluorescence spectroscopy.



2.1 Introduction

2 General Part

2.1 Introduction

In recent years technical advances in imaging technology, due to
advances in the design of optical systems and the remarkable in-
crease of computational power, made achievements in natural sci-
ences possible that could not be reached before [Bin82, Moe89,
Orr90, Upp99, Nie94, Bet93]. It is quite common nowadays to
observe the interactions of individual proteins in living cells. The
field of research today is even close to pursuit reactions on a single-
molecule level [Gre05, Yu06, Xie06, Lea06, Sot07]. But the tech-
nical evolution might have been useless if there hadn’t been an
advancement in chemical research and synthesis as well. The us-
age of optical systems applied on imaging techniques requires flu-
orescent probes or labels, so that the products or educts of a cho-
sen reaction could even be seen. Therefore fluorescent dye systems
are needed that fulfill the desired requirements for their applica-
tion in special reaction environments and conditions. These include
high photophysical, thermal and chemical stability, high fluorescence
quantum yield, a fluorescence in the visual spectrum of light, etc..
[Kon82, Sun97, Tsi98, Hua05, Hau02)]

In this work the efforts to establish fluorescent dye systems are pre-
sented. These can be used for explanation of processes that oc-
cur during a reaction by the analysis of the photophysical proper-
ties of products and educts. These efforts all have in common the
usage of a distinct fluorescent dye system for mechanistic studies,
the Borondipyrromethene (BODIPY, BDP) dyes. This dye class
found widespread interest in science in the past 20 years. Since the
fact, that living biological tissue is relatively transparent for emission
wavelengths higher than 800 nm, the synthesis of fluorescent dyes,
which emit above this threshold, are aspired. In addition, for label-
ing the manifold different biological molecules like enzymes and their
substrates with fluorescent moieties, appropriate functional groups
have to be added to the dye molecules. Therefore most of the re-
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2.1 Introduction

search projects involve the synthetic derivation of the basic BODIPY
fluorophore to tune the emission or absorption wavelength depend-
ing on the biological application and the functionalisation of the core
with adequate anchor groups.

Our research motivation was a different one. Our aim is to use the
BODIPY dye system to trace chemical reactions on a single-molecule
level. The far main goal of this work was to establish fluorescent dye
systems, where both educt and product of a chosen reaction would
differ clearly in their photophysical properties, what would make
them distinguishable by different spectroscopic means and methods.
The BODIPY dye family seemed to be a promising system, due to
its intrinsic, prerequisite photophysical properties.

Our first approach was to analyze the differences in photophysical
behavior of fluorescent dyes in dependence of the structure of the
dyes. The changes of photophysical variables as rate constants, like
e.g. kop or kog, were observed on BODIPY dye systems with different
substitution patterns.

In cooperation with the workgroup of Prof. Dr. B. Dick, Institute
for Physical and Theoretical Chemistry, Laserspectroscopy and Pho-
tochemistry from the University of Regensburg, we synthesized the
unsubstituted core compound of the BODIPY-dye class. The work-
group applies high-resolution line narrowing spectroscopy to ultra-
cold molecules in supersonic jets and in rare gas matrices with the
aim of understanding the photochemical reactivity and desactivation
of electronically excited states in detail. An unsubstituted BODIPY-
core-molecule therefore is a valuable target for these applications,
due to the lack of disturbing vibrational signals of substituents like
e.g. methyl groups.

Next, we have shown that the donor ability of a phenol moiety in
a BODIPY molecule, which enables photoinduced electron transfer
(PeT) and quenches fluorescence, could be switched off by phospho-
rylation. The aim was to establish a proof of principle if photoester
cleavage could be studied with dyes which are also suitable for single-
molecule detection. The effects that could directly be observed are

the changes in fluorescence lifetime 7p; and fluorescence quantum
yield ® ;.
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2.2 The BODIPY dye system

Another reaction which could be studied by means of fluorescence
is excited state proton transfer (ESPT). We used the variation of
photophysical properties in dependence of the used solvents, i.e. sol-
vatochromism, to predict the ESPT behaviour of fluorescent dyes.
Conclusions could be drawn by the comparison of solvatochromism
of classical methylated and hydroxylated pyranine dyes as opposed
to the solvatochromism of p-hydroxylated styryl-BODIPY-dyes.
Finally, a main motivation of this work was to evolve a concept to
combine single-molecule detection and chemistry of fluorescent dyes.
Therefore. we synthesized a BODIPY dye system as a sensitive probe
for reactive species. Here the fluorescent dye contains a functional
group that is a target for distinct chemical agents. This functional
group is also part of the expanded chromophoric system. By short-
ening of the chromophoric system upon reaction the dye should ex-
perience a visible change in fluorescence colour . Two BODIPY dye
systems were established as a target for two substrate classes. At
first we verified the effect of oxidizing species like hydrogenperoxide
or reactive metallate oxides (KMnQOy, OsO,), performing hydroxyla-
tion reactions, to the chromophore. Furthermore a fluorescent probe
molecule for metathesis catalysts was developed. This work is still
In progress.

2.2 The BODIPY dye system

2.2.1 General and historic information

As mentioned, successful research for imaging processes in living cells
is limited by the available fluorescent probes. The BODIPY-dye
system is a class of fluorescent molecules which show high extinc-
tion coefficients, high fluorescence quantum yields and fluorescence
spectra with sharp peak forms [Lou07, Ulr08]. The facts, that the
fluorophore lacks any functional groups which are sensitive to en-
vironmental influences, and that the molecule itself is not charged,
makes its photophysical properties almost insensitive to fluctuations
of pH or polarity of the solvents. On the other hand, by the addition
of functional groups with donor or acceptor character to the fluo-
rophore, a tuning of its fluorescence characteristics can be achieved
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2.2 The BODIPY dye system 2.2.2. The BODIPY system and its structure

by a relatively small synthetic effort.

The BODIPY dye class was first discovered in 1968 by Treibs and
Kreuzer [Tre68]. During an effort to acetylate dimethyl-pyrrole in
boiling acetanhydride in the presence of borontrifluoride, they iso-
lated a green fluorescent by-product. As this was not their desired
product, it received not much attention. As a matter of fact, for
almost twenty years the interest in this dye class was generally lim-
ited to a few publications which had the topic of examining difluo-
radducts of dipyrromethenes.

In the 1980’s, applications of sulfonated, water soluble BODIPY dyes
for biologic applications and the usage of BODIPY dyes as active me-
dia in dye lasers made the dye class more popular [Boy89, Mor93].
Especially because of their photophysical properties and high pho-
tostability, BODIPY dyes added to the established laser dyes like
rhodamine or coumarine |[Lou07, Ulr08]. Also, a commercial appli-
cation of BODIPYs by the company Molecular Probes [Pro00] as
fluorescent tags for labeling proteins, modification of nucleotides or
fluorescing enzyme substrates, etc. took place.

In the 1990’s then BODIPY dyes gained more and more the reputa-
tion of being one of the most versatile fluorophores which, especially
in biochemistry and biology, became a highly fluorescent and pho-
tostable alternative for the long time used dyes, like e.g. fluorescein
|[Lou07, Ulr08]. This development is reflected in the steadily increas-
ing number of publications that describe the usage of the BODIPY
fluorophore for the most different and multifaceted applications.
This versatility is due to its almost unique set of photophysical pro-
perties. Departing from this, a wide field of research involving the
BODIPY dye system emerged until today, represented by about
thousand journal articles per year since 2006 [Lou07].

2.2.2 The BODIPY system and its structure

Chemically the BODIPY fluorophore consists of two pyrrole rings
which are linked in 2-position by a methene bridge and are held in
one plane by the complexation of the molecule with a borondifluoride
moiety via the pyrrole nitrogen atoms [Pic90]. Thus BODIPY stands
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2.2.3. Chemistry and characteristics of BODIPYs 2.2 The BODIPY dye system
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Fig. 2.2: Relative polarisation of the atoms in the
Fig. 2.1: BODIPY fluorophore ~ BODIPY core framework |Kol99]

with atom numbering

for BOron-DI-PYrromethene. The systematic, chemically correct,
name of the structure is 4,4-Difluoro-4-bora-3a,4a-diaza- s-indacene
(Figure 2.1). Hence, the fluorophore consists of a planar carbon
framework with Cso, symmetry. Observations have been made that
the dipyrromethene cation, where the boron atom is replaced by two
protons, exhibits a similar fluorescence spectrum as the BODIPY flu-
orophore. But fluorescence appears only at very low temperatures
where the conformative freedom of the cation is inhibited |[Par85].
This shows that the planar complexation of the dipyrromethene by
the boron atom adds to the fact that the BODIPY dyes fluoresces
at room temperature. But due to the lack of free p-orbitals, the
boron atom does not add to the conjugation of the molecule [Kol99].
The presence of nitrogen and bor bonds in the molecule and the
thus resulting inhomogeneous charge distribution leads to positive
and negative polarised, i.e. electrophilic (Pos. 1,3,5,7) and nucle-
ophlic (Pos. 2,6), sites on the molecule. This opens the door to a
wide range of synthetic derivatisations which can be applied to the
molecule. These polarisations may also be made responsible for the
fact that the unsubstituted BODIPY core framework was unknown
until this work, due to its assumed vulnerability to electrophilic at-

tacks [Lou07].

2.2.3 Chemistry and characteristics of BODIPYs

An adequate choice of electrophilic and nucleophilic substituents
hence opens the possibility to tune the chemical and photophysi-
cal properties of the fluorophore without the loss of its fluorescence.
Typically applied substitutions are made at the meso-position (Pos.
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2.2 The BODIPY dye system 2.2.3. BODIPY chemistry

8) of the molecule where usually functional groups are added that
function as anchor groups to biomolecules for labeling purposes
[Lou07|. Substitutions at the 1-,3-,5- and 7-positions with donor
and /or acceptor moieties usually lead to a change of absorption and
emission maxima, where even BODIPY dyes with infrared emis-
sion spectra could be isolated |Roh06a, Qin06, Bar05]. Variations
at the 2- and 6-positions are less common. The most known may
be the addition of sulfonyl groups to improve the water solubility
of the generally poorly water soluble core molecule. Also common
is inserting halogens like bromine or iodine to observe their heavy
atom effect to the fluorescent moiety or to enable cross coupling
|Li98, Wan03, Roh06b].

In contrary to many other applied fluorescent dyes, like e.g. couma-
rine, thodamine or fluorescein dyes, the particular small BODIPY
molecule exhibits strong absorption and fluorescence with extinction
coefficients over 70.000 1/mol - cm and fluorescence quantum yields
over 90% [Lou07, Ulr08]. It also exhibits a great amount of chemical
robustness and photochemical and thermal stability.

Our success in the synthesis of the BODIPY core compound allowed
us to characterize the fluorophore completely by NMR and crystal-
lographic methods (Figure 2.3).
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2.2.4. Syntheses of BODIPY dyes 2.2 The BODIPY dye system
2.2.4 Syntheses of BODIPY dyes

Generally two synthetic approaches for the generation of the BO-
DIPY fluorophore are available. The first approach involves the con-
densation of acyl chlorides with pyrroles to prepare “symmetric” fluo-
rophores where, dependent on the selection of the acyl chloride, spe-
cific substitutions in meso-position can be achieved [Lou07, Ulr08].
This maintains the Cs, symmetry. The preparation involves the
generation of unstable dipyrromethene hydrochloride salts which are
not generally isolated. The following complexation with boron tri-
fluoride yields the now stable fluorescent dye (Figure 2.4). The

R3 Ra

R3

R3

=~
R4COCI
R Rp———» R R
TN\t LCHCL, L EtN or iPrEMN, 2 ! N ’
4210 C, 1Ih . Toluene, 25°C, 15min g
. Eetro eum ether, 2. BF3- OEty, / \
R 25°C, 12h R : R
1 R1 1 80°C, 15min R1 F F 1

Ry4= alkyl, aryl

Fig. 2.4: Synthesis of symmetric BODIPY dyes from pyrroles and acid chlorides
or anhydrides

usage of acyl chlorides bears the advantage that the resulting in-
termediate salt is already formed on the right oxidation level, the
dipyrromethene. The usage of aldehydes follows almost the same
reaction path with the exception that, after acid catalyzed conden-
sation a dipyrromethane salt is formed which has to be oxidized in
an additional step (Figure 2.5) [Kan93, Ulr04, Mor93|. Thanks to
the wide range of commercially available pyrroles, acid chlorides or
aldehydes the symmetric path opens the door to an open range of
modifications on the meso-position of the dye. During this work

Rs Rs Ra Rs Rs Ra Rs

= R4CHO NS = / = =
Rz >R Ry———>R, R T/ > Rz
\ NH 1mM TFA, \ NH HN / p-chloranil _=N HN / 1. ElgN
CH,Cl,, _Cli_f PDQY or iProEtN
o oluene,
Ry 25°C, 1.5h Ry R, 25°C. 11 R, R, gb?gslgnlit: O F R,
' R4= alkyl, aryl

Fig. 2.5: Synthesis of BODIPY dyes from pyrroles and aldehydes, involving an
additional oxidation step

different BODIPY core molecules were prepared via the symmet-
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2.2 The BODIPY dye system 2.2.4. Syntheses of BODIPY dyes

ric route (Figure 2.6). The second synthetic approach leads to

R R
R
o
\/©/
—_—— —_— D
\ MM TFA, ~chloranil or DDQ, / 1ENoriPRpEN /
NH p 3 2
CHCly, MePh, 25°C, h =N HN 2. BF3- OEH, AN AN
25°C, 1.5h 80°C, 15min /N
FF
4 R=H
5: R= OH

Fig. 2.6: Performed synthesis of BODIPY core compounds via the symmetric
route

“asymmetric’” BODIPY fluorophores [Lou07, Ulr08|. Here a aldehyde
containing pyrrole component is directly condensated by a pyrrole
with a free 2-position, also forming an intermediate already on the
dipyrromethene level. Further complexation yields a BODIPY moi-

ety with different substituents on the two pyrrole components (Fig-
ure 2.7) [Hau88, Mon89, Pro00]. Also, during this work different

Rs

H
/
Ry
R3 / Re Rq R
HN R3 Rs R3 Rs
SN o)
Rz \ R / / =
7
NH A o R Rg ———— ——» R. R
1mM TFA, ’ —N HN / ’ N or iPryEtN ’ N N °
CH,Cly, 1. EtgN or iPr,Et “_
Ry 25°C, 2h 2. BF3- OEty, /B\
25°C, 15min
Ry R7 ' Ry F F R7

Fig. 2.7: Synthesis of asymmetric BODIPY dyes from carbonyl-pyrroles and
pyrroles

BODIPY core molecules and BODIPYs with different core substitu-
tions were synthesized via the asymmetric preparation route (Fig-
ure 2.8). Common problems lie in the proper choice of the pyrrole
components and the aldehyde components. A highly electrophilic
aldehyde compound is needed in order to form the methene bridge
between the two pyrroles. The pyrroles themselves tend to polymer-
ize or form porphyrins, which can be avoided by choosing pyrroles
with substituents in a position adjacent to the nitrogen atoms (pos.
3 and 5). Otherwise an excess of non-substituted pyrrole is needed
to obtain the corresponding dye. By complexation with boron tri-

10



2.2.4. Syntheses of BODIPY dyes 2.2 The BODIPY dye system

Ry

—
=0 N Ry Ry Ry Ry
R =
! = Ry / =z = / 7 =
—_—
NH
S 1mM TFA, =N HN / 1. EtzN or iPrEtN e N\ N /
CH,Cly, 2. BFy- OEt,, g
25°C, 2h L. 25°C,15min /\

R, Ra 3 R, A= Rs

Fig. 2.8: Performed synthesis of BODIPY core compounds via the asymmetric
route

fluoride, the desired dye is generally willingly formed. A huge prob-
lem in both synthesis paths lies in the purification of of the wanted
products. Numerous purification steps are needed in order to get
rid of salts, excesses of base and boron trifluoride and polymerized
by-products and built-up porphyrins. A fine tuning of reaction con-
ditions and purification means, like e.g. optimized solvent mixtures
for chromatography, aqueous reprocessing, etc., is necessary to in-
crease the yields of the synthesis.

The symmetric synthesis strategy allows the connection of selective
groups directly onto the fluorophore without a distinct change of
their transition energies, since the geometry and electron density
of the BODIPY fluorophore are not gravely disturbed. Important
to mention, although, is that the choice of pyrrole units with sub-
stituents in the 3-position of the pyrroles inhibits rotation of aro-
matic groups in the 8-position. In an excited state, this rotation
leads to a faster energy loss compared to a functional group with
inhibited rotation and leads to a shortening of fluorescence lifetime
and decrease of fluorescence quantum yield. This effect is known as
the “loose bolt” mechanism |[Lew39|. The effect can, on the other
hand, also be used to the development of many chemical sensors.
This wide field of applications made the symmetric synthesis route
the most popular of the available routes.

The asymmetric route can often be used to extend the chromophore
to tune the maximum absorption and emission wavelengths. By the
right choice of the carbonyl pyrrole compound substituents in meso
position can also be inserted, but it is limited to the availability of
ketone pyrroles that are reactive enough to react with a non-carbonyl
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2.2 The BODIPY dye system 2.2.4. Syntheses of BODIPY dyes

pyrrole moiety. More common are variations of the substituents in
1-,3-,5- and 7-positions. The possibility to insert different functional
groups allow to form potent BODIPY label dyes. Due to the lack
of an additional oxidation step the asymmetric method is often used
to produce greater amounts of dye. This is to result from the yield
reduction of the usage of oxidizing agents. These have to be sepa-
rated fast and thorough to avoid further oxidation and destruction
of the fluorophore.

During this work several BODIPY compounds with substitutions to
expand the chromophore were investigated, departing from dye 2
(Figure 2.9) [Sat94]. The applied synthesis follows a Knoevenagel-
like reaction pathway [Kol99, Mar01l]. The fluorescence colour of

o/ :R

= N\ N / 1. Toluene, 3A molecular sieve, reflux
B\/ 2. Glacial acetic acid, piperidine
/

E
2

V4 7 N

n

Fig. 2.9: Applied synthesis of BODIPY dyes with expanded chromophoric system
derived from the BODIPY core compound 2

these compounds 6-8 varies from orange to red, depending on the
substitution pattern. Donor groups like dimethylamino- or methoxy-

o/ : )

_—=N N / 1. Toluene, 3A molecular sieve, reflux
NS ¥ ) R
B\ 2. Glacial acetic acid, piperidine
/

/ 7 N

E

n

4

Fig. 2.10: Applied synthesis of BODIPY dyes with expanded chromophoric sys-
tem derived from the meso-substituted BODIPY core compound 4

groups in p-position of the styryl moiety lead to a larger redshift of
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2.2.5. BODIPYs for fluorescent model systems 2.2 The BODIPY dye system

the fluorescence compared to an unsubstituted styryl unit. In addi-
tion analogically substituted BODIPY dyes with a phenyl moiety in
meso-position were prepared. The syntheses followed the symmetri-
cal preparation route, starting from dye 4 (Figure 2.10).

2.2.5 BODIPYs for fluorescent model systems

A key attribute common to all our research approaches is the usage
of the Bodipy dye class. For different photophysical, technical
and practical reasons this dye class seemed most suitable for those
studies. A first problem occurring during the theoretical planning
of the research simply was the right choice of an appropriate dye
which would allow us to analyze the desired changes of fluorescence
colour during a chemical reaction. The educt and the product of
the reaction should therefore both emit fluorescence in the visible
range at the reaction conditions. Thus it would be most convenient
if the chosen chromophore is least affected by these conditions.
Disturbing influences of the chromophore itself should be minimized,
so that changes in photophysical properties could be traced back to
structural changes during a reaction.

Nowadays various and well researched fluorescent dyes are commer-
cially and synthetically available. And many different dyes provide
many advantages and disadvantages concerning their chemical and
photophysical properties.

As an example and competitor to the chosen BODIPY dye class we
mention the Rhodamine dye class. Here we pose the question if our
projects could also be realized with such dyes as Rhodamines.
Chemically, Rhodamines are derived from triphenylmethane dyes
and are similar in structure to Xanthene dyes as e.g. fluorescein.
Their usual applications are as dyes for papers and textiles, as
markers in fluorescence microscopy and as active media in dye
lasers. Rhodamines have high fluorescence quantum yields (mostly
close to 100%) and have a sparse tendency to be excited to a triplet
state. Their emission spectra range from green-yellow to orange-red
|[Hau02]. All these properties make them also suitable for the
application in single-molecule research.
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So far these properties resemble close to the mentioned properties
of BODIPY dyes. But in contrary to BODIPY dyes Rhodamine
dyes have a variety of different reactive functional groups in their
molecular structures. Two usable Rhodamine dyes concerning their
different emission spectra and structural similarity in comparison
to the used BODIPY system are shown in Figure 2.11. A suitable

COOH COOH
AN X
Cr Cr
A
HaN o NH, N N 0 ﬁ/\

Rhodamine 110 ) Rhodamine B k
Aem= 520nm Aem= 566nm

Fig. 2.11: Green-yellow fluorescent Rhodamine 110 and orange-red fluorescent
Rhodamine B as competitor dyes to the applied BODIPY dye system

chemical reaction would not be easy to find to convert these dyes one
into another without provoking further changes to the chromophore.
And due to the fact that the Rhodamines carry charges they are
also sensitive to reaction conditions like pH variations or solvent
influences. The BODIPY dyes on the other hand are not affected
by these influences. In addition the fluorophore and therefore the
range of fluorescence emission maxima can be quite easily expanded
by synthetic means. Also a conversion of the “expansions” can
far more easily be achieved than with the e.g. Rhodamines by
disturbing the conjugated system at a chosen point by a reactive
species attacking a in-built functional group which can act as a
“predetermined breaking point ” for the fluorophore.

Because of the independence and stability of the BODIPY chro-
mophore one can concentrate on the modifications that can be made
on the molecule to expand the emission range and the incorporated
targets for active reaction agents. After a chemical reaction the
molecule will end up either as a fluorescent core structure similar to
compound 1 (Figure 2.8) or a compound with a non-fluorescent and
therefore destroyed fluorophore. Luckily the BODIPY structure
provides many possibilities of variations because electrophilic and
nucleophilic sites on the core molecule exist. By carefully choosing
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the substitution pattern, a wide range of chemical reactions, like
e.g. oxidations/reductions, metal catalysis or the establishing of
carbon-carbon bonds, can be exerted with the new dyes.

In addition to the synthetic accessibility and the chemical and
physical aspects of the BODIPY dye, it proves to be valuable to use
only one dye family with one similar core structure for the different
experiments. The advantage lies in the always (mostly) similar
photophysical properties of the core chromophore which makes the
results easier to analyse and to compare.

Finally BODIPY dyes are well suited for single-molecule methods.
BODIPY dyes are also highly photostable and the photostability
correlates with structural variations which could have been shown by
comparative FCS studies with fluorescein dyes. Even the “classical”
Forster dye HPTS (Fig. 2.15) does not show a higher photostability
than that of BODIPYs.

The sum of all these properties and advantages convinced us that
the BODIPY dye family would be the most promising dye system
for a success in the located research fields.

Therefore, each of the isolated dyes 1 to 8 were prepared for a
distinguished usage in our projects.

Firstly we investigated promising, well explored textbook chemical
reactions as a starting point. In assumption of the product gener-
ation starting from our prepared educts, we synthesized BODIPY
dyes possessing similar structures (like the assumed products) in
order to compare their photophysical properties with those of the
products yielded by the chosen reactions.

One of our first experimental interests focused on the overall
question what makes a dye photostable and if there is a con-
nection to its structure. This is a quite important question,
since a high photostability is required for almost all applications
and experiments involving dyes. In general photostability can
be defined as the number of photocycles a molecule undergoes
before it suffers photobleaching. Many attempts to understand the
dependencies and requirements of photostability have been made
|[Egg98, End05, Egg05]. Generally they can be divided into two
classes: ensemble and single-molecule studies.
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Once again BODIPY dyes seemed to be a grateful research subject.
And again we used a well researched fluorescent dye system for
comparative studies with our used BODIPY dyes, the fluorescein
dyes. The FCS studies involved four different substituted fluores-
cein (Figure 2.12) and BODIPY dyes (Figure 2.13). The following

Uranine Fluorescein isothiocyanate Isomer 1
COy

O O o o O O

Oregon Green 488 carboxylic acid Fluorescein 27
5 isomer

Fig. 2.13: Structures of the used
BODIPY dyes

Fig. 2.12: Structures of the used fluores-
cein dyes

analysis of both dye families investigated the state of origin of
photobleaching which was assumed to happen from the excited
triplet state [Wid95|. The investigation involved single-molecule
approaches like fluorescence correlation spectroscopy (FCS) to ob-
serve diffusion behaviour of the dyes. To guarantee that changes in
diffusion time 7p can be exclusively traced back to photobleaching,
(due to the loss of a fluorescence signal of a bleached dye in the
observed excitation volume) several modifications to a “classical
FCS setup had to be made. Paying attention to this, a comparative
study of the photostability of structurally related fluorescent dyes
was possible.

A known reaction occurring with some fluorescent dyes is the
photoinduced electron transfer, PeT [Gab04]. This photochemical
reaction was previously made responsible for fluorescence quenching
in fluorescent dyes. We used this circumstance as a read-out mecha-
nism if PeT has occurred or not. Excited dyes are redoxamphoteric
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and can act as electron donor, i.e. reductant, or as electron-acceptor,
i.,e. oxidant. In the majority of the mentioned cases the latter
is realized (Figure 2.14). With an oxidable counterpart in close
vicinity, i.e. the substituent in meso-position, electron transfer
to the excited dye occurs faster than fluorescence emission. This
leads to fluorescence quenching and thus to a loss of fluorescence.
Our approach was to inhibit this reaction by “blocking” the phenyl
group in meso-position of a BODIPY dye (5), with phosphate esters
|[Kab99, Sil96, Laz92|. This suppression of PeT could be observed

EA D

PeT

e

Fig. 2.14: Disabling PeT in BODIPY 5. By lowering the energy of the highest
occupied molecular orbital in the donor moiety (D), i.e. raising the oxidation
potential, electron transfer to the singly occupied molecular orbital of the ac-
cepting moiety (A) is disabled

by the increase of fluorescence lifetime 7p;. Future applications for
this proof-of-principle system could be a single-molecule detection
capable sensor-molecule for phosphate cleavage in bioanalytical
research. Application could be e.g. the development of sensor
molecules for phosphatase in biological environments.

In addition to PeT we investigated the behaviour of BODIPY dyes
in a similar reaction also originating from the excited state, the
Excited State Proton Transfer (ESPT) [Ford9, Forb0, Moh05|. To
draw conclusions for prediction of ESPT behaviour of BODIPY
dyes, we reinvestigated the solvatochromism, i.e. the dependance of
photophysical properties to the used solvent, of 8-hydroxypyrene-
1,3,6-trisulfonate (HPTS, pyranine), its methoxylated analogon
8-methoxypyrene-1,3,6-trisulfonate (MPTS) and 1-hydroxypyrene
(PyOH, pyrenol) (Figure 2.15) in comparison with hydroxylated
and methoxylated BODIPY dyes (10, 11). Solvatochromism was
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058 l OH 05 I OMe O
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HPTS MPTS PyOH

Fig. 2.15: Pyranines used for reinvestigation of their solvatochromism

surveyed with 25 different solvents, giving indications to the driving
force behind photoacidity of the examined fluorescent aromatic
alcohols.

Apart from these experiments we attempted to create such a model
system involved oxidation reactions of a double bond. This field of
chemical reactions is well researched beyond textbook examples and
is established in university lectures. For the sake of this knowledge
and of technical and chemical simplicity we chose dihydroxylation
chemistry starting on the one hand with syn- dihydroxylation by the
usage of metallate oxides like potassium permanganate (KMnQOy)
and osmiumtetroxide (OsOy4), and on the other hand with anti-
dihydroxylation by the usage of hydrogenperoxide (H2O2) [Mar01].
Our idea was to create a fluorophore which would be susceptible to

orange fluorescence green fluorescence

Fig. 2.16: Dihydroxlation chemistry of compound 6

oxidation chemistry without the presence of perturbing functional
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groups [Dru02]. For this purpose BODIPY dye 6 was synthesized.
In the presence of an oxidizing agent the double bond of the styryl
moiety would be attacked and the conjugation would be lost. The
resulting dye exhibits a fluorescence colour similar to dye 2 (Figure
2.16).

