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1 Abstract

Determination of pH is an analytical challenge of mayor importance in diagnostics, biotech-
nology, marine science and many other applications. Luminescence pH sensors facilitate real-
time monitoring and are virtually non-invasive. Compared to the well-established electro-
chemical pH sensors, they offer better sensitivity within their dynamic range and are more
easily accessible to miniaturization. The fluorescent pH indicator dye is exceedingly crucial
for the performance of every resulting sensor. However, many existing sensors are based on
relatively short-wave excitable indicators which often possess limited photostability.

The focus of this work is on the preparation and characterization of novel luminescent pH
indicators based on photoinduced electron transfer (PET). That allows originally pH insensi-
tive dyes to become pH indicators and consequently makes new dye classes accessible to pH
sensing. In that way, indicators with optimized properties are to be presented. In particular,
they are supposed to exhibit long-wave excitability which makes the development of sensors
with lower fluorescence and scattering background possible. Other highly important proper-
ties are good photostability, high brightness, high sensitivity in the expected pH range of the
most important samples (pH 6-9) and good compatibility with useful immobilization matrices.
Above all, two classes of PET-modified dyes are presented, rhodamines and perylenes. Both
are not intrinsically pH sensitive. The functional rhodamines show outstanding sensitivity in
aqueous solution, with dynamic ranges excellently matching physiological pH. They present
the spectral properties known for rhodamines, including high brightness, moderate long-wave
excitability (~550nm), and good photostability. The presented perylene bisimides feature
acid-base sensitivities from moderate to high in organic solvents. Those dyes present good
brightness, excitation wavelengths ranging from 510 to 590nm and are known for excellent
chemical and photostability. Finally, a pH sensitive perylene applicable in an immobilization
matrix useful for pH sensing (polyurethane hydrogel) is presented.



2 Theoretical Background

2.1  Luminescence
This chapter is based on reference [1]. Other references will be cited independently.

Luminescence is the deactivation of electronically excited species by photon emission. A
wide diversity of luminescent compounds has been investigated, including organic com-
pounds (most of which are aromatic), inorganic compounds (ions, crystals, glasses) and or-
ganometallic complexes. Depending on how excitation of the electronic state has been
accomplished, several types of luminescence may be distinguished, the most important of
which are shown below:

Table 1: Survey of the most important luminescence types and corresponding excitation path-

ways.
Mode of excitation Type of luminescence
photons photoluminescence
chemical reaction chemoluminescence
biochemical reaction bioluminescence
electric field electroluminescence
thermal energy thermoluminescence
X-rays, y-rays or other ionizing radiation radioluminescence

Photoluminescence, which has been extensively investigated, will be the main subject of this
thesis. From now on, the term luminescence will be used representatively for photolumines-
cence. Of course, it requires photon absorption prior to luminescence.

2.1.1 Light-matter Interactions

Upon absorption, photons are picked up by the species capable of luminescence, creating an
excited state (ES) which is superior in energy to the state present prior to absorption (usually
the ground state, GS). The energy gap between both states is equal to the energy of the photon
absorbed:

Egs —Egs = hv Equation 1

Egs Energy of the excited state (J)

Egs  Energy of the ground state (J)

2% Frequency of the absorbed photon (s™)
h Planck’s constant (6,626069*107>* Js)

Other types of light-matter interactions can have an impact on absorption and consequently on
luminescence. Examples for possibly interfering interactions are scattering, reflection, refrac-



tion or diffraction. In the simplest case, only the propagation velocity of light is reversibly
changed when it passes through a sample (transmission).

T o
, 3
Environment gi Sample
Scattering

Reflection
Transmission

Absorption

. __—
Diffraction ——

Figure 1: Schematic visualization of light-matter interactions that can occur in the sample bulk
or on its surface.

2.1.2 Absorption Characteristics

When a molecule absorbs UV/VIS light, it is promoted from the electronic GS to an ES so
that equation 1 is fulfilled. The GS is, according to Boltzmann distribution, by far the most
populated state at room temperature. Upon that, most frequently, an electron is moved from
the HOMO to the LUMO (although other transitions are possible).

In principle, luminescence corresponds to the reverse transitions, though not all transitions
visible in absorption spectra will be observed in luminescence spectra. Transition energies in
organic luminophores depend on the type of MOs involved and in general increase in the fol-
lowing order:

n— nt*<n— n* <n— o* <c— c*

o— o* transitions correspond to energies in the deep UV and therefore usually are of little
relevancy for spectroscopic applications. n— w*and n— 7* transitions, on the other hand, are
often located in the visible region. m— n* transitions are of mayor importance in lumines-
cence applications. For n— 7*, the presence of unsaturated groups (multiple bonds and aro-
matic rings) is needed, n— =w* transitions additionally involve free electron pairs, i.e.
functional groups such as C=0, C-OH, C-NH,. Absorption of a dye at a certain wavelength is
quantified by the Lambert-Beer law:



A=log (170) = gcd Equation 2

A Absorption

Io Intensity of light entering the sample

I Light intensity after passing through the sample

& Molar absorption coefficient of the dye of interest at a given wavelength A (M'cm™)
c Dye concentration (M)

d Optical path length of the sample (cm)

&), quantifies the probability that light of a certain wavelength A is absorbed by a dye. UV/VIS
absorption bands are generally rather broad due to vibrational uncertainty of electronic states.
Therefore, to quantify the total probability of absorption corresponding to an electronic transi-
tion, the oscillator strength f is used:

C rAr .
= — gdA Equation 3
f L e quation
f Oscillator strength
C Normalization constant
n Refractive index
A Wavelength (nm)

Mr  Left and right edges of the absorption band to be considered (nm)

f is normalized so that its maximum value is 1. 7— ©* transitions usually exhibit much higher
values of ¢ and f (as well as higher luminescence quantum yields, 2.1.4) than n—n* transi-
tions. f is proportional to the square of the transition dipole moment, a quantum mechanical
term that quantifies the displacement of charges originating from absorption. That means a
charge transfer between ES and GS is required for the transition to cause absorption and the
latter will be the more intense the more pronounced that charge transfer is. Not all possible
transitions are actually visible in UV/VIS spectra, but those which do not fulfil certain selec-
tion rules are forbidden. Some are spin-forbidden (section 2.1.3), others are forbidden for
symmetry reasons.

2.1.3 Excited State Characteristics

Electronic states are called Sp 12, or To12. where S stands for singlet, T for triplet and the
sub-number refers to the level of electronic excitation (0 stands for the GS, 1 for the first ES,
2 for the second one,...). Most of the following statements will refer to S states, but are
equally valid for T states.

The spin multiplicity of an electronic state is related to the number of odd electrons:



M=2|S|+1 Equation 4

M Spin multiplicity of an electronic state
S Sum of electron spins populating that state, paired ones contribute 0, unpaired ones £1/2

A consequence of equation 4 is that 1 and 3 are the most frequent multiplicities for electronic
states, while 2 corresponds to radical species.

A selection rule for electronic transitions is that, due to spin conservation within the system,
the spin of the excited electron is preserved. Hence, the ES is a singlet state in most cases be-
cause the GS is usually of singlet multiplicity (O, is probably the most well-known exception
to this rule). In other words, singlet-triplet transitions are spin-forbidden. Excitation in most
cases starts from the singlet GS Sy and can lead to excited singlet states S; S,, Ss,...

Electronic excitation is much faster (10™°s™) than molecular vibration (10?s'-10"°s™). This
means that, according to the Born-Oppenheimer approximation, the distance between the nu-
clei in the ES will be equal to the one in the GS. Since the bond between two atoms is weaker
in the ES and the minimum of the Morse potential is situated at larger bond length, that dis-
tance will not be equal to the optimum one. Therefore, the electronically excited state will
most likely also be a vibronically excited one (Franck-Condon principle). In other words, the
most intense absorption/emission observed will most likely not correspond to the transition
between the vibrational GS of the electronic states involved (so-called 0-0 transition) but to
higher/lower transition energies.

Excited state
l|IL —
5 1 -
@ ] 5
c | i 1 Absorpiion
@ Y=trprl Lowest vibrational level A
© .
I
@
* 2 N R 1 N
&) \
o 11 T A
: il
\ Y.
1 Iy 3
N
N Lowest vibrational level
Ground state

Distance between nuclei

Figure 2: Visualization of the Franck-Condon principle. Electronic excitation also leads to vi-
bronic excitation. Multiple peaks in absorption and luminescence spectra can originate
from different vibrational sub-transitions. Rotational sub-transitions are very common,
but not indicated here, for the sake of clarity. Vibrational sub-transitions, however, are
not always evident as individual peaks but can also cause broadening of the most intense
peak.



The shape of absorption and excitation spectra reveals information about the vibrational levels
of the ES, the one of emission spectra about the one of the GS.

The energy of vibronic excitation is quickly passed to other molecules or to vibrational and
rotational degrees of freedom of the same molecule, i.e. is transformed into heat. This process
is called vibrational relaxation and is faster than all activation processes of the electronically
ES, including luminescence. Moreover, electrons quickly relaxate from any higher ES to S,
by internal conversion (2.1.5). Hence, deactivation will depart from the vibrational GS of the
first electronically ES.

It has to be emphasized that the ES can have properties totally different to the GS, such as
oxidation potential, pK, values, dipole moment etc. and its reactivity can be very different so
that reactions may occur that are impossible in the GS.

n— 7* transitions play a very important role in luminescence dyes. Transitions that go along
with pronounced charge transfer are distinguished from “pure” n— n* transitions (ICT, TICT
transitions, 2.1.8). In luminescent complexes including transition metals, d-electrons of the
central atom can significantly take part in transitions, so that those may have to be distin-
guished from “classical” m— n* transitions in hydrocarbons [2].

2.1.4. Deactivation Kinetics

The following considerations are based on the assumption that a luminophore A forms the
excited species A*. Photo-excitation is performed by a light pulse the duration of which is
short compared to all deactivation processes of A*.

The deactivation rate of A* is then:

d[A*]
dt

= [A*] Y k; Equation 5

[A*] Concentration of A in the ES (M)

t Time (s)

k; Time constant of the deactivation process “i” (s)

k; is the deactivation rate that i observed if process “i” was the only deactivation mechanism
possible.

Integration of differential equation 5, when combined with the following definition of the ES
lifetime,

Tps = 1/ Xiki Equation 6

yields:

[47], = [A"]ge~E2ikD = [A*] e~ (t/7BS) Equation 7
t 0 0 q

TES Lifetime of the ES (s)
[A*]p Concentration of A in the ES right after excitation (M)
[A*]; Concentration of A in the ES, a time t after excitation (M)

6



The intensity of light emitted by an excited, luminescent analyte is proportional to [A*]:

Igy = ckg[A*]; = cal,®g Equation 8
Tem Luminescence emission intensity

kr Rate constant of radiative deactivation

c Constant depending on experimental settings

o Constant that quantifies the amount of photons absorbed per unit volume

Io Intensity of incident light

O Quantum yield of radiative deactivation (see below)

13D
1

The ES lifetime tgs becomes equal to the lifetime 1; attributed to the process if no other
deactivation pathways are available, or k; is by far the largest rate constant around.

Provided that photon emission arises solely from deactivation of A*, in the originally ES, and
that A* is located in a singlet ES, Iy becomes equal to the observed fluorescence intensity Iy
(for definition of fluorescence, see 2.1.5) and ®r and kg become equal to the related terms
with fluorescence, ®f and kg. From now on, that will be assumed and fluorescence will be
stated representatively for luminescence, unless otherwise stated.

Equation 7 and 8 imply that the fluorescence intensity observed decreases exponentially, once
no more excitation takes place. Its decrease obeys a single-exponential decay if ES lifetime is
limited by a single process. If various deactivation processes of comparable rate are involved,

multi-exponential decay is observed.

_TI_
o

Fluorescence
intensity

o

(@)
~~
]

'L'F t

Figure 3: Single-exponential decay of fluorescence intensity Iy over time. Starting from its initial
value Iy it converges to zero. Tr is the time after which Ir has decreased to Iy/e (37% of its
initial value).

ES lifetime is limited by the fastest deactivation process around. If fluorescence is much faster
than any other deactivation process, T of a singlet ES becomes equal to the reciprocal of the
fluorescence time constant:

s = 1/kp Equation 9
kg Fluorescence time constant in (s™)
Ts Lifetime of a singlet ES (s)



The quantum yield (QY) ® of a process is the probability that deactivation of an ES will take
place through that process. If a luminescent process is regarded, it is the ratio between the
number of photons emitted in the luminescent process and the number of photons absorbed
upon excitation:

D == kiTgs = TE_S Equation 10

@; QY of the process “i”

The decay time of a singlet state is usually referred to as fluorescence decay time. It is longest
if fluorescence QY @r is 1 and is shortened when @ decreases since fluorescence has to
compete with faster processes then.

2.1.5. Intramolecular Deactivation Processes

. |ISC
Tt : 7 T2
- -5 n S “L 7 IsC
- E - K .-.___‘./—'
— G : i
= E T4 £
% <

So
Figure 4: Jablonski diagram, visualizing intramolecular deactivation pathways. A molecule is

excited from the singlet GS S, to the first singlet ES S; and can undergo fluorescence, in-
ternal conversion (IC) or intersystem crossing (ISC) to the lowest triplet state T,.

Fluorescence

Fluorescence is the radiative deactivation of an ES towards a GS of the same spin multiplicity
(in most cases S;—Sp). As outlined in figure 2, fluorescence creates vibronically excited Sy
which shows vibrational relaxation immediately. The (average) energy of the emitted photons
is inferior to the one of those absorbed upon excitation. Therefore, fluorescence spectra are
red-shifted with respect to the corresponding absorption spectra (so-called Stokes shift). The
shape of the fluorescence spectra is determined by the population of vibronic states and is thus
not influenced by excitation wavelength, but is temperature-dependent.

8



Fluorescence decay times are usually found within 107'°-107s. QY are given by:

O =kp/Xik; = t5kp Equation 11
(O Fluorescence QY

kg Fluorescence rate constant (s™)

Ts Lifetime of the singlet ES (s™)

Internal Conversion (IC)

IC is a non-radiative transition between two electronic states of the same spin multiplicity.
The energy can be distributed over the vibrations and rotations of the excited molecule itself,
or it can be passed to the ones of other molecules upon collision. The effectiveness of IC de-
creases when the energy gap between the states involved increases. As the energy gap be-
tween Sp and S is larger than the gaps between higher ES, other ways of deactivation can be
faster there, but all ES higher in energy than S; are quickly (10™"°-10"") lowered to S; by IC.
Since the gap Sy—S; is directly related to excitation wavelength, IC tends to become more
efficient and luminescence tends to become less probable in red-light absorbing dyes. Because
rigid structures have less degrees of freedom, IC is less effective with them, that is one of the
reasons why many luminophores are quite rigid.

Intersystem Crossing (ISC)

ISC is the transition between two states of the same electronic level but different spin multi-
plicities (in most cases S;—T). This process is in principle spin-forbidden. In some cases, for
instance in presence of heavy atoms, it still has a non-zero probability due to spin-orbit cou-
pling and time constants can be 10°-107. All deactivation processes T;—S, are spin-
forbidden as well and therefore rather slow. According to Hund’s law, T, is lower in energy
than S; so that reverse ISC to S; is improbable. Thus once ISC has occurred, the lifetime of T,
can be as long as 10 — Is.

ISC quantum yield is given by:

Di5c = kisc/ Liki = Tskisc Equation 12

CDISC QY for ISC
kisc SC rate constant (s'l)

Phosphoresence

The radiative deactivation of an ES toward a GS with different spin-multiplicity is called
phosphorescence. It is spin-forbidden and therefore slow, but can be rendered possible by ISC
as all deactivation processes T1—S, are slow. Because the rate constant of phosphorescence is
as low as 10 — 1s, it is seldom observed and its QY is often low. Nevertheless, phosphores-
cence can be facilitated by using organometallic heavy-metal complexes (those exhibit effec-



tive spin-orbit coupling and hence high ®;5c) or operating at low temperature and/or in rigid
media (both impede IC). Oxygen sensing over phosphorescence quenching of heavy-metal
complexes in polymeric matrices at room temperature has been successfully used [3,4]. Due
to its much higher lifetime, phosphorescence is easily distinguished from fluorescence by
time-resolved methods. It also is observed at higher wavelengths than fluorescence emitted by
the same luminophore since T is lower in energy than S;. Phosphorescence QY is:

CDP = kP(DISCTT Equation 13

Op Phosphorescence QY
kp Phosphorescence rate constant (s™)
Tr Lifetime of the triplet ES (s)

Delayed Fluorescence

E-type and P-type delayed fluorescence can be distinguished. E-type delayed fluorescence is
the result of ISC followed by reverse ISC (e.g. S;— T;—S;). It shows spectral behaviour
equal to common fluorescence but a much lower time constant, comparable to phosphores-
cence. Although Tj is lower in energy than S; reverse ISC is here possible because of thermal
activation of T;. Therefore, E-type delayed fluorescence shows a characteristic increase with
temperature. It is often efficient with fullerenes, but was first observed with eosin.

P-type delayed fluorescence was first observed with pyrene. It is caused by the collision of
two molecules in a T state which may allow one of them to return to the corresponding S state
(triplet-triplet annihilation). It is more probable concentrated solutions and shows a character-
istic dependence on the square of the excitation light intensity.

2.1.6. Intermolecular Deactivation Processes
Models of Quenching Kinetics

Quenching consists in the decrease of luminescence intensity of a given excited luminophore,
A*, in presence of another molecule. Several processes involving another molecule can lead
to deactivation. As a result, luminescence QY and/or decay time are decreased. The other
molecule will be denoted Q (quencher), and any process that decreases luminescence OY (i.e.
any process competing with luminescence) is called quenching. It has to be noted that in some
quenching processes, new luminescent species can be created, for instance by exciplex forma-
tion. However, those processes will still be denoted quenching since that term refers to the
originally observed luminescence.

Deactivation by Q requires the excited species A* and Q to be found within a certain maxi-
mum distance called encounter distance, which can differ considerably depending on the par-
ticular process. Therefore, the kinetics of quenching processes will depend on quencher
concentration [Q] and, unlike intramolecular deactivation processes, can depend on molecular
transport from Q to A*.
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If Q is in large excess with respect to A, one can suppose that there is a non-zero probability
that Q will be found within the encounter distance once A* has been formed. If that probabil-
ity is equal to 1, [Q] can be considered constant (reaction of pseudo-first order: there is no
influence of [Q] on the kinetics of the deactivaton process). That is the case when Q is the
solvent. If the probability is less than 1, static quenching is present.

If Q is not in large excess, transport of Q towards A* is required within the ES lifetime (diffu-
sion-controlled process). This case is subject to dynamic quenching. The model of collision
pair formation has been introduced to describe such a kinetic situation:

K, Ke
[AQ]*

A*+Q Products

Figure 5: Schematic outline of the kinetic situation for diffusion-controlled quenching. An ex-
cited analyte A* interacts with another species, a quencher Q, to form products in one of
the processes discussed later in this section. In most cases, those products are equal to or
rapidly converted back into A+Q. Collision pair formation between A* and Q is consid-
ered an independent kinetic step, with its association rate constant k; and its dissociation
rate constant k _;. Products are formed from the collision pair [AQ]* with the rate con-
stant kg. T and ©’ are the fluorescence decay times of A* and the associate [AQ]*. 1 is equal
to T’ in case of collision quenching, but the fluorescence properties of the associate may
also differ from those of the non-associated species (in case of exciplex formation, for in-
stance).

If kg is the largest rate constant for the deactivation of [AQ]*, quenching is diffusion-limited
and the quenching rate constant kg becomes equal to k; which is a diffusional rate constant.
That is usually the case in dynamic quenching by oxygen (2.2.8). On the other hand, if kg is
of the same order of magnitude or smaller, kq is proportional to kg.

In case diffusion is so slow that the probability to form a collision pair within the lifetime of
the ES is virtually 0, long-distance energy transfer (radiative EET, discussed in the following)
is the only quenching pathway possible.

11



Dynamic Quenching

If dynamic quenching of a luminescent dye is present, and the quenching rate constant, ko, is
assumed to be time-independent, luminescence decay time is given by:

%" =1+ ko10[Q] Equation 14
To Luminescence decay time in the absence of the quencher (s)

T Luminescence decay time at variable quencher concentration (s)

kg Quenching rate constant (M's™)

[Q] Quencher concentration (M)

This leads to the Stern-Volmer equation, as ko and 1o are united to the Stern-Volmer constant:

% = 170 = 1+ K,/ [Q] = T?O Equation 15
Io Luminescence intensity in the absence of the quencher

I Luminescence intensity at variable quencher concentration

(O} Luminescence quantum yield in the absence of the quencher

o Luminescence quantum yield at variable quencher concentration

Ksy  Stern-Volmer constant (M)
Both 1o/t and I/ then show a linear increase over [Q] (figure 6).
Static Quenching

Unlike dynamic quenching, static quenching does not require molecular transport from Q to
A* within the ES lifetime.

Static quenching is often associated with the formation of a non-fluorescent GS complex AQ.
In rigid or viscous media, where Q cannot approach A™ during the lifetime of the latter, the
sphere of effective quenching model has been proposed. It implies that quenching is only ef-
fective if Q is found within a certain distance to A” upon excitation. Both models essentially
come down to a decrease in luminophore concentration.

Characteristically, Io/I vs. [Q] plots are of the same shape as Stern-Volmer plots at low [Q]
while they show an upward curvature at higher [Q]. On the other hand, 1o/t remains un-
changed over [Q].

Simultaneous Static and Dynamic Quenching

Dynamic quenching is often accompanied by static quenching at high [Q] because many
quenchers have a certain tendency to act as complexing agents. This results in an upward cur-
vature of the Stern-Volmer plot at high [Q] while equation 15 is obeyed at lower [Q].

A downward curvature is often related to micro-heterogeneity of the surrounding media
(2.2.8).
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Figure 6: Deviations from the ideal SV behaviour are caused by inhomogeneous microenviron-
ment (left) or by static quenching (right).