Our final proposition, which is still research in progress and therefore
not published, for a dye system allowing single-molecule observations
of chemical reactions based on the BODIPY dye family, dealt with
the metathesis reaction. Our projection involved a BODIPY dye
containing functional groups that allows the molecule to undergo

a metathesis reaction in presence of a metathesis catalyst, i.e. a
Grubbs catalyst. Similar to the approach with the oxidation of dye
6, the originally orange fluorescent BODIPY dye should experience
a hypsochromic fluorescence shift during the reaction and yield a
green fluorescent product (Figure 2.17).

7N\
F

F
green fl. /

Fig. 2.17: Assumed product generation of a reaction between a metathesis capable
BODIPY dye and a Grubbs catalyst (i stands for the intrinsic double bond and
n for the terminal double bond which react with one another)
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2.3 Fluorescence spectroscopic investigations
2.3.1 Interactions of light and matter

Since antiquity, humans are fascinated by light and colour. 4000
years ago the Egyptians learned to dye with indigo and the Phoeni-
cians collected purple from the purple murex. Still, thousands of
years later, in the medieval era that dye still was extremely expen-
sive and rare due to its highly elaborate production. The ability to
produce coloured objects, like clothes, or the gathering of coloured
natural products, like gems and minerals, was popular through all
times of human history. And for a long time, human understanding
of the physical or chemical causes of these phenomena remained, lit-
erally, in the dark. Chemicals that were used as dyes were invariably
accumulated from natural sources. The first documented synthesis
of a dye in a laboratory was achieved by Perkin in 1856. He ob-
tained the violet mauveine while trying to synthesize chinine out of
aniline. It was followed by an avalanche of new colourful synthetic
discoveries [Gar01].

Even then the true nature of light and its interaction with matter
were still unknown. At the end of the 19th century famous scien-
tists like Lorentz, Rayleigh and Einstein uncovered the nature of
electromagnetic radiation, its wave/particle duality and the effects
of different wavelengths and frequencies to different kinds of matter
|[Atk98]. Scattering and refraction could be explained and the fact
that electromagnetic radiation moves with a finite velocity changed
our view of the world and the universe fundamentally.

The discovery of the quantum world of light and its related radiation
opened new pathways to numerous new techniques that allowed us
to see things that we could not see with our own eyes. Starting from
there new spectroscopic and microscopic imaging techniques evolved
|Lak99].

Here we focus first on the classical optical methods that were estab-
lished with the understanding of light and that allowed use to finally
understand and use dyes and colours.
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2.3.2 Classical optical spectroscopy:

Absorption

The colours of objects that we perceive result from the removal of
certain wavelengths of light from the spectrum of white light by
absorption (gas, liquids) or dispersion (solid matter). The leftover
wavelength spectrum that is reflected from the objects surface is the
colour apprehended by the human eye. The amount of the absorbed
or dispersed photons is a function of the extinction coefficient and
the thickness of the absorbing material. This function is represented
by the Beer-Lambert law (Equation 2.1).

I
E:—lgI—O:e-c-d (2.1)

E is the optical density, € is the molar extinction coefficient, ¢ the
concentration of an absorbing liquid and d the layer thickness of
the material. The Beer-Lambert law is the base of absorption spec-
troscopy or UV /Vis spectroscopy (because it covers the range of
UV radiation and visible light). This analytical tool to determine
extinction coefficients or concentrations of absorbing substances, de-
pending on which of both is already known, is long established and
widely applied [Atk98|. It is applied in almost every scientific and
commercial field where analytics of dissolved or gaseous (e.g. in as-
tronomy) species are needed and a base principle that is learned by
science students. A schematic set-up of the absorption spectrometer

Perkin-Elmer Lambda 5 that was used in this work is shown in figure
2.18.

Excitation /Emission

The question deriving from absorption of electromagnetic radiation
by a molecule is: What happens with the absorbed energy and what
does it do to the molecules? In the case of absorbed light the re-
ception of the energy contained in it leads to an excitation of the
molecules. If a molecule is excited electrons move from the the

HOMO to the LUMO. This transfers the molecule from an unex-
cited ground state Sy to the vibrational state of an excited state

21



2.3 Fluorescence spectroscopy 2.3.2. Absorption, Excitation, Emission
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Fig. 2.18: Schematic setup of the absorption (UV/Vis) spectrometer Perkin
Elmer Lambda 5

S1 to S, (figure 2.19) [Lak99]. First a relaxation from the vibra-
tional excited state to the appropriate vibrational ground state of
the excited electronic state occurs. There the molecule has different
possibilities to leave this state. Then a further relaxation to a lower
energetic state follows. By most molecules this relaxation happens
radiationless to the unexcited ground state Sg by means of Intersys-
tem Crossing or transitions to dark states (ko). Luminescent dye
molecules additionally have the possibility to either move to a spin
forbidden triplet state (kog) and then relax under emission of radia-
tion to Sy (ksi, phosphorescence). Or they can relax directly to the
unexcited ground state by emission of fluorescence (k;qq).

Typical lifetimes of the excited state S; of fluorescent dyes range
from 1 to 10ns.This corresponds to rate constants of the fluores-
cence decay kg from 10® to 10%s~!. This rate constant is composed
of radiating contributions (k,.q), radiationless contributions (Inter-
combination transitions, ko) and triplet transitions (kes) as shown
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SN = Fig. 2.19‘: Simpliﬁed
e — Jablonski diagram
T TN showing the most im-
) portant transitions and
S = k2 their rate constants.
N e R The electronic states
k| k. S|k — T1 are supplemented with
12| 7ICg | rad vibrational states.
1
S,
in equation 2.2
kpi = (krad + krc) + ka3 = Koy + ko3 (2.2)

Rate constant ke is the fluorescent rate or excitation saturation rate
constant (kg) representing the limit of excitation cycles a molecule
can undergo in a given time [Jun01]. A fluorescence emission rate
constant of a fluorophore, can be defined (2.3) in combination with
the fluorescence quantum yield (®g;). @ gy is defined as the ratio of
the number of photons emitted to the number of photons absorbed.

kP
k12

14+ —=
+k3S

kgm i kg = kor + ka3 (2.3)

With this knowledge a whole new area of scientific research emerged
with many scientific and technological breakthroughs. For further
theoretical information we refer to literature [Lak99, Forb1].

On the technological side fluorescence and excitation spectroscopy
became mighty analytical tools that added up to the complementary
absorption spectroscopy. Usually absorption and excitation spec-
troscopy generate identical spectra in the case of luminescent mate-
rial, but the difference between the methods should be noted. An
emission spectrum is the spectrum of energies emitted (fluorescence)
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by a material after an exposure to radiation, while the absorption
spectrum is the spectrum of energies absorbed by the material. In
absorption measurements the substance is exposed to large wave-
length range of radiation (UV/white light) and the radiation that
goes trough the material unabsorbed is detected and put in ratio to
the incident radiation.

To obtain an excitation spectrum, on the other hand, the material
is exposed to a very narrow range of wavelengths, at best monochro-
matic radiation. The wavelength of the detected emission radiation
should be bathochromically shifted to the maximum emission wave-
length of the material. Then the excitation of fluorescence over a
wide wavelength range is recorded. The spectral region where fluo-
rescence can be generated is therefore the range where the material
absorbs the excitation light. This leads to a spectrum similar to an
absorption spectrum. The advantage of excitation spectroscopy over
absorption spectroscopy is that only fluorescent species are detected,
but non-fluorescent, absorbing impurities are not.

Excitation and emission spectra were recorded on the same experi-
mental setup shown in figure 2.20.

Elipsoid XenonLamp o 4 o ical

Phot?_rt?égtiplier irror * iror
B\ Ex-Grating
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Mirror Beamsplitter

Spherical
irror
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Fig. 2.20: Schematic representation of the configuration of the fluorescence spec-
trometer used in this work, Jasco FP-6500
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2.3.3 Modern optical spectroscopy:
Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS), which was first intro-
duced in 1972 by Madge, Elson and Webb, [Mag72, Mag74, Ehr74]
can be regarded as a special case of relaxation analysis. Where clas-
sical methods observed disturbances of, e.g. temperature or pressure
in a reaction system, which are induced externally, the new concept
of FCS observed fluctuations of physical parameters that correlate
with the fluorescence emission of the molecules in the equilibrium.
A molecule diffuses through an excitation focus of the beam and is
only fluorescent while it is inside the irradiated volume. The fluores-
cence fluctuations of the individual diffusing molecule can only be
observed if they are not disturbed or hidden by the fluorescence of
the ensemble of molecules in solution. Therefore only a few (at best
one) molecules should be observed at the same instant. A typical
experimental setup is shown in figure 2.21. The basic principle of

Sample
Cover slide

Objective

Dicroic mirror

Emissios filter s
Computer

Lens

APD

o
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Fig. 2.21: Typical experimental FCS setup
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Fig. 2.22: Schematic representation of the confocal principle

confocal FCS consists of the epi-illumination of a diffraction limited
volume by a laser beam. Adding to that, working in a highly diluted
probe solution (nanomolar to subnanomolar concentrations) under
an objective lens with a high numeric aperture, generally water im-
mersion objectives, and a short focal length, results in the generation
of a focal spot with only about a several 100 nm in diameter that
forms the open volume of measurement of the fluorescence analy-
sis. Only in this confined space of the probe solution the presence
of fluorescent molecules can be detected and their dynamics anal-
ysed. The emitted radiation of a laser is guided into the microscope
objective by a dichroic mirror and focused on the probe. The fluo-
rescence of the probe is collected by the same objective and passes
the dichroic mirror and emission filter that cuts out the unwanted
excitation light of the laser. In addition a pinhole is used to suppress
fluorescence light that does not originate from the focal region and
increases the axial resolution by enhancing the signal/background-
ratio. This is called “the confocal principle” [Dap95] and is pointed
up schematically in Figure 2.22. It permits that out-focal emission
is not detected while fluorescence from the focal region is detected
up to 83%. After passing the pinhole the emission light is focused on
a highly sensitive detector, preferably an avalanche photodiode. In
our setup, a beamsplitter and two photodiodes were applied to min-
imize the effects of the dead time of the diodes and other artefacts.
A computer equipped with a hardware correlator then produces the
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typical FCS curves.

At a given temperature these fluorescence fluctuations can be noticed
as noise patterns in the measured fluorescence signal. By the math-
ematical procedure of temporal autocorrelation these noise patterns
can be quantified in strength and duration. The obtained temporal
pattern, representing the rise and decay of fluorescence, contains in-
formation about the molecular dynamics of the diffusing molecules
in the observed volume (Equation 2.4).

[S(0)S(0+ 7)] [05(0)6S(0 + T)]

2
F(t) = — 14 (2.4)
[S(®)]? [S(t))?
with
g*(7) Correlation function -]
S(0/0+47) Signal at time 0/0 4T [s71]
[S(t)] Signal average value [s71]
5S(0/0 + 1) Signal fluctuation around average value
at time 0/0 + T [s71
T Time lag [s]
0 Starting time (arbitrary) [s]

Derived from this theoretical starting point, experimental data can
be linked with parameters such as rate constants like kogerr, the effec-
tive rate constant for the transition from a singlet to a triplet state,
kg1, the rate constant of relaxation from the triplet state and tp, the
diffusion time of the molecule in the observed volume (Equation 2.5).

Gt =1+ % ! (1 + ﬁemp [— (kggf + kgl) T}>(2.5)

For a more detailed description of the theory and the derivations
of its equations we refer to the technical literature [Els74, Sch96b,

Jun01].
The obtained autocorrelation curve originating from equation 2.5
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Fig. 2.23: Recorded FCS spectrum of BODIPY 2 at two different excitation
intensities.

can be analyzed as shown on the example of FCS experiments per-
formed with BODIPY dye 2 (figure 2.8). Figure 2.23 shows the
autocorrelation curves of BODIPY 2 recorded at an excitation in-
tensity of 134% (Aez=488nm). The red coloured lines shows the
data fitted according to equation 2.5. There are four sections in
an autocorrelation curve containing vital information. The section
marked as 1 delivers the amount of excited molecules in the triplet
state % Section 2, is called the contrast and shows the inverted
average number of molecules passing the irradiated volume during

a measurement, % in a normalized FCS curve. The section 3 of the
exponential decay e (A = k;gf + k31) of the higher step of the

graph at 3+ = T contains the rate constant T = kS + ks, From

the turning point 4 the diffusion time tp = % can be determined,
which delivers the diffusion coefficient D. The recording at different
intensities shows changes in rate constants of state population and
especially in triplet population, resulting in variations of section 3.
The graph then shows the tendency of a fluorescent dye to populate

the triplet state stronger induced by the higher excitation intensity.
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Time Correlated Single Photon Counting (TCSPC)

TCSPC is a technique where photons are counted correlated to the
instant an excitation pulse is applied [Lak99]. The most impor-
tant device in the method is the time-to-amplitude converter (TAC),
which can be regarded as an ultrafast stopwatch. By using a pulse
light source, e.g. a pulsed laser, a probe sample is repetitively ex-
cited. Each pulse is optically monitored by, e.g. a photomultiplier,
to produce a start signal used by the TAC. It is stopped when the
first photon from the sample is detected. The TAC then outputs
a voltage signal that is proportional to the time between the start
and stop signals. A multichannel analyzer (MCA), usually part of
a computer system, converts the voltage into a digital signal. The
schematic experimental setup used in this work is shown in Figure
2.24. Many pulses form a histogram of counts versus time. In a plot

objective

ﬂ— LDH-P-C-470B

single mode
fibre optic diode laser

TCSPC module

cuvette holder

i PDL 808MC
PicoHarp 300
SRS SEPIA

PDM 100ct - [
e

single photon
avalanche photodiode

Fig. 2.24: Schematic setup of an TCSPC experiment

with a logarithmic scale of fluorescence intensity (counts/s) versus
the time scale a linear decay of counts is visible. This linear decay
is related to the fluorescence lifetime tp. Monoexponential decay
(straight line in semi-logarithmic plot) indicates one single decay
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time, following the law shown in equation 2.6.

N(t) = Ny-exp (—i) (2.6)

TFI

where N (t) is the number of excited molecules at time ¢. The fluo-
rescence intensity £’ at time ¢ is proportional to N(¢) and equation
2.6 can be rearranged to equation 2.7.

F(t) = Fy-exp (—i) (2.7)
TFl

The value of the fluorescence lifetime Tg; can therefore be deter-

mined by a linear regression of the linear decay segment in the

recorded fluorescence decay histograms delivered by the experiment.

Figure 2.25 shows typical recorded decay curves of BODIPY dyes.

3 1.0 Fig. 2.25: Recorded TCSPC
B spectrum of BODIPY 5 and
O 0.1 its phosphorylated analogon 5a.
Q The lowered donor energy level
@ 0.01 by phosphorisation explains the
S prolongation of the fluorescence
= 03 lifetime from 5 (Tx=0,7ns) to
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o

2.3.4 Ratiometric Methods

Generally a ratio is defined as a relation in degree or number be-
tween two similar things or the numerical comparison of one class of
objects with another.

In science, especially in the life sciences, the ratio imaging pro-
cedure is used to pursuit changing conditions around a sensi-
tive probe. Benefits of this detection method compared to other
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methods (anisotropy, FRET, lifetime measurements, etc.) to fac-
tors like, e.g. the insensitivity to the concentration of the sen-
sor molecules, to uncontrolled quenching and to instrumental fac-
tors. Also photobleaching of the fluorophores that decreases the
concentration of the sensor molecules will not influence the result
if the photobleaching products are non-fluorescent [Dem08|. The
sensor molecules are usually fluorescent dyes that are exposed to
biological environments or tagged to various biomolecules. With
this method the effectiveness of different substrates or catalysts
to various fluorescent compounds can be screened at high quanti-
ties. The highly sensitive fluorescence imaging methods, that are
applied in biochemistry, can detect the slightest changes in fluo-
rescence emission and also be employed in technical screenings on
well plates where reactive species react with fluorescent probe dyes.
Many different probe dyes that
are sensitive to other ions like,

. . pH 9.0 Ex = 488 nm
e.g. potassium, sodium, cal-
cium, magnesium, chloride and 76
. o ‘ 7.2
other bioactive ions are commer- Y2\
cially available. The choice of /
6.0

a probe dye depends on the an-
alyte. Fluorescence spectra (or

Fluorescence emission

changes in a distinct fluorescence
wavelength) are collected at dif-
.fe.rent times, wavelengths, pol'ar- £t oo o B i
ities, pH ranges, etc., depending Wavelength (nm)
on the sensitivity of the probe

Fig. 2.26: Emission spectra of carboxy

dye. Flgure 2:26 shows the C'O'm_ SNARF-1 in 50 mM potassium phos-
mercially available pH sensitive phate buffers at various pH values.

dye, carboxy SNARF-1, a long Samples were excited at 488 nm.
wavelength fluorescent pH indi-

cator that was developed by Molecular Probes [Hau02|. The dye
undergoes a bathochromic shift in emission wavelength maximum
with increasing pH value at a constant excitation wavelength. Thus
a ratiometric analysis of the fluorescence intensities at two emission

wavelengths can be used for accurate determination of pH values in
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intracellular environments.

With a given suitable sensor ratiometric analysis gives insight to
intracellular processes by the distribution of fluorophores and their
cellular environments [Gro94, Bur03]. Grynkiewicz, Tsien et al. de-
veloped a family of fluorescent indicators to unveil the physiological
role of calcium ions in cytosols [Gry85]. Ratiometric intracellular
calcium imaging has been continuously evolving and even been ap-
plied to cells of a beating rat heart [Eer04].

But ratiometric methods are not limited to biochemical applications
[Lee05, Cho06|. Ratiometric proceedings can also be applied in com-
binatoric applications or be implemented in screening techniques.
The ratiometric analysis of two different fluorescent species can be
used in combinatoric chemistry or chemical engineering as well. Ra-
tiometric analysis, in combination with the kinetics of fluorescence
changes give valuable information about affinity and effectiveness of
the used reactive species. Attempts to evaluate a methodology have
been made with e.g. fluorescent lipid peroxidation probes to detect
reactive oxygen species in egg vesicles [Dru(2].

In this work ratiometric analysis is applied to a fluorescence dye
changing its fluorescence colour upon oxidation. After optimization
of the system an employment as probe dye for reactive oxidizing
species in screening or in biochemical environments (in vitro or in
vivo) is a realistic research goal.

2.3.5 Excited state reactivity (ESPT)

In 1950 Theodor Forster postulated that, due to the thermody-
namics of excited and ground states of molecules containing pro-
tons and their conjugated bases, the excited state acid is stronger
than the ground state acid (with exceptions). This happens when
the absorption or emission spectrum of the conjugated base exhibits
a bathochromic shift relative to the absorption/emission spectrum
of the conjugated acid [Ford9, For50, Forb1]. This definition be-
came known as the “Forster cycle” (Figure 2.27).  In the case of
hydroxyarenes the proton transfer is a process occurring in compe-
tition to the decay of excited states. Deprotonated hydroxyarenes
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Fig. 2.27: Diagram of the Forster-cycle [Tol02]
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are fluorescent bases with non-binding, oxygen centered, molecu-
lar orbitals. In these orbitals the charge distribution appears dis-
tal to the oxygen atom. This reduces the basicity of the excited
anion. Therefore the acidity of the conjugated acid increases. In
addition to fluorescence and proton transfer, hydroxyarenes suc-
cumb to a number of additional processes, like proton induced
fluorescence quenching and homolytical bond cleavage leading to
radicals. These processes have been well researched on 1-Naphtol
and phenol derivatives. Forster himself studied these processes
on HPTS (Figure 2.15) and its nitrogen analogon 3-Aminopyrene-
5,8,10-trisulfonate (APTS) [For50, Pet49]. In these compounds, the
sulfonyl groups strongly increase the water solubility and are disso-
ciated over a wide pH range, but they also exert some influence to
absorption and emission spectra due to hydrogen bonding to the sol-
vent molecules [Spr07|. Spectroscopic measurements can be carried
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out at different pH values to examine the behaviour of the molecules.
HPTS and APTS only differ in the presence of a hydroxyl group on
one compound and an amino group on the other. Each is subject to
a protonation/deprotonation equilibrium:

R-O~ = R-OH
R-NH, = R-NH |

The spectral transitions for these processes and pH values where they
occur are shown in Figure 2.28. If Av = hvy — hvy is calculated and

pH~0 pH<2
, , 2<pH<13
pH>8 .

R—OH* R—O* , R —NH;™*/ R—NH*

L \pE:=1.19 \pEE-().S

_— _

455nm 510nm 500nm 410nm

400nm 450nm 365nm

& PK=T3 A PK=8T5

R—OH R—O" R —NH;"* R—NH,

Fig. 2.28: Spectral transitions of the pyrenes used by Forster, and the pH range
where they occur

using equation 2.8. The pK, of the excited state pK? is determined,
the values of pK,=7.3 and pK}=1.19 are received for HPTS [For50].

(h’Vl — h’Vg)
In10RT

pK; = pKa - (28>

This means that the compound is significantly more acidic in the
excited state. Therefore HPTS exists in a pH range from 1 to 8
only in a dissociated, excited state R-O~*. It prefers to switch over
to this energetically more advantageous state than to remain in the
excited, undissociated state R-OH*. These processes are similar with
protonated APTS in a pH range lower than 2. Calculations yield
pK,=8.75 and pK’—=-0,8. This elucidates that the initial acidity of
the amino group increases the acidity of APTS relative to HPTS.
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In short donor substitution provokes a redshift of the fluorescence
spectra and thus a raise of the acidity.

According to Forster’s pyrene similar calculations and behaviours
should be achievable for other fluorescent dyes like BODIPYs. This
would make the examination of ESPT on a single-molecule level
possible. BODIPY dyes like 10 and 11 (figure 2.9) seemed to be a
promising system to examine their ESPT capability. Unfortunately
limitations arise due to the poor water solubility of the compounds
relative to the excellent solubility of HPTS. If, however, ESPT can be
observed in a given, calculated pH range on these compounds, FCS
and other single-molecule techniques like TCSPC would be mighty
tools to unveil the dynamics, rate and consequently the mechanism
of the fast process ESPT.

2.3.6 The Solvatochromic Comparison Method

The solvatochromic comparison method was used to evaluate a scale
of solvent hydrogen-bond acceptor (HBA) capabilities (the B-scale),
a scale of solvent hydrogen-bond donor (HBD) capabilities (the o-
scale), and a scale of solvent dipolarity /polarizability (the 7t*-scale)
using UV /Vis spectral data of solvatochromic compounds. This sys-
tem was employed and developed by Kamlet, Taft et. al. in 1976
[Taf76, Kam76, Kam77, Kam83]. The « scale describes the ability
of the solvent to donate a proton in a solvent-to-solute hydrogen
bond. The (3 scale provides a measure of the solvent’s ability to
accept a proton (donate an electron pair) in a solute-to-solvent hy-
drogen bond and to evaluate hydrogen-bond-acceptor strengths of
solid HBA bases dissolved in non-HBA solvents. The 7t* scale is an
index for the ability of the solvent to stabilize a charge or a dipole
via its dielectric effect.

The parameters for different solvents were determined by measur-
ing the magnitudes of solvatochromic shifts, AAV for distinct com-
pounds relative to a single fixed reference points for the different
scales. Starting from that the «, p and 7t* values for more than 70
solvents have been determined. The 7* scale ranges from 0.00 (for
cyclohexane) to 1.00 (for dimethylsulfoxide). The & and 3 scales also
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range from 0.00 to 1.00 (with exceptions like e.g. Trifuorethanol and
Hexafluorisopropanol). The solvatochromic parameters have been
used in one, two and three parameter correlations involving different
combinations of these parameters, called linear solvation energy re-
lationships(LSER’s). But it has to be mentioned that this empirical
analysis is simply an attempt to quantify solute properties. Some
generalisations have been made by neglecting specific solute-solvent
interactions, which can not be grasped by solvatochromism. There-
fore all values are containing errors. However, the method is well
suited for an estimation of general tendencies. More than 40 articles
dealing with LSER’s have been published until today. The system
has been continuously enhanced and enlarged, also with the help of
other workgroups. Only elemental aspects of the system shall be
discussed in this chapter.

The Kamlet-Taft-equation

The most common multiparameter equation in LSER’s, known as
Kamlet- Taft equation (equation 2.9) [Rei03], can be considered as
a linear three parameter regression of the spectral shifts of an OH-
species, v;, gathered from spectral data like absorption and emission
maxima and the tabulated solvatochromic parameters of the different
used solvents [Lau94, AgmO05].

Vi =V +pirm + b + a;jx (2.9)
with
V; spectral transition frequency
Vio reference spectral transition frequency

a, 3,7  Kamlet and Taft solvatochromic parameters
(solvent properties)

a;, b;, p; parameters of the molecule under investigation
(solute properties)

The coefficients a;,b; and p; are characteristic properties of the
solutes in the i-th electronic state. p; is related to the transition
dipole moment of the substance, b; is a measurement for its basicity
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and a; describes its acidity. The index i describes either the
properties of the ground state (i=0, excitation) or the excited state
(i=1, emission). Hence solvatochromism, v;~v;y, of the solute in
dependence of the solvent can be used to gather information of the
stabilization of the excited state relative to the ground state.

Differential solvatochromism

Different dyes that are known to be good photo acids have been ex-
amined for their solvatochromic parameters a;, b; and p;, like the
naphtols 5-cyano-2-naphtol (5CN) and 2-naphtol (20H) by Agmon
et al. in 1998 [Sol98a, Sol98b, Sol99]. The comparison between solva-
tochromic shifts of a hydroxysubstituted dye (ROH) and the shifts
of a homomorph methoxysubstituted dye (ROMe) shows that the
difference between the shifts only relates to the loss of the ROH- - - S
hydrogen bridge bond between the oxygen atom of the hydroxyl
group and the hydrogen of a protic solvent. The dipolar effects of
ROH and ROMe are considered to be similar. This means that by
the subtraction of the maximal frequencies of the given transitions
of both species (Equation 2.10)

Av =v(ROMe) —v(ROH) ~ b3 (2.10)

only the influence of the effect of the ROH- - - S-bond, between the
hydrogen atom of the hydroxyl group and and a hydrogen bridge
bond accepting atom (e.g. nitrogen, oxygen) of a solvent S, remains.
This approach is called “differential solvatochromism”. The result is
a correlation between spectral shifts in relation to the empirical sol-
vatochromic parameters of different solvents. The solute dependent
parameters a;, b; and p; correspond to the slopes of the resulting
linear fits of the graphs.

Determination of b;: Figure 2.29 shows the differential solva-
tochromism of 5CN relative to its methoxyderivative [Agm05|. The
higher the ability of a solvent to accept hydrogen bridge bonds, the
higher gets the relative stabilization of the excited state R*OH and
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the greater becomes Av. The slopes of the two straight lines (b, for
the ground state and b; for the excited state) show a higher slope
for the fluorescence case than for the absorption/excitation case.
This can be explained by a relaxation of the solvent occurring after
excitation but before emission. These rearrangements, also partly
responsible for the Stoke’s shift, strengthen the ROH---S- bond,
which causes the solute to react more sensitive to changes in solvent
properties [AgmO05].

Determination of p;: After the parameter b, was determined, the
Kamlet-Taft equation can be rearranged to determine the parameter
p;. By the choice of solvents with a HBD acidity of «=0, a;c drops
out of the equation 2.11.

’VZ‘—’VZ'()—Z)Z'B :piﬂ'* (211)

If a solvent, whose solvatochromic parameters «, 3 and 7t* are zero,
(e.g. cyclohexane) is used v can be calculated to equation 2.11, by
entering the appropriate values for absorption and emission, v;. A
graphic data analysis analogue to figure 2.29, by plotting the calcu-
lated values against the empirical values of 7t*, yield straight lines
with slopes corresponding to p;.

Determination of a;: If the solute parameters b; and p; have been de-
termined, the Kamlet-Taft equation can be resolved into a;x (equa-
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tion 2.12):

’Vi—’Vio—biB —piﬂ'* = aq;X (212)

Graphical data analysis analogue to the previous point yield a; from
the slopes of the gained straight lines.

If the parameters a;, b, and p; have been determined, they
can be compared to published solvatochromic data of other dyes in
order to asses the suitability of a dye as photoacid.