Quenching Processes

Photoinduced Electron Transfer (PET)

PET is a redox reaction between an excited fluorophore A* and a quencher. The reaction can-
not occur in the GS, but only in the ES as the MO population of the fluorophore is changed
(figure 7). Equivalently, redox potentials are remarkably changed with respect to the GS. In
this section, the oxidizing agent will be called acceptor A while the reducing one will be
called donor D:

Oxidative electron transfer

D*+A—-D"+A" Equation 16

Reductive electron transfer

A*+D—-D"+A" Equation 17
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Oxidative PET

Excited Electron Oxidized Reduced Deactivated  Recovered
Fluorophore  Acceptor Fluorophore  Acceptor Fluorophore Acceptor
hv
TN .
F F o+ A F*' "+ A ———>= F + A

LUMO + —_ -_

LUMO |

HOMO +v+ + +L_
hv HOMO +

Photo-excitation Inversion of the k

Photo-induced redox process
Oxidation

Reductive PET

Excited Electron Reduced Oxidized Deactivated  Recovered
Fluorophore  Donor Fluorophore Donor Fluorophore Donor
hv
i ;
F FF+ D FF+ D" —> F + D

LUMO _— _—

+ 4 —

+ HOMO +
HOMO +Y+ + +L_ _H_

Photo-excitation Photo-induced Inversion of the
Reduction redox process

LUMO

Figure 7: Simplified scheme of the MO populations in PET and the possible consecutive inver-
sion of the redox process. Radicals are created upon PET and the spin multiplicity of the
species involved are changed

Once PET has occurred, the oxidized/reduced fluorophore can be re-reduced/-oxidized to
form the GS, for instance by the acceptor/donor itself. The only net result of the process is
then fluorescence quenching. On the other hand, if the original GS is never recovered, PET
makes up the first step in a photo-degradation process.

PET is an example for different reactivity of the ES compared to the GS. Excited molecules
can actually be both more strongly oxidizing and reducing agents than the same molecules in
the GS.
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Figure 8: Schematic layout of ionization potentials and electron affinities in the GS and the ES.
Because ionization potential in the ES (Ip*) is lower than in the GS (Ip), the former is more
easily oxidized and thus more strongly reducing. On the other hand, electron affinity is
more negative in the ES (EA*) than in the GS (E,). Consequently the ES is more easily re-
duced (more strongly oxidizing). This simplified scheme shows that an excited molecule can
be both a more strongly oxidizing and reducing agent than the same molecule in the GS.

PET and its relevance to sensing applications will be discussed in more detail in section 3.1.1.
Excimer Formation

An excimer is a complex formed by an excited fluorophore and another fluorophore molecule
in the GS:

A*+A—[AA]* Equation 18

This is an example of a quenching process upon which a new fluorophore is created. The fluo-
rescence QY of the excimer is not necessarily weaker than the one of the original fuorophore
so that fluorescence may undergo a spectral shift rather than disappear. The excimer, which
can be considered an extended fluorophore, frequently exhibits more red-shifted and less
structured spectra than the original fluorophore. Excimer formation is diffusion-controlled and
it gains importance when fluorophore concentration is increased. Fluorescence decay of the
excimer obeys a double exponential correlation if excimer formation is reversible and its dis-
sociation rate is comparable to the fluorescence rate constant.

Excimers are one of the reasons why fluorescence intensity does not show a linear response to
increasing fluorophore concentration at high values.

Exciplex Formation

Exciplexes differ from excimers by the fact that they are formed with an unlike molecule in
the GS and therefore are complexes, not dimers.
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A*+Q—[QA]* Equation 19

Exciplex formation is diffusion-controlled and kinetics frequently are similar to excimer for-
mation. Often they are formed by an electron-rich (donor) and an electro-poor species (accep-
tor).

Photoinduced Proton Transfer (PPT)

PPT is an acid-base reaction between an excited fluorophore and a proton donor/acceptor
which is not thermodynamically favourable in the GS. pK4 values can undergo a shift of sev-
eral orders of magnitude upon excitation, particularly if the functionality subject to protolysis
is part of the chromophore. That is related to excitational charge transfer, which considerably
affects the nucleophilic/electrophilic character of certain regions within a molecule. Both
acidic and basic properties can be either enhanced or diminished upon excitation. In aqueous
media, H;O can act as both proton donor and acceptor, thus PPT is usually not diffusion-
controlled.

Acidic dyes the pKa value of which is lowered upon excitation have been most extensively
investigated. The processes involved are summarized below:

Ky =k, 7k,

Excited state protolysis Ko>K,

*

k . .
AH +H,0 — =" A"+H,0

-1

hv K aritKor an= 1/t K a+Ko a=1t,
Photo- Deactivation Deactivation
excitation of the acidic form AH of the basic form A"
kl
AH + H,0O o A+ H,0"
Ground state protolysis
Ky = ki /K 4

Figure 9: Simplified scheme of the activation, deactivation and protolysis of an acidic fluorescent
dye AH subject to PPT. kg and kygr stand for the radiative and non-radiative deactivation
rate constants, T for the ES lifetimes of the acidic form AH and the basic form A". k; and k ;
represent the protonation and deprotonation rate constants and K the corresponding pro-
tolysis equilibrium constants in the GS and the ES (marked with *). The situation shown
gives rise to PPT as K, >K, and deprotonation can be induced by excitation.

A simple method to estimate pKa*, the pKa of the excited state, is through the Forster cycle, a
thermodynamic cycle that includes all four species shown in figure 9.
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pKi —pKy = C(va- — vap) Equation 20

pKa* -pKs  Difference between pK, values in the ES (*) and the GS

C Constant of proportionality (s)

Va- — VAl Difference between the frequencies corresponding to the 0-0 transitions in the basic
(A") and acidic (AH) form (s™)

An exact determination of 0-0 transition frequencies may be complicated, but they can be
estimated to the average of the frequencies observed in the absorption and the emission
maximum.

A consequence of equation 20 is that AH is more acidic in the ES than in the GS if the fluo-
rescence emission spectra of the basic form are red-shifted with respect to the acidic one and
vice versa.

The QY of acidic and basic forms are pH-dependent:

LL

S

,,,,,,,,,,,,,,,,,,,,,,

6 PK,* 2]- pK é pH

A

Figure 10: Simplified model for the consequences of PPT on pH-dependent fluorescence QY of
an acidic dye AH. It is assumed that pK,*=1.8, the ground state pK,=7 and fluorescence
QY for AH is greater than the one of the basic form, A". Emission intensity shows the high-
est alteration at pH close to pK,*, which is very different to the pK, measured in the GS. If
pK," is greater than 2, emission of both forms can be observable in the range pK,*> pH>
pK, for kinetic reasons. Figure 10 is also valid for dyes that do not undergo PPT, only then
pKa=pK.,*. Therfore, any dye capable of protolysis shows pH sensitivity at pH close to pK,
or pK.*, provided spectral properties of acidic and basic form are significantly different.

Excitation Energy Transfer (EET)

Upon EET, only energy is transferred from an excited donor to an acceptor. Afterwards, the
acceptor is found in the ES while the donor has returned to the GS:

D*+A—D+A* Equation 21

EET can take place radiatively and non-radiatively.
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Radiative EET is basically the absorption of photons emitted by molecules of the same spe-
cies as the fluorophore (auto-absorption) or by another species. It can be caused by all mole-
cules that are in at least one wavelength distance from the emitting molecule. The effect is
unwanted in analytical applications since it distorts spectra in the area of spectral overlap and
provokes errors in calibration curves. It can be avoided by working with low dye concentra-
tions and in a non-absorbing environment.

Non-radiative EET does not involve photon exchange. Equally to radiative ET, energy can be
passed from an excited molecule to a not excited one in the same extent as emission spectra of
the former and absorption spectra of the latter overlap. Thus, a prerequisite for this transfer
mode is that their spectra overlap (they are “in resonance”). Therefore it is frequently called
RET (resonance energy transfer). RET is efficient at much smaller interaction distances than
radiative EET, though the maximum interaction distance depends on the exact mechanism.
Fluorescence spectra are not changed in shape by RET, but their intensity is decreased by a
constant factor. Fluorescence decay time is shortened if the RET acceptor is an unlike mole-
cule, otherwise it remains unchanged. There are two RET mechanisms that have been exten-
sively investigated, Forster’s and Dexter’s mechanism.

Forster’s mechanism is most common and investigated (FRET, Forster resonance energy
transfer). It is based on coulombic, long-range dipole-dipole interactions and can be effective
over a distance up to 10nm. An electron returns from the LUMO to the HOMO of the donor,
while in the acceptor another one is promoted from the HOMO to the LUMO.

The rate constant is given by:

6
ky = = (&) Equation 22

TD,O T

kt FRET rate constant (s ')
Do ES lifetime of the donor in absence of FRET (s)

Ry Forster critical radius (nm)

r Distance between donor and acceptor (nm)

FRET quantum yield ®r is:

Op=— Equation 23
T = i RS quation

This shows that FRET efficiency decays by 1~1°and it changes very sharply at distances close
to Ry. The Forster critical radius Ry is the distance at which FRET is equally probable as non-
FRET decay of the donor.

Dexter’s mechanism takes place at distances <Inm and is caused by molecular orbital over-
lap. An electron is passed from the LUMO of the donor to the one of the acceptor, while si-
multaneously another one is passed from the HOMO of the acceptor to the one of the donor.
As a result, the donor has returned to the GS, the acceptor has been excited. Unlike Forster’s
mechanism, this involves the actual electron exchange between the donor and the acceptor.
However, Forster’s mechanism is predominant even at short distances, unless the electronic
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transitions it implies are forbidden (if the spin multiplicities of the initial and the final state of
donor and/or acceptor are unlike).

FRET has been applied for numerous purposes in optical sensing. FRET systems constitute a
powerful tool to quantify distances of about 1-10nm (though for each system, a strong re-
sponse will only be found when r is close to Ry, according to equation 23). They have been
utilized to evaluate processes on a supramolecular level [5,6]. Combining two dyes with ap-
propriate spectral properties so that excitation energy is effectively transferred from a short-
wave (“antenna”) to a more long-wave absorbing dye has been used in sensors. It is suitable
for enhancing brightness - particularly of poorly absorbing dyes - over indirect excitation
(light harvesting) or for tuning spectral properties, for instance enlarging Stokes shifts or pro-
viding good compatibility with powerful light sources [7].

Other applications of FRET include signal generation on macromolecular receptors such as
aptamers [8], polymer analytics and light-harvesting polymers [9], studies of membrane or-
ganization and three-dimensional structure investigation in biomolecules [10], to state only a
few.

Photoreactions

A wide range of photoreactions involving fluorescent species has been investigated. The ES
undergoes a reaction (dissociation, isomerisation, etc.) and the GS is never recovered. Photo-
induced reactions originate from different reactivity in the ES, compared to the GS. In fluo-
rescence sensors, they are associated with undesired photodegradation (“bleaching”) of the
indicator dye which is a mayor issue especially in long-time applications. On the other hand,
numerous approaches take advantage of photoreactions in organic [11,13] and inorganic [12]
synthesis.

2.1.7 Influence of Functionalities

The relation between structural and spectral features of organic luminophores is complex.
Nevertheless, some of the most important trends will be briefly discussed here. They do not
claim universal validness, exceptions from the statements given are always possible.

Most organic luminophores are aromatic, though extended conjugated aliphatic n-systems can
be luminescent too. m— w* transitions are most relevant (section 2.1.3). The more extended
the conjugated unsaturated n-system of a chromophore becomes, the more red-shifted are both
absorption and fluorescence spectra. Both € and ®r tend to increase when the chromophore
becomes more extended. Electron-donating groups such as —NR; and —OR often cause an
increase in € and both absorption and fluorescence spectra can be red-shifted. Electron-
withdrawing groups like -CHO or —NO; can introduce a n— n* transition lower in energy
than the lowest m— ©* which results in a decrease of € and low QY. Halogenides do not cause
a strong mesomeric effect and usually only induce minor spectral shifts. They can have a con-
siderable impact on redox properties. Considering that photo-oxidation is an important
bleaching pathway, they can help to improve photostability of some chromophores (an exam-
ple is given in [14]). Br and I can favour ISC, though that is not the case in all chromophores,
some have triplet states with low accessibility (too different in energy from the singlet states).
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Acidic/basic groups (most importantly, -OH) introduce significant spectral changes upon
(de)protonation deriving from charge transfer if they are part of the chromophore (acid/base
or pH sensitive dyes) but have little or no impact if they are not directly connected. A struc-
tural feature particularly meaningful to this thesis is the possibility of PET fluorescence
quenching through free amino groups which are not part of the chromophore. Luminescent
heavy metal complexes often show high ISC quantum yield and are thus phosphorescent dyes.
That is of mayor analytical importance since those are accessible to dynamic quenching by
molecular oxygen and consequently O,-sensitive (2.2.8).

2.1.8 Polarity Effects

Polarity of the surrounding media can affect the spectral location of absorption and fluores-
cence spectra. These so-called solvatochromic shifts originate from unlike stabilization of GS
and ES by their solvate shells. Stabilization corresponds to interactions between permanent
and non-permanent dipoles of solute and solvent and to directed interactions such as hydrogen
bonds. Polarity cannot be directly quantified, though it is often associated with terms like di-
pole moment (p) or dielectric constant (€). More sophisticated models for polarity, taking into
account various parameters, have been discussed in context with spectral properties and may
be more universal, but do not allow quantification on a mono-dimensional scale [15]. Both
bathochromic and hypsochromic shifts can occur with increasing solvent polarity and have
been denominated positive and negative solvatochromism. A redistribution of charges within
a molecule frequently takes place upon excitation (photoinduced charge transfer, PCT, or in-
tramolecular charge transfer, ICT). Often, p is higher in the ES, resulting in higher stabiliza-
tion by polar solvents with respect to the GS and consequently in positive solvatochromism.
Polarity may differently affect absorption and emission maxima and thus have an impact on
Stokes shifts.

ICT is often particularly large in aromatic systems where an electron-donating group is conju-
gated to an electron-withdrawing one (so-called push-pull chromophors). ES are then referred
to as ICT excited states, and polarity-induced band shifts are more pronounced. To a certain
degree, solvatochromism can be associated with the symmetry of a chromophore, since
asymmetric molecules are likely to have a higher dipole moment than symmetric ones of
similar structure and polar character of ES and/or GS is a prerequisite for strong solvatchrom-
ism [16].

PCT induces a reorientation of the solvate shell of the ES (solvent relaxation) as a result of
unlike charge distribution in GS and ES. A relaxed ES can possess different spectral proper-
ties to the non-relaxed one present right after excitation. The emission spectra observed may
then depend on the rigidity of the surrounding media if reorientation is not much faster than
luminescence. Right after excitation, molecular geometry of a chromophore is alike in the GS
and the ES, according to the Franck-Condon principle. However, in some ICT dyes, it may
change upon solvent relaxation, creating a so-called TICT (twisted intramolecular charge
transfer) excited state with distinguishable spectral properties. That has been frequently ob-
served with anilines the amino moiety of which can undergo post-excitational rotation out of
the aromatic plane in polar solvents. That results in less conjugation between the aromatic
plane and the amino group and consequently in different spectral properties.
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2.1.9 Luminescence Measurement
Steady State Measurement

Steady state measurements are carried out under continuous illumination so that the concen-
tration of the excited analyte, [A*], can be considered constant (though in practice, deviations
from that may occur, for example due to photo-bleaching).

Fluorescence intensity at a given pair of excitation and emission wavelengths (Agxc and Agm)
is proportional to the intensiy of excitation light and at low oncentrations also to analyte con-

centration:

I = IgxcF.C(1 — 1072) = IgxcF,C(1 — 1075¢) ~ 2.3 IgxcF,. C &cd Equation 24
Ir Fluorescence intensity at a given excitation and a given emission wavelength

Iexc  Intensity of excitation light at the excitation wavelength.

C Constant of proportionality depending on experimental settings

A Absorption of the analyte at the excitation wavelength

£ Molar absorption coefficient of the analytet at the excitation wavelength (M'cm™)

c Dye concentration (M)

d Optical path length of the sample (cm)

F, is a factor representing the shape of emission spectra. Its integral over the whole spectrum
is equal to the fluorescence QY ®p. The simplification shown is only valid at low analyte

concentrations.
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Figure 11:Schematic layout of a steady state fluorescence spectrometer. It is equipped with a
xenon arc lamp light source, grating monochromators and PMT detectors. A reference
channel is optional and can be also equipped with a quantum counter.
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Xenon arc lamps are the most commonly used light sources for spectrofluorimetry, providing
good emission intensities from 250nm up to the NIR range. Spectrofluorimeters are equipped
with both an excitation and an emission monochromator with tuneable slits. Gratings are al-
most exclusively used nowadays as they allow a higher resolution than prisms. The emission
light coming from the sample is observed perpendicularly to the incident beam to minimize
interferences from excitation light. Moreover, monochromator wavelengths and slits are ad-
justed in a way that excitation and emission wavelengths have no overlap. Photomultplier
tubes (PMT) are the most common detectors because of their high sensitivity. Drawbacks are
their high price and poor response in the NIR. Photodiodes and avalanche photodiodes are
less expensive and less bulky alternatives used in optical sensors.

Excitation spectra are recorded by varying excitation wavelengths at the excitation mono-
chromator while the emission wavelength detected is kept constant. On the other hand, emis-
sion spectra are recorded by varying the emission wavelength at the emission monochromator
at constant excitation wavelength.

Complications of luminescence measurements can arise from wavelength dependence of the
emission intensity of the light source, the transmission of the monochromators or other optical
elements and the detector response. Light source and detector response also are inconstant
over time which can be (at least partially) corrected by comparison with a reference channel.
Background signal can be caused by auto-fluorescence of the sample (polymers, biological
samples), scattering or interferences from excitation light (overtones, reflected light etc.).
Even in presence of a reference channel, both excitation and fluorescence spectra still require
referencing with a reliable fluorescent standard for accurate quantitative intensity measure-
ment.

Fluorescence measurements should be carried out in dilute solutions because of deviations
from linearity (equation 24) at higher analyte concentrations. Those are provoked by absorp-
tion of both excitation and emission light by the analyte itself (inner filter effects)

and aggregation effects such as excimer formation (2.1.6).

Polarization effects can also distort luminescence measurements because plenty of the proc-
esses described in 2.1.5-6 may be affected by the polarization of light and the transmission of
monochromators is also dependent on polarization. Those effects can be avoided by using
polarizators in front of and behind the sample. Correct fluorescence measurement also re-
quires constant temperature as quantum yields are temperature dependent.

It has to be stated that spectrofluorimetry cannot be used to directly calculate dye concentra-
tion from fluorescence intensity because of the uncertainty of experimental conditions (light
source emission, monochromator transmission - particularly if slits are adjusted -, PMT re-
sponse and high voltage, geometry of observation). Calibration helps to overcome that,
though it has to be carried out cautiously, maintaining constant experimental conditions.

Time-resolved Measurement

Time-resolved methods not only facilitate monitoring of chemical and physical processes and
provide information about kinetic parameters, [17,18] but also allow measurement of lumi-
nescence decay time. Luminescence decay time is influenced by far less parameters than in-
tensity, therefore its measurement is subject to far less interferences. Experimental parameters
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as described in the previous section have no impact on decay time and it is not even affected
by some deactivation processes (like static quenching). That allows more selective monitoring
of those processes that do have an impact on it. However, more sophisticated instrumentation
is needed, especially for measuring the very short fluorescence lifetimes which requires ex-
pensive, non-portable equipment. The longer phosphorescence lifetimes are less difficult to
measure and have been used for various sensing applications [3,19,20].

If excitation occurs within an infinitely short time, the luminescent response is in the simplest
case given by single exponential decay (section 2.1.4, equations 7,8). The response function is
then called 6-pulse response.

Phase Modulation Fluorimetry
In phase modulation fluorimetry, light modulated with a certain modulation frequency is em-

ployed for excitation. This results in harmonic response, i.e. the emission of light shows the
same modulation frequency but different phase and amplitude.

Y(ex) = A+ Bcos(wt) Equation 25a

Y(em) = a + bcos(wt — ¢) Equation25b

Y(ex) Wave function of the excitation light

Y(em) Wave function of the emission light

A,B,a,b Constants, where A and a make up the average intensity of excitation and emission
light, B and b their modulation amplitudes, respectively

® Angular modulation frequency (s™)

) Phase shift of the emission light

With respect to excitation radiation, the emission signal is delayed in time and partially de-
modulated. B/A and b/a are called modulation depths of excitation and emission radiation
because they express the ratio between their modulated and non-modulated fraction. Demodu-
lation is quantified by the demodulation factor M while the phase delay is quantified by ¢.

m (b/a) )
M= —=—— Equation 26
mo  (B/A) a
M Demodulation factor
m Modulation depth of the emission light

my Modulation depth of the excitation light

Both ¢ and M are characteristics of the harmonic response of the system. They are dependent
on the modulation frequency f. When f increases, ¢ approximates to 90° and M approximates
to 0, resulting in a totally non-modulated, “flat” emission signal delayed by 90° with respect
to excitation radiation when f becomes infinite.
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Luminescence decay time and intensity can be calculated from ¢, M and the amplitude meas-
ured by a phase fluorimeter using the following equations:

¢ = arctan (tw) Equation 27
1 .
M = W Equation 28
24 .
[ == Equation 29
M

a

Luminescence lifetime (s)

I Luminescence intensity
o Amplitude measured
Pulse Fluorimetry

In pulse fluorimetry, the luminescent response to an excitation pulse is followed over time.
The o-pulse response is given by a sum of exponential decays:

1) = X a;e®/™ Equation 30
1(t) d-pulse response (fluorescence emission intensity as a function of time)

o Constant of proportionality to each single exponential i

Ti Decay time to each single exponential i

If pulse duration is not negligible compared to fluorescence lifetime, deconvolution of the
following product has to be performed to determine the d-pulse response and consequently 1T:

R(t) = E(t) x I(t) Equation 31

E(t)  Excitation function (intensity of excitation light as a function of time)
R(t)  Response function (emission intensity measured over time)

R(t) can be measured with the single-photon timing technique: single photons are detected by
a photomultiplier while a large number of subsequent excitations are performed. The time of
detection is exactly determined for each photon. The responses to all excitation pulses are
summed up to yield the overall response function.

Because the harmonic response to modulated excitation light is the Fourier transform of its
O-pulse response, pulse fluorimetry and phase modulation fluorimetry are equivalent.
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2.2 Optical Sensors (Optrodes)

This chapter is based on references [1] and [21]. Other references will be cited independently.
A chemical sensor is a device that detects a chemical or biochemical species (analyte), gener-
ating information output in form of an electric signal. In contrast to “conventional” analytic
instruments, it aims on monitoring a sample over time, without requiring sampling or manipu-
lation. Several more detailed definitions of chemical sensors have also been given. According
to IUPAC definition, a chemical sensor is “...a device that transforms chemical information,
ranging from the concentration of a specific sample component to total composition analysis,
into to an analytical useful signal. The chemical information, mentioned above, may originate
from a chemical reaction of the analyte or from a physical property of the system investi-
gated.” [22].