The Ooshika-Lippert-Mataga-Equation

As an alternative to the thermodynamic proposals for prediction
of solute-to-solvent behaviours (like e.g. Forster’s ESPT model),
Lippert described in 1957 a consideration derived from a quantum
mechanic point-of-view [Lip57]. Here the solvent sensitivity of
a fluorophore can be estimated from a Lippert plot. The more
sensitive a fluorophore reacts to a new solvent, the larger are its
changes in dipole moment upon excitation. The polarizability of a
molecule is a result of both the mobility of electrons in the solvent
and the dipole moment of the solvent molecules. Both effects show
different time dependencies. Reorientation of electrons happens
instantaneously, whereas the dielectric constant also determines
the polarisability of the solvent and therefore includes the effects
of molecular orientation of solvent molecules. This molecular
orientation (low frequency polarisability) shows a slower timescale
than electron orientation (high frequency polarizablity).  The
orientation polarisability Af is defined as the difference between
the high-frequency polarisability f(n), which is a function of the
refractive index, and the low-frequency polarisability that is given
as a function of the dielectric constant (equation 2.13).

e—1 n?—1

T 2% +1 2m2+1

Af (2.13)
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Lippert represented this in a plot where the difference between the
wavenumbers of absorption and emission v, — Vg is plotted against
the orientation polarisability, Af. Linearity of these plots can be
regarded as evidence for a dominance of solvent effects in spectral
shifts (although specific solvent effects may lead to a non-linear plot).
The higher the slope of linear fit lines in the plot, the more sensitive
the fluorophore reacts to changes in solvent properties.

It can be shown that the difference of absorption and emission max-
ima as a function of the dielectrical constant of a solvent is pro-
portional to the difference of absorption and emission maxima as a
function of the solvatochromic Kamlet-Taft parameter 7t* of the sol-
vent. A plot of the differences of absorption and emission maxima as
a function of the Af should result in the case of proportionality to
the solvatochromic parameter 7t*, in a straight line. This line should
be similar to the line in a plot of the differences between absorption
and emission maxima as a function of 71" of the respective solvent.
This can be achieved by putting equation 2.13 in a form where it
considers collected spectroscopic data. For this equation 2.13 has
to be combined with an equation showing the correlation between
wavenumber differences and changes in dipole moments (2.14).

20f

AV — — )2 2.14
Vo= (- ) (2.14)

Av is the wavenumber difference of the 00-transitions of absorption
and emission. Wg and pug are the dipole moments of the ground
and excited states. a is the Onsager radius. The term (1, — 1i)*
describes a molecular characteristic. This equation is called the
Ooshika-Lippert-Mataga equation [Biin87|, giving credit to Ooshika
and Mataga who were helping Lippert in deducing the quantum
mechanical relationships. The result of the combination of the equa-
tions 2.13 and 2.14 is shown in equation 2.15:

2 e — 1 n?—1
ashc 2¢e,+1 2n2+1

—2

AV =Vyps — Ve = (2.15)
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The advantage of the application of the Ooshika-Lippert-Mataga
equation lies in the possibility to determine a molecular property;,
like the change of the dipole moment of a compound during the
transition from the ground state to an excited state, if other influ-
ences on solvation can be disregarded.

The described solvatochromic approaches can be used as an alter-
native to the prediction of ESPT effects, if the Forster method can
not be applied. This approach is not limited to water soluble probe
molecules. By observation of the influence of solvent effects (acid-
ity and basicity) on excitation and emission spectra a tendency of a
molecule to undergo ESPT in a protic solvent can be qualitatively
pre-estimated.
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Comparative photostability studies of BODIPY and Fluoresceine

dyes using Fluorescence Correlation Spectroscopy

B. Hinkeldey, A. Schmitt, G. Jung*
University of Saarbruecken, Biophysical Chemistry,
Campus B2.2, 66123 Saarbruecken, Germany

* corresponding author: g.jung@mx.uni-saarland.de

Abstract

In single-molecule applications, photostability of fluorescent molecules is a key
parameter. We applied Fluorescence Correlation Spectroscopy (FCS) to compare
the photostability of four Fluoresceine and four BODIPY dyes of similar structure but
different triplet yields. The latter dye class turned out to be more stable. In the kinetic
analysis which we developed, diffusion and photobleaching were treated as
competitive processes. Corrections, which accounted for saturation and for
experimental artefacts were achieved by solely using experimental data.
Photobleaching is found to occur mainly via the first excited singlet state Si in

contrast to previous findings.
Keywords

Fluorescence correlation spectroscopy
Photostability

Single-molecule studies

Bodipy, Fluoresceine
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Introduction

In recent years, ultrasensitive fluorescence microscopy has become a widely applied
method for studying biological processes or interactions between molecules [1-13]. In
general, fluorescent labelling of different proteins, cell parts or metabolites is used to
observe their molecular behaviour by microscopic means. Also time resolved
methods are applied for following active movements, diffusion of intracellular and
membrane bound molecules. Ensemble averaging methods like Fluorescence Loss
in Photobleaching (FLIP) [1] and Fluorescence Recovery After Photobleaching
(FRAP)[12] are available and FCS on the single-molecule level is applied to gain
information about chemical reaction rates, flow rates, diffusion coefficients, molecular
weights or molecular aggregates [7,8,11-18].

All these examples share the photostability of the chosen dyes as key parameter.
The time resolution in FLIP and FRAP depends directly on the maximum of
photocycles a molecule undergoes before it becomes photobleached, whereas a
high photostability of the employed dyes is recommended for most other applications.
In principle, a molecule is considered photobleached if it is in a non-fluorescing state
after excitation, either irreversibly or in a long-living dark state [11]. Several attempts
to understand photobleaching processes have been made before [14-23]. They can
be divided in at least two classes; i.e. ensemble and single-molecule approaches.

At the ensemble level, cuvette experiments have been performed [14,24]. However,
the typical excitation intensity is in the range of W/cm?, which leads to only weak
photobleaching and long time constants of the fluorescence loss. Moreover, typical
excitation intensities in single-molecule microscopy are in the range of kW/cm? where
also higher order processes can occur, so that the values obtained by cuvette
experiments are not transferable to these conditions.

Methods like FRAP and FLIP are used to investigate the photostability of fluorescent
dyes at higher intensities [1,12]. Photostability is also explored on the single-
molecule level by immobilizing single molecules on a surface or in a polymer matrix
and monitoring the off-rate of their fluorescence signal [19,20,22,25]. But due to the
different environment in a matrix compared to the liquid phase, the access of oxygen
to the dyes is altered. Also the probability for ionisation changes [26]. Furthermore,
most biological applications take place in an aqueous environment; therefore

photostability properties of fluorescent dyes in such solution are more significant. In
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order to combine high excitation intensities as well as observation of freely diffusing

molecules, FCS is a convenient method since it also allows the acces to
photophysical parameters.

As FCS is nowadays a well established and theoretically understood method,
analysis of photostability should be possible by regarding the diffusional behaviour
[12-18, 27-38]. Here, a molecule diffuses through the excitation focus and is only
fluorescing while it is inside the irradiated volume. As the collection efficiency function
(CEF) is described by the excitation volume convolved with the pinhole function, the
size of the detection pinhole hence determines the volume from which the
fluorescence photons are collected. This is called the detection volume. The
observation time corresponds to the time which a molecule needs in average to
diffuse through the detection volume [18,21,28]. With increasing excitation intensities
the apparent diffusion time decreases as molecules become photobleached while
diffusing through the detection volume [23,27]. This implies that the decrease of the
diffusion time with increasing excitation intensity correlates to photobleaching. But
still the origin of the bleaching processes is not exactly known. Higher excited states,
which are extremely energetic, are regarded as highly reactive, so that degradation
can occur more easily [39,40].

Also, the triplet state is often considered as the origin of decomposition due to its
relatively long lifetime of microseconds compared to the singlet lifetime in the range
of nanoseconds [39-41]. The triplet state thus is regarded as energy storage with a
higher probability to undergo excited state reactions.

Recently, Eggeling et al. [36] showed an approach to circumvent photobleaching by
pulsed laser excitation. The pulse separation was above the typical lifetime of a triplet
state, ensuring that transient molecular dark states with lifetimes < 1us can relax
between two absorption events and thus avoiding higher order processes out of the
triplet state. A 5 to 25 times fold increase in total fluorescence yield was observed.
Chemical attempts like polyfluorination [42,43], insertion of a cyano-group [24] or
addition of triplet quenchers and antioxidants are reported [44-46] to result in a higher
photostability. But most of the photostability studies focused on solely the triplet state
as origin of bleaching processes. Therefore, bleaching via the singlet state is
neglected.

In contrast to photobleaching studies which investigated only the ftriplet state, the

purpose of this work is to correlate the bleaching behaviour with the populations of
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both singlet and triplet state. As both states are considered, the outcome should be

the amount of contribution of the singlet and triplet state to photobleaching. We
studied two dye classes. Fluoresceine dyes are chosen as a reference substance
class. Dyes of this family are prototypes in photostability research and studies on the
photodegradation processes are reported [41,47]. In addition, we use BODIPY
(Bordipyrromethene) dyes, which exhibit high fluorescence quantum yields [48,49].
They are used in photostability research and FCS applications [25,28,44,49-51]. The
chosen members of one dye family are structurally nearly identical with very similar
excited state lifetimes, but different intersystem crossing yields. Thus, the only
variation within one dye family lies in their intensity dependent triplet population.

We perform intensity dependent FCS measurements and correlate the obtained
decrease of the diffusion time with the photophysical parameters of the dyes. The
developed approach consists in treating the apparent diffusion time as the sum of the
rate constants for bleaching and diffusion, which leads to a Stern-Volmer analogue
analysis. We also circumvent previously described optical artefacts by a careful
experimental design [34,38]. Simplifications of our approach are discussed and the

outcome is compared to previous published results.

Experimental section

Materials

BODIPY dyes 1-3 (purity > 90%) are synthesized according to standard methods
[52,53] and identified by NMR. Details will be described elsewhere. BODIPY 4 and
Fluoresceine 4 (Fluoresceine 27) are purchased from Radiant dyes (Germany) (laser
grade purity), Fluoresceine 2 (Fluoresceine isothiocyanate isomer |) from Fluka
(Germany) (purity > 97.5%), Fluoresceine 3 (Oregon Green 488 carboxylic acid 5
isomer) from Molecular Probes (Invitrogen, Germany) (laser grade purity) and

Fluoresceine 1 (Uranin) is obtained from Merck (Germany) (purity > 95%).

UV/Vis and Fluorescence Spectra

Absorption spectra are recorded with an UV/Vis Spectrophotometer (Lambda 5,

Perkin Elmer, USA), emission spectra are taken by a fibre coupled spectrometer (SD
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2000, Ocean Optics, USA). The concentration of the used aqueous solutions is in the
micromolar range. Fluoresceine dyes are measured at pH 10 by adding buffer
solution (HPCE-grade, Fluka, Germany).

TCSPC

Fluorescence lifetime measurements are performed by using a custom-built setup. It
consists of a pulsed diode laser (Aexe = 470 nm, pulse width = 60 -120 ps), a diode
laser driver unit (PDL 808 MC SEPIA, PicoQuant, Germany), followed by a single
photon avalanche detector (PDM 100ct SPAD, Micro Photon Devices, ltaly) and a
photon counting device (PicoQuant Microtime, Germany). The overall instrumental
response function is between 200-300 ps. Data are analyzed by commercial software

(SymPhoTime, PicoQuant, Germany).

FCS

FCS measurements are also performed with a custom-built confocal setup. The laser
source basically consists of a frequency doubled diode laser (Picarro, Soliton)
operating at A = 488 nm and a beam diameter of 0.7 mm. For beam extension, the
laser beam is coupled into a fibre and led through a 10 x objective, yielding finally a
beam with a diameter of 4 mm. The laser is directed into an inverted microscope
(Axiovert 200, Zeiss) and reflected by a dichroic mirror (495 DRLP, Omega) onto a
water immersion objective (PlanApo 63x, NA 1.2 WI, Zeiss). The objective focuses
the laser into a diffraction limited spot above thickness corrected cover slides (0.17
+/- 0.01 mm, Assistent). As sample, a drop of nanomolar solution is put on the
coverslide on top of the microscope. Fluorescence is collected by the same
objective, passes the dichroic mirror and is focused by the tube lens onto a 50 or
75um pinhole. Afterwards, light is filtered by a band pass filter (HQ 525/50, AHF
Analysentechnik) and is splitted into two beams by a 50:50 beamsplitter. Two
Avalanche photo diodes (SPCM-14-AQR, Perkin Elmer Optoelectronics) detect the
photons and the output of the modules is cross-correlated by a hardware correlator
(FLEX 02 D, Correlator.com). Fluorescence correlation curves are taken with
excitation powers varying between 10uW and 5 mW corresponding to intensities of

0.68 and 335 kW/cm 2 at the sample, respectively.
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Correlation data is analysed according to the 2D-model [Eq. (1)] which is sufficient to

describe g(1) for the here used pinhole diameter [54]

1 1 K .
g(T)zﬁ- 7 '(1"';67‘1)(_(]‘2];"']‘31 )J (1)

1+ 31
Ty (1)

g(7) is the obtained correlation function of the fluorescence fluctuations, N the particle
number and T g (I) represents the apparent diffusion time. The parameters k2:*" and
ks1 correspond to the effective ISC rate constant and the inverse of the ftriplet lifetime
T, respectively. For global fitting, ka1 is kept constant for all correlation curves of one
dye. The intersystem crossing rate constant k.3 can be extracted using Equation (2)
according to [27] by

. k12 (2)
23
k12 + k21

Kl =k
with k21 as the inverse of fluorescent lifetime s

ky =— 3
', (3)

and k12 as the excitation rate constant
o-1

o=

(4)

o is the absorption cross section, | the applied excitation intensity, V the laser
frequency and h the Planck constant. For the sake of comparability, all shown FCS
data are normalized to N = 1.

The contrast C and its maximum value, Cnax, are expressed by

c=tu _Ke o ot (5)
O ky, +ky
and are connected to the triplet population T by
__<
Cc+1
(6)
Results
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Electronic spectra and determination of photophysical parameters:

We use eight different fluorescent dyes, four BODIPY and four Fluoresceine dyes.
Their chemical structures are depicted in scheme 1 and 2. Within the BODIPY family,
BODIPY 2, 3 and 4 differ only in their number of methyl groups. BODIPY 1 is
structurally equivalent to 2 except the additional phenyl group in the meso-position.
Among the Fluoresceines, Fluoresceine 4 is the chlorinated analogue to
Fluoresceine 1 which is expected to lead to an increased intersystem crossing rate
constant [55]. Fluoresceine 3 carries fluor atoms in order to amplify photostability
[56]. Fluoresceine 2 is substituted by an isothiocyanate group in the phenyl moiety,
but except this, identical to Fluoresceine 1. Both dyes are expected to have nearly
identical photobleaching properties since the phenyl moiety is perpendicular to the
chromophoric system.

All eight dyes were investigated by UV/Vis spectroscopy as well as fluorescence
lifetime measurements. Because of their similar absorption maxima A s (around
490nm) and emission maxima A «m (@around 520 nm) FCS is possible and comparable
data should be obtained with an excitation wavelength of 488 nm. All four
Fluoresceine dyes exhibit a fluorescence lifetime 1 5 of about 4 ns. The lifetime of the
BODIPY dyes is about 6 ns except BODIPY 1, of which the lifetime is shortened to
3.6 ns. This reduction is attributed to the freely rotating phenyl moiety of which
rotational movements represent an alternative pathway to loose the received
excitation energy (“loose bolt mechanism” [57]).

The ISC rate constants k,; of BODIPY 3 and 4 as well as k»; of the Fluoresceine dyes

are all in the range of 3 — 5 x 10° s™

, indicating a high triplet quantum yield.
Fluoresceine 2 has an even larger ISC rate constant of 8 x 10° s™. Only BODIPY 1
and 2 have a relatively low ISC rate constant below 10° s™'. Except Fluoresceine 3, of
which 17 is comparatively long (2.4 us), all other dyes exhibit triplet lifetimes between
1.3 and 1.6 ps which indicate diffusion controlled triplet quenching by molecular
oxygen [39].

All spectroscopic parameters are listed in table 1.

FCS as a valuable tool for analysing photobleaching
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FCS measurements are performed with the setup described above. BODIPY 3 is

measured at even lower excitation intensities, beginning at 0.68 kW cm *

(see
Supporting Information). Figure (1) shows FCS data of three different dyes at three
different excitation intensities. Figure (1 a) depicts the data obtained from BODIPY 2,
Figure (1 b) of BODIPY 3 and Figure (1 ¢) corresponds to Fluoresceine 3.
Comparison of the three data sets in the sub-microsecond time range gives
information about the triplet population. The contrast C which is related to the triplet
population increases from Figure (1 a to c) at the same intensity. This means, that
BODIPY 2 is rarely in triplet state (Cmax ~ 2) whereas Fluoresceine 3 (Cmax ~ 8) is
nearly exclusively in triplet state upon high excitation intensities. All Fluoresceines
and BODIPY 3 and 4 reveal high ISC rate constants, whereas BODIPY 1 and 2
show relatively low triplet population.

Upon increasing intensities the diffusion times of all dyes (except BODIPY 3) exhibit
a distinct decrease in Tqir.

Figure (2) summarizes the dependence of the diffusion time T 4+ on the excitation
intensity | for three examples. The decrease is nonlinear and at higher intensities T g
levels off. There, while increasing the excitation intensity the excitation rate remains
constant, because the rate-limiting step is the decay of the excited states.

The degree of change in 145 in the case of BODIPY dyes seems to be anticorrelated
to the triplet population. The lower the contrast, the more distinct the decrease of
diffusion time appears. In contrast, all four Fluoresceine dyes exhibit high triplet

populations and a decrease of 14 at the same time.
Analysis of photobleaching in analogy to Stern - Volmer

Several attempts were made to describe the observed photobleaching behaviour
phenomenologically. [17,27,40]
Our alternative approach is to treat photobleaching as a competitive process to
diffusion (see supporting information). In a kinetic description, this results in a sum of
two rate constants for the observed “disappearance rate constant” Kgss:

1 1
k 4, =m=m+kb[ (7)
Ta(0) is the unbiased diffusion time if no photobleaching occurs and kg is the

intensity dependent rate constant for all bleaching processes. It is a
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phenomenological rate constant, which also includes transitions from higher singlet
(Sn) or ftriplet (T.) states. This perception strongly resembles the Stern-Volmer
interpretation of fluorescent quenching [58]. There, the higher the concentration of
the quencher the less fluorescence is emitted. This relation is expressed by Equation
(8)

Tho _ Py

7,(0)  @(0)

with @, denoting the fluorescence in absence of quencher, ® the fluorescence in

=1+k,7,[0] (8)

presence of quencher, 7, the fluorescence lifetime in absence of quencher and

[0] the quencher concentration. We used in Equation (8) the proportionality of 1, and

®, [59]. The product 7.k, is called the Stern — Volmer quenching constant.
In our case, the analogy to Equation (8) is represented by Equation (9)

Zay (0)
Tagr (1)

Tqirr (0) can be extrapolated from Figure (2). However, its value is of minor importance.

=1+ky 7,,0)1 9)

Figure (3a) depicts our analysed data. At least at low intensities a straight line
behaviour with an ordinate intercept of 1 results from treating the diffusion time in
analogy to fluorescence quenching. But at higher intensities, the data levels off from
the linear behaviour. At these intensities, we have to consider saturation effects,

leading to the fraction term in brackets [60].

75 (0) 1 I-1
“7:1+kb/'rdijf(o)'l' :1+kh['z-diff(0)' sat

(10)

Photobleaching as well as saturation follow the excitation profile; i.e. ku(r) and C(r)
are affected in the same manner. Due to this inhomogeneity, photobleaching in FCS
cannot be solved analytically [23]. We correct for these non-linearities by the intensity

dependent contrast C(l) as will be described in the next section.

Correction of the intensity inhomogeneity

As mentioned before, saturation effects lead to an inhomogeneity of the intensity

dependent diffusion time. By using the experimental contrast C instead of the
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intensity, these saturation effects can be experimentally accounted for, since the

contrast also saturates [38]. Equation (5) can be rewritten as

I
c=C .—
T (11)
with
ky -0
=2~ 12
= (12)

As the experimental contrast C is a position dependent parameter, it is a measure of
the averaged actual intensity in the detection volume. ISC and photobleaching are
linked together via the intensity conditions in the monitored area. Therefore,
saturation should affect C as well as T4 in a similar manner. By introducing the
experimental contrast as internal reference of the actual intensity, this “first order”
correction recompenses also imperfect alignment of the detection pinhole.

Introducing the experimental contrast in Equation (10) leads to

7 (0) c()

W —1+k, 1, (0) =21,

Tdm, (I) bl dg[f( ) Cmax sa (1 3)
T g (0) occurs on both sides of the equation and can be cancelled. We keep it in the
figures for the sake of clearness to stress the analogy to Stern — Volmer analysis.

The slope of the Stern — Volmer plot becomes

3 1
leff (1) _ kbl .Isat (14)
oac  C

max

Therefore, a correlation between the diffusion based parameter T 4 (0) / T g (I) with
the contrast C (Fig. (3 b)) is obtained. Both BODIPY 2 (black squares) and 3 (dark
grey triangles) exhibit almost a linear relation between the diffusion time and the
contrast. Fluoresceine 3 (light grey squares) still levels off originating from a still
increasing contrast while no change in 1 4 (1) is observed. One reason could be that
our correction with the experimental contrast is not sufficient at very high contrast
build up.

As Crax is proportional to the triplet population [Eq. (6)], our analysis correlates

bleaching behaviour with the populations of the photophysical states.

Correlation with photophysical parameters
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The next step in our analysis is to eliminate Cnax in Equation (14), as Cmex is the
parameter by which the dyes Fluoresceine 1 - 4 and BODIPY 1 - 4 differ. A
convenient way is a Lineweaver-Burke-plot, described by Equation (15). It can
alternatively be used to extract kx. The outcome does not differ from the value
obtained by the correlation data listed in Table (1).
(9
However, the advantage of plotting 1/C versus the 1/1 [Fig. (4)] is that this plot gives
information about the triplet population without further conversion of the experimental

data. It is connected to the triplet population as

| =
—

J

C by vk 1T (16)
al k23 o Cmax " al
1 1

Figure 5 shows the dependence of the contrast build up of C on the excitation
intensity for BODIPY 2 (black dots), BODIPY 3 (dark grey triangles) and Fluoresceine
3 (light grey squares). All three substances exhibit a nearly linear correlation between
the inverse contrast and the inverse intensity. The steeper the slope the lower is the

triplet yield.

Correlation of triplet population and photobleaching behaviour

As Equation (14) and Equation (16) both contain the parameters Cmax and lsa,

combination leads to the master Equation (17):

a[ 1 Jal Ky - 1o
Ty (1) i C_ Gy (17)
3C al 1 bl
1

This means that by plotting the slope of the Stern — Volmer plot [Fig. (3b)] against the
slope of the inverse of the contrast versus the inverse of intensity [Fig. (4)], the

resulting slope should represent the bleaching rate k v, for a given molecular structure

[Fig. (3)].
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Photobleaching out of the singlet state

Figure (5) shows the plot obtained by use of Equation (17). In this plot, the ordinate
displays the magnitude of photobleaching. The lower the data points the less
photobleaching occurs, i.e. indication of a higher photostability. The abscissa
describes the ftriplet yield. Both dye families exhibit similar tendencies, i.e. a linear
correlation between photobleaching and singlet population which is expected from
Equation (17). We conclude from the depicted linear correlation that one dye class
exhibits a constant photobleaching yield.

Although both dye families have a similar slope, their bleaching rate constants are
not the same. The Fluoresceine dyes are parallel shifted upwards, as shown by
comparison of BODIPY 3 and Fluoresceine 1. Both dyes exhibit a similar triplet
population but while BODIPY 3 is rather stable, Fluoresceine 1 bleaches obviously.
Therefore, the photostability of BODIPY dyes seems to be superior to the
Fluoresceines. One has to consider that the more time a molecule spends in its triplet
state, the less bleaching occurs. A dye which is in this long-living bottleneck state for
the most time undergoes less photocycles than a molecule which is almost
exclusively in its singlet state. This kind of dead time leads to an error in applying the
Stern-Volmer analogous analysis versus the uncorrected excitation intensity. In the
master plot, however, we accounted for the number of excitation cycles. Moreover, it
turns out that a molecule in the triplet state T+ is not as susceptible for bleaching
processes as in the singlet state Si. Otherwise we would expect an anticorrelation in
Figure (5).

The most efficient single-molecule dyes should be located in the lower right corner in
Figure (5), resulting from a low bleaching rate and a low triplet population. Again, this
supports the result that Fluoresceine dyes are less photostable than BODIPY dyes.
We introduced several simplifications (see discussion) and therefore cannot expect
that we can extract exclusively ki, from the slope. However, at least a qualitative

correlation should be possible within a class of dyes.

Discussion

In order to analyse photostability by FCS we carefully redesigned our experimental

setup. The mean sources of optical artefacts, i.e. beam astigmatism, varying cover
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slide thickness, out-of-focus fluorescence and diffractive index mismatch, are
minimized [see Supporting Information]. By this, the changes in the apparent
diffusion time in FCS data can be traced back to photobleaching. As a bleached
molecule becomes non fluorescing, the observation time is shortened relatively to the
dwell time, which an intact molecule needs to diffuse through the whole detection
area. Consequently, photobleaching and diffusion are treated as competitive
processes. This is the foundation of our analysis by a Stern-Volmer analogue
approach.

Saturation, which occurs at high intensities, leads to a limited maximum number of
photocycles [60]. These effects are corrected for in the master plot [Fig. (5)]. As
saturation effects are predominantly present in the centre of the focus, the exact
position of the detection volume is of high importance. As a first-order approximation,
the bleaching rate k u(r) follows the excitation profile | 4(r) in the same way as the ISC
rate constant, k isc(r). Therefore, the experimental contrast is used as an internal
reference to the excitation intensity at the monitored position. As a result, we correct
for a feasible misalignment as well as saturation.

We investigated two families of structurally similar fluorescent dyes, and in both
families a correlation between the extent of singlet state population and
photobleaching is found [Fig. (5)]. Since this is a rather unexpected result, possible
error sources have to be considered.

As the experimental setup is optimized, changes in T4 solely originate from
photobleaching. This is verified by measurements of BODIPY 3, which hardly
undergoes any bleaching (see supporting information). The obtained diffusion time
varies below 10%, which implies that experimental error sources are evidently
minimized. A fully correct treatment of diffusion and photobleaching must obey Fick’s
equations, but so far, only approximations are developed for this treatment
[18,28,54].

Our derived method also simplifies the treatment of competitive processes, at the
expense of accuracy and quantitative results. We thus extract only relative relations.
This is possible since the investigated dyes are approximately of the same size;
measurements are taken at the same temperature with the use of a 50pm pinhole.
Therefore, diffusion properties should be similar for all dyes.

In analogy to Stern-Volmer analysis, bleaching processes are assumed to relate

linearly to the excitation intensity. This means, that higher order processes are
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neglected in our model. This is reasonable for higher triplet states, as BODIPY 3 and

Fluoresceine 3 show a high triplet population but low photobleaching yield. But higher
singlet states could be involved. In the case that the So-Si-excitation is the rate-
limiting step and subsequent S:-S, excitation leads directly to e.g. ionisation, no
kinetic information about such processes can be obtained. Therefore, bleaching via
higher excited singlet states cannot be excluded. Furthermore, bleaching out of triplet
states can not be excluded entirely. Under different experimental conditions than
described in this work, i.e. different Amax, triplet-triplet absorption could become more
relevant.

As our investigated dyes show similar photophysical parameters, it is reasonable to
figure out the effect which a variation of these parameters would have on our
analysis. The absorption cross section cancels out in Figure (5) and Equation (17),
therefore differences concerning this parameter can be neglected. If the triplet yield
of the investigated dyes strongly differs, the dyes with a low triplet yield would also
exhibit a low triplet population. In the master plot [Fig. (5)] this would lead to a shift to
the right, because a low triplet population induces a small contrast. Furthermore, a
molecule which is more in its singlet state exhibits more photobleaching according to
our findings, leading to an upward movement of the data point. As a result, a
difference in triplet yields results in a shift of data points to the right and upwards, so
that the linear behaviour is maintained. Indeed, this behaviour is observed for the
BODIPY dye class.

The effect of 14 is visualized by another example of the BODIPY family. Within these
dyes, only BODIPY 1 deviates downwards from the linear behaviour. BODIPY 1 has
only a lifetime 14 of 3.6 ns compared to lifetimes around 6 ns of the other BODIPY
dyes. As a result, BODIPY 1 spends roughly half the time in its excited singlet state
relative to the other BODIPY dyes, so that its probability to become photobleached
out of some singlet state is also correspondingly reduced. This would explain the
downward shift. If the fluorescence lifetimes were similar, all four BODIPY dyes
should exhibit one linear relation.