In an optical chemosensor, information about the analyte is provided by detecting binding
between the analyte and a fully synthetic receptor (differently to biosensors, in which bio-
molecules are used) over interaction with electromagnetic radiation. Optical sensing is above
all carried out in the UV/VIS range of the spectrum, as cheap and effective optic elements are
readily available.

An optical sensor is consisted of a receptor that interacts with the analyte, a transducer that
generates a measurable optical signal as a response on the binding event and a data processing
unit that converts the optical signal into information output. It can also contain a filter that
excludes certain unwanted species from accessing to the receptor. Filters are often polymer
layers that prevent, for instance, hydrophilic or charged species from passing. Sensors contain
an immobilization matrix for receptor and transducer which can function as a filter or not.
Transduction can be based on variation in absorptive, luminescent or refractive properties.
Luminescence transduction is most interesting to this thesis and will be discussed in the fol-
lowing section. Absorption transduction is in principle less sensitive while refractometric
transduction has been carried out in many differently designed systems and is above all used
in biosensors (an example is given in [23]).

Apart from the usual demands to an analytical device such as selectivity, sensitivity, repro-
ducibility of the signal, extended dynamic range etc., sensors are in particular requested to be
cheap, small, easy to use and to calibrate, fast in response and robust. Optical sensors have
been presented for many analytical purposes including (bio)process monitoring and biological
screening [24], toxicologic screening [25], food packaging [26] or clinical monitoring [27], to
give only a few examples.

2.2.1 Principles of Luminescence Chemosensors

Luminescence is a powerful analytical tool due to its high sensitivity and selectivity, the pos-
sible temporal and spatial (facilitating kinetic studies [17,28] and two- [29,30] or three-
dimensional [31,32] imaging) resolution of fluorescent techniques and the possibility of re-
mote sensing. Another advantage lies in the versatility of luminescence techniques, including
intensity and decay time measurement, observation at various wavelengths and the additional
possibility of polarization measurement. That implies that a large amount of information can
be transmitted over electromagnetic radiation.
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Because of the great variety of processes that affect luminescence (section 2.1.5-6), informa-
tion about numerous properties of the micro-environment surrounding a fluorescent probe are
accessible to luminescence sensing, opening a wide field of applications. While pH-, O,- and
ion-sensing are well-known and will be discussed individually, some more “exotic” examples for
luminescence-based measurement are polymer miscibility [33], accessibility of biomolecules
such as nucleic acids [34] or phase transitions in concentrated surfactant solutions [35]. In-
deed, that variety also implies a high number of potential cross-sensitivities so that lumines-
cence sensors require very precautious design.

2.2.2 Luminescent Indicators

The indicator dye is the core of a luminescent sensor and perhaps most determing for its per-
formance, even though the matrix and additives (2.2.3) also play an important role and their
proper selection is crucial. Requirements to an indicator dye include good sensitivity and lin-
ear response in the concentration range focussed, good selectivity, high luminescence bright-
ness, spectral compatibility with optical modules cheaply available (2.2.3), fast and reversible
binding to the analyte, good chemical and photostability in the sensing matrix, sufficient syn-
thetic or commercial accessibility in pure form and good compatibility with matrices estab-
lished for the sensing application focussed. Sensors for main components can require a
different design than trace sensors when sensitivity is too high to allow reliable measurement
at high analyte concentrations, an example is [36]. Long-wave excitable dyes are particularly
advantageous, above all in biological or clinical samples, because there is less fluorescent
background from the sample and the sensor itself at longer wavelength and interferences from
scattering are less critical. NIR-excitable dyes even facilitate subcutaneous measurement ow-
ing to the high transmittance of tissue there [4].

Some analytes show decent fluorescent properties themselves so that they can be measured
directly (intrinsic probes), without a luminescent indicator being required. Examples are poly-
cyclic aromatic hydrocarbons [37] or chlorophylls [38]. In most cases, however, the analyte is
non-fluorescent and recognition by a receptor becomes necessary.

Sensitivity of the indicator originates from spectral changes (luminescence quenching or en-
hancement, spectral shift) upon interaction with the analyte. If the analyte binds to the chro-
mophore itself, receptor and transducer are identical (integrated receptor). That is actually a
frequent situation in luminescence chemosensors, most oxygen and pH indicators can be clas-
sified as such. Oxygen sensing is based on collisional quenching and no actual association
occurs. If the receptor is not part of the chromophore, it can be covalently or non-covalently
linked to it or embedded into the same matrix. Covalent linkage via a spacer is frequently em-
ployed. Examples are fluoroionophores (2.2.7) or PET-based pH sensors which are of mayor
importance to this thesis (3.1.1). Although many different indicator dyes with different trans-
duction principles have been designed and employed for sensing, perhaps the most frequently
employed principles are dynamic quenching of phosphorescent indicators (oxygen sensors,
2.2.8) and deprotonizable chromophores where spectral properties of acidic and basic form
are significantly different (most pH indicators, 2.2.4).

For the design of luminescent indicators it has to be kept in mind that the receptor function is
basically responsible for selectivity, reversibility and response time, while spectral properties
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and photostability are determined by the chromophore. Therefore, if the receptor is not part of
the chromophore, dyes can be designed in a way that properties are optimized, selecting
chromophore, receptor and the mode of linkage between them. An example is the design of
PET indicators [39]. Dyes with integrated receptors can as well be synthetically modified in
order to adjust analyte recognition (modification of the fluorescein chromophore to adjust
pKa value, [40]) and/or spectral and photochemical (more photostable fluorinated benzopor-
phyrins, [41]) properties. Some modifications may not directly affect the chromophore nor the
receptor, but aim on improving applicability in a sensing matrix (lipophilization of fluo-
resceins to allow non-covalent immobilization in a hydrophilic matrix, [40,42]).

2.2.3 Some Principles of Sensor Design

Sensitive indicators are often not used in solution but immobilized in a (mostly polymer) ma-
trix to yield sensors. Non-covalent immobilization exploits size exclusion or anchoring prin-
ciples. The latter often consists in attaching a hydrophobic group to a hydrophilic dye so that
it is kept within a hydrophobic matrix. Covalent immobilization is more difficult to perform
but allows the preparation of fully leaching-free sensors, i.e. the sensitive components are not
washed off by the sample. Alternatively, indicators can be bound onto a carrier, performing
two-dimensional immobilization. If a luminescent dye is immobilized into a polymeric ma-
trix, the polymer must feature good solubility of the dye to prevent aggregation, good analyte
permeability and exclusion of unwanted species (if possible). The properties of the dye must
be adequate in the matrix, since upon immobilization, the properties of a dye can be consid-
erably altered, in comparison to solution.

Optrodes are most frequently designed as sensitive layers or fibre optic sensors, though in the
recent years sensitive beads have gained importance (2.3).

Instrumentation

Sensing applications call for miniaturized, cheap optical modules. Light emitter diodes
(LEDs) are available at low cost, with acceptable performances for most of the VIS spectrum,
though there currently is a gap between 535 and 585nm where no LEDs with suitable power
have been developed. Emission is relatively broad (peak half width around 50nm [43]). Laser
diodes feature more narrow emission and higher emission power but are more expensive and
only available for some wavelengths. To separate excitation and emission light, optical filters
are employed. Long- and shortpass-filters cut off most of the light under/over a certain cut-off
wavelength. Bandpass filters only let a narrow spectral area pass, but decrease the overall
intensity more severly. Dyes with a large Stokes shift are advantageous because filters do not
cut off as sharply as monochromators which complicates the separation of excitation and
emission light. Photodiodes are cheap detectors while avalanche photodiodes are more sensi-
tive but also more expensive. CCD cameras have been used for two-dimensional fluorescence
imaging [44].

Waveguides are used to direct light to the sensitive system and from there to the detector.
They are based on total reflection of light at the edge to an optically less dense medium.

27



- Cladding Coating

B

Figure 12: Functional principle of a waveguide. Light is coupled into the core and reflected at
the cladding which has a lower refractive index than the core so that total reflection occurs.

Sensor design can involve waveguide fibres (fibre optic sensors, [45]) with the sensitive area
incorporated into the fibre itself. Systems with planar waveguides have as well been presented
[46,47].

Referencing Techniques

When measuring with luminescent sensors, in principle, the same problems as in spectro-
fluorimetry (2.1.9) have to be dealt with. Additional complications may arise from insufficient
cut-off at optical filters, distortion of the measured signal by the waveguide, bleaching or
leaching of the indicator dye. Perturbations by the sample include absorptive or fluorescent
background, accompanying species that cause cross-sensitivities or turbidity.

Of course, the first step towards solving those problems is appropriate calibration. However,
when fluorescence intensity is measured, additional referencing techniques are necessary. In
dual wavelengths referencing, either two excitation or two emission wavelengths are used.
The signal is compared to the one of a reference dye which is brought into the sensor together
with the indicator. In dual lifetime referencing (DLR), a phosphorescent reference dye is util-
ized and the signal, which is the sum of the emissions of both dyes, is detected by phase
modulation fluorimetry. In that way, the fluorescence of the indicator can be measured indi-
rectly over the more robust lifetime measurement [19,48].

2.2.4 Luminescence pH Sensors

In comparison to electrochemical pH sensors, which are well-established, optical pH sensors
are more easily miniaturized, more robust against electromagnetic interferences and allow
remote sensing. They offer better sensitivity within their dynamic range, which is indeed nar-
rower (2-3 pH units) than the one of electrochemical sensors. A drawback is their cross-
sensitivity to ionic strength which derives from the fact that H' concentration instead of activ-
ity is measured [40]. Both are related over the Henderson-Haselbach equation:

pH = pK, + logE + logf"; — log ay. o Equation 32
[HB] fus 2

[B],[HB] Concentrations of the acidic form HB and the basic one B" (M)

5. fup Activity coefficients of the acidic form HB and the basic one B

amo Activity of water
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Equation 32 shows that the influence of ionic strength on activity coefficients causes cross-
sensitivity. High sensitivity is restricted to the range pH=pKa=1.5.

pKa refers to the value measured in water. Values measured in different environments (mix-
tures with organic solvents, immobilization layers) are denominated apparent acidity con-
stants, pKa’. They are related to pKa as follows:

pK, = pK, + log L2= Equation 33
fHB

>

pKa’  Apparent pK4 value

Activity coefficients not only describe the influence of ionic strength, but the overall interac-
tion of the indicator dye with its microenvironment, compared to the one with water.
According to Janata [49,50], cross-sensitivity to ionic strength can be minimized by using a
low-charged indicator dye and immobilizing it into a low-charged microenvironment. For
instance, receptors based on fluorescein esters can allow the design of sensors with virtually
no sensitivity to ionic strength [40].

Hydrophilic immobilization matrices are needed for pH sensors since they provide good pro-
ton permeability. Hydrogels are often utilized. Covalent immobilization may prevent compli-
cations. Hydrophilic dyes can suffer from leaching, whereas strictly hydrophobic ones are
unlikely to be well soluble in a hydrophilic matrix and aggregation issues may occur. Both is
less critical if covalent coupling is carried out. Anyway, sensors based on non-covalent im-
mobilization, which is much easier to perform, have as well been presented [40,42,51,52] as
covalent coupling [53-55].

The matrix can have an effect on spectral properties (Amax and QY can be influenced) and
may cause a shift in pKa by several orders of magnitude. Deprotonizable dyes with a nega-
tively charged basic form often undergo an increase in pKa’ with respect to pKa when they
are embedded into non-charged immobilization matrices, while protonizable ones with a posi-
tively charged acidic form exhibit a decrease. That can be attributed to the more hydrophobic
character of those matrices, compared to water so that charged species are destabilized with
respect to uncharged ones. In charged matrices, particularly strong (de)stabilization effects
and pK, shifts can be expected.

pH Indicator Dyes

The reception mechanism of fluorescent pH indicator dyes includes reversible binding of the
analyte. In other words, the equilibrium between a protonated (acidic) and a non-protonated
(basic) form of the dye is shifted in the pH range close to pKa’ which causes an alteration of
emission characteristics.

The receptor dye is of mayor importance for the performance of a pH sensor. It should essen-
tially fulfil the requirements given in 2.2.2. Analyte affinity is expressed by pKx or pK,’ and
should match the pH range to be measured. In practice, that is often either physiological pH
(7.4), pH in marine systems (7.5-8.5 [42]) or in biotechnological samples (around 6.5) so that
a pKx of 6-8.5 will be suitable for at least one important application. However, lower pK4 can
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render the dye suitable to NHj sensing (2.2.6). For CO; sensing (2.2.5), values of 7-9 are most
promising. pKa values can be adjusted by the introduction of electron-donating (-OR, -NR3)
or -withdrawing groups (halogens, CN, carboxyl groups) into the molecule. If the indicator
dye is immobilized into a matrix, pKa is of course also affected by it.

Three indicator classes may be distinguished depending on whether the dye undergoes PPT or
PET upon excitation or not (2.1.6). The receptor (functional group capable of protolysis) is
not integrated into the chromophore in PET dyes, but it is still bound to it in some way in
most cases (3.1.1).

PET-based pH Indicators (class A)

In case of PET, the fluorescence QY of the basic form is usually very low due to intramolecu-
lar PET so that fluorescence intensity decreases towards high pH values. In contrast to the
other indicator types presented in the following, only QY is affected by analyte binding, while
emission spectra maintain their shapes and absorption spectra remain unchanged or change
very little. pK values measured in pH calibration based on fluorescence measurement are
close or equal to those observable in the GS. Fluorescence intensity can virtually decrease to
zero (the indicator is “switched off”) in basic media, provided background is low and PET
efficiency is high. Such a case is presented in 3.3.1.1. That implies potentially higher sensitiv-
ity for PET pH indicators than for the other classes yet to be discussed.

In principle, many dyes can be modified to become a PET pH indicator by attaching an amino
moiety to them (that comes down to covalent linkage of the receptor). Some examples that
can be found in the literature [56,57] are shown below. Indicator dyes based on PET will be
discussed in more detail in section 3.1.1.

OH

Figure 13: Structures of PET pH indicators presented in the literature, based on perylene (left,
[57]) and anthracene (right, [S6]) chromophores.

pH Indicators that undergo PPT (class B)

If PPT takes place (but no PET), the ES will be (de)protonated quickly hence only the emis-
sion of one form will be observed. In practice, that is mostly the basic form as most dyes that
undergo PPT are more acidic in the ES than in the GS. Only excitation spectra are pH de-
pendent, but not the emission spectra. The value of pK’ measured in fluorescence calibration
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can be very different to the pK, known from the GS since the protonizable group is part of
the excited chromophore [2]. Examples are shown below:

N303S

HO o O

NaO3S SO3Na

Figure 14: Structures of 7-hydroxy-4-methycoumarine, a.k.a. 4-methylumbelliferone (4-MU)
(left) and HPTS, trisodium salt (right), pH sensitive dyes that undergo PPT and have been
applied for pH sensing.

HPTS and its derivatives show good photostability and its pKa of 6.3 is suitable to sensing in
biotechnological samples. It has been applied for pH sensing in various materials [58,59].
Drawbacks are low excitation wavelength and high cross-sensitivity to ionic strength [54,60].
4-MU has been applied for intracellular pH sensing [61,62].

pH Indicators that undergo neither PET nor PPT (class C)

If neither PET nor PPT takes place, but acidic and basic form significantly differ in their spec-
tral properties, absorption and both fluorescence emission and excitation spectra of the pH
sensitive dye will be shifted depending on the pH. The fluorescence intensity observed can
either increase or decrease when pH is increased, depending on fluorescence QY of both
forms, excitation and observation wavelengths. Examples are fluorescein dyes, SNARF and
SNAFL.

Fluoresceins are xanthenes dyes of long tradition. They are subject to various protolysis and

lactonization equilibria, according to figure 15:

dianionic form

cationic form monoanionic form

!

lactone
colorless

Figure 15: pH dependent protolysis and lactonization equilibria of fluorescein. Numbering is
according to [40].
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Lactonization mostly affects the neutral form and is often favourable in organic solvents,
while it does not normally occur in aqueous solution at pH>5. The equilibrium between the
monoanionic and the dianionic form is most relevant to pH sensitivity, although there is some
sensitivity at lower pH too, corresponding to the other equilibria. The monoanion shows a
hypsochromic and hypochromic shift, together with significantly lower quantum yield (about
0.4) than the dication (>0.9). Emission from the dianion is predominant even at lower pH, but
emission is very weak in acidic aqueous solution [63]. In fluorescein derivatives ¢ is often
>70000M'cm™ and fluorescence QY is close to or higher than 0.9 for the basic form.
Esterification of the carboxy position prevents lactone formation and has been used for lipo-
philization. Chloro substituents have been attached to the chromophore to decrease pKa
which has been applied for NHj sensing [64]. Alkyl substituents, on the other hand, have been
shown to cause an increase [40,42]. Carbonyloxy derivatized fluoresceins show a pKja in-
creased to the physiological range, allowing intracellular pH sensing [65]. Coupling to other
(bio)molecules has been performed through the 5-position (5(6)-carboxyfluorescein, CBF and
fluorescein-5-isothiocyanate, FITC), with a wide field of applications [66]. 2°,7’-Substituents
usually have little impact on spectral properties while 4°,5’-substitution results in lower QY
[40,58].

SNARF (seminaphtorhodafluor) and SNAFL (seminaphtofluorescein) dyes are more long-
wave excitable pH indicators. They are structurally related to fluoresceins and rhodamines. In
SNAREF the basic form shows stronger fluorescence (Agmmax around 630nm), in SNAFL the
acidic one does (Aemmax around 540nm). Many dyes of these classes feature advantageously
higher Stokes shifts (50-90nm) than fluoresceins and pK, values in aqueous solution are often
found in the physiological range. Drawbacks lie in low fluorescence QY and more tedious
synthetic routes towards them [67].

Figure 16: Structues of typical SNARF-1 and SNAFL-1, as denominated by Whitaker et al. [67].

Referencing and Calibration

Indicators of the classes B and C allow sensitivity enhancement by proper selection of excita-
tion and observation wavelengths. That is not possible (and often not required, as sensitivity is
high anyway) with class A since the basic form is not spectrally shifted.

Dual wavelength referencing (2.2.3) is frequently employed in pH sensors. In this regard, pH
sensors exhibit the advantage that both acidic and basic forms are present at once. Hence one
of them can be used for intrinsic dual wavelength referencing and no additional dye has to be
used which simplifies sensor design [1,40]. That, as well, is not possible for class A, but ex-
trinsic dual wavelength referencing can be performed. Alternatively, DLR referencing (2.2.3)
can be carried out.
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Dual wavelength referencing can be carried out in three ways. In double-excitation referenc-
ing, both acidic and basic form can be excited in their maxima and emission is detected at a
single wavelength. That is possible for dye classes B and C and advantageously independent
on dye concentration [40]. On the other hand, double-emission referencing is only possible if
emission spectra are shifted (class C only). Double-excitation and double-emission referenc-
ing is also possible for class C. It yields higher intensities but is more complicated as it in-
volves four wavelengths, excitation and emission maxima of both forms.

For calibration, fitting to the following equation is universally applicable:

pH = pK, + log :—Hj Equation 34

I Measured fluorescence intensity as a function of pH
Iyp, Ig. Converging intensities at low/high pH

That corresponds to a sigmoidal curve with plateau intensities Iy and .
In case of ratiometric measurement, the fit is also sigmoidal, according to the following equa-
tion:

R-R I .

pH = pK, + log—2 + log 2% Equation 35
Rp_—R Ig—

R Fluorescence intensity ratio I,;/I,, measured at both excitation or at both emission wavelengths

selected, depending on the type of ratiometric measurement
Rug Ratio I,,/I,, when only the acidic form is present

R;i. Ratio 1,,/1,, when only the basic form is present
Isu Intensity I, when only the acidic form is present
I Intensity I,, when only the basic form is present

2.2.5 Luminescence Carbon Dioxide Sensors

The pH sensing concept can be extended to carbon dioxide sensing as CO, is an acidic mole-
cule that reacts with H,O under H -release. In a successful concept frequently applied [68,69],
the basic, anionic form of the indicator dye is entrapped as an ion pair with a quarternary al-
kylammonium cation - most frequently tetraoctylammonium, TOA" - in an ethylcellulose ma-
trix. TOA" stabilizes the charged species in a relatively hydrophobic environment. While H"
is excluded from the matrix, CO, can permeate it, causing protonation of the dye and hence
variations in the fluorescence signal. In that way, an essentially pH sensitive layer becomes
sensitive to gaseous CO, without suffering from pH cross-sensitivity thanks to appropriate
selection of matrix and filter. pK,’ of the pH indicator when incorporated into the matrix
should be situated between 7 and 9, depending on the analyte concentration range focussed.
The dynamic range of a CO, sensor is influenced by the indicator dye, the immobilization
matrix and the additive (TOA" or its tetrabutyl analogue TBA"). HPTS is an example for a pH
indicator that has been employed for CO; sensing [68].
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TOA*Ind~ + CO, + H,0 — HInd + TOAYHCO5~ Equation 36

Compared to the “Severinghaus™ concept [70], where a pH sensitive layer is soaked with bi-
carbonate buffer, this approach allows better response times and drift stability.

2.2.6 Luminescence Ammonia Sensors

pH indicators can also be adapted to sensing of NH3 which is a basic gas that reacts with water
under proton consumption. Similarly to the concept described in 2.2.5, the indicator is em-
bedded into a gas-permeable membrane and NHj is extracted from the aqueous sample into it.

NH; + HiInd —» NH} + Ind~ Equation 37

This equilibrium is affected by the protolysis of ammonia (pKx=9.24) and its distribution be-
tween the (usually aqueous) sample and the immobilization matrix. Because sensitivity is
governed by the equilibrium constant corresponding to equation 37, indicators with low pKa’
values promise the highest sensitivity. On the other hand, higher pKa values are desirable in
the higher concentration range since too high sensitivity disables indicator response there.
Examples for indicator dyes utilized are esters of 2°,7’-dichlorofluorescein (pKa=4.8) and
eosin (pKx=3.8). Cellulose esters have been used as immobilization matrices [64,71].

2.2.7 Luminesence Ion Sensors

Ion sensing is a complex investigative field with a wide variety of applications. Here, only
some of the most important concepts will be briefly discussed, with special interest to the ap-
plication of pH indicators.