In fact, all four Fluoresceine dyes also correlate linearly, indicating a similar kind of
bleaching behaviour. The lower photostability could originate out of the negative
charge of the Fluoresceine dyes, which might facilitate autoionisation at high
intensities. Another possibility is that Fluoresceine dyes posses a resonant S:-S,

transition which is not prominent for the BODIPY families at our experimental
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wavelength. Pump-probe experiments could reveal information about excited state

absorption [61].

The presented analysis of both dye families leads to the assumption, that
photobleaching occurs out of the excited singlet state. Until now, solely the triplet
state was held responsible for bleaching processes due to its long lifetime. Song et al
[41,62] investigated the photobleaching of Fluoresceine and its suppression by use of
mercaptoethylamine. This latter agent can act both as triplet quencher and as one
electron reductant which hampers the distinction between both modes of action. In
addition, they found that the bleaching kinetics is not a single-exponential process
indicating different possible bleaching pathways [62]. This means that bleaching can
occur via several possible pathways including e.g. excitation into higher excited
states, which is considered in [23, 45].

We explain bleaching out of the singlet state as follows: the reduction potentials of
the used dyes lie in the range of -1.2 V vs. SCE (standard calomel electrode) which
is roughly the energy of the singly occupied LUMO after excitation [64,65]. The triplet
state is lowered by approximately 0.5 V if we transfer the red-shift of
phosphorescence compared to fluorescence to the model of photon induced electron
transfer. Its thermodynamics are quantified by consideration of the Rehm-Weller
equation (18)

AGpy =E, —E, ., —AEy —wp (18)
where Eox and E.q represent the oxidation and reduction potentials of the electron
donor and acceptor, AEq is the transition energy for fluorescence or
phosphorescence, respectively, and we is the work term for charge separation.
Hence, photobleaching is interpreted as single-electron-transfer (SET) to an oxygen
molecule, which has a reduction potential of -0.57 V vs SCE [66]. This would explain
the favourable effect of reducing agents which often also act as triplet quenchers
[67]. According to Marcus theory the reaction between the excited singlet state and
oxygen is accelerated compared to the triplet reaction due to the larger potential
difference [68]. Moreover, the given interpretation would also support a higher
photostability for red shifted fluorophores due to the smaller energy gap. The rate
constant for bleaching reactions with oxygen is 1.4 * 10® M's™" [41]; combined with an
oxygen concentration of about 0.3 mmol in water, the reaction rate is 4.2 * 10*s™.

The product of this effective bleaching rate with the lifetime of Fluoresceine 1
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represents the quantum yield for bleaching out of the excited singlet state ®, = 1.6 *

10*. This is in the common order of magnitude for bleaching processes of
Fluoresceine. Therefore, bleaching out of the singlet state is important, although T4 is
much shorter than 17, as long as the excitation rate is high enough. In contrast to
ensemble experiments, which operate at low excitation intensities, our
measurements take place at high intensities, so that bleaching out of the singlet state
becomes more dominant. Moreover, in single-molecule experiments the
concentration of the dyes which might act as triplet sensibilisators is very small (~nM
range). Therefore, the amount of generated 'O; is negligible in contrast to ensemble

experiments with at least 1000 times higher sensibilisator concentrations.

Conclusion

We investigated the capabilities of FCS study photobleaching of fluorescent dyes. By
using a carefully modified setup and correction for saturation, changes in diffusion
time are exclusively traced back to photobleaching. Hence, a comparative analysis of
photostability of structurally similar fluorescent dyes is possible. Although only
relative values are obtained, we conclude that BODIPY dyes are more photostable
than Fluoresceine dyes. Furthermore, photobleaching seems to originate out of the
excited singlet state, opposite to previous results. We explain the bleaching by a
single electron oxidation by molecular oxygen.

In order to quantify our conclusions, the approximation in the treatment of the

diffusion has to be analysed. Brownian motion simulations are currently performed.
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Captions

Scheme 1

Structures of the four used BODIPY dyes
Scheme 2

Structures of the four used Fluoresceines

Table 1

Fluorescent properties (maximum wavelength of absorption A.s and emission A
em, fluorescence lifetime Ty, intersystem crossing k.; and triplet decay rate ks as
well as absorption cross section o) of all used fluorescent dyes. kx; was
calculated according to Equations (1) and (2), ka1 was extracted as global fitting
parameter out of the FCS measurements by use of Equation (1). Fluoresceine

dyes were measured in pH 10 buffer solution, BODIPY dyes in water.
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Figure 1

FCS data of BODIPY 2, 3 and Fluoresceine 3.

a)

BODIPY 2: with increasing intensity, the diffusion time shifts to shorter values

with a concomitant slight rise of the triplet population.

b) BODIPY 3: increasing the excitation intensity results in a high triplet
population, but no change in diffusion behaviour can be observed.
c¢) Fluoresceine 3: increase of the excitation intensity affects both a high triplet
population and a decrease in diffusion time.
Figure 2

Diffusion times T a1 (1) at different excitation intensities | for BODIPY 2 (black

dots), 3 (dark grey triangles) and Fluoresceine 3 (light grey squares).

Figure 3

a)

b)

Stern-Volmer analogue parameter T g (0)/T ar (I) versus intensity I. At high
intensities the values of BODIPY 2 (black dots) and Fluoresceine 3 (light grey
squares) level off while BODIPY 3 (dark grey triangles) remains nearly
constant within an error of 7%.

Stern-Volmer analogue parameter 1 qr (0)/T g (I) versus the experimental
contrast C instead of the intensity |. According to Equation (10), the y-axis
intercept equals 1. The value of the derivatives goes linear with the amount of
photobleaching. BODIPY 3 (dark grey triangles) is photostable, Fluoresceine
3 (light grey squares) shows slight degradation in diffusion times and BODIPY

2 (black dots) bleaches obviously.
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Figure 4

Dependence of the contrast on excitation intensity according to Equation (16). A
linear relation is obtained meaning the stronger the rise the lower the triplet
fraction. This plot results from the FCS data denoting that BODIPY 2 (black dots)
has the least triplet population, followed by BODIPY 3 (dark grey triangles) and

Fluoresceine 3.

Figure 5

Correlation between the triplet population and the magnitude of photobleaching.
This plot is the visualisation of Equation (17). The lower the value on the x axis
the higher is the triplet population. Vice versa, a higher value on the x axis results
out of a higher singlet population with stronger rise in the slope of Figure (5).
Furthermore the lower the ordinate value the less the change of diffusion time
which is associated with a higher photostability, respectively the higher the
ordinate value the more photobleaching occurs.

This means that the Fluoresceines (black dots) exhibit low photobleaching but a
high triplet population which limits the number of photocycles.

The BODIPY dyes (grey triangles) behave more sophistically. 3 and 4 exhibit a
similar photobleaching rate like the Fluoresceines with a lower population of the
bottleneck state. BODIPY 1 and 2 perform more photocycles which enables

photobleaching during the transit through the detection volume.
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Table 1
BODIPY N abs Aem !/ nm|Ta/ ns k23/10°s™" |k3/10°s™ | o (488nm) /
nm (+/- 0.1 ns) | (+/-30%) (+/-10%) 10 "Scm?

1 496 506 3.6 0.84 7.04 2.39

2 500 506 57 0.86 7.50 2.62

3 491 502 6.0 3.97 6.09 2.25

4 494 519 58 3.52 6.75 3.28
Fluoresceine | A abs / nm Aem/NM Ta/ns k2/10°s" | k3/10%s™ | o/ 10"%cm?

(+/-0.1ns) | (+/-30%) | (+/-10%)

1(FL) 490 514 3.9 3.74 6.30 3.78

2(ITC) 494 519 3.8 8.06 6.71 2.60

3(0G) 492 517 4.0 2.70 4.24 2.90
4(FL27) 502 523 35 532 6.16 2.56

Text for table of contents

Fluorescence Correlation Spectroscopy and Photostability

The diffusion time in FCS measurements decreases with increasing intensity. This is

analysed similar to the Stern-Volmer treatment of fluorescence quenching. It turns

out that BODIPY dyes are more photostable than Fluoresceines. Photobleaching

originates out of the excited singlet state via one electron oxidation by molecular

oxygen.
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Supporting information (1) to Comparative photostability studies of BODIPY
and Fluorescein dyes by Fluorescence Correlation Spectroscopy by B.
Hinkeldey et al.

Minimizing optical artefacts in FCS

FCS is a valuable method for gaining information about several parameters, such as
the ISC rate constant k 23, the depopulation rate of the triplet state k 31 and moreover
the so-called diffusion time 1 4 (I). The latter is the key parameter in the analysis of
photobleaching by FCS. It describes the time which a molecule spends in the
detection volume. As a molecule can only be seen in FCS measurements while it is
fluorescing, the diffusion time also corresponds to the time a molecule spends in the
detection area until it becomes non fluorescing, i.e. photobleached. The higher the
excitation intensity the earlier molecules are photobleached. That means that
photobleaching should occur as a decrease of diffusion time upon increasing
excitation power.

But before we can obtain reliable results, we have to exclude optical artefacts in our
setup in order to ensure that the decrease in diffusion time only originates from
photobleaching. Four main problems were identified [38,34]: varying cover slide
thickness, astigmatism of the laser beam, out-of-focus contribution at high intensities
and refractive index mismatch.

As we verified a circular laser beam profile, which is not distorted by passing any
lenses or other optical devices before being directed into the microscope objective
(without beam extension), astigmatism of the entering laser beam is minimized. Also
the second point is avoided by the use of thickness corrected cover slides.

Operating with a relatively large diameter of the laser beam results in an overfilled
objective, which leads to a waisted form of the focus and an increased optical
resolution (Scheme SI1) [34].
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Scheme SI1: Calculated intensity profiles of the focus resulting from a large laser beam diameter (left)

and from a small laser beam diameter (right) in lateral (x) and axial (z) direction

This tailored shape, however, is detrimental to the performance of FCS for
investigating photobleaching. At high intensities saturation in the centre of the focus
occurs, so that the fluorescence of peripheral regions, especially in axial direction,
contributes to the detected autocorrelation signal to a greater extent; this leads to a
broadened detection profile. This means that the detection volume appears
magnified resulting in an apparent higher diffusion time.

FCS measurements of BODIPY 3 are shown in Figure (SI1) under different optical
conditions. We will show later that BODIPY 3 hardly undergoes any photobleaching
and is therefore an ideal candidate to monitor optical artefacts. A laser beam is
magnified to a diameter of 4 mm. The apparent diffusion time increases about 25%
from 44 ps at 548 kW/cm? up to 59 ps at 3.288 kW/cm? due to the described
saturation effect. At higher intensities the maximal factor even goes up to 29%. This
means that due to a too large beam diameter the obtained diffusion times at different
excitation intensities correspond to different focal geometries and are therefore no
longer comparable with each other.

In order to circumvent this geometric problem, we decided to abandon the high
optical resolution and reduced the beam diameter to 0.7 mm, i.e. the output of the
laser on the backside aperture of the objective. The use of a smaller beam diameter
leads to a less waisted, nearly cylindrical focus (Scheme SI1)[34]; therefore

broadening of the focus at higher intensities should be less distinct.
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FCS data of BODIPY 3 at different excitation intensities
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triangles) intensities. The high excitation intensities result out of the strongly focussed
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3) Measurements in acetonitrile (n o = 1.34)

Figure (SI1 b) shows FCS data of BODIPY 3 using this small beam diameter. Even at
335 kW cm ? there is no change in diffusion time. Although the optical resolution
should be considerably lower than in the previous case (Fig. (Sl1a)) and thus, Tqi
should be higher, 141 is hardly affected and varies only about 7% around 70 ps. This
variation lies in the range of the typical statistical error and indicates, that strong
saturation effects like those displayed in Figure (Sl1a) are minimized. Therefore, a
beam diameter of 0.7 mm is sufficiently small to establish an intensity independent
shape of the detection volume. Moreover, showing at every intensity the same
diffusion time (~ 70us) means that the molecules always need the same time to get
through the focus. If there is no shortening of the diffusion time, then this property
indicates that BODIPY 3 hardly undergoes photobleaching under these conditions.

The last error source lies in refractive index mismatch between the objective and the
solvent. Figure (Sl1b) verifies already the careful optical design. However, we
performed a control with a small difference in refractive index. If the used solvent’s
refraction index differs from the correction parameter of the objective, this mismatch
again leads to unreliable results in FCS. Figure (Sl1c) shows data of BODIPY 3 in
acetonitrile (n = 1.34) measured with the water immersion objective. Comparison with
the data in Figure (SI1b) reveals that the increase of the diffusion time arises out of

the mismatch between the immersion liquid and the solvent.
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Supporting information (2) to Comparative photostability studies of BODIPY
and Fluorescein dyes by Fluorescence Correlation Spectroscopy by B.
Hinkeldey et al.

Photobleaching of 1-Hydroxypyren-3,6,8-trisulfonate (HPTS, Pyranine),

investigated by means of Fluorescence correlation spectroscopy

Experimental:

In the beginning, we investigated the photophysics and photostability of 1-
Hydroxypyren-3,6,8-trisulfonate (HPTS) at pH 10. HPTS is a well known photoacid
with a pKa-value ~ 7.5 which exhibits green fluorescence (Amax = 510 nm) above pH 3
[S1]. The strong basic condition was chosen since at this pH-value only the anionic,
deprotonated chromophore is stable and its protonation is not detectable by FCS
[S2]. Excitation was performed by Aexe = 457 nm of an Ar-ion laser. After guiding the
laser through a single-mode fiber, the beam was outcoupled by a 10x objective or a
50x objective finally yielding beam diameters of 4 mm and 0.8 mm, respectively.
These two conditions are termed in the following large (= 4 mm) and small (= 0.8
mm) beam diameter. Except from the altered excitation wavelength, the same setup,
which is described in the experimental section of the main manuscript, was used for
the experiments. FCS traces were recorded for different excitation intensities (see
Fig. (S12)). Due to the low photostability and despite the high fluorescence quantum

yield of HPTS, a measurement time up to two hours for one trace was required.

t/ms
Figure SI2: FCS traces of HPTS at pH 10. The depicted curves were recorded with the small beam

diameter
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Analysis of the FCS data:

FCS traces were fitted using eq. (1) of the main manuscript. Where possible, we
renounced the terms implying triplet kinetics although its inclusion considerably
improved the fits. We partially trace this improvement back to an overlap of the triplet
dynamics and photobleaching dynamics which both occur on a similar time scale at
high intensities. It is also obvious that an additional exponential decay would also
minimize the deviations between a two-dimensional diffusion model for fitting and the
actual convolution of diffusion and photobleaching in the experiment. Figure (SI3)
shows a plot of the computed diffusional time T4x versus the applied excitation

intensity for both laser beam diameters.
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Fig. SI3: The intensity dependent diffusional time for both laser diameters.

Whereas 714 exhibits a distinct, almost hyperbolic decrease for the small beam
diameter, the large beam diameter generated FCS-curves with an almost constant
Tarr. TWO reasons can be found for this unexpected behaviour of a highly photolabile
dye, i.e. saturation broadening described in ref. S3, and the above mentioned fit
improvements where a noticeable triplet population is detected. We were not able to
unambiguously separate the photobleaching and the triplet dynamics.

We further analysed the data for the small beam diameter according to the Stern-
Volmer like approach described in the main manuscript (Fig. (SI4)). For HPTS, 10 was

set to 58 ps.
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Fig. Sl4: Stern-Volmer like plot of .

Figure (Sl4) shows a linear increase of the disappearance rate constant Kqiss Up t0 an
intensity of ~ 200 kW cm™. This is in agreement with the proposed model in the main
manuscript for low intensities. In contrast to the photobleaching in Fluorescein or
BODIPY dyes, the photobleaching does not saturate but apparently increases in a
nonlinear way at high intensities. This might be an indication of dominant

photobleaching out of the triplet state.

Comparison with the model of ref. S3:

As BODIPY 3 is an excellent compound to test the excellent reliability of our setup,
HPTS is a prototype dye for comparing different analytical models for
photobleaching. It was reported several times that the convolution of photobleaching
and diffusion cannot be described by an analytical expression. Most successfully, so
far, is the model of Eggeling et al. [S3]. In this model, the whole population of
molecules is formally split into two fractions. Fraction A, which is according to the
reference ~ 0.75 to 0.8, is the population which undergoes photobleaching with some
effective photobleaching rate constant k.., whereas the rest, 1-A, is the photostable
fraction with an unaltered 1q4+. We applied this model to our curves where the ftriplet

population term in the fitting function is obsolete (Fig. (S15)).
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Fig. SI5: Analysis of the FCS trace, recorded with 148 kW cm, with our Stern-Volmer-like model (red
trace) and the model of Eggeling et al. (blue curve). In the upper plot, the fit residuals are plotted for

both models.

Our model which is developed in the main manuscript requires only one fit parameter
for these curves which is 14w Of course, the simplifications of our model cannot fully
cover photobleaching. The fit residuals indicate that our model hardly describes g(T)
at longer times. Nevertheless, plot of T4+ vs. | reveals a linear dependence (Fig.
(S14)).

The model of Eggeling et al. is based on three fit parameters, i.e. To, k.av and A.
Boundary conditions, however, set limits to the parameter space. A should be close
to the theoretical value of 0.8, although under our experimental conditions, this value
might be different. We investigated both cases. 1, should be constant among all FCS
curves and therefore close to the value of 58 pus. Only k,., should vary with the
excitation intensity. The blue curve in Figure (SI5) is a fit with k,. = 55 ms™.

In none of the investigated curves of HPTS, the fit was improved with respect to our
simple model although more degrees of freedom were at disposal. We identified in
simulations that the presence of a photostable fraction, 1-A, enforces an additional
decay of g(1) at long correlation times. The deviation between fit and experimental
curve were even more pronounced at higher intensities than depicted in Figure (SI5).
We conclude that the model of Eggeling et al. fails under conditions of very strong

photobleaching. Therefore, we continued with our own model.

[S1] see e.g. N. Agmon, J. Phys. Chem. A, 2005, 109, 13
[S2] J. Widengren, B. Terry, R. Rigler, Chem. Phys, 1999, 249, 259
[S3] C. Eggeling, J. Widengren, R. Rigler, C.A.M. Seidel, Anal. Chem, 1998, 70, 2651
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Synthesis of the core compound of the BODIPY dye class: 4,4-Difluoro-4-

bora-(3a,4a)-diaza-s-indacene

Alexander Schmitt," Babette Hinkeldey", Mandy Wild" and Gregor Jung*
a: Biophysical Chemistry, Saarland University, D-66123 Saarbriicken, Germany

Keywords: Bodipy, fluorescence spectroscopy, fluorescent probes, single molecule studies

Abstract: We report the synthesis and characterization of the missing reference core
compound 4,4-Difluoro-4-bora-(3a,4a)-diaza-s-indacene 1 of the BODIPY
fluorescent dye class. The compound exhibits a fluorescence lifetime of 7.2ns

and has a high photostability.
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The development of emissive dyes for applications in personal diagnostics and organic
fluorescent devices is steadily growing in recent years. The BODIPY (BOron-DI-
PYrromethene) dye class earned increasing interest in biomedical and bioanalytical
applications in the last two decades. The first synthesis of a BODIPY dye was accidentally
achieved in 1968 by Treibs and Kreuzer!. BODIPY dyes are nowadays used as active media
in dye lasers™® due to their high extinction coefficients, high fluorescence quantum yields,
high photostability and a convenient excitation with Ar- ion Lasers (~500nm). Owing to these
fluorescence properties, various BODIPY dyes are also commercially available for protein
labelling, modification of nucleotides and dextranes, as well as fluorescent substrates for
enzymes and compounds with longwave excitation maxima. Even more applications in
biological systems, as fluorescent switches”! or as system for light harvesting!®,
photodynamic therapy™ or sensor molecule!'” are reported. Several reviews were recently
published summarizing most of the actual knowledge about BODIPY dyes'" '?. As the name
of the dye class suggests, the BODIPY chromophore is composed of two units of pyrrole
which are connected by a methene bridge in the 2-position and a boron atom which is
coordinated by the heteroatoms. The frame of carbon atoms of the molecule is planar and due
to the heteroatoms slightly polarized, which provides nucleophilic and electrophilic reaction
sites at different positions of the molecule. These reaction sites enable substitutions directly
on the carbon frame of the BODIPY chromophore and were made responsible for the low
stability of the core compound described here in this work!'?. Hence, the synthesis of the core
compound of the BODIPY dye class, the 4,4-Difluoro-4-bora-(3a,4a)-diaza-s-indacene 1, has
not been reported yet. The synthesis of BODIPY dyes can be achieved by different reaction

[13-16]

paths"”"® which are all based on pyrrole condensation with aldehydes. The differences in
these paths originate from the desired symmetric or asymmetric substitution patterns of the
obtained product. Our strategy here follows the asymmetric synthesis. By that we could avoid
an extra oxidation step from the dipyrromethane to the dipyrromethene, which is required in
the symmetric preparation routes'" '), The one pot synthesis involves the trifluoroaceticacid-
catalyzed direct condensation of 2-formylpyrrole 2 and 1H-pyrrole 3. This is followed by
deprotonation with diethyldiisopropylamine and subsequent complexation of the intermediate
dipyrromethene with borontrifluoroetherate (Scheme 1).

The appearance of many side products like polymers or porphyrins demanded repeated
purification steps by fast filtration and column chromatography over silica gel and aluminum

oxide. The yield of the product was low (<10%). In addition, the compound is temperature-

sensitive. Elevated temperatures (>50°C) lead to rapid loss of fluorescence which we trace
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back to the lack of stabilizing substituents like methyl groups. However, once purified, no
further condensation to porphyrins is noticed. The purified product was characterized via ESI’
and ESI" (Electro Spray Ionization) mass spectroscopy. Assignment of the signals of the
structure was achieved by one and two dimensional 'H- and *C- NMR spectroscopy (Fig. 1a).
All available data are in agreement with the proposed structure, which was verified by x-ray
crystallography (Fig. 1b).

We further characterized 1 by absorption (Amn= 503nm) and emission (Amx= 512nm)
spectroscopy which revealed the typical pattern for green fluorescent BODIPY dyes (Fig. 2)
(Table 1), with a strong vibronic shoulder. The energy spacing between 0-0 transition and the
shoulder is about 740 cm™, which can be tentatively assigned to a C-H out-of-plane vibration.

The fluorescence lifetime T via TCSPC (Time-Correlated-Single-Photon-Counting)!'” and
fluorescence quantum yield ®g'"*" were determined (Table 1). It turned out that the
fluorescence quantum yield of the fluorescent dye is even superior to other BODIPY dyes!'"'
and comparable to dyes like rhodamine or fluoresceine.

The comparison of the photophysical properties of 1 with the commercially available
Borondipyrromethene PM 546 (Lambdachrome Laser Dyes)!"”, allows by a rough assessment
an explanation of the high fluorescence lifetime of 1. The molar absorptivity of the latter is
reported to be about 80.000 Mcm™ *” and its fluorescence quantum yield is about 1°”. The
oscillator strength f which we calculated for PM546 and compound 1 are 0.42 and 0.32,
respectively. This reduction of f coincides with a prolongation of the radiative lifetime from
5.8 ns to 7.2 ns, for the here described compound 1",

In addition, fluorescence correlation spectroscopy was used to determine the rate constant for
intersystem crossing (ISC) ki;. ko and Tm are used to calculate the intersystem crossing
quantum yield ®isc (Pisc= kas * Tr). The calculated ®isc =1.1% for 1 is high for a dye of this
structure as it is lacking heavy atoms or ketogroups. We synthesized a partially deuterated
compound 1 by using perdeuterated pyrrole for comparison. No significant change of k»; or Tr
could be detected. This excludes overtones of C-H vibrations as accepting modes according to
the energy gap law'™. The value of the quenching rate constant ks, is in agreement with an
diffusion controlled quenching of the triplet state by molecular oxygen'*. Moreover, from the
FCS- experiments, the photostability as a key parameter for single- molecule experiments can
be estimated by measuring the diffusional time ™. 1p is the dwell time which a molecule
needs in average to pass the observation volume. Photobleaching is detected as a shortening

of this time. Most remarkably, despite the distinct population of the triplet state no change of

This is a pre-peer reviewed version of the following article: J Fluoresc (2008), 19, 755-758; DOI: 10.1007/s10895-008-0446-
7; Reproduced with kind permission of Springer Science and Business Media

81



3.2 J. Fluoresc. 2009, 19, 755-758

Tp upon increasing excitation intensity is detected. Reversely, the fact that tp is not affected by
higher excitation intensities, indicates that no photobleaching occurs during the residence time
of the dye in the excitation area. From comparison to fluoresceine, we conclude that the
photostability of 1 is superior to fluoresceine, in agreement with our previous findings™**.

In conclusion, we reported the synthesis of the core compound of the BODIPY dye class, 4,4-
Difluoro-4-bora-(3a,4a)-diaza-s-indacene. This compound is suitable for single-molecule
experiments, and exhibits a high photochemical but low thermal stabilitity. Although the
synthesis itself is straightforward, the purification of the product is quite extensive. Currently,
work is in progress to elucidate the subtle effects of methylation on the photophysical
properties in the BODIPY dye family. As unsubstituted reference molecule of the dye class,

compound 1 may prove to be helpful in fundamental research of photostability and

photochemistry of fluorescent dyes, which was the motivation of this work
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Experimental Section

General instrumentation. Mass spectra (MS) were measured with a Waters LCMS-system
consisting of a HPLC- system coupled with a single quadrupole mass spectrometer for ESI.
NMR spectra were recorded on an Bruker BioSpin GmbH Avance 500 instrument.

Optical spectroscopy (UV/Vis). Absorbtion spectra were measured on a Perkin-Elmer Lambda
5 two-beam spectrophotometer. Fluorescence and emission spectra were recorded on different
(Fluorolog 3, Jobin-Yvon, FP-6500, Jasco and SD2000 Fibre Optic Spectrometer, Ocean
Optics). The latter was fibre-coupled which allowed us to take fluorescence spectra directly
from the TLC-foils.

Fluorescence correlation spectroscopy. Experiments were performed with a home-built
confocal setup based on an inverted microscope”™. A frequency-doubled diode laser (Aexy =
488 nm) was directed to the microscope body and deflected by a dichroic mirror (495DCLP).
The laser was focused by a water immersion objective lens into a drop of dye solution on top
of a cover slide. Fluorescence was collected by the same objective and was focussed by the
tube lens to a pinhole with a diameter of 50 pm. After additional filtering with a bandpass

filter (HQ525/50), fluorescence was split by semitransparent mirror and detected by two

This is a pre-peer reviewed version of the following article: J Fluoresc (2008), 19, 755-758; DOI: 10.1007/s10895-008-0446-
7; Reproduced with kind permission of Springer Science and Business Media

82



3.2 J. Fluoresc. 2009, 19, 755-758

avalanche photodiode modules. TTL-signals, each corresponding to a detected photon, were
cross-correlated by a hardware correlator finally yielding the autocorrelation function g*(7).

Analysis of all curves was done by fitting with

eff
g%(r) :% ! [1 + k;: ~exp(— (szﬁ +ky, )r) +Offset
1+ r 31
Td

Tq and 1/ks, are the diffusional time and the triplet lifetime, respectively. From the intensity

dependent k»;*", the intersystem crossing rate constant ki; can be computed as described

previously *. The depicted curves where normalized to N=1.

Fluorescence lifetime measurements. Tq were determined by time-correlated single photon
counting under magic-angle conditions. A picosecond excitation laser (LDH-P-C-470B,
Picoquant; Aex = 470 nm, pulse width ~ 70 ps, repetition rate 20 MHz) was focused into a
cuvette. Fluorescence was collected in 90° geometry and detected after spectral filtering with
the same filter as in FCS by an avalanche-photodiode (DM 100ct, MPD). The instrumental
response function was ~ 200 ps and electronic signals were recorded on a stand-alone
TCSPC-module (PicoHarp 300, Picoquant). The fluorescence lifetime was determined by
monoexponential reconvolution-fit using commercial software (SymPhoTime, Picoquant).
Synthesis of 4,4 ’-Difluoro-bora-3a-4a-diaza-(s)-indacene (1).

A solution of pyrrole (2mmol) and a drop of trifluoracetic acid in 50mL dichlormethane is
stired at room temperature. Then 2-formylpyrrole (2.3mmol), dissolved in 25ml
dichlormethane, is added dropwise. The reaction mixture is stirred until reaction control by
thin layer chromatography shows complete consumption of the aldehyde. 7ml of N-
ethyldiisopropylamine in 20ml dichlormethane and 10ml borontrifluoride-etherate in 20 ml
dichlormethane are consecutively and slowly added. Ice cooling was applied during these
additions. Purification is achieved by column chromatography with silica gel and alumoxan
(solvent: CH,Cl,). Several cycles of column chromatography were needed to completely
purify the product from the starting materials. A stable fluorescent solution of 1 could only be
achieved by completely purifying the product. The overall yield was about §%.