Fluorophores carrying chelating/complexing receptors are called fluoroionophores. They can
exhibit ion sensitivity owing to variations in luminescence properties over several mecha-
nisms. Some of them are described in the following. If the receptor is properly chosen, high
selectivity is possible. Receptors are mostly covalently attached to the fluorophore (with or
without a spacer) and can be crowns, cryptands, calixarenes, chelators etc.

Many cation indicators based on PET and employing complexing receptors have been devel-
oped. That will be discussed in 3.1.1. Another class of indicators takes advantage of PCT
(photoinduced charge transfer, 2.1.8) effects in push-pull chromphores. As with PET indica-
tors, complexing receptors are employed. Often, the electron-donating group is placed near or
integrated into them. The electrostatic influence of the cation has a strong influence on the
dipole moments in GS and ES and provokes a hypochromic and hypsochromic spectral shift.
On the other hand, if the cation is entrapped near the electron-acceptor, a bathochromic shift
can be expected. Some concepts that have been presented are Ca*"-sensitive stilbene deriva-
tives with crown receptors [72] and coumarine dyes linked to crown receptors [73]. Fluores-
cence QY and lifetimes may also be affected in different ways. Fluorescence may be strongly
quenched [74] or enhanced [75] upon cation binding. That can, but does not necessarily have
to be related to electrostatic effects.
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Another approach towards cation sensing includes co-immobilization of a deprotonizable pH
indicator and an ionophore into a hydrophobic PVC matrix. When the target cation is ex-
tracted into the matrix and bound to the ionophore, the indicator is deprotonated for charge
balance reasons. An example employing absorption transduction can be found in [76].

Anion sensors based on dynamic luminescence quenching by halogenide anions have been
designed [77]. Other approaches employ anion complexing receptors (ionophores). The ani-
onic, basic form of a lipophilic pH indicator is bound to a lipophilic, cationic or neutral iono-
phore and both are immobilized in a hydrophobic matrix. When an anion migrates into the
matrix, forming an ion pair with the ionophore, H' is co-extracted and binds to the indicator
[78]. The pH indicator is not required if the ionophore itself is luminescent and sensitive to
the anion. This principle can be applied to other anions than halogenides too.

2.2.8 Luminescence Oxygen Sensors

Molecular oxygen is by far the most common dynamic quencher. That is mainly because its
GS is of triplet multiplicity and relatively high transition energies AE can be passed to oxy-
gen, creating excited singlet oxygen. Dynamic quenching can be caused by any species that
features triplet GS, but those are rare. The most important ones apart from oxygen are SO,
and nitrous oxides such as NO and NO,. This fact, of course, naturally decreases the number
of possible cross-sensitivities and makes is easier to design a selective oxygen optrode.
According to the Stern-Volmer equation (equations 14,15, section 2.1.6), quenching effi-
ciency increases with the ES lifetime (1) of a luminophore. As a consequence, phosphorescent
dyes offer suitable sensitivities. t is in the ps or ms range for them, compared to ns lifetimes
of fluorescent dyes. They also allow measuring luminescence decay time (2.1.9). In practice,
phosphorescent oxygen indicators are embedded into (usually hydrophobic) matrices. Sensi-
tivity depends on both 1 of the indicator and oxygen permeability of the matrix. The latter is
affected by oxygen solubility and its diffusion coefficient. Sensitivity of a sensor can be ad-
justed over t of the indicator and over the matrix in order to match the desired range of oxy-
gen concentration.

Oxygen indicator dyes are almost exclusively heavy metal complexes with ligands capable of
luminescence which are phosphorescent due to spin-orbit coupling (2.1.5). One of the first
dyes investigated was tris(4,7-diphenyl- 1,10-phenanthroline)ruthenium(II), [Ru(Phyphen)]*"
[79]. Nowadays, probably the most common dye class are complexes of Pd(II) or Pt(II) with
porphyrin derivatives [3,4,41,80]. Those are long-wave excitable and derivatives with differ-
ent Amax and T can be prepared for different applications, to state only a few features of this
interesting dye class. Cyclometallated Ir(Ill)-coumarin complexes presented recently are men-
tionable due to their high brightness [81].

The Stern-Volmer model is based upon the simplification that all dye molecules are equally
accessible to dynamic quenching. That may be a good approximation for dilute solutions, but
if the indicator is immobilized, quenching is affected by the structure of the solid, bulk-
surface interactions etc. Therefore, for dynamic quenching in sensors, a downward curvature
of the Stern-Volmer calibration plot is frequently observed because there is a distribution of
Kgy deriving from micro-heterogeneity of the matrix. A model that pays attention to variable
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quenching accessibility was proposed by Carraway et al. [82]. It is assumed that two different
dyes are present:

=2 = : Equation 38

T 71 N -1 quation
1+[02]Kgy1  1+[02]1Kgy2

T Luminescence lifetime as a function of oxygen concentration (s)

Ty Luminescence lifetime in the absence of oxygen (s)

[0,]  Oxygen concentration (M) or partial pressure (mbar)
Ksyi» Stern-Volmer constants of both dyes present according to the model (M or mbar™)
f, Relative fraction of one dye, according to the model

2.3 Magentic Optical Sensor Particles (MOSePs)

The most common sensor design principles are sensitive layers and fibre optical sensors. Al-
though such sensors feature good versatility and robustness, they are subject to limitations in
some applications which arise above all from their dimensions. Those include poor applicabil-
ity in microfluidic systems, in microscopy or for intracellular sensing. Monitoring of fast
processes (enzymatic reactions etc.) becomes impossible if response time is too long due to
diffusion limitation. Dissolved indicators do not suffer from such limitations, but they often
possess low sensitivity and selectivity and are restricted to dyes soluble in the sensing media
(mostly water). Also, cross-sensitivities and unspecific interactions are more critical because
of the absence of a filter component. Toxicity is problematic in physiological applications.
Optical nano-sensors offer the possibility of combining the advantages of sensors and dis-
solved indicators, employing a nano-sized immobilization matrix. They are equally flexible to
dissolved indicators [83] but still provide a protective layer. Although miniaturization of fibre
optic sensors is possible, such miniaturized systems are often expensive and difficult to han-
dle. On the other hand, nano-particles have attracted increasing interest within the recent
years.

Some remarkable work was done by Kopelman et al. [84-86]. So-called PEBBLEs (probes
encapsulated by biologically localized embedding) were shown to be genuine sensors, i.e. the
sensitive component is embedded into an immobilization matrix and thus fully separated from
its environment. Their size is negligible compared to a living cell. Acrylamide-based PEB-
BLEs designed for intracellular sensing of oxygen, pH and Ca®" [85] were presented and sev-
eral methods for delivery into the cell were proposed [84]. The concept was extended to
include other hydrophilic polymer matrices and analytes [86,87].

By now, a large number of novel sensing concepts based on particles have been presented.
Some important examples are functionalized gold nano-particles [88], sensors based on quan-
tum dots [89] and multifunctional core-shell systems [90]. While for some applications (intra-
cellular etc.), only nano-particles are useful, others do not require such a high degree of
miniaturization and micro-particles can be applied with equal success. Those are more easily
collected by sedimentation or magnetic separation (see below). Different synthetic routes are
available towards differently sized particles.
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In practice, macroscopic sensing devices are often too bulky and expensive for (bio)process
monitoring, screening applications and microfluidic or high-throughput systems. Sensor spots
with external readout are more convenient, but they have to be pre-immobilized in a defined
position and their replacement is usually cumbersome. Nano- and micro-particles can help to
provide novel strategies in sensor design. Magnetic optical sensor particles (MOSePs) are
particularly interesting in this regard because they are easy to control and manipulate over an
external magnetic field. By magnetic collection, they can be moved externally and the sensor
does not need to be geometrically designed in advance. Senor spot formation can be carried
out at any time and non-invasively (in-situ spot formation). MOSePs can also form a spot in
almost any place, are introduced as easily as dissolved indicators, removed by magnetic sepa-
ration and recycled. An external collection system integrating an optical fibre for data readout
has been presented recently [91]. Especially in medical applications, MOSePs could be suit-
able to several future applications owing to their remote controllability. Examples are drug
targeting or photodynamic therapy.

2.4  Polymerization

This chapter is based on references [92,93]. Other references will be cited independently.
Polymer chemistry is a very extensive investigative field, and only the aspects of mayor rele-
vance to this thesis will be briefly outlined in this section.

According to [UPAC’s definition (1996), a polymer molecule is “A molecule of high relative
molecular mass, the structure of which essentially comprises the multiple repetition of units
derived, actually or conceptually, from molecules of low relative molecular mass* [94]. It is
often associated with the consecutive, uniform iteration of a certain chemical reaction (poly-
reaction, polymerization) between monomer units.

Radical poly-addition of C=C double bonds is the only polymerization reaction of great inter-
est to this work, although many other reaction types (cationic, anionic, condensation, metathe-
sis polymerization) or functional groups can undergo polymerization as well. Many
monomers of common importance can be classified as derivates of ethylene. This includes
acrylates, which are derivatives of acrylic acid or 2-methylacrylic acid. Most acrylates readily
undergo radical polymerization.

Homopolymerization of one monomer is distinguished from copolymerization whereupon
various different monomers are polymerized to form a polymer that consists of different sub-
units. Polymers formed by polymerization of monofunctional monomers are mostly linear or
somewhat branched, while copolymerization with a di- or polyfunctional monomer yields
more or less cross-linked polymers, depending on the cross-linker ratio. Cross-linked poly-
mers are known to become increasingly insoluble in any solvent as the degree of cross-inking
increases. Moderately cross-linked ones may be swellable, while highly cross-linked ones are
not even capable of swelling.
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2.4.1 Course of a Radical Chain Polymerization

A radical polymerization is started by the generation of radicals. Most frequently, chemical
initiators are added. They are thermally decayed to form radicals (initiation reaction) so that
polymerization is started by heat. o, a'-azoisobutyronitrile, AIBN, is often used in organic sol-
vents, while K;,S,0s is useful for aqueous systems. The initiator radical adds to a C=C double
bond to form a monomer radical. That radical can add to other C=C units so that a radical
chain reaction is initiated (propagation reaction). The propagation reaction is in concurrence
to termination reactions with other polymer radicals, initiator or solvent radicals. Reactions
with other polymer radicals include radical recombination, by which the molecular weight of
the chain formed is doubled, and disproportion, where molecular weight remains constant.
Chain transfer reactions, upon which the radical functionality is transferred to another species
(solvent, another polymer chain or another part of the growing polymer chain itself), are also
possible. The molecular weight of the polymer obtained depends on the probability of chain
transfer and termination reactions. Therefore it will be higher if polymerization is carried out
in a solvent that hardly undergoes chain transfer reactions. On the other hand, substances that
easily form radicals (like thiols, RSH) can be added to keep the polymer chain short. Also,
low initiator concentration leads to longer polymer chains. Because O, quickly destroys radi-
cals oxidatively, radical polymerizations have to be carried out in deoxygenated systems.
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Figure 17: Simplified outline of the course of a radical chain polymerization.