Data of mass spectroscopy: (m/Zmneo = 192g/mol; ES™: m/ze,= 210 [M+NH,'], 211 [M+H;0°];
ES: m/z.,= 192 [M], 191 [M-H]), Thin Layer Chromatography: R= 0.6.

'H-NMR (400 MHz, CDCl;) &/ppm 6.53 (d, J= 4.0Hz, 2H, 3/5) 7.13 (d, J= 4.0Hz, 2H, 2/6)
7.39 (s, 1H, 8) 7.88 (s, 2H, 1/7)
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BC-NMR (125 MHz, CDCl;) &/ppm 118.53 (sec. C, 3/5) 131.00 (sec. C 8) 131.06 (sec. C,
2/6) 134.93 (quart. C, 8a/8b) 144.81 (sec. C, 1/7)

Crystallographic data: "CCDC 702859 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. "
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Table 1: Spectroscopic data of 1. 'Measurement taken in Dichloromethane; *“Measurement

taken in Acetonitrile *Measurement taken in Water

xmax(abs-) xmax(em-) q)Fl q)ISC € [TFI k23 k3 1
[nm] [nm] [%]+5%  [%] Mem'  [ns] [us'] [us’]
503! 512" 90° 1.1 5 x 10* 7.2' 1.52°  0.58°

Scheme 1. Synthesis of 4,4-Difluoro-4-bora-(3a,4a)-diaza-s-indacene 1
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Figure captions

Figure 1:

a) H,H-Cosy-NMR spectrum of 1 in Deuterochloroform. Integrations of the signals are (from
low to high ppm) 2, 2, 1, 2. Strong coupling is visible at signals of vicinal atoms (e.g. 1-2, 7-
6), weaker constants for the *J-couplings (e.g. 1-3, 5-7). The H-atom in meso- position (8)
exhibits weak coupling to H(1, 7).

b) X-Ray crystallographic structure of 1.

Figure 2: Normalized absorption (solid line) and fluorescence emission (dashed line) of 1 in

dichloromethane.

Figure 3: Normalized fluorescence correlation function g(t) of the molecule at two different
excitation intensities. The solubility of 1 in water is high enough to record FCS. The increase
of the correlation function at short times (<10”ms) shows that the molecule is strongly
transferred into the triplet state with increasing excitation intensity. The good overlapping of
both correlation functions at longer timescales (>10”ms) indicates good photostability of the

molecule.
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Disabling Photoinduced Electron Transfer in 4,4-Difluoro-8(-4’-
hydroxyphenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene by Phos-
phorylation
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RUNNING HEAD: Phosphoryl-Bodipy

ABSTRACT:

The synthesis and photophysical characterization of the phosphorylated Bodipy dye 5 are
reported and compared to those of its hydroxyphenyl counterpart 1. Conversion of the latter
by three methods of phosphorylation yields the strongly fluorescent dye 5 which exhibits
similar steady-state spectra like 1 but an approximately 5 times prolonged fluorescence
lifetime tr. We attribute this distinct change from tr = 0.7 ns for 1 to Ty = 3.7 ns for 5 to the
suppression of photoinduced electron transfer in 5. This photochemical reaction was
previously held responsible for fluorescence quenching in 1. Fluorescence correlation
spectroscopy reveals that 5 can be detected by single-molecule methods and that uncaging of

phosphate in 5 is a minor problem.

KEYWORDS: Phosphorylation; Fluorescence correlation  spectroscopy; Bodipy;

photoinduced electron transfer; single-molecule; phenol.
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INTRODUCTION

Dyes with a 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacen core, the so-called BODIPY
(Bordipyrromethene) dyes, find widespread application as fluorescent labels in bioanalytics or
as laser dyes [1, 2]. The fluorescence properties of the alkyl-substituted representatives are
comparable to those of Xanthene-dyes like Fluorescein or Rhodamine dyes, but in contrast to
these, Bodipy dyes are uncharged. Their synthesis is established and lead to the development
of sensors for numerous ions [3-10]. Most often, the unit which binds the analyte is connected
to the fluorescing core via the meso-position of the latter. Ion sensing then is achieved by
suppression of fluorescence quenching mechanisms, notably photoinduced electron transfer
(PeT) [2, 3]. Excited dyes are redoxamphoteric and can act as electron-donor, i.e. reductant,
or as electron-acceptor, i.e. oxidant. In the majority of the mentioned cases, the latter is
realized (scheme 1) [2]. With an oxidizable counterpart in close vicinity, i.e. the substituent in
meso-position, electron transfer to the excited dye occurs faster than fluorescence emission. If
ligand binding or a chemical transformation now increases the oxidation potential of the
donor, then fluorescence quenching is suppressed. For enhancing the analytical ability, one
can match their redox potential by fine-tuning the donor or the acceptor [3, 11].

In the present work, we demonstrate that the electron-donor properties of a hydroxyphenyl-
moiety in meso-position can be removed by phosphorylation. Different methods for obtaining
phosphomonoesters of a weakly fluorescent p-hydroxyphenyl-Bodipy dye are employed
which lead to a highly water-soluble and strongly fluorescent product [12-14]. IR, UV/Vis,
fluorescence emission, lifetime (TCSPC) and correlation spectroscopy (FCS) are performed
for characterization. We finally discuss the suitability of the product as substrate for studying
the activity of phosphatases on the single-molecule level where both the substrate and its

product should be detectable but distinguishable by their photophysical properties.

MATERIALS AND METHODS

Reagents
4,4-Difluoro-8-(4’-hydroxyphenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene 1 as
educt was obtained following the literature [16]. The successful synthesis was verified by 'H-
NMR spectroscopy. Reagents for the syntheses were used at least in purum quality; solvents

for spectroscopic measurements were in Chromasolv or comparable quality.

Phosphorylation methods [12-14] (scheme 2)
a) Phosphorylchloride POCI; [12]
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20 mg (0.06 mmol) 1 were dissolved in 15 ml CH,Cl, as solvent and cooled to 0° C. 17 pl

POCI; (0.18 mmol) and 21 pl NEt; (0.15 mmol) in 2 ml CH,Cl, were consecutively added.
After two hours, the reaction was stopped by pouring the solution on ice. The strongly
fluorescent organic phase was separated from the colorless aqueous phase and dried over
MgSO,. Thin-layer chromatography (TLC) indicated the coexistence of the educt and a more
polar product species. Hydrolysis of the latter was achieved by mixing the fluorescent CH,Cl,
solution with an equal amount of a saturated K,CO; solution. The immediately green
fluorescent aequeous solution was separated from the organic phase and neutralized with
diluted HCIL.

b) Dibenzylphosphite (DBP) [13]

180 mg (0.53 mmol) 1 were dissolved in 20 ml MeCN and cooled to -10° C. Successively,
256 ul CCly (2.65 mmol), 194 ul Diisopropylethylamin (DIPEA) (1.11 mmol), 6.5 mg
Dimethylaminopyridine (DMAP) (0.05 mmol) and finally 174 pl DBP (0.77 mmol) were
added and stirred for one hour under a N,-atmosphere. Afterwards, a mixture of MeCN and
0.5 M KH,PO4-solution (1:3) was used for terminating the reaction. After eluting three times
with 20 ml Ethylacetate, the combined organic phases were washed with water and saturated
NacCl solution, and dried over MgSO,. After evaporation of the solvent, the remainder was
dissolved in CH,Cl, and subjected to column chromatography. Two fractions, which were
more polar than the educt, could be eluted by increasing solvent polarity (mixture
CH,Cl,/Tetrahydrofurane ranging from 1:0 to 1:1; finally methanol). Both fractions could be
converted to a water-soluble, highly fluorescent product by stirring with diluted NaOH (0.1
M). The aqueous solutions were neutralized with diluted HCI.

c¢) Diethylchlorophosphonate on magnesia [14]

85 mg (0.25 mmol) 1 were mixed with 44 pl Diethylchlorophosphonate (0.3 mmol) and 15
mg MgO and heated for one hour at 60°C. After cooling down, the remainder was eluted with
CH,Cl,. Treatment with diluted NaOH (0.1 M) again yielded a yellowish, strongly fluorescent

solution. The aqueous solutions were neutralized with diluted HCL.

UV/Vis, Fluorescence and IR spectroscopy

Absorption and fluorescence emission spectra were recorded with a double-beam
spectrometer (Lambda 5, Perkin Elmer) and a fibre coupled array spectrometer (SD 2000,
Ocean Optics), respectively. IR spectra were recorded in ATR geometry (attenuated total
reflection; Spectrum 1000, Perkin Elmer). For that purpose, the dye solutions were put on the

ZnSe prism and evaporated under N,-atmosphere.
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Lifetime measurements
We performed lifetime measurements of 1 and 5 in water. For that purpose, 1 was diluted in
MeCN to ~ 10° M and then added to water. The content of MeCN during the measurement
was below 1%. Aqueous solutions of 5 were directly diluted to the appropriate concentration
range (ODy.x <0.1).
Fluorescence lifetimes were determined by a home-built time-correlated single photon
counting system (TCSPC) in right-angle geometry. We used a picosecond-diode laser (LDH-
P-C-470B, Picoquant) with a pulse width of ~ 70 ps at 40 MHz as excitation source, and
detected the fluorescence photons under the magic angle and after filtering (HQ 500/35, AHF
Analysentechnik) by a single-photon counting module (PD1CTC, Molecular Photon Device).
The overall instrumental response function was about ~ 200 ps (FWHM). Data registration

and analysis was performed using commercial software (SymPhoTime, Picoquant).

Fluorescence correlation spectroscopy (FCS)

Experiments were performed with a home-built confocal setup based on an inverted
microscope (Axiovert 200, Zeiss). A frequency-doubled diode laser (Picarro, Soliton),
operating at A... = 488 nm, with a diameter of 0.7 mm was used as excitation source. The laser
beam was directed to the microscope body and there deflected by a dichroic mirror (495
DRLP, Omega). The laser was focussed by a water immersion objective lens (63x NA 1.2 WI,
Zeiss) into an aqueous solution of the dyes 1 and 5 at a concentration of ~ 10% M.
Fluorescence was collected by the same objective and was focussed by the tube lens to a
pinhole with a diameter of 50 pm. After additional filtering (HQ 525/50, AHF
Analysentechnik), fluorescence was split by a semitransparent mirror and detected by two
avalanche photodiode modules (SPCM-14-AQR, PerkinElmer Optoelectronics). The
electronic outputs of these devices were cross-correlated by a hardware correlator (FLEX 02
D, Correlator.com). The autocorrelation curves g(t) were fitted using eq. 1 by means of

commercial software (Origin 7.5, Wolfram Scientific).

11 Ky
N -(1+Cexp(—kr))=1+ﬁ- - -{H ;{3 exp(—(k23eﬁ+k31>r)]
1+

31

(1) g(T):lJ"i'

1+

T diff T diff
N is the number of molecules in the detection volume, T4y is the diffusional time, C is the

amplitude for the flickering dynamics, which is characterized by the overall rate constant k.
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C and k are given by the reciprocal of the triplet lifetime, k;;, and the effective intersystem
rate constant k. The latter is determined by the intersystem rate constant ks, the intensity I,
the reciprocal of the excited state lifetime, k,;, and the absorption cross section ¢ (eq. 2)

-l
k eff :k o
2 . o d+ky -hv
From a saturation plot, i.e. plot of ky;*T vs. I, ky; can be computed as the limit for high

intensities without explicit need of the absorption coefficient ¢ [15].

RESULTS AND DISCUSSION

Selection of educt

Bodipy dyes with hydroxyaryl substituents in meso-position were described several times [16-
18]. Ionization of phenolic or naphtholic moieties with pK, values between 7.5 and 10.5 was
employed for pH measurements. Higher fluorescence quantum yields @ up to 12% were
detected for the neutral forms [18]. As pointed out in the introduction, we are interested in
systems where both educt and product of a chemical reaction are appropriate for single-
molecule spectroscopy. In this future application, the labelled phenol should be the reaction
product and exhibit a higher @ than the so far published compounds. Comparison of @y of
some of the mentioned dyes in aqueous solution has suggested that ®@r could be increased
further if more alkyl-substituents were attached to the Bodipy core [18]. In scheme 1, this
corresponds to raising the energetic level of the acceptor. We therefore synthesized 1, which

was described previously [16], as starting point for the phosphorylation.

Phosphorylation

Monoesters of 1 are preferred as any ester cleavage should be detectable by changes in the
fluorescence properties. We applied three different procedures for the synthesis of
phosphoresters and combined them with subsequent hydrolyzation (scheme 2) [12-14]. In all
cases, the conversion of 1 to the products 2 — 4 as the first reaction step in scheme 2 was not
quantitative, and TLC indicated a mixture of at least two compounds with the educt being one
of these. The putative intermediates 2 and 3 were isolated but not further characterized. As
expected, none of the fractions was water soluble. Hydrolyzing the double and triple esters by
trimethylbromsilane was not successful and led to a complete loss of fluorescence [19].
However, hydrolyzing the esters by diluted basic solutions yielded green fluorescent aqueous
solutions (fig. 1). Despite the different access routes, hydrolyzation led to the same one final

product according to optical spectroscopy and, more significant, its migration behaviour in
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TLC with different solvents. Further hydrolysation of the water soluble compound, however,
led again to the educt which could subsequently be extracted by CH,Cl,. From the mentioned
solvation behaviour, we conclude that the water soluble fraction is the wanted
phosphomonoester 5. In agreement with these findings, hydrolyzation of the phosphodi- and
triesters 2 - 4 by means of highly concentrated NaOH solutions (1M) directly led back to the

educt.

IR-Spectroscopy

Due to the low yields of the phosphomonoester and the experimental observation that
complete removal of the solvent partially cleaved the ester, we performed IR-spectroscopy of
the water soluble product under ATR-geometry for further support of our interpretation (fig.
2). Comparison of the educt and the product revealed significant differences in the range
between 1000 cm™! and 1600 cm. First of all, the different bands of the product species
appear much broader those of 1. No coinciding absorbances between both spectra are
detectable in this range. Furthermore, experimental FTIR-spectra of HPO,* or H,PO, showed
no agreement with our spectra [20]. Most significant for the existence of a phosphoester is the
product band at ~ 1230 cm!, which is assigned to the P=O stretch vibration as in other

aromatic phosphoesters [12].

Photophysical characterization

Fig. 3 shows the comparison of TCSPC data of 1 and 5. Excited 1 exhibits a very rapid
fluorescence decay with a single lifetime tr = 0.7 (+/- 0.1) ns. By contrast, the excited state
lifetime of its phosphorylated counterpart 5 is prolonged by roughly a factor of 5 (ts = 3.7
(+/- 0.1) ns). This latter value is close to the value obtained for 4,4-Difluoro-8-phenyl-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacen (T = 3.6 ns; B. Hinkeldey, G. Jung, unpublished
results) which bears a phenyl-group in the meso-position. No pH-dependence of T of 5 was
detected.

The low @y of different hydroxyaryl-substituted Bodipy-dyes was explained by fluorescence
quenching due to PeT [18, 21]. The phenol acts as electron donor and the excited Bodipy core
as electron acceptor. Probably, this also holds for 1 since its Tg is considerably smaller than
that of the phenyl-derivative. Thus, our interpretation of the prolonged Ty of 5 compared to
that of 1 is that phosphorylation of the hydroxyaryl-group cancels its donor properties and,

consequently, PeT.
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We finally performed FCS of 1 and 5 to judge their suitability for single-molecule

experiments (fig. 4). Only a few autocorrelation traces of 1 were recorded since this was very
time consuming due to its low ®r, whereas acquisition of intensity dependent FCS data of 5
were quickly obtained. Comparison of curves at the same intensity (grey and black curves)
shows a higher amplitude C for 1 than for 5. This corresponds to a higher ky; for 1 than for 5
(eq. 1), if one assumes that both dyes possess similar 6. On the basis of the available
fluorescence lifetimes Tg, i.€. the reciprocal values of k,;, we can estimate that the intersystem
crossing quantum yield, @i, = kys/ky, is larger for 1 than for 5 by a factor of ~ 10. From the
determined values for 5 (fig. 4), we calculate @, = 0.007.

The fact that FCS curves could be obtained for dyes 1 and 5 evidences their suitability for
single-molecule research. The decrease of the diffusional time T4 of 5, which is normally
interpreted as photobleaching, also sets an upper limit for other imaginable photochemical
reactions. Most relevant for future applications of 5 would be the cleavage of the here
synthesized ester. Indeed, fluorescently labelled phosphoesters are employed for this so-called
uncaging of phosphate, and such a reaction would exclude the use of 5 for measuring e.g.
phosphatase activity [22]. However, it can be concluded from the curves that the light-induced
release of phosphate in 5 occurs, if observable at all, with a very low quantum yield since

otherwise the quality of the curves would drop considerably.

CONCLUSION

We have shown that the donor ability of phenol in PeT can be switched off by
phosphorylation. This proof-of-principle sketches how phosphoester cleavage can be studied
with dyes which are also appropriate for single-molecule detection. Different methods of
obtaining 5 were tested, but there is still demand for improving its synthesis. The purification
is the most challenging procedure and appears critical due to the decomposition of 5 upon
drying. As the proposed concept is not restricted to Bodipy dyes, we will turn to
correspondingly modified Xanthene-dyes which are inherently more water soluble than

Bodipy dyes. The enhanced water solubility favors these dyes for bioanalytical applications.
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FIGURE CAPTIONS
Scheme 1: Disabling PeT in 1. Upon lowering the energy of the highest occupied molecular
orbital in the donor moiety (D), i.e. raising the oxidation potential, electron transfer to the

singly occupied molecular orbital of the acceptor (A) is disabled.

Scheme 2: Three syntheses of 5 starting from 1 using Phosphorylchloride POCI; [12],
Dibenzylphosphite (DBP, (PhO),HP=0) [13] or Diethylchlorophosphonate (EtO),POCI on
magnesia MgO [14]. See text for details.

Figure 1: Normalized absorption (left) and fluorescence emission spectra (right) of 1 in
CH,Cl, (black) and 5 at pH 7 (grey). The blue shift from 1 to 5 in absorption (An.(1) = 501
nm, Anex(5) =495 nm) and emission (Apa(1) =515 nm, A,.(5) =510 nm) is not significant as
solvent dependent changes of the spectra of hydroxyaryl-Bodipy’s in different solvents were

noticed [20].

Figure 2: ATR-IR spectra of 1 (black) and 5 (grey) in solid form.

Figure 3: Fluorescence lifetime measurement of 1 and 5 in water by time-correlated single
photon counting. The prolongation of T from 1 (tm = 0.7 ns) to 5 (T = 3.7 ns) is explained

by lowering the donor energy level in scheme 1 by phosphorylation.

Figure 4: Fluorescence correlation curves of 1 (left) and 5 (right) in water at different
intensities (dotted: 67 kWem™2, grey: 0. 27 MWem?, black: 0.80 MWcm?). The offset 1 in eq.
1 was substracted from the curves; subsequently the curves were normalized to N = 1. The
amplitude C of the decay on the (sub)us time scale is a measure for the triplet population, and
shows a stronger intersystem crossing for 1 than for 5 at the same intensities [15]. ks (5) =
7.3*%10° s (+/- 20%) and, from the intensity dependent ky:°T, ky(5) = 1.8%10°6 st (+/-25%;
inset) can be determined. Photobleaching which appears in a reduction of the diffusional time

Taier 1S more eminent for 5 than for 1 and might indicate phosphate uncaging.
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Summary:

We reinvestigated the solvatochromism of 8-hydroxypyrene-1,3,6-trisulfonate (pyranine) in
conjunction with that of 8-methoxypyrene-1,3,6-trisulfonate and of 1-hydroxypyrene
(pyrenol) by use of 25 different solvents. Conclusions for the prediction of ESPT behaviour of
synthetic dyes were drawn by comparison with the solvatochromism of p-hydroxystyryl-
Bodipy-dyes. Solvents were chosen according to their Kamlet-Taft parameters o and B for
elucidating the acidicity of the dyes and the basicity of their conjugated bases in the ground
and excited state.

Comparison of the spectra of pyranine and pyrenol in solvents with varying B-values revealed
that the acidity of both dyes is similar therein. The well-known ESPT behaviour of pyranine
in water is assigned to a change of the electronic state at o-values ~ 0.7 to 0.8. The high
acidity of this excited state also appears in the vanishing solvatochromism of the
photoproduct fluorescence. However, prediction of an ESPT tendency of synthetic dyes might
fail when only fluorescence emission data are considered. We propose to refer instead to the
energetic difference of the 0-0 transition in absorption together with the solvatochromism of

the acidic form in aprotic solvents of similar polarity.
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1. Introduction
Excited state proton transfer (ESPT) of 8-hydroxypyrene-1,3,6-trisulfonate (HPTS; pyranine)
to water was first described by Forster [1,2] more than 50 years ago and is still in the focus of
scientific research [3]. This photochemical reaction exemplifies the more general case of
various aromatic alcohols which undergo an increase of their acidity upon excitation (for
reviews, see [4-6]). Especially naphthol and pyrene derivatives were thoroughly investigated
in the past, but ESPT reactions were also detected in stilbene-derivatives, fluorescent dyes and
proteins [7-11]. ESPT is not limited to water as final acceptor but protonation of other
solvents can be observed in super-photoacids [5, 12,13]. One reason for the ongoing interest is
that proton transfer reactions are the most basic chemical reactions with an overwhelming
importance in many areas of chemistry. Especially helpful are ESPT-systems where both
substrate and product are fluorescent. Thus, triggering of these reactions with short excitation
pulses allows for studies of the underlying photophysical mechanisms which precede the
protolysis with time-resolved fluorescence spectroscopy [3, 10-18]. Additionally, the
fluorescent product states are long-living (~ ns), and the kinetics of diffusion-controlled
recombination processes also can be monitored by the same techniques [6, 18-20].
In most of the cited systems, excitation has to be performed in the UV or near-UV range.
Ubiquitously excited background fluorescence, enhanced Raman scattering and the energy
content of the absorbed photons make an observation of ESPT in ultrasensitive spectroscopy
challenging. Even in cases, where ESPT could be initiated by near UV light, photodestruction
and photoconversion counteract these experiments [21, 22]. This deficiency of known
molecules provokes our search for dye molecules which exhibit ESPT and strong visible
fluorescence in both states. Though, straightforward and systematic synthetic work relies on a
tool with which the synthetic direction can be confined and, finally, the ability of ESPT can
be predicted. Steady-state fluorescence and UV-Vis spectroscopic signatures are most
convenient in this approach as they can be applied to screening techniques.
The increase of acidity of a dye upon excitation can roughly be estimated by thermodynamics
applied to optical spectroscopy. A red-shift in the lowest electronic transition of the conjugate
base compared to the acidic form results in a change of the acidity constant pKa according to
_(hv,—hvg)

ApK, ~~—A "B/ 1
PRA kTIn10 M

where v, and vy are the frequencies of 0-0 optical transitions of the acid and the base,

respectively [5, 6]. Time constants for proton transfer to solvent ought to be faster than the
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radiation emission, otherwise ESPT remains hidden. Therefore, kinetic parameters have to be
converted to spectroscopic data to be useful in screening applications.

Such more kinetic approach is based on the analysis of spectroscopic data of aromatic
alcohols, recorded in different solvents with varying hydrogen-bonding capability [23-26].
Most often, the Kamlet-Taft parameters o and 3 are used to describe the ability of a solvent to
donate (o) or accept () a hydrogen-bond (HB) [24-29]. Solvatochromism of a solute, i.e. the
difference of the transition frequency v; to a reference transition frequency vi, in dependence
of the solvent, then provides a tool to quantify the stabilization of the excited state with
respect to the ground state. The index i describes whether properties of the ground state (i =
exc) or the excited state (i = em) of the probe molecule are investigated [6]. This classification
results from the different time scales of the instantaneous absorption/emission process and the
subsequent rearrangement of nuclei. Equation 2 comprehends solvatochromism in a
mathematical way with T* as a measure of the dipolarity of the solvent.

Vi =Vio +pir*+b;f+aia (2)

a;, b; and p; are parameters of the molecule under investigation. The latter value is related to
the change of charge distribution within the molecule whereas the first two parameters
characterize therein the acidity (a;) and basicity (b;) in the considered electronic state. Applied
to HPTS, specific interactions like the HBs depicted in scheme 1 can be probed in the
respective electronic state if reference molecules like 1-hydroxypyrene (pyrenol, PyOH) and
the methoxy-derivative of HPTS, 8-methoxypyrene-1,3,6-trisulfonate (MPTS), are at
disposal.

Nonspecific dipolar solvation, which contributes to the Stokes-shift in systems with a
considerable change of the static dipole moment, can be eliminated by comparison of the
spectra of hydroxyl-arenes and their methoxy-derivatives (“differential solvatochromism™) [6,
26, 27]. Only a few ESPT systems were investigated so far, but the known examples share a
dependence of solvatochromic shifts on the solvents’ [B-values. These shifts are more
pronounced in fluorescence than in absorption and are explained by a stronger HB from the
solute to the solvent in the excited state. This is not unexpected because proton release occurs
along this coordinate.

ESPT can also be investigated from the product side, i.e. by inspecting solvatochromism of
the conjugated base. All studied examples of naphtholate bases show that the excitation

spectra are more affected by the solvent acidity than the emission spectra [6]. Again, this is

This is a pre-peer reviewed version of the following article: Phys. Chem. Chem. Phys., 2009, 11, 1416-1426;
DOI: 10.1039/b816695a; Reproduced by permission of the PCCP owner societies; http://www.rsc.org/

105



3.4 Phys. Chem. Chem. Phys. 2009, 11, 1416- 1426

reasonable as the basicity of the ESPT products is reduced compared to the ground state since
the acidity of the photoacid is increased in the excited state.

The contribution of HB donating, protic solvents to the stabilization of the excited state before
ESPT is ambiguous [24, 26]. In HPTS, a strong dependence of the red-shift in fluorescence on
parameter ¢ is observed, whereas in naphthol and its derivatives, only the spectral position of
the excitation maximum is sensitive to o [6]. A meanwhile accepted explanation resolves this
discrepancy by ascribing the impact of o to charge stabilization at the sulfonate groups of
HPTS in protic solvents [24]. Recent experiments with derivatives of HPTS show that
strongly withdrawing substituents are necessary to enable charge transfer in the excited state
[13, 14]. As a consequence, HBs directly from solvent to the hydroxyl-moiety (o in scheme
1) therefore appear less important or even detrimental for the initial stages of ESPT. In
conclusion, solvatochromism of fluorescent acids in solvents of varying B-values as well as
solvatochromism of the conjugated base in solvents of varying o-values is promising in
search of new ESPT dyes.

In our contribution, we reinvestigate the solvent dependence of spectra of paradigmatic HPTS
and compare it to solvatochromism of its sulfonato-deficient derivative PyOH and its
methoxy-derivative MPTS. To date, solvent variation of MPTS and HPTS mainly was
performed with polar and protic solvents, of which the H-bond donating capability exerted a
stronger effect on spectroscopic band position and shape of the solute than their HB accepting
power [16, 23, 30, 31]. Multiparameter fitting according to eq. 2 was used to extract the
values of a; and b; [24]. However, when the assumed linearity in the energetics is no longer
maintained, such analyses are misleading. Our strategy separates both contributions: in the
first part, we focus on the dependence of fluorescence excitation and emission spectra on the
Kamlet-Taft parameter B of the solvent which aims at finding reliable values for b;. Next, we
analyse the influence of solvents on the spectra of MPTS. The reduced basicity of the
photoproduct 8-oxypyrene-1,3,6-trisulfonate (OPTS) is characterized by the impact of HB-
donating solvents on its spectra. Solubility problems are overcome by the usage of crown
ether. The presented results are discussed with respect to our ongoing synthetic work of

borondipyrromethene (Bodipy, BDP)-dyes [22, 32].
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2. Experimental Section
Materials and synthesis. HPTS (Aldrich, 97%), MPTS (Fluka, 98%), Pyrenol (Aldrich,
98%) and 18-Crown-6 (Aldrich, 99%) were used without further purification. The solvents
used in this study were of highest available purity (Spectranal, Chromasolv, Uvasol or HPLC-
grade) and —if not— tested for fluorescent impurities. All solvents were used as received.
The p-hydroxystyryl- and p-methoxystyryl-Bodipy-Dyes (HO-BDP, MeO-BDP; scheme 2)
were synthesized by the Knoevenagel condensation in boiling toluene of methylated, green
fluorescent Bodipy-dyes [22, 32-34] and p-hydroxybenzaldehyde (Aldrich, 98%) or p-
methoxybenzaldehyde (Aldrich, 98%), respectively [35]. The raw product was purified twice
by column chromatography to finally yield the desired product. Details will be described
elsewhere. The solubilities of HO-BDP and MeO-BDP were high enough to record spectra in
all solvents; however, due to the vanishingly small fluorescence quantum yield of
deprotonated HO-BDP (O-BDP), we synthesized for these measurement HO-BDP lacking the
phenyl moiety in the meso-position [33, 34].

Sample preparation - spectra of acidic forms in apolar solvents. PyOH, MPTS and HPTS
were dissolved in methanol (MeOH) or ethanol (EtOH), and an aliquot was taken for each
sample which ensured that the optical density in the final experiments was low enough in each
case to avoid spectral distortion due to innerfilter effects and emission reabsorption. After
complete evaporation of EtOH, the final solvent was added. Visual inspection of the
fluorescence by means of blacklight illumination showed us whether enough dye was
dissolved for recording reliable fluorescence and excitation spectra. In the cases where no
fluorescence could be detected, 10 — 25 mg of crown ether was added in order to improve the
solubility of the multiple charged dye anions by complexation of sodium counter ions. The
final concentration of the crown ether (< 20mM) resulted in an ionic strength far below those
which were reported to influence the spectra of HPTS [36]. Please note also, that the actual
concentration of sodium ions is still considerably smaller than millimolarity as the only source
of these counter ions was the dye. However, we cross-checked our procedure with solvents
where fluorescence was sufficient without addition of the helper molecule (table 1).

Only in a few cases (chloroform (CHCI;), methylene chloride (CH,Cl,) and bromobenzene
(BrB)), saturated solutions of the crown ether were able to dissolve some amount of the
charged dyes. We were not able to record fluorescence excitation or emission spectra of
HPTS and MPTS in cyclohexane, toluene, acetophenone, ethyltrichloroacetate and of HPTS
in BrB.

This is a pre-peer reviewed version of the following article: Phys. Chem. Chem. Phys., 2009, 11, 1416-1426;
DOI: 10.1039/b816695a; Reproduced by permission of the PCCP owner societies; http://www.rsc.org/

107



3.4 Phys. Chem. Chem. Phys. 2009, 11, 1416- 1426

Sample preparation — spectra of 8-oxypyrene-1,3,6-trisulfonate (OPTS). An aliquot of
HPTS was taken as described above, and the organic solvent was added after complete
dryness. Except from water, the solutions showed typical blue fluorescence of HPTS.
Therefore, 10 — 25 mg crown ether and additional, solid NaOH (~ 5 — 10 mg) was added.
Greenish fluorescence indicated successful deprotonation. Spectra of OPTS could be detected
only in a few, highly polar solvents, in which HPTS itself was already analysed. The
solubility in protic solvents was higher; only in HFiP, no reliable excitation spectra and a very

weak fluorescence spectrum of OPTS was detectable.

Fluorimetry. Depicted fluorescence excitation and emission spectra of the blue-green
emitting dyes were recorded with a fluorescence spectrophotometer (Fluoromax-3, Jobin-
Yvon and FP 6500, Jasco) with 1 nm resolution. Afterwards, spectra were converted to the
wavenumber range with the necessary corrections [37]. As far as comparison to reported
values is possible, the evaluated maxima of our study lie within < 100 cm! of ref [24]. Slight

deviation (< 200 cm) to the fluorescence values of ref. [30] are noticed.

3. Results and Discussion

3.1 Correlation of spectroscopic maxima and B-values of the solvents

All used solvent in this section share the property that they are aprotic, i.e. o = 0. Excitation
and emission spectra of PyOH and HPTS in several solvents with similar polarity, i.e. similar
values of Kamlet-Taft parameter n*, are displayed in fig. 1 and 2, respectively. Table 2
summarizes the found spectroscopic maxima. Both dyes exhibit red-shifts of the maxima
upon increasing P values of the solvents. These dependencies are displayed in fig. 1¢ and 2c.
The regression lines represent single parameter fits according to eq. 2, of which the slope is b;
and the intercept at the ordinate is an extrapolation to the transition energy Vi, of a non-
interacting solvent. b; is a property of the solute’s electronic state and describes its tendency to
release the proton. The results of these one-parameter fits are summarized in table 4.

Solvents with similar w* values are evenly distributed around the regression lines. PyOH was
reported to exhibit only a small change of its static dipole moment [24]. MPTS, which is
taken as analogue to HPTS, does not show a clear dependence in a Lippert-Ooshika-Mataga
plot (data not shown). This is compatible with a minor change of the static dipole moment

upon excitation, which is predicted by theoretical calculations [30]. It is therefore justified to
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neglect the dependency of the energy gap on m* while applying eq. 2 to solvatochromism of
HPTS and PyOH.

The obtained b; values are close for HPTS and PyOH (-320 cm! vs. -390 cm! for bey; -560
cm! vs. -530 cm?! for ben). The hydroxyl-moieties are more strongly interacting with the
solvent in the excited than in the ground state as indicated by |bem| > |bexc|. This is in agreement
with a higher acidity in the excited state and resembles the behaviour of naphthol derivatives
[6, 26].

For comparison, we also investigated the solvatochromism of MPTS. The b;-values for MPTS
are close to 0 within their error limits (fig. 2d). This is expected due to lack of an acidic
proton. The data also verify that other acidic hydrogen atoms in the core structure are missing.
Specific and reliable assignment of spectroscopic changes to an altered local environment can
be found out by differential solvatochromism [6, 26]. Here, the frequency values v; of HPTS
are subtracted from those of MPTS and, subsequently, the spectroscopic differences can be
traced back to HB differences among different solvents. It is assumed that other solvent-solute
interactions are cancelled. Taking the differences between the excitation and emission
maxima yields b’ = - 360 (+/- 90) cm™ and b’.,, = - 630 (+/- 170) cm’!, and thus, similar
values as above are obtained within the error limits (table 4). Bathochromic shifts in HPTS
with increasing HB-accepting power of the solvent, therefore, reflect solely the increased HB-
strength in the excited state of the solute compared to its ground state.

We conclude that the acidity of HPTS upon excitation is rather similar to the increased acidity
of PyOH. However, even a small discrepancy might not explain the differences in the ESPT
behaviour: HPTS easily releases a proton to water whereas PyOH requires “catalysis” by

hydrogenphosphate [31].

3.2 Influence of HB-donating solvents on the spectra of MPTS

The missing differences of spectroscopic behaviour between PyOH and HPTS encouraged us
to investigate the influence of increasing a-values of the solvent. Previously, HPTS was
examined in a variety of solvents, and multiparameter fitting of the spectroscopic maxima was
performed [24]. While be. reported in this reference is close to our value, b, deviates
strongly. As redoing the same measurements presumably would not lead to different results,
we performed fluorescence spectroscopy of MPTS in different solvents (fig. 3 and table 3).
MPTS can substitute HPTS due its spectroscopic, chemical and electronic similarity [16, 30].
The extrapolated values of v in fig. 2¢ and 2d coincide within the error limits (table 4) and,

thus, verify this similarity. MPTS, however, is convenient as it does not exhibit a
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spectroscopic dependence on the HB-accepting power of the solvent. As shown in section 3.1,
pi and b; of MPTS are approximately 0. Hence, solvatochromism can be analysed on the basis
of varying o-values independent of the solvent’s B-value and multiparameter fits can be
avoided. This is helpful in screening applications where elaborate computations should be
avoided. Figure 3a shows the excitation and figure 3b the emission spectra of MPTS in
several solvents with differing o-values. Increasing o-values are accompanied by
bathochromic shifts both in excitation and emission. This behaviour is different to what has
been described for naphthol-derivatives and PyOH [24, 26]. A blue-shift of the electronic
spectra, which corresponds to positive a; values, is explained by a HB between the oxygen
atoms of the aromatic alcohols and the solvent (e.g. o in scheme 1) which is weakened upon
excitation. In terms of the molecular electronics of the probe molecule, electron density is
transferred from the donor to the aromatic core upon excitation.

A plot of the spectroscopic maxima against 0. can return a.. and a., of MPTS after fitting,
which is a measure of the HB-accepting character of the respective electronic state (fig. 3c).
The extracted value for ac, -350 (+/- 70) cm’!, is of the same order as the value given by ref.
[24] for HPTS. A negative value (in HPTS) was traced back to the increasing electron
withdrawing power of sulfonate groups in conjunction with the donor ability of a hydroxyl-
group. The sulfonamide derivative of HPTS, in which the electron-withdrawing strength of
the substituents is further enhanced, also exhibit red-shifted spectra compared to HPTS [13,
15]. The same argumentation also holds for MPTS. It is worth to mention that the observed
red-shift is likely reduced due to the blue-shift due to HB directly at the methoxy-position.
The influence of o on the fluorescence maxima is more complex. While at low HB-donating
ability, the fluorescence is (more or less linearly) bathochromically shifted by a higher solvent
acidity. The observed Stokes-shifts (Vexe — Vem) are in the range of the extrapolated values of
HPTS and MPTS in the B-dependence plot (fig. 2¢, d; Vexeo — Vemo). In contrast, the
fluorescence emission maxima are nearly constant at high o values. A change of behaviour
appears around a a-value of 0.7 - 0.8. Both sections are separated by a step of ~ 1000 cm''.
Also the line shape changes [38]. In HPTS under highly acidic conditions, this change of
behaviour was attributed to charge redistribution, but was explicitly excluded for MPTS [14].
We, however, argue by means of a rough estimate that, indeed, MPTS and HPTS are identical
in the occurrence of the charge transfer state: Ve, of MPTS in water is ~ 22900 cm! which is
larger by ~ 300 cm! than the value of v, of HPTS [24]. If we add the bathochromic shift due
to HB between the base H,O and the photoacid HPTS, then we further reduced the transition
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energy by be,*B (the B-value of H,O is ~ 0.5) which is in the range of the missing 300 cm-!.
The mentioned change of spectroscopic behaviour, although not further quantified, has impact
on previous solvatochromic investigations: it indicates that multiparameter fitting procedures
are misleading when a linear dependence is not given. This might especially be important in

the investigation of chemical reactions.

3.3 Influence of HB-donating solvents on the spectra of OPTS

The deprotonated OPTS is the photoproduct after ESPT of HPTS. The idea behind the
investigation of its solvatochromism in a-solvents is that we now explore ESPT dyes from the
photoproduct side. We would like to find out whether this approach is appropriate to find
target structures. First of all, the response of the OPTS-spectra to stronger HB from the
solvent allows for verifying whether the basicity of the excited state is reduced compared to
the ground state. For very strong photoacids, |ac,| < |acx| was found in agreement with a higher
excited state acidity and opposite to the effect of HB-donating solvents at the reactant side.
The values are positive indicating spectral blueshifts with increasing solvent acidity (fig. 4a).
For the search of ESPT dye, the a., values, which are specific for the properties of the excited
state, are more important.

Fluorescence emission spectra of OPTS in different solvents are depicted in fig. 4b, and the
spectral maxima positions versus the solvents o-value are shown in fig. 4c. The spectra in
highly protic solvents are broader than in aprotic solvents; however the centre is hardly
affected by the o-value: a.m, obtained as +240 (+/- 60) cm™ from the linear fit in fig. 4c,
indeed is comparably small with respect to other deprotonated ESPT dyes [6]. The peak
positions of fluorescence in purely aprotic solvents (o0 = 0) cover a spectral range which is as
large as the whole energetic variation due to HB. Thus, these non-HB interactions are equally
important for the spectral position, and might be the reason for the low correlation value of acy
and a.. (R =0.75) in our one-parameter correlation. However, a correlation with polarity (n*
or the dielectric constant €,;) was not found. In contrast to the excited state, the ground state is
more sensitive to HB as expected for a base (ac. =+ 780 (+/- 210) cm™). The acidity of HFiP
(pKa = 9.3), which shifts the equilibrium to HPTS, might therefore be the reason, why only

rather poor spectra of OPTS could be obtained in this solvent.

It is interesting to compare the effect of solvents with high o-values on the emission spectra

of MPTS, which is similar to HPTS shortly before ESPT, and OPTS, which is HPTS after the
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ESPT. Although the HB at the electron-donor moiety (methoxy-group vs. oxy-group) is

different in both species, the HB at the sulfonate-groups is nearly identical. a., of MPTS,
although not further determined (fig. 3c), and a., of OPTS are in a similar range. This
comparison shows that, once charge redistribution occurred at a a-value of ~ 0.8, excited
HPTS becomes more acidic than before and only then the proton can be transferred to the
solvent without the need of catalysts. This is also reflected by the equilibrium constant of
HPTS + H,O/OPTS + H;0" which is shifted to the neutral chromophore state on a time scale
before charge redistribution occurs [18]. It is vain to discuss whether 'L,/'L; state reversal or
not occurs along the ESPT-coordinate on the basis of our experiments [16, 24, 38].
Nevertheless, we adhere to the mentioned acidity change in the excited state of HPTS as the

difference to PyOH.

3.4 Discussion of solvent effects with respect to HO-BDP

According to the revisited solvatochromism of HPTS, the wealth of available dyes can be
narrowed down during the search of ESPT-dyes by the investigation of solvatochromism. In
this last section, we would like to discuss the example where an acidity increase of an
aromatic alcohol is not observed although fluorescence emission data misled us to assume its
ESPT-capability. This is the case of HO-BDP (scheme 2).

We applied the solvatochromic method to HO-BDP in order to find out whether this
compound might be a target structure for an ESPT-dye in the visible range. Bodipy-dyes
exhibit high fluorescence quantum yields, are superior to fluoresceine dyes in terms of
photostability and are therefore appropriate for our long-term goal of ESPT-dyes in the visible
range [22, 32-34]. The dye in the focus of this section has in its neutral form A = 569 nm,
Aem = 581 nm and in its anionic form Ae = 573 nm, Aen ~ 710 nm (fig. 5a). According to eq.
1, one calculates ApK, = 0.25 on the basis of the excitation data and ApK, = 6.55 on the basis
of the emission data. Even if we take the average, as suggested by ref. [5], then a distinct
increase of the acidity by more than 3 orders of magnitude could be expected.

Other dyes with styryl-moieties were shown to exhibit ESPT [7]. However, we were led by
the spectroscopic similarity of ammonium-group and hydroxyl-groups and their deprotonated
counterparts, i.e. amino-groups and oxy-substituents. The comparability is e.g. manifested in
substituted xanthene dyes, i.e. rhodamine vs. fluoresceine dyes. With respect to ESPT, the
similarity was already noticed by Forster [1, 2] and, quite recently, by time-resolved
spectroscopy [14]. Differences between isoelectronic NH3* and OH-groups concern the pK.-
values of the considered dyes.
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The synthesis and spectroscopic properties of p-dimethylaminostyryl-Bodipy dyes (NMe,-
BDP) were published in the last years [35, 39], and recently, we performed theoretical
calculations to elucidate its ESPT-behaviour [40]. Whereas the protonated dye exhibits only
small Stokes-shifts upon excitation, the neutral chromophore undergoes charge-transfer with a
large change of the static dipole moment. The reported spectroscopic values of excitation and
emission maxima for NMe,-BDP and its conjugated acid NMe,H"-BDP are close to our
values of the pair HO-BDP/O-BDP. We therefore assume that all conclusions drawn for
NMe,-BDP/NMe,H*-BDP pair also hold for HO-BDP/O-BDP although we did not perform
such elaborate solvatochromic studies as in ref. [39]. We summarize that if ESPT occurs then
charge-transfer as the thermodynamic driving force would act only afier ESPT.
We studied the solvatochromism of HO-BDP in B-solvents (fig. 5b-d). We renounced the
aromatic solvents benzonitrile (3), bromobenzene (4) and toluene (23) which showed
systematic deviations in the spectra of PyOH and HPTS. We assign this to putative m-wt
interactions between the solvent and the aromatic solute. The bi-values, bex. and bey, are close
to the values of PyOH and HPTS (table 4). However, the uncritical interpretation as an
increased acidity in the excited state like in the case of PyOH and HPTS fails: the B-
dependence of the spectra of the methoxy-derivative MeO-BDP as well as differential
solvatochromism provide evidence that the acidity of the OH-group is not substantially raised
and that some other slightly acidic proton exists within the molecule (table 4). Very acidic
solvents like hexafluoro-2-propanol shift both excitation and emission spectra of MeO-BDP
in equal measure to the blue (fig. Se, f). The blue-shift is in agreement with a reduction of the
donor properties of the methoxy-moiety; the likewise blue-shift in the ground state as well as
in the excited state imply, however, that a.. ~ a.m and that no additional electron density is
shifted from the electron donor toward the aromatic system in the excited state.
We also performed excitation and emission spectra of O-BDP, the conjugated base of HO-
BDP, in dependence of the a-value of some protic solvents (solvents 12, 14, 15, 18, 19, 24,

25; fig. 5a). They share as common property a similar Lippert solvation parameters Af ~ 0.3

Af o Ere =L n?-1
26,0 +1 2n% +1

3)

where €, is the dimensionless dielectric constant and n the refractive index of the solvent.
This should ensure that the contribution of unspecific dipolar solvation is cancelled. A slight
blue-shift of the excitation spectra was found for O-BDP, a,. = + 190 cm!, which is
unexpectedly small for a base on the basis of naphtholate or OPTS data [6]. One has to
consider the noticed solvatochromism of MeO-BDP in the sense that here also the B-values of
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the solvents have impact on the spectral position. For a.,, however, we could not find a clear
dependence. All fluorescence maxima lie within a range of 705 to 710 nm. The fact that all
recorded emission data are broad in combination with very weak fluorescence aggravates here
the analysis and a proper assignment of the emission maxima is hardly achievable. Moreover,
it is questionable whether one-parameter fitting can fully describe the solvatochromism of a
charge-transfer dye, even if solvents with similar Af-values but differing o-values are used.
Nevertheless, our data are in good agreement with the behaviour of NMe,-BDP where
vanishingly small a. and a.,, were found by multiparameter fitting [39].

In summary, the situations for HPTS (at early times), PyOH and HO-BDP are not so
different: whenever a suitable proton acceptor is so close that proton transfer can occur, this
will happen in the excited state [31, 41]. For example, ultratast ESPT to acetate was observed
for HPTS on a time scale before charge redistributation occurs [36]. However, differences
among the investigated dyes concern the time scales of proton transfer. The rate constants for
proton transfer are related to the free energy release AG during the reaction [42]. This is also
exemplified in the protonation kinetics of pyrene-1-carboxylate by various acids [20]. While
the acidity increase of HPTS (at early times) and PyOH, which is probed by the variation of
the solvent B-value, consequently enables proton transfer during the excited state lifetime,
ESPT is rather unlikely to proceed in HO-BDP. If, however, ESPT accidentally occurs in HO-
BDP, then the energy release due to solvation in the anionic state would lock the
thermodynamics.

We therefore conclude that the spectroscopic signature which points to the ESPT propensity is
likely the difference of the excitation maxima of acid and conjugated base, i.e. the transition
energy difference Aveo before solvent relaxation occurs. Ave. be regarded as a measure for
the gradient of ESPT although subtleties of the potential energy surface are ignored. In the
case of HO-BDP, Ave. is 100-150 cm™ which is in contrast to a roughly ten times larger
value of PyOH [31].

4. Conclusion

In our contribution, we investigated the solvatochromism of several dyes with the aim to
predict the ESPT behaviour of freshly synthesized dyes. The dyes HPTS, PyOH and HO-BDP
are all aromatic alcohols but decreasingly tend to undergo ESPT. The strong photoacidity of
HPTS presumably results from charge redistribution in succession of solvent rearrangement,

i.e. the formation of strong electron withdrawing substituents by HB from solvent to HPTS

This is a pre-peer reviewed version of the following article: Phys. Chem. Chem. Phys., 2009, 11, 1416-1426;
DOI: 10.1039/b816695a; Reproduced by permission of the PCCP owner societies; http://www.rsc.org/

114



3.4 Phys. Chem. Chem. Phys. 2009, 11, 1416- 1426
[14, 24]. PyOH, HO-BDP and many naphtholes have in common that acidic solvents do not

accelerate ESPT. We therefore propose the following criteria to distinguish potential ESPT
dyes like PyOH from slower reacting dyes like HO-BDP. Firstly, differences in Aveo are
related to the thermodynamics and should hint at the overall ESPT driving force. The best
procedure would be to compare the spectra in a solvent of low polarity; solubility problems
can be overcome by use of crown ether. Secondly, spectra of the acid in solvents with varying
B-values should explore their kinetic tendency of ESPT. Differential solvatochromism ensures
to assign observed effects to a certain proton. In the case where methoxy-derivatives are not
available, solvents of similar polarity are preferential. A set of 5 solvents (butyrolactone,
dimethylformamide,  hexamethylphosphoric  triamide, propylene carbonate  and
tetramethylurea) covers a large range of B-values and should provide already insight into the
ESPT behaviour. Finally, we do not recommend judging the ESPT tendency on the basis of

a.m since dipolar relaxation might mask subtle effects of the solvent acidity.
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Tables:

Table 1: Used solvents in this study and their physical (refractive index n,, dielectric constant

€.1) and solvatochromic parameters (o, B, ©*) [24, 28, 43].

# Solvent o B ¥ €l n PyOH | HPTS | MPTS OPTS
1 | Acetone 0.08 [0.48 [0.71 |20.56 |1.359 |- - + --
2 | Acetonitrile 0.19 1031 [0.75 [3594 |1.344 |- - + 0
3 | Benzonitrile 0 0.41 [0.90 |2520 |1.528 |-- + + -
4 | Bromobenzene 0 0.07 10.71 |5.40 1.557 |+ - - -
5 | Butyrolactone 0 0.49 1087 {4096 |1437 |+ + + --
6 | Chloroform 044 |0 0.58 |4.81 1.446 | - - 0 --
7 | Cyclohexane 0 0 0 2.02 1426 |+ -- -- -
8 | Dichloromethane | 0.30 | O 0.82 | 8.93 1.424 | - - 0 --
9 | Dimethyl- 0 0.69 [0.88 |36.71 |1431 |+ + + 0
formamide
10 | Dimethyl 0 0.76 [ 1.00 | 4645 |1479 |+ + + +
sulfoxide
11 | Dioxane 0 0.37 10.55 221 1422 |+ + + -
12 | Ethanol 0.83 [0.77 [0.54 |24.55 |1.361 |- - + +
13 | Ethyl acetate 0 0.45 [0.55 |6.02 1.372 |+ 0 0 -
14 | Ethylene glycol |0.90]0.52 [0.92 |37.7 1.432 |- - + +
15 | Formamide 0.71 [0.48 [0.97 |111.0 |1.448 |- - + +
16 | Hexafluoro-2- 196 | 0 0.65 [16.70 | 1.275 |- - + 0
propanol
17 | Hexamethyl- 0 1.05 [0.87 |29.6 1.459 |+ + + 0
phosphoric
triamide
18 | Methanol 093 [0.62 [0.60 |32.66 |1.328 |- - + +
19 | 2-Propanol 0.76 [0.95 [0.48 |19.92 |1.377 |- - + +
20 | Propylene 0 0.40 [0.83 | 6492 |1422 |+ + + +
carbonate
21 | Tetrahydrofuran | 0 0.55 [0.58 |7.58 1.407 |+ + + --
22 | Tetramethylurea | 0 0.80 [0.83 [23.60 |1449 |+ + + 0
23 | Toluene 0 0.11 |0.54 |2.38 1.497 |+ -- -- -
24 | Trifluoroethanol | 1.51 | 0 0.73 |[26.53 1.30 - - + +
25 | Water 1.17 1047 |[1.09 7830 |1.333 |- - + +

Definition of symbols: +: good spectra; 0: noisy spectra or spectra under extreme conditions

recorded; --: no spectra obtained; -: no spectra recorded.
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solvents (0. = 0) (+/- 30 cm™).

3.4 Phys. Chem. Chem. Phys. 2009, 11, 1416- 1426
Table 2: Fluorescence excitation and emission maxima of PyOH, HPTS and MPTS in j-

# | solvent Excitation maximum / cm” | Emission maximum / cm™
PyOH HPTS MPTS PyOH HPTS MPTS

3 | Benzonitrile - 24913 25106 - 24308 24613
4 | Bromobenzene 26010 - - 25820 - -

5 | Butyrolactone 25963 25120 25222 25775 24675 24827
7 | Cyclohexane 26167 - - 26071 - -

9 | Dimethylformamide 25881 25111 25274 25638 24671 24926
10 | Dimethyl sulfoxide 25793 24951 25155 25569 24373 24694
11 | Dioxane 26001 25099 25218 25834 24665 24848
13 | Ethyl acetate 26040 25093 25285 25884 24581 24902
17 | Hexamethylphosphoric | 25751 24890 25299 25507 24271 24943

triamide

20 | Propylene carbonate 26016 25150 25182 25824 24722 24706
21 | Tetrahydrofuran 25957 25075 25271 25783 24615 24888
22 | Tetramethylurea 25863 25066 25283 25632 24570 24921
23 | Toluene 26060 - - 25916 - -

Table 3: Fluorescence excitation and emission maxima of MPTS and OPTS in o-solvents (+/-

30 cm™).

# | solvent Excitation maximum / cm” | Emission maximum / cm™
MPTS OPTS MPTS OPTS

1 | Acetone 25370 - 25035 -

2 | Acetonitrile 25297 20619 24886 19493

6 | Chloroform 25056 - 24563 -

8 | Dichloromethane 25076 - 24592 -

12 | Ethanol 25076 21459 24450 19608

14 | Ethylene glycol 24862 21645 23753 19531

15 | Formamide 24788 21142 23474 19268

16 | Hexafluoro-2-propanol | 24629 - 23310 19763

18 | Methanol 25049 21838 24213 19646

19 | 2-Propanol 25136 21097 24691 19569

24 | Trifluoroethanol 24779 23095 23419 19685

25 | Water 24797 21692 22936 19569
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Table 4: Fitting results of solvatochromism experiments. All data are obtained using linear fits

according to equation 2. R denotes the correlation coefficient.

Spectra solvent | fig. | ordinate intercept /| slope a;, bi/cm R

dependence cm’!

exc. | PyOH: B 13, | Veeo: 26150 (+/- 20) bexe: - 390 (+/- 40) 0.96
HPTS: B 28,C | Voot 25260 (+/- 50) bexet - 320 (+/- 80) 0.84
MPTS: B 2d Vexeo: 25190 (+/- 50) Dexe: + 90 (+/- 80) 0.38
Diff. solvato- | - 30 (+/- 60) b’exe: =360 (+/- 90) 0.82
chrom. HPTS
HO-BDP 5b,d | Vewo: 17635 (+/- 40) bexe: - 350 (+/- 70) 0.87
MeO-BDP 5¢ | Veweo: 17620 (+/- 50) bexe: - 160 (+/- 80) 0.58
Diff. solvato- 10 (+/- 20) b’ exe: -190 (+/- 30) 0.91
chrom. HO-BDP
MPTS: o 32 | Voo 25280 (+- 60) Bexe: = 350 (+/-70) 0.86
OPTS: o 4a Vexeo: 20830 (+/- 160) exe: + 780 (+/- 210) 0.75
O-BDP: o Sa Vexeo: 17190 (4/- 80) aexe: + 190 (+/- 80) 0.74

em. | PyOH: B 1b,c | Vemo: 26040 (+/- 30) bem: - 530 (+/- 50) 0.96
HPTS: B 2b,c | Vemo: 24920 (+/- 90) bem: - 560 (+/- 140) 0.83
MPTS: B 2d Vemo: 24760 (+/- 100) Bem: + 150 (+/- 150) 0.36
Diff. solvato- | - 100 (+/- 110) b’em: - 630 (+/- 170) 0.80
chrom. HPTS
HO-BDP 5¢,d | Vemo: 17340 (+/- 50) Dem: - 525 (+/- 90) 0.91
MeO-BDP 5f Vemo: 17320 (+/- 50) bem: - 310 (+/- 80) 0.81
Diff. solvato- | - 10 (+/- 30) b’em: - 220 (+/- 40) 0.87
chrom. HO-BDP
MPTS: o 3b not determined not determined -
OPTS: o 5 Vemo: 19330 (+/- 50) aem: T 240 (+/- 60) 0.75
O-BDP: o Sa not determined not determined -
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Scheme captions:
Scheme 1: Structure of HPTS, its anionic form OPTS and the reference dyes MPTS and
PyOH. HB between protic solvents (HS) and basic solvents (S) are probed by varying o- and
B-values of the solvent. The effect of HB at the donor and the sulfonate-groups differs as
indicated by the subscript.

Scheme 2: Structures of the synthesized Bodipy-dyes. HO-BDP (R, = HO-) and MeO-BDP
(R; = HO-) were carrying a phenyl-group in the meso-position (R, = Phenyl-). Only for the
measurements of the spectra of O-BDP (fig. 5a), we used a better soluble and more

fluorescent HO-BDP (R, = HO-. R, = H-).

Figure captions:

Figure 1: Solvatochromism of PyOH in solvents with varying B-values (o0 = 0). Depicted
numbers correspond to the solvent numbers in table 1.

a) Fluorescence excitation spectra (Agq = 380 - 420 nm). b) Fluorescence emission spectra
(Aexe = 365 — 375 nm). ¢) Plot of all spectroscopic maxima versus the solvent’s B-value. The
grey lines represent linear fits to the excitation maxima (open circles) and emission maxima
(filled triangles), respectively. For PyOH, be. = -390 (+/- 40) cm™! and b, = -530 (+/- 50) cm

!. The data of bromobenzene (4) were not considered for the fit.

Figure 2: Solvatochromism of HPTS in solvents with varying B-values (o0 = 0). Depicted
numbers correspond to the solvent numbers in table 1.

a) Fluorescence excitation spectra (A¢; = 400 - 450 nm). b) Fluorescence emission spectra
(Aexe = 380 - 390 nm). ¢) Plot of all spectroscopic maxima versus the solvent’s B-value. The
grey lines represent linear fits to the excitation maxima (open circles) and emission maxima
(filled triangles), respectively. For HPTS, b, = -320 (+/- 80) cm™ and b, = -560 (+/- 140)
cm!. The data of benzonitrile (3) were not considered for the fit. Differential
solvatochromism verifies these values. d) For comparison: Plot of the excitation and emission

maxima of MPTS vs. the solvent’s B-value. The slopes are close to 0 within the error margins.

Figure 3: Solvatochromism of MPTS in solvents with varying a-values. Depicted numbers

correspond to the solvent numbers in table 1.
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a) Fluorescence excitation spectra (Aq: = 450 nm). b) Fluorescence emission spectra (Aee =
380 — 390 nm). c¢) Plot of all fitted spectroscopic maxima versus the solvent’s a-value. The
grey line represents a linear fit to the excitation maxima (open circles) and yields for MPTS,
Aexe = -350 (+/-70) eml. The value of a., was not determined by a fit to the emission maxima

(filled triangles), see text for further details.

Figure 4: Solvatochromism of OPTS in solvents with varying o-values. Depicted numbers
correspond to the solvent numbers in table 1.

a) Fluorescence excitation spectra (Aq: = 530 nm). b) Fluorescence emission spectra (Aee =
420 — 460 nm). c) Plot of all fitted spectroscopic maxima versus the solvent’s o-value. The
grey lines represent linear fits to the excitation maxima (open circles) and emission maxima
(filled triangles), respectively. For OPTS, ae. = +780 (+/- 210) cm™ and a., = +240 (+/-60)
cm'. For the fit of the excitation maxima, not the maximum in trifluoroethanol (24) but the
shoulder at A = 452 nm (see a) was used. An excitation maximum in hexafluoro-2-propanol

(16) was not found.

Figure 5: Solvatochromism of Bodipy-dyes. Depicted numbers correspond to the solvent
numbers in table 1.

a) Fluorescence excitation (full lines) of HO-BDP (grey, As: = 590 nm) and its conjugated
base O-BDP (black, Ay = 710 nm) and fluorescence emission spectrum of O-BDP (black-
dotted, A = 585 nm) in water. The large Stokes-shift of the anionic form was considered as
an indication of ESPT. Note also the very uncommon line shape of the excitation spectrum of
O-BDP. b) Fluorescence excitation spectra (Agr = 600 - 635 nm) of HO-BDP in solvent with
varying B-values. c¢) Fluorescence emission spectra (A, = 520 - 550 nm) of HO-BDP in
solvent with varying B-values. d) Plot of all spectroscopic maxima of HO-BDP versus the
solvent’s B-value. The grey lines represent linear fits to the excitation maxima (open circles)
and emission maxima (filled triangles), respectively. For HO-BDP, b = -350 (+/- 70) cm’!
and be, = -525 (+/- 90) cm!. However, differential solvatochromism yields b’ = -190 (+/-
30) em™ and b’., = -220 (+/- 40) em™. e) Fluorescence excitation spectra (Aq = 600 - 615 nm)
of MeO-BDP in different solvents. Note the spectral shifts of MeO-BDP in highly basic
solvent (17). f) Fluorescence emission spectra (A = 525 - 550 nm) of MeO-BDP in solvent

with varying B-values. Note the spectral shifts of MeO-BDP in highly basic solvent (17).
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Scheme 1
SH ....... (X, ...... (o) 3s OH: B ...... S
"":.“(X‘]
‘HS
SH-e <. 038 SO5 a ...... HS

R{=HO-, MeO-

R, R2= H-, Phenyl-
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Abstract

We highlight our recent achievements in the design of fluorescent dyes for the investigation
of chemical reactions on the single-molecule level. These fluorophores are tailored to undergo
changes in their photophysical properties upon chemical transformations. Three examples are
presented: electrophilic aromatic substitution, phosphoester cleavage, and oxidation of
double-bonds. Thinlayer chromatography and fluorescence correlation spectroscopy are used
to separate and characterize the different reaction products, respectively.We are planning to
develop more fluorescent synthons which enable us to perform single-molecule chemistry of

various reactions.
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Introduction

Synthetic chemical products have entered everyday life worldwide. Their industrial
production with an annual conversion of hundreds of tons is founded on highly selective
chemical reactions. For these efficiencies to have become realized, mechanistic descriptions
were elaborated in research laboratories by numerous stereochemical, thermodynamic and
kinetic investigations. The essence of those efforts is a reaction mechanism in which a
standard substrate molecule undergoes the transformation to the product molecule. Hence,
chemists are destined to think on the level of single molecules although the experiments they
carry out are typically done with a huge number of molecules. Evidently, there is a
concentration gap between perception and performance of chemistry which we would like to
overcome.

In the past three decades, researchers have made the observation of single molecules feasible.
Scanning probe microscopies, patch-clamp techniques and fluorescence-based techniques are
widespread methods to follow the behaviour and fate of individual molecules. Most versatile
for the transfer to “real” chemistry might be fluorescence based detection schemes in
combination with confocal microscopy. In this article, we present our efforts towards the
visualization of chemical reactions on the single-molecule level by initially designing
fluorescent probes for that purpose.

Beyond its aesthetics (“seeing is believing”), studying reactions of individual molecules is
expected to help in understanding side reactions. While bimolecular reaction sequences are
hardly synchronizable and, hence, reactive and short-living intermediates are often hidden in
ensemble investigations, such transient structures appear as fluorescing or dark species in
single-molecule spectroscopy. The gain of such studies in biocatalysis, i.e. reactions mediated
by macromolecules, is even more far-reaching since memory-effects, the way of dieing or the
putatively altering selectivity of an individual enzyme can be addressed.

Imagine the addition of bromine to double-bonds (fig. 1) which is taught in first-semester
courses in organic chemistry and an example of a basic organic transformation. Little is
known about the stability of bromonium ions and the reversibility of their generation.
Although the backside attack by a bromide is the commonly accepted second reaction step,
exceptions of this anti-addition are known [1]. The intermediate where branching takes place

might be discoverd by single-molecule methods and specifically designed fluorescent probes.

Conceptual approaches

This is a pre-peer reviewed version of the following article: Ann. N.Y. Acad. Sci. 1130: 131-137 (2008); DOI:
10.1196/annals.1430.006; Reproduced with kind permission of the New York Academy of Sciences/ Wiley-Blackwell

130



3.5 Ann. N. Y. Acad. Sci. 2008, 1130, 131-137

The reversible binding of two reaction partners which often initiates a chemical reaction is
studied by fluorescence correlation spectroscopy (FCS) or single-molecule spectroscopy [2,
3]. Stochastic fluorescence fluctuations which are a signature of reversible single-molecule
processes are averaged by taking the autocorrelation function g(t) of these fluctuations. Thus,
the typical rate constants for binding and unbinding can be extracted. By contrast, our interest
is aimed at the understanding of (irreversible) organic reactions beyond bimolecular
association and dissociation and which we refer to as chemical transformations. We make no
difference between stoichiometric and catalytic reaction steps; a catalyst is just reformed by
another reaction sequence. We are aware of the fact that an individual activity of a chemical
species can only be assessed when it performs repeated reaction cycles. However, different
isomers of small molecules equilibrate within a time window below the time resolution of
conventional single-molecule experiments so that conformational heterogeneities before the
reaction are blurred; moreover, it is a signature of most organic reactions that every molecule
can react only once.

So far, most examples to date have been done with leuko-dyes which become fluorescent
during the investigated reaction [4-10] (fig. 2a). From a practical point of view these
experiments are convenient as a large excess of the fluorogenic substrate can be provided to
the active species and, additionally, a large variety of substances is commercially available. In
the majority of these cases, catalytic species like enzymes are detected as spots which
generate fluorescent molecules. Heterogeneity in the activity and selectivity of individual
reaction centers can be discerned. It is obvious that the reverse effect, i.e. disappearance of
fluorescence, might only be practicable in very special cases. A strongly fluorescent
background and ambiguity about the fluorescence loss are hindering.

In a few examples, the course of reactions was followed by changes of fluorescence properties
of a probe dye (fig. 2b). Repeated on-off dynamics revealed the catalytic cycles of an enzyme
[11]. Blue shifting of fluorescence spectra in Terrylene and red shifting of fluorescence
spectra in Green Fluorescent Protein were used to track individual and irreversible oxidation
reactions [12, 13]. Determination of the transition-dipole polarization demonstrated single-
molecule tautomerism in porphycene [14]. It is noteworthy that some further promising
systems like e.g. Ethylresorufin/Resorufin exist; the limited number of such systems however
might explain why only a few studies have tackled the visualisation of individual chemical
reactions so far.

Further fluorescence properties can be exploited for monitoring a chemical reaction [15].

Changes of the fluorescence lifetime 1y and of the intersystem crossing quantum yield ®;.
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also appear appropriate. Fig. 3 shows the example of the pair Fluorescein/Dichlorofluorescein
in which the first dye can be converted to the latter by electrophilic aromatic substitution. Due
to the heavy-atom effect, both fluorophores can be distinguished on the single-molecule level
by their ®@;.. Too high values of ®;,., however, are limiting the single-molecule detection.
Another example is depicted in fig. 4, where we make use of switching fluorescence
quenching on and off by photoinduced electron transfer (PeT). We exploit the
redoxamphoteric character of an excited dye which can cause intramolecular electron transfer
[16, 17]. Here, the chromophoric unit of a Bodipy-dye acts as oxidizing agent and the
phenolic moiety in the meso-position as electron-donor. In contrast, a phosphorylated phenol
is less susceptible to oxidation thereby disabling PeT. For this pair to become a valuable
substrate for e.g. alkaline phosphatase, both dyes have to be detectable and to differ in 7.
Whereas the 4-Phosphophenyl derivative is highly fluorescent, the radiative decay of the
excited, hydrolyzed product competes with PeT. Fine tuning of the redox potentials by
substitutions at the electron-donor or the electron-acceptor allows for shifting the rate constant
for PeT close to that for fluorescence so that both relaxation mechanisms operate
simultaneously. Consequently, the fluorescence lifetimes of starting material and product
differ by a factor of ~5.

Instead of using PeT as quenching mechanism, which acts over sub-nm distances, one could
think about using Forster resonance energy transfer (FRET) to manipulate tq. Typical Forster-
radii, i.e. the donor-acceptor distance where the fluorescence decay rate constant equals the
FRET rate constant, are in the range of 3 — 7 nm. The conformational flexibility of most
spacers, attached to a small probe molecule, might aggravate measuring a constant tg. This
approach is more useful with macromolecules of defined, rigid architecture like enzymes.

Consequently, changes of the oxidation state of proteins were measured using FRET [18, 19].

Technical constraints

The understanding of nucleophilic substitutions following the Sy2 mechanism wouldn’t be
deepened if such a reaction is studied on the single-molecule level. The chemical
transformation, for which single-molecule investigation might provide insight into its
mechanism, has to meet several requirements. So far, most single-molecule experiments —if
not with immobilized molecules within a polymer- have been performed in aqueous solution.
Therefore, our first choices are reactions which also proceed in such an environment. This,
however, is more for the sake of convenience; due to the availability of multiimmersion
objectives, other solvents with a refractive index no between 1.3 to 1.5 can be used. Secondly,
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the reaction should be observable at room temperature. Expensive objectives with high
numerical apertures, which are indispensable due to their higher collection efficiency, hardly
withstand temperatures far below or above room temperature. Thirdly, the reaction should
exhibit some selectivity. Radical substitutions with e.g. the highly reactive OH* might result
in a wealth of products with similar fluorescence properties.

The fluorescent moieties, if they are not reactive themselves like the substances in fig. 3, are
used to tag the reactive moiety. Such fluorophors should display the photophysical properties
which are believed to be common to all dyes for single-molecule applications: high absorption
cross sections, high fluorescence quantum yield, low intersystem crossing, high photostability
and emission in the visible or near-infrared part of the electromagnetic spectrum. The less
reactive functionalities like amino groups are present in the marker, the less likely is the
interference with the chemical transformation under examination. The synthetic challenge
consists in combining chemical reactivity, selectivity and maintenance of fluorescence during
the reaction. Changes in the fluorescence properties upon reaction are expected to be more
distinct with smaller chromophores. This, however, is not a general rule and exception can
probably be found. Currently, we generate Bordipyrromethene (Bodipy) dyes as prototypes
for “fluorescing synthons” since this dye class fulfils the mentioned needs and is easy to

synthesize although other dyes are believed to be superior with regard to photostability [20].

An elaborated example

We have achieved most progress so far with double-bonds labelled with a Bodipy core (fig.
5a). Extension of the chromophoric system shifts the fluorescence color from green for
unsubstituted Bodipy dyes to orange. Fluorescence correlation spectroscopy (FCS) is used to
judge the suitability of the substrate for single-molecule experiments. Exocyclic double-bonds
experience a versatile chemistry: oxidation by peroxide (Prilezhaev reaction) (= anti diol),
attack by OsO, or MnQO, (= syn diol), electrophilic addition, metathesis, polymerisation etc.
As a proof of concept, selective oxidation of the double-bond shortens the chromophoric
system which can be detected by a decrease of the orange fluorescence and increase of the
green fluorescence (fig. 5b). Thin-layer chromatography (TLC) of the reaction mixture in
acetonitrile, performed at different reaction times, is used to follow the course of the reaction
(fig. 5c). Separation due to different polarities reveals at least two different fluorescent
products of the oxidation reaction, i.e. the yellow fluorescent product P, and the green
fluorescent product P,. Astonishingly, both products always show up together immediately

after initializing the reaction. This observation suggests that both dyes emerge in parallel and
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are not coupled by a consecutive reaction. Both spots were scratched off the TLC-foil,
dissolved in acetone and immediately characterized by fluorescence spectroscopy (fig. 5d).
Unfortunately, the thermal stability of the isolated fluorescent products is rather low which
has prevented us from collecting more material for a further chemical analysis. Although the
reaction is assumed to yield primarily one adduct, i.e. the syn diol, the existence of a second
product with similar brightness on the chromatogram does not match our present view of this
reaction. By comparison with the products of the oxidation by hydrogen peroxide which gives
a different green fluorescent product, we interpret the green fluorescent P, as the syn diol. The
chemical nature of the yellow fluorescent P; is not identified yet. We could imagine that
further oxidation of the diol occurs, although preliminary IR-spectroscopic characterizations
give no evidence for carbonyl- or carboxyl functionalities. Single-molecule chemistry might
help us to identify the individual reaction pathways. With this approach, we should be able to
distinguish, unambiguously, whether side products like P, are formed in one step or rapidly
from the diol. We also would like to approve or disprove the existence of the cyclic
manganate-ester which is still under debate. This putative intermediate of the reaction is
expected to be a dark state before one of the products shows up, as depicted in fig. 2b. It is
noteworthy that our dye has two stereocenters which makes our substrate also applicable to
asymmetric oxidation reactions.

The success of the proposed experiments is strongly coupled to the suitability of the products
for single-molecule detection. We therefore performed FCS for addressing this issue (fig. Se).
FCS at different excitation intensities is a convenient method to assess ®;. and, more
important, the photostability. Our data show a strongly intensity-dependent decay on the sub-
us-time scale in agreement with a high ®;, for P,. The time constant of the second decay on
the sub-ms time scale is related to diffusion and sets an upper limit of a typical molecule
being detectable in the detection volume. Here, this time is not affected by the applied
intensity. We conclude that photobleaching is not competing with the diffusion of the
molecules in and out of the detection volume, being therefore a minor problem for the single-

molecule detectability of P;.

Benefits for other applications

Even if our planned experiments on the single-molecule level ask for further developments
like a way of immobilizing the substrate or are not as informative as expected, the
demonstrated achievements already show that other areas besides single-molecule

spectroscopy can gain from this approach. Synthesis can be improved with the aim of
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reducing side products as they are easily detectable. Dyes which follow the proposed concepts
are self-calibrating (ratiometric readout or lifetime measurements) and can accordingly be
used in biosamples, other challenging environments like turbid media or in miniaturized
assays [21, 22]. In each case, expansion to high throughput screening is feasible since

microplate readers based on fluorescence methods are nowadays standard technology.

Outlook

While standing at the very beginning of the proposed experiments, we can dream of (yet)
utopian experiments with individual molecules: molecules, diffusing in only two dimensions,
encounter in a stochastic manner and react occasionally. Temperature dependent experiments
allow for accessing the kinetic parameters of these reactions including those of the involved
intermediates. All reaction partners have to be fluorescently tagged like in fig. 2¢, and all
involved intermediates ought to be distinguishable. Several fluorescence properties can be
exploited for their discrimination, but the challenge is to synthesize dyes which are tailored to
undoubtedly report the transformation. For a large variety of reactions to be studied,
fluorescing and synthetically active units (fluorescing synthons) are prerequisite which
subsequently can be combined. Although the proposed experiments might be performed
finally with other dyes, we keep on synthesizing Bodipy-dyes for fathoming the opportunities
of this concept.
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Figure captions

Figure 1: Electrophilic addition of Bromine to double-bonds. Even this rather basic chemical
reaction proceeds via several intermediates (n-complex, bromonium-ion). The anti-addition of
Br; is explained by the backside attack of bromide. In the case of stabilized carbocations, also

syn-adducts can be detected.

Figure 2: Different ideas of studying single-molecule chemistry by fluorescence
spectroscopy. The size and the shape of the icons symbolize different structures which are
distinguishable by their fluorescence colors. The filling denotes strong (black), weak (grey),
lacking (white) or intermitting (dotted) fluorescence. Intermitting fluorescence specifies the
strongly fluctuating emission of dyes with e.g. high intersystem crossing yields. In this case,
the fluctuations are the result of frequent transitions into short-living dark states. So far, most
experiments were conducted with fluorogenic substrates by which the activity of catalysts can
be analyzed (a). More insight into reaction mechanisms, branching and the kinetics of
individual reaction steps is gained when the different states along the reaction path can be
distinguished (b). Not all states need to be fluorescent. Their nature can be interpreted, if
fluorescence is subsequently restored. [11]. Different kinetics in enantioselective or
diastereoselective reactions can be visualized if both reagents are fluorescently labelled (c).

For this purpose, fluorescent synthons are required.

Figure 3: Effect of chlorination on the photophysical properties of Fluorescein. The
combination of a higher quantum yield for intersystem crossing (®;.), a slightly lower
fluorescence lifetime (tg) and a red shift of the electronic spectra lead to reduction of the
brightness of 2,7-Dichlorofluorescein compared to the parent compound when excited at A
= 488 nm. Practically, one would try to register all depicted fluorescence parameters

simultaneously to make a clear decision whether a reaction has occurred [15].

Figure 4: Detection of phosphoester cleavage by photoinduced electron transfer (PeT). The p-
hydroxyphenyl-moiety acts as donor (D) in PeT (grey), the acceptor (A) is the excited
Bodipy-dye. Upon dephosphorylation, the energy of the donor HOMO is raised thereby
enabling PeT. Since PeT competes in the product with the radiative electron recombination of

the excited Bodipy-dye, phosphatase activity can be detected by the reduction of the
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fluorescence lifetime Tq. The methyl-groups at the Bodipy-core are required for shifting the

redox-potential of the acceptor close to that of the donor.

Figure 5: Studying the oxidation of a double-bond by fluorescence spectroscopy. Double-
bonds can be dihydroxylated by OsO,, MnO, (syn) or peroxides (anti) and subsequent
hydrolysis (a). Further substituents at the chromophore core are omitted for the sake of
clearness. Asterisks denote the stereocenters created by this reaction. Oxidation of the double-
bond by OsO, leads to a decrease of orange fluorescence at A4 = 568 nm (dotted; before
addition of OsO,) and increase of green fluorescence at Ay = 520 nm (full line; final
spectrum) (b). Some green fluorescent impurities from the synthesis are seen at the beginning.
The mixture of different products of the oxidation by MnO4 can be separated by thin-layer
chromatography (TLC) (c). Beside the starting material S, two transiently appearing
fluorescent spots (P;) and (P,) can be detected in the course of the reaction. These products
(here the orange, yellowish fluorescing product P;) were characterized by absorption and
fluorescence spectroscopy. Emission spectra were taken directly on the TLC-foil and after
collection in a cuvette (d). The spectra show some differences and might indicate the
decomposition of an intermediate. Finally, the (sufficiently) stable products were
characterized by FCS with respect to their single-molecule detectability (e). The
autocorrelation functions g(t) of P, at different intensities are characterized by two decays.
Their time constants reflect the typical duration of occurring fluorescence fluctuations. The
distinct, intensity dependent build-up on the sub-ps time scale indicates a high probability of
intersystem crossing. The decay on the longer time scale is associated with the typical
residence time of the molecule in the detection volume which is determined by the molecule’s

diffusion constant and the optical resolution of our confocal microscope.
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Abstract: The synthesis and properties of a ratiometric fluorescent dye system as a probe
for the detection of oxidizing species are described. The dye consists of a
strongly fluorescent Bodipy label attached to a styryl moiety. The oxidation by
agents for syn- and anti- dihydroxylation of the exocyclic double bond leads to
a visible change in fluorescence colour from orange to green. IR-spectroscopy
provides evidence for the generation of the epoxide in the reaction with
peroxides whereas a ketone and a product of unknown structure are produced
in the reaction with osmiumtetroxide, each in contrast to the expected
hydroxylations. Based on these first attempts, we discuss the significance of
fluorescence spectroscopy to track chemical reactions at low concentrations

and give a perspective how present shortcomings can be overcome.
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Introduction

Fluorescence spectroscopy became very valuable especially in the life sciences. Fluorophores
for the detection of ions and small molecules are nowadays commercially available. Due to
technology improvements, fluorescence spectroscopy provides the capability to detect minute
amounts of analytes down to the level of single molecules [1, 2]. Very recently, studies of
oxidation reactions using a fluorescent probe as substrate have been published [3]. In most
applications, however, the fluorescence intensity depends on the concentration of the analyte
as well as the concentration of the probe molecule. Therefore, scientists are interested in
finding self-referencing probes, i.e. probe molecules where the signal, which is used for
quantification, is independent of the probe concentration. Among these, ratiometric detection
is most widespread [4]. We focus here on dyes where the ratio of two specific fluorescence
intensities is related to the concentration of an analyte. This approach, however, is sparsely
applied to monitor chemical kinetics or to determine the concentration of reactive species [5].
We are currently synthesizing such ratiometric fluorophors. Our long-term aim is to use
ultrasensitive spectroscopy to get deeper mechanistic insight into reaction mechanisms of
organic and biochemical reactions [6]. Here, we present a fluorescently tagged double-bond
which is amenable to a wealth of oxidation reactions. The label of the functional group is a
Bordipyrromethene (BDP) dye [7]. The attack of oxidants on the double- bond results in the
shortening of the chromophoric system and a change of fluorescence colour. In contrast to the
preparative designation of the oxidants [8], we do not detect the expected products. This

finding is discussed with respect to our long-term aim.

Results and Discussion

Styryl-BDP 1 was synthesized from a condensation of doubly methylated Bodipy with
benzaldehyde (fig. 1) [9]. Optical spectra show that the chromophoric system of the BDP core
is extended (see table 1 for all spectroscopic data). Excitation intensity dependent
fluorescence correlation spectroscopy (FCS) curves of a highly diluted aqueous solution of 1
reveal a slight increase of the amplitude C of the fast process indicating weak intersystem
crossing. The maximum molecular brightness, which is the normalized count rate per
molecule, is of the same order like that of the reference dye Rhodamine B (68,000 vs. 70,000
counts per second) which was recently used as reporter of a single-molecule reaction [2a].
The combination of the crystallographic structure, the lacking observation of cis-trans

isomerization in FCS [10] and the ‘J-coupling constant in proton magnetic resonance (‘H-
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NMR) spectroscopy for the exocyclic protons provide evidence that 1 is locked in its trans-
(E)-configuration.

Selective anti dihydroxylation is achieved by reaction with 3-chloroperbenzoic acid
(MCPBA) via the epoxide whereas osmiumtetroxide (OsQOy) is the preferred reagent for syn
hydroxylation (Scheme 1) [8]. We renounced a cooxidant for the sake of simplicity and used
OsOy in excess. Both reactions were followed in cuvette experiments (fig.2).

The decrease of the orange substrate fluorescence and increase of green product fluorescence
centered at A.,, ~ 510 nm were analyzed for the reaction with MCPBA according to pseudo-
first-order kinetics, from which a second-order rate constant k., ~ 1*10° M s was deduced.
The overall trend in the reaction of OsQ, is similar to that of MCPBA on a ~ 100x expanded
time scale and with the simultaneous appearance of two fluorescent products centered at Aem, ~
510 nm and at A, ~ 530 nm (figure 2b). This unexpected finding provoked our ambition to
isolate the different products by thin-layer chromatography (TLC) for further characterization
(fig. 2¢). We used highly reactive permanganate (MnQO,’), which is known to perform syn-
hydroxylation like OsOs, instead of the latter because of its low solubility in organic solvents
[11, 12]. MnO, and its decomposition product manganese(IV)oxide MnO, are left at the
starting line of the chromatogram. Apart from the unconsumed substrate 1, two further
fluorescent products P; and P, became visible by their fluorescence upon UV-excitation (A =
365 nm). Both products displayed different colors already on the TLC-foil. Whereas P,
appeared orange colored with yellow fluorescence, P, was faintly yellow with green
fluorescence. The stability of P, and P, turned out to be critical and excluded large scale time-
consuming synthetic approaches so far. Therefore, the amounts, by which the TLC-foils were
charged, were scaled up in a “preparative” approach. Subsequently, P, and P, were scratched
off the foil, dissolved in acetone and immediately characterized by optical spectroscopy (fig.
3a-3d).

The emission spectrum of P, (Aew = 513 nm) was similar to unsubstituted BDP (fig. 3a) [7].
This finding is interpreted as the destruction of the extended chromophoric system. The
yellow fluorescent product P; exhibits a fluorescence maximum at A., = 530 nm, with a
shoulder at 550 nm. The fluorescence maxima of P; and P, also coincide with those of the
Os0, oxidation (fig. 2b) .

The fluorescence of P, and P,, both species, decayed each with a single lifetime s ~ 5.3 ns
and 5.9 ns, respectively. Analysis of the intensity dependent FCS curves revealed triplet
quantum yields ®;, which are in the range of Fluoresceine dyes (fig. 3b,c) [13]. P, and P, also

differ in their bleaching behaviour, i.e. the intensity dependent reduction of the diffusional
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time T4 [13]. For comparison, we isolated the green fluorescent product P; of the reaction of 1
with hydrogen peroxide (H,O,) in the same manner [8]. Its electronic spectra are almost
identical to those of P,. FCS experiments, where we carefully established the same
experimental conditions for P, and P, yielded almost identical autocorrelation traces under
identical excitation conditions [8]. A fluorescence spectroscopic distinction between P, and
P, however, can be realized by lifetime measurements (fig. 3d).
In order to unravel the chemical nature of P, to P3;, we performed Infrared (IR) spectroscopy
of the isolated compounds (fig. 3e). Here, we carefully renounced the usage of acetone in the
isolation and exclusively employed CH,Cl, as solvent. Surprisingly, none of the spectra P, to
P; exhibited strong absorption at v > 3000 cm” which would be indicative of mono- or
dihydroxylation [14]. Comparison of the spectra with those of the doubly methylated, green
BDP, which was used for the synthesis of 1, as well as of the substrate 1 showed some
interpretable changes. All product spectra as well as the green BDP are lacking the bands at
1520 cm™ and 1590 cm™ of 1. This is a typical range where conjugated double bonds absorb
IR light [14]. Therefore, these spectroscopic observations support our interpretation that the
exocyclic double bond has been attacked by the oxidizing agents. Other significant changes
include the exclusive appearance of a band at 1670 cm™ in Py. This is a typical value of a
carbonyl-function connected to double bonds which could be the BDP-chromophore.. A
second band close to 1730 cm™ is found in all products but, interestingly, also in the doubly
methylated BDP core and does therefore not allow for a reliable interpretation. A putative
chemical assignment of P as the epoxide could be achieved by identification of a broad band
at~ 1270 cm™. This band, however, is superimposed by two sharp bands which are ubiquitous
in the spectra of BDP dyes.
The nature of P, is yet unknown. We exclude metallate esters which are expected to be non-
fluorescent and unstable. Its properties can be summarized: (i) the chromophoric system is,
highly likely, shortened with respect to 1 as indicated by the blue-shift of the fluorescence. (ii)
The reaction which leads to P, occurs not for peroxides. (iii) The available kinetic data do not
support yet the generation of Py from P,, or vice versa, in a slow consecutive reaction. (iv) No

specific IR absorptions could be detected.

Before sequences of elementary reactions on the level of single molecules can be followed by
a change of the fluorescence properties [6], several pitfalls have to be considered:
The first difference between the preparative use of the reagents MCPBA, OsO, and the

investigations here is the excessive, non-stoichiometric amount of oxidant which was applied.
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Concentrations of 1 hardly passed 10* M for the isolation of the products and were even
lower by 1-2 orders of magnitude for the kinetic experiments. The established concentration
ratios result from the experimental boundary conditions. On the one hand, higher
concentrations of the substrate 1 are not easily compatible with fluorescence spectroscopy
whereas on the other hand lower concentration of the oxidant would tremendously decelerate
the reactions. Therefore, 1 can be regarded as an “impurity” in the reaction mixture and also
unexpected reactions might be observed. This also might explain why we observed the ketone
Py: the (yet undetected) dihydroxylated product is formed as the first product and likely
undergoes further, rapid oxidation [15]. In addition, the generation of transient, highly
reactive species, e.g. Os(VI) or Mn(V) with much higher oxidation potentials and likely
diffusion-controlled reaction kinetics, is detrimental to the performance under the mentioned
conditions. This might be the reason for the disappearance of the fluorescent species in fig. 2¢
after 15 min despite the abundance of 1 and the oxidant. Thus, further attempts have to avoid
the accumulation of such species.

The second and yet more challenging demand for the proposed experiments is the univocal
assignment of the products by fluorescence spectroscopy. In the here reported experiments,
the expected dihydroxylation likely turns the substrate also into a green fluorescent product. A
full chemical characterization of the reaction products is essential as the fluorescence colour is
a priori not significant enough. Whether OsO4 or MnO,’ yield the identical products P, and P,
[8] has still to be answered. The distinction between the yet detected and the expected
products might require modifications of the substrate for establishing detectable spectroscopic
differences. Also selection of reaction mechanisms based on textbook knowledge, which
guided us to the presented experiments, is not sufficient due to the altered concentration

conditions. Extended chemical analyses have to be performed.

Conclusion

We established a ratiometric system for studying chemical reactions by means of fluorescence
spectroscopy instead of absorption based techniques. Both the substrate and all products,
which we detected so far, could be analyzed by FCS. This feature indicates their suitability
for ultrasensitive analytics. However, fluorescence detection has the character to rely on
smaller concentration of the probe molecules. The large excess of the co-substrate, which is
indicated for the sake of operability, can activate side and consecutive reactions which are

hardly documented. Therefore, conventional bulk chemistry is indispensable to characterize
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the fluorescent products. Alternative large scale approaches to the expected and detected

products are currently under the way.

Experimental Section

General instrumentation. Mass spectra (MS) were measured with a Waters liquid
chromatography- mass spectroscopy (LCMS) system consisting of a high performance liquid
chromatography (HPLC) system coupled with a single quadrupole mass spectrometer for
electron spray ionization (ESI). NMR spectra were recorded on an Bruker BioSpin GmbH

Avance 500 instrument.

Synthesis of 1-Methyl-3-styryl-4,4 -difluoro-bora-3a-4a-diaza-(s)-indacene (1). A solution of
1.3-Dimethyl-4,4 -difluoro-bora-3a-4a-diaza-(s)-indacene [9] (2mmol) and benzaldehyde
(2.3mmol) in 60mL toluene with some 3A molecular sieve is stirred and heated until reflux.
Then 1,5mL of glacial acetic acid is added, followed by 1.8mL of piperidine and stirring
under reflux for 2 hours. Purification is achieved by column chromatography (solvent:
dichloromethane (CH:Cl,)). Several cycles of column chromatography were needed to
completely purify the product from the starting material. The overall yield was 60%.

'H NMR (500MHz, CDCl;, 25°C, TMS ): 6= 2.20 (s, 3H), 6.37 (s, 1H), 6.65 (s, 1H), 6.84 (d,
1H, J=2,25Hz), 7.06(s, 1H), 7.26-7.32 (m, 4H, *Juus=16,5Hz), 7.52 (d, 2H, J=6,94Hz), 7.55
(d, 1H, *Jum=16,5Hz), 7.56 (s, 1H). "C NMR (125MHz, CDCl;, 25°C, TMS ): 8= 11.42
(CH3), 116. 43 (CH), 117.16 (CH), 118.54 (CHgans), 123.24 (CH), 126.09 (CH), 127.90 (2C,
CH), 128.88 (CH), 129.83 (2C, CH), 133.16 (C), 135.77 (C), 137.79 (C), 139.02 (CH),
139.89 (CHuuns), 144.54 (C), 158.68 (C). LCMS (ES"): m/z (%), [M+H"], 309 (100).

Sample preparations. For all experiments, 1 was dissolved in acetonitrile (Chromasolv-grade,
Fluka) to give a 10* M stock solution. Experiments which were aimed at isolating the
fluorescent products were done with this original solution. For the kinetic studies and time
correlated single photon counting (TCSPC) experiments in cuvettes, samples were 100x
diluted. Solutions for FCS experiments were obtained by a further dilution with water
(Chromasolv-grade, Fluka).

Reaction with oxidants. To the described samples, oxidants were added in amount of less than
1/10 of the cuvette volume. For TLC, the concentration of the oxidants MnO, and H,O, was
adjusted so that the reaction could proceed on an hour time scale. After the indicated times, 20
ul were taken, put equidistantly at the start line and air dried. CH>Cl, was found to be the best

solvent for separating fluorescent spots in TLC.
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Optical spectroscopy: Absorption spectroscopy (UV/Vis). Absorption spectra were

measured on a Perkin-Elmer Lambda 5 two-beam spectrophotometer. Fluorescence and
emission spectra were recorded on different devices (Fluorolog 3, Jobin-Yvon, FP-6500,
Jasco and SD2000 Fibre Optic Spectrometer, Ocean Optics). The latter was fibre-coupled
which allowed us to take fluorescence spectra directly from the TLC-foils.

Infrared spectroscopy (IR). IR spectra were recorded in ATR geometry (attenuated total
reflection; Spectrum 1000, Perkin Elmer). For that purpose, the dye solutions were put on the
ZnSe prism and evaporated under N,-atmosphere.

Fluorescence correlation spectroscopy (FCS). Experiments were performed with a home-
built confocal setup based on an inverted microscope [10c]. An Erbium-doped fibre laser (Aex
= 544 nm) and a frequency-doubled diode laser (Aex = 488 nm) were directed to the
microscope body and there deflected by appropriate dichroic mirrors. The respective laser
was focused by a water immersion objective lens into a drop of dye solution on top of a cover
slide. Fluorescence was collected by the same objective and was focussed by the tube lens to
a pinhole with a diameter of 50 pm. After additional filtering with appropriate bandpass
filters, fluorescence was split by semitransparent mirror and detected by two avalanche
photodiode modules. TTL-signals, each corresponding to a detected photon, were cross-
correlated by a hardware correlator finally yielding the autocorrelation function g*(7).

Analysis of all curves was done by fitting with

o)=L ;] {1 + k;fﬂ “expl- (ks + ks )T)J+Offset

N
1{1
Tq

T4 and 1/ks; are the diffusional time and the triplet lifetime, respectively. From the intensity

“f the intersystem crossing rate constant k,; can be computed as described

dependent k»;
previously [9, 13a]. Photobleaching can be analysed as a decrease of T4 [9c, 13b]. All
depicted curves where normalized to N=1.

Fluorescence lifetime measurements. Ta were determined by time-correlated single photon
counting under magic-angle conditions. A picosecond excitation laser (LDH-P-C-470B,
Picoquant; Ae = 470 nm, pulse width ~ 70 ps, repetition rate 20 MHz) was focused into a
cuvette. Fluorescence was collected in 90° geometry and detected after spectral filtering with
the same filters as in FCS by an avalanche-photodiode (SPQM-14, Perkin Elmer). The

instrumental response function (FWHM) was ~ 700 ps and electronic signals were recorded

on a stand-alone TCSPC-module (PicoHarp 300, Picoquant). Fluorescence lifetimes were
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determined by monoexponential reconvolution-fits using commercial software (SymPhoTime,

Picoquant). For all measurements x> was lower than 1.1.
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Table 1: Spectroscopic Data of all compounds. @i, can be determined as the product of k»;
and Ta. Solvent for all measurements is acetone, except FCS where water (Chromasolv Grade)

is used. Excitation spectra are not depicted (n.d: not determined).

compound  Aex [nm]  Aew T [ns] ki [s'] ks [s"]
[nm] +H-0.1)  (+- (H- 20%)
20%) tie
1 549 557 6.3 2.7*%10° 4.5%10°
P, 519 528 53 4.2%10° 5.3*%10°
P, 504 513 5.9 3.4%10° 4.9%10°
P; 503 513 5.1 n.d. n.d.

Scheme 1: Dihydroxylation chemistry of compound 1

HO
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Figure captions

Figure 1: Characterization of 1

a) Crystallographic structure.

b) Intensity dependent FCS-curves of 1 in water (Aexe = 544 nm). Both the amplitude for the
process on the sub-us-time scale as well as the decrease of the diffusional time T4 on the sub-

ms time scale, are dependent on the excitation intensity [13b].

Figure 2: Fluorescence spectroscopy of the oxidation reactions

a) Reaction of 1 with MCPBA (~ 100x fold excess, A« = 470 nm) with the built-up of
product fluorescence. Data are normalized to the fluorescence intensity of 1 although its
intensity decreased.

b) Reaction of 1 with OsOs4 (~ 100x fold excess, A = 470 nm) with the built-up of product
fluorescence. Data are normalized to the intensity of 1.

¢) Reaction of 1 with MnOy, followed by thin-layer chromatography (Aee = 365 nm).
Unconsumed 1 was migrating close to the solvent front. MnO, and MnO, remain at the

stipple spot. The fluorescence emission maxima of P and P, coincided with those of b).

Figure 3: Spectroscopic characterization of the products P, — Ps.

a) Absorption (black) and fluorescence emission (green) spectra (Aexe = 450 nm) of Py and P,
in acetone.

b) Excitation intensity dependent FCS-spectra (Aex. = 488 nm) of P, in H,O.

¢) Excitation intensity dependent FCS-spectra (Aexc = 488 nm) of Py in H,O.

d) Fluorescence lifetime data of the green fluorescent products P, and P; in acetone.

e) Infrared spectra of the doubly methylated, non-styryl substituted BDP core structure (black
dotted line), 1 (black line), the green (red line) and yellow (red dotted line) oxidation products
of the reaction of 1 with OsO4 and the oxidation product of the reaction of 1 with MCPBA

(green line).
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Figure 3d
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Crystallographic data:
"CCDC 693706 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif. "

NMR- Spectroscopic data:

The following spectra show the NMR- spectroscopic characterization of 1. All signals which

are part of the molecule have been identified and assigned. The spectra show the full recorded

range. For better overview, important values are represented in the tables.
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Figure S2: *C- NMR- Spectrum of 1.
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Figure S3: HH- Cosy- NMR- Spectrum of 1.
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1,5,7-Trimethyl-3-styryl-4,4’-difluoro-bora-3a-4a-diaza-(s)-indacene (2).

In addition to the described compound 1 from which we were able to obtain crystals for x-ray
diffraction, we also synthesized 2 according to the described procedure. 2 has very similar
properties compared to 1 with slightly red-shifted spectra (Aex= 558 nm, Aem= 566 nm).

FCS experiments, which we performed like for 1, revealed no significant change of the
diffusional time T.upon increasing the intensity (see Figure S5). This finding suggests an
even higher photostability for 2 than for 1. This property might become important when the
BDP-dyes ought to become immobilized via one of the positions which are methylated in 2
but not in 1. However, 2 tends to aggregate in aqueous solution as indicated by the curve at
the lowest intensity.

2.0

——7kW/em ?
——35kW/cm 2

70 kW/cm 2
—— 105 kW/cm?
—— 197 kW/cm?
—— 225 kW/cm?

9(v)

10 104 108 0.01 0.1 1 10

t/ms
Fig. S5: Intensity dependent FCS-curves of 2 in water Fig. S6: Column chromatography of 2 (orange).
(Aex= 544 nm). It is followed by the green fluorescent substrate
(above) and preceded by the doubly substituted
product (red).

Moreover, we renounced at using 2 for our kinetic experiments as the purity of 2 was not as
high as that of 1. The reason is that unconsumed substrate (a green fluorescent BDP), 2 and
the doubly substituted BDP (with two Styryl-expansions of the chromophoric system) have
obviously similar polarities and, thus, can be hardly separated by column chromatography
(see Figure S6).

This is a pre-peer reviewed version of the following article: J Phys. Org. Chem. (2009), accepted 27-
Jun-2009, DOI: 10.1002/poc.1604
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4.1 Metathesis BODIPY

4 Appendix

4.1 Research in progress: A BODIPY dye for
metathesis screening

To expand the idea of the usage of BODIPY dyes as a probe
molecule for chemical agents in order to unravel the dynamics
and mechanisms of a chosen reaction on a single-molecule level,
a second reaction other than dihydroxylation was brought into focus.

4.1.1 The metathesis reaction

A large research field with a huge perspective in commercial and
technical appliance grew in the area of metathesis reactions and the
development and design of the employed catalysts [Mil96, Sch96a,
Trn01, Sch03].

Metathesis in general means the metal catalyzed exchange of alkyli-
dene or alkylidine units in alkenes or alkines. These may proceed by
homogeneous or heterogeneous catalysis (Figure 4.1).

First observations of the phenomenon have been made with TiCly,
that converted linear olefins in olefins with shorter or longer chain
lengths, by Ziegler and Natter in the 1950’s. The first metal cat-
alyzed polymerization attempts out of alkenes using the Ziegler cat-
alyst succeeded in 1960 by Truett. Following that experiments were
expanded to other metals as catalysts like, tungsten or molybdenum,
first in heterogeneous then later in homogeneous catalysis. In 1971
Chauvin proposed a mechanism of metathesis catalysis (Figure 4.1).
In 1971, Wilkinson designed his catalyst [W(CHjs)g]. Five years later
the first exchange reaction between a metal methylene and an olefin
was observed. This formed the base of the development of the mod-
ern metathesis catalysts we know today. In 1980 Schrock designed
his catalysts on tungsten and molybdenum base. In 1995 Grubbs
developed the first generation of ruthenium-based catalysts. In 2005
Chauvin, Schrock and Grubbs were honoured with the Nobel prize
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4.1 Metathesis BODIPY 4.1.1. The metathesis reaction

RHC=CHR .
RHC=CH, Fig. 4.1:  Mechanism of the
metathesis reaction as proposed
M=CH, 1 by Chauvin:
6 1. Coordination of the metal
complex to the olefin
M—CH, |\|/|=CH2 2. Formation of a metallacy-
| RHC-=CHR clobutene intermediate
Rt| C—CH, 2 3. Rearrangement of the met-
allacyclobutane
> M—CH, 4. Exchange of the unsubsti-
CH | tuted alkene in the metal com-
2 HC—CH
|\|/|| yZH R R plex
CHR  ° 5. Formation of a second met-

allacyclobutane
4 M_|C|3H2 3 6. Regeneration of the metal
RHCZQ ' CHR complex and dissociation from
CHR

the now mixed olefin

H,C=CH,

for their outstanding achievements in metathesis catalysis technol-
ogy [Cha06, Sch06, Gru06|.

The many different metathesis catalysts which are commercially
available these days, and which carry the names of their designers
(mostly Schrock and Grubbs) (Figure 4.2) differ in reactivity and
tolerance against functional groups in the substrates and selectiv-
ity. Nowadays special catalysts for special substrates exist and re-

N—2,6-(iPr),CgH
C(H3C)(CF3)20,,/II / (| |’)2 613 \ }\\\\Cl
‘Mo

Ru
C(Hac)(CFs)zO/ ¥C(CH3)ZPh CI/ | \<Ph

PCY3
Schrock (1990)H Grubbs (1995)
Fig. 4.2: Two popular metathesis catalysts based on molybdenum (Schrock) and

ruthenium (Grubbs)

search topics focus on the design of new catalysts that are best suited
for their different applications on new substrates [Ald07|. Metathe-
sis catalysts are widely used in oil processing industry, pharmacol-
ogy, or polymer synthesis. In industrial scales mostly heterogeneous
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4.1.2. A BODIPY dye as a probe for metathesis catalysis 4.1 Metathesis BODIPY

catalysts are used for convenience of separation from the products.
In laboratory and research scale mostly homogeneous catalysts are
used. They gain more and more popularity for laboratory syntheses
due to some useful properties. They can also be employed in mild
reaction conditions (normal pressure, room temperature) and espe-
cially ruthenium catalysts are highly stable against air and water
compared to tungsten, molybdenum or titanium catalysts.

4.1.2 A BODIPY dye as a probe for metathesis catalysis

Our aim was to design a BODIPY dye as a probe for metathesis
catalysis. The dye and its metathesis reaction products should be
suitable for single-molecule detection and could be used for ratio-
metric screening of metathesis catalysts in combinatoric scales. This
could happen by the usage of well plates filled with different metathe-
sis catalysts solutions, where metathesis capable BODIPY would be
added and the change of fluorescence colours would be observed by
e.g. fluorescence microscopy. A following evaluation of the kinetics
and magnitude of these changes could provide valuable information
about the effectiveness and suitability of the appropriate catalysts.
As a first attempt of such a suitable and metathesis capable BO-
DIPY dye we chose a dye system in analogy to the BODIPY probe
dye sensitive to oxidizing species. A BODIPY was synthesized which
contained an expanded chromophoric system relative to the core
compounds. Part of this expanded chromophor should be the tar-
get functional groups. The synthesis of this dye was performed in
analogy to the orange fluorescent oxidant probe BODIPY 6 (Fig-
ure 4.3) The synthesis involved a Knoevenagel-like condensation

1. Toluene, 3A molecular sieve, reflux
2. Glacial acetic acid, piperidine

Fig. 4.3: Synthesis of 1-Methyl-3-(2’-Allyloxy-1-styryl)-4-difluorobor-3a,4a-
diaza-(S)-indacen (12)
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4.1 Metathesis BODIPY 4.1.2. Metathesis BODIPY

of 2-Allyloxy-benzaldehyde (13) and BODIPY core compound 2
to yield the orange fluorescent 1-Methyl-3-(2’-Allyloxy-1-styryl)-4-
difluorobor-3a,4a-diaza-(S)-indacen (12). In addition to this dye the
4-Allyloxy-analogon 14 of dye 12 was synthesized to show that this
dye could not undergo a metathesis reaction. Both species have
been characterized by NMR spectroscopy and crystallography (Fig-
ure 4.4). BODIPY dye 12 has also been characterized by highly

Fig. 4.4: Crystallographic structures of 1-Methyl-3-(2’-Allyloxy-1-styryl)-4-
difluorobor-3a,4a-diaza-(S)-indacen (12) and 1-Methyl-3-(4’-Allyloxy-1-styryl)-
4-difluorobor-3a,4a-diaza-(S)-indacen (14)

sensitive optical spectroscopy (excitation/emission (Figure 4.5), TC-
SPC and FCS (Figure 4.6)). Photophysical data have been collected
as AEx) e =560nm, A(Em),,q,=57Inm, Tm=5.25ns, keog= 170.000
s~ and ks;= 1.042.000 s~ L.
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Fig. 4.5: Excitation and emission spec- Fig. 4.6: FCS spectrum of metathesis
trum of metathesis probe dye 12 probe dye 12 (A.,=544nm)

4.1.3 BODIPYs and Grubbs reactions

In presence of a metathesis catalyst, e.g. a Grubbs catalyst, the
orange fluorescent dye would undergo an intramolecular alkene ex-
change that yields two molecules. A green fluorescent BODIPY core
compound and a non fluorescent species (Figure 4.7). Unfortunately

F/\

F
green fl. /

Fig. 4.7: Assumed product generation of a reaction between a metathesis capable
BODIPY dye and a Grubbs catalyst

a far more complex product mixture than the expected (Figure 4.7)
was obtained, which is related to the reaction conditions and concen-
tration issues. Products could only be characterized by fluorescence
and absorption techniques. This is to the low amounts of usable dye
and therefore small product yields, in addition with product insta-
bility.

Figure 4.8 shows a thin layer chromatography foil where the com-
pounds 12 and 14 were exposed to a qualitative amount of first
generation Grubbs catalyst (Grubbsl, G1). Only with compound
12 green /yellowish fluorescent products (emphasized by red circles)
appeared. With both dyes, however, multiple spots with orange flu-
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4.1 Metathesis BODIPY 4.1.3. BODIPY and Grubbs reactions

orescence were generated. Attempts to isolate these products with

Fig. 4.8: Thin layer chromatog-
raphy foil under UV light
(Aez=350nm) showing the in-
fluence of Grubbsl catalyst to
the orange fluorescent dyes 12
and 14. Fluorescent products
with shorter fluorescence wave-
. lengths than the educts appear

. only with dye 12 (marked by
red circles)

12+ 14+
PEETE e

hypsochromic emission wavelengths relative to the educt were made.
A strong correlation between the amount of catalyst and fluores-
cent substrate was observed. This circumstance caused many other
fluorescent product spots to appear. To accelerate the reaction cat-
alyst was added in excess concentrations. An addition of constant
amounts of catalyst resulted in increasing numbers and intensity
of new products (Figure 4.9). It is obvious that most of the ap-

Fig. 4.9: Thin layer chromatog-
raphy foil under UV light
(Aez=350nm) displayed with in-
verted colours to show the in-
creasing appearance of product
spots by addition of constant
qualitative amounts of Grubbsl
catalyst to dye 12

pearing spots are follow-up products of initially formed products.
Under the reaction circumstances a number of products is imag-
inable. These include intermolecular and intramolecular reactions
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4.1.3. BODIPY and Grubbs reactions 4.1 Metathesis BODIPY

between dye molecules and their follow-up products among them-
selves. In addition reactions between these products and the alkene
unit of the catalyst molecule are possible. Figure 4.10 shows a selec-
tion of possible reactions of alkene unit bearing dye molecules and
catalyst molecules. The projected products are marked with num-
bers and letters to describe the reaction sites and pathways. The

L T8 —/ o/
- 8
+
TN\ 7NN
N=( =N
Ng” /S e
7 FF
green/orange?
B\ AN 7+8i|| i+l
FFE —\ds\2/ gN/ H
green O+5 F \F 5i2+6n1

and

\nﬁ&l Vaadihg
1n+1i NN, N-7

B

FF,y
1n+1n
1i+n) 1 243 10i+11

+ /N‘B\’N\ AN N\B N
i) F 2F reen FF
o g orange

Fig. 4.10: Assumed product generation of a reaction between a metathesis capable
BODIPY dye and a Grubbs catalyst (see text for explanation of scheme)

numbers identify the molecules and the letters identify the double
bonds which react. n stands for terminal bonds, and i for intrinsic
bonds. If more than one or unsymmetrical bonds exist in a molecule
they are further marked by an index number. A reaction marked as
5io+6n; means that the intrinsic double bond is of molecule 5 reacts
with the terminal double bond n; of molecule 6. A reaction marked
with 1(i+n) means an intramolecular reaction of the intrinsic and
terminal double bonds. Also the estimated fluorescence colour of
the molecules is noted. This confusing scheme clearly shows one of
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4.1 Metathesis BODIPY 4.1.3. BODIPY and Grubbs reactions

the main technical problems that have to be overcome before any
screening appliance of the system is thinkable: to control the prod-
uct generation. In addition the nature of the emerging products is
totally unknown. Attempts to isolate interesting products from the
reaction of 12 with Grubbsl were successful, but the products were
not stable and structure determinations by means of combination of
mass spectroscopy, NMR spectroscopy or crystallography were not
yet possible. But it was possible to figure out which of the most
intensely emerged product spots could be assigned to be follow-up
products. To determine which of the products were follow-up prod-
ucts a new TLC experiment was conducted (Figure 4.11). Here,

Fig. 4.12: Assumed or-
der of follow-up product
generation

Fig. 4.11: TLC foil showing the intermediate prod-
ucts and their combinations to determine possible
follow-up products (A.,;=350nm)

from the reference compound (Ref), three spots were assigned to
be initial products, due to their appearance at the beginning of the
reaction (c, yellow, d, green, f, yellow). These spots were isolated
by being scratched off individually from the TLC foil with following
dissolving. Then the pure products and combinations of the prod-
ucts, as shown in figure 4.11, were exposed to catalyst and applied
to TLC. For better visibility spots that are hardly to recognize on
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4.1.3. BODIPY and Grubbs reactions 4.1 Metathesis BODIPY

the recorded picture are emphasized by red arrows. It is visible that
the spots a, b and e are follow-up products. Product e is formed in
every combination of products indicating the formation of a product
that can be built up on each of the reaction paths. Product b is
clearly a follow-up product of product c. Product a is formed in
small amounts, obviously from product d (Figure 4.12). As men-
tioned the nature of the these products is still unknown. But it
can be stated that the following analysis concentrated on the ini-
tial products ¢, d and f. These could at least be characterized by
high sensitive optical spectroscopy like excitation/emission-, FCS-
and TCSPC-spectroscopy. Figures 4.13 and 4.14 show the received
data of product c,
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Fig. 4.13: Excitation and emission spec- Fig. 4.14: FCS spectrum of metathesis
trum of metathesis intermediate c intermediate ¢ (A, =544nm)

figures 4.15 and 4.16 the data of product d and figures 4.17 and 4.18

> 1,6 -
g 1,04 K 100 kW/cm
g 1,54, e 250 kW/cm?®
£ s ) 33,5 kW/cm®
c 2
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Fig. 4.15: Excitation and emission spec- Fig. 4.16: FCS spectrum of metathesis
trum of metathesis intermediate d intermediate d (A.,—544nm)

the data of product f. The collected data of the three products is
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Fig. 4.17: Excitation and emission spec- Fig. 4.18: FCS spectrum of metathesis
trum of metathesis intermediate f intermediate f (Ao, —544nm)

shown in figure 4.19.

Product A [m] A [nm] 7, [ns] T, [ms]
c 554 566 4.01 0.11
d 502 510 5.72 0.11
f 554 566 4.12 0.15

Fig. 4.19: Data collected by photophysical means of the metathesis products c,
d and f
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4.1.4. Conclusion on metathesis 4.1 Metathesis BODIPY
4.1.4 Conclusion on metathesis

Although technical problems need to be overcome, a proof-of-
principle was obtained. A reaction with Grubbsl catalyst indicated
conversion of the educt to a variety of different coloured products.
Characterization of these products, however, could only be achieved
on a level of assignent of follow-up products, due to an implemented
excess of used catalysts. A structural characterization will be crucial
for upcoming research and analysis of the occured mechanism and
product generation. To achieve this aim, a well timed qualitative
analysis of catalysis is needed and intermediate products need to
be synthesized in a more targeted way on a larger scale and struc-
tural characterization must be performed quickly. HPLC purifica-
tion of the reaction products should also be researched and applied
to make sure that no more reactive species destroy or convert the
reaction products. A structural alteration of the educt might also
be proposing to enhance the performance and selectivity of product
generation.
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