Polymerization velocity in terms of polymerization rate rp can be expressed by:

a[m] ( 7 )1/ 2 .
rp = ——— = kp|M](— Equation 39
P at p[M] 2k q
Ip Rate constant of polymerization (Ms™)
[M]  Monomer concentration (M)
t Time (s)
kp Rate constant for propagation
I Rate of initiation reaction
kr Rate constant for termination
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Because the initiation reaction is usually monomolecular, one consequence of equation 39 is
that polymerization rate will increase with the square root of initiator concentration.

2.4.2 Polymerization Media

Polymerization can be carried out in solution, in substance, in suspension or in emulsion. Po-
lymerization in solution is simple, but the molecular weight obtained is limited by chain-
transfer reactions involving the solvent. If the polymer is insoluble, precipitation polymeriza-
tion is present. On the other hand, polymerization in substance can yield higher molecular
weight, but problems may arise from increasing viscosity at high conversions, as monomers
are immobilized. That limits polymerization yield and causes monomer impurities. Moreover,
the reaction heat is hard to be dissipated. Suspension polymerization takes place in monomer
droplets stabilized by colloids (CaSO4, BaSO;4 etc.). In emulsion polymerization, smaller
droplets (1-100pum, compared to 50-500pum for suspension polymerization) are stabilized by a
surfactant such as sodium dodecyl sulfate. In both suspension and emulsion polymerization,
water is most frequently employed as the continuous phase. Hydrophilic monomers can also
be dispersed - with or without being dissolved in water - in a hydrophobic organic solvent
(“inverse” or “water in oil” suspension/emulsion polymerization).

2.4.3 Copolymerization

When a mixture of monomers is polymerized, the composition of the resulting copolymer is
determined by polymerization kinetics. Kinetics cannot be compared to those of each mono-
mer alone (homopolymerization), but every copolymerization system has its own kinetics. In
the simplest case, copolymerization involves two monomers M; and M,. Then, four propaga-
tion reactions of the polymer chain P are possible:

Ry P-M; +M; — P-M;-M; with the rate constant k;; Equation 40a
Ry P-M; +M; — P-M;-M, with the rate constant k;» Equation 40b
Rii: P-My + M — P-M»-M; with the rate constant ky; Equation 40c
Ry P-My + M; — P-M»-M, with the rate constant kj, Equation 40d

The following monomer reactivity ratios are then of great importance:

= kqi1/k1> Equation 41a
1‘2 = kzz/k21 Equatlon 41b

r; and r; quantify the probability that a polymeric chain terminated by a monomer M; or M,
will react with a like monomer, rather than with an unlike one.

If one supposes that k;»=k,; (both cross reactions are equally probable), the ratio of the rates
at which both monomers enter the copolymer, which is equal to the relative composition of
the polymer, is:
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d[My] _ [M{](r{[M ]+[M;])

= Equation 42
diM;] M) (r My 1+ (M1 D) a
d[M,;]/d[M;] Relative composition of the polymer formed
[M], [M5] Concentrations of the monomers M, and M, (M)
I, I Monomer reactivity ratios of M; and M,
or equivalently:

2

F, = zrlf1 il 2 Equation 43

rifi+2f1fo2+1203
Where f] and f, are the relative ratios of M; and M, in the reaction mixture:

[M] .
=1-f,=1-¢& = ——— Equation 44

fi f2 1 [My]+[M,] q
F, Ratio of M; in the polymer formed
fiz Relative ratios of M; and M, in the reaction mixture

& Conversion in M;

Equation 42 and 43 also indicate the composition of a polymer formed in a continuous reactor
if monomer concentrations are kept constant at all time. In a batch reactor, polymer composi-
tion depends on conversion since the reaction mixture will enrich in the component consumed
more slowly. The evolution of polymer composition with conversion is then of great interest.
Integration of monomer balance equations yields the following relation:

o 1 1-7r113
6 —1_ fi ]1—r2 2 ]1—r1 (Fo—((1-12)/(2=11—13)) |a-rDC-12) Equation 45
(f1)o (2o fi-((1-12)/(2-11-13))
& Overall conversion
fiz Relative ratios of M; and M, in the reaction mixture

(fiz)o Initial relative ratios of M; and M, in the reaction mixture (when £=0)
r;, r»  Monomer reactivity ratios of M; and M,

Semiquantitatively, it can be stated that the polymer formed under batch conditions will be
richer in M, than the feed at low conversions if r;>1; and vice versa. At higher conversions,
the reactor will enrich in M; and so will the polymer formed then.

The parameters k; and k,, and consequently, the polymer composition calculated from them,
are normally more or less independent on the composition of the environment (concentration
of species like solvent, initiator, etc.). Parameters taken from the literature can thus be used to
estimate the composition of many copolymers. However, stronger deviations might occur if,
for instance, polymerization is carried out in dispersion since kinetics depend on the distribu-
tion of the monomers between the continuous and the disperse phase. If r-values are un-
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known, they can be determined in accordance with equation 43 by investigating the
tion of copolymers formed in a batch reactor at low conversion.
Depending on the values of r; and r,, several copolymerization systems can be distinguished:

Ideal Copolymerization (rir;=1)

In this case, the relative probability of chain propagation with M, is always the same, regard-
less of which monomer is at the end of the growing polymer chain (ideal behaviour). If r; =1
= 1, the copolymerization is perfectly statistic. If r; > 1 and r, < 1, the ratio of M, in the poly-
mer is smaller than the one in the monomer mixture. A polymer rich in M, can only be ob-
tained with a large excess. If r; > r, (extreme ideal behaviour) it might even be difficult to
insert M; into the polymer at all. Copolymerization behaviour is often visualized in copoly-
merization diagrams where the composition of the polymer is correlated to the one of the
monomer mixture it is prepared from:

Fraction of Momomer 1in the polymer formed, F;

0.0

T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Fraction of momomer 1in feed, f1

Figure 18: Copolymerization diagram for ideal copolymerizations (r;r, = 1). The polymer is
richer in M, than the monomer mixture (feed) if r;>r, and vice versa.

In batch polymerization, where f; depends on conversion, diagrams of this type only indicate
the composition of the polymer initially formed. Time-dependent behaviour of batch polym-
erizations can be predicted employing equation 45. An example is shown in 3.3.2.1.

Alternating Copolymerization (r;, r; < 1, rir,~ 0)

This involves a tendency towards an alternating monomer sequence, such as
M M,;M M;M M,.... Alternation becomes the stricter the smaller r-values are. If r; = 0, M,
might even be impossible to homo-polymerize. If r; = r, = 0 (extreme alternating behviour),
chain propagation is strictly alternating, while short blocks can be formed if r; # 0 and/or r;, #
0 (moderate alternating behviour). An example for this behaviour is the polymerization of
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styrene and maleic anhydride (MA) to yield PSMA. In that case, r; is close to 0 (for MA =
M,) and it is very difficult to obtain a polymer richer in MA than 50%.

1.0

0.8 1

0.6 1

0.4+

0.2 =
rl—rz—l

Fraction of momomer 1in the polymer formed, F;

0.0

T T T T T T T T T T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
Fraction of momomer 1in feed, f; Fraction of momomer lin feed, f;

Figure 19: Copolymerization diagram for alternating copolymerizations (r;, r, < 1, rir; ~ 0)
where r; = 0.5 (left) and r; = r; (right). It is shown that those systems tend to an alternating
monomer sequence and thus stick to the line F;=F,=0.5 which corresponds to a strictly al-
ternating sequence, above all when and r; and/or r, become very small.

An interesting situation is available in the intersection of any plot in figure 19 with the curve
r; =1, = 1. Then, the composition of the polymer formed is equal to the monomer ratio present
in the reaction mixture, and in a batch reactor, polymer composition is independent on con-
version. This is called azeotropic copolymerization.

Block Copolymerization Case 1 (r; > 1> rybut riry # 1)

This entails the formation of a polymer rich in M;. In batch systems, the M; ratio in the poly-
mer will increase towards the end of polymerization. In extreme cases, a block-copolymer of
M; is formed and another one of M; is attached to it once all M; has been consumed (though
in practice, the M, copolymer might not be formed if ky, is very low). These systems are in
principle adequate for the synthesis of block copolymers with two blocks, but they are not
found very frequently.

Block Copolymerization case 2 (r;, r; > 1)

For this situation, which is actually rare, a sequence of homopolymer blocks within the poly-
mer chain is typical, such as M{M;MM,M>M>M M M. Blocks become longer as r; and r;
become higher and if both are very high, a mixture of homopolymerized macromolecules or a
polymer with two blocks (case 1) will be formed.

Experimental data with ideal and alternating copolymerization diagrams have been published
by Mayo and Walling [95].
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If more than two monomers are involved, copolymerization obeys the same principles, but its
mathematical treatment is more complicated. As a conclusion, it should be emphasized that
not all monomers can be copolymerized and copolymer composition can vary considerably
depending on relative reactivity ratios of the system and conversion of a batch reactor. Kinetic
data from the literature cannot perfectly predict the behaviour of a “real” system, but it helps
to estimate possible trends and results.

2.4.4 Miniemulsion and Microemulsion Polymerization

Dispersion polymerization can yield polymeric particles the size distribution of which is de-
termined by (but not necessarily equal to) the one of the dispersed droplets in polymerization.
Emulsion polymerization has been shown to be valuable for the preparation of fluorescent
nansensors [84].

While common emulsion polymerization yields micro-particles, nano-sized polymer particles
can be obtained by means of miniemulsion polymerization. Monomer droplets of such small
size (30-200nm when ionic surfactants are used) are created by high shear which in laboratory
scale processes is usually performed employing an ultrasonic unit. In that way a miniemulsion
is prepared from a continuous and a disperse component together with a surfactant, such as
sodium dodecyl sulfate (SDS). The continuous phase is water, or a highly hydrophobic or-
ganic solvent in the case of inverse miniemulsion. Once the miniemulsion has been prepared,
it can be used to perform polymerization within the nano-droplets so that polymerization di-
rectly yields nano-particles, but also to prepare particles from a bulk polymer solution.
Microemulsion requires higher surfactant concentrations (in the range of 5-10%) and the em-
ployment of a co-surfactant of lower molecular weight, for example SDS with PeOH as co-
surfactant. Microemulsion in principle can be used for the same purposes as miniemulsion
without requiring any shear, but practical realization can be difficult.

2.4.5 Hydrogels

Hydrogel is a general term for hydrophilic, but water-insoluble polymers. They are swellable
with water and can take up as much as 90% of it, but cross-linking prevents them from being
dissolved. Synthetic hydrogels are based on poly(meth)acrylic acid, poly(meth)acrylamide,
polyvinylpyrrolidone, polyurethanes or polyvinyl alcohol. Cross-linked polyacrylates are use-
ful in bioscience (gels for electrophoresis). Hydrogels have been used as hydrophilic immobi-
lization matrices in luminescence pH sensors [40,53,96].

2.5 Dynamic Light Scattering (DLS)

Size and size distribution of nano-particles and macromolecules in suspension, emulsion and
solution can be studied by DLS. Essentially, the velocity of the Brownian motion is measured
and correlated to particle size. That random, diffusive motion is caused by collisions of the
particle with solvent molecules. As its velocity also depends on temperature and viscosity of
the media, they need to be known and kept constant.
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kT
d= — Equation 46
3nmnD

d Hydrodynamic diameter of the object to be measured (m)

n Dynamic viscosity of the media (kgm™'s™)

D Translational diffusion coefficient of the object to be measured (m’s™)
k Boltzmann constant (1,38065*107> JK™)

T Temperature (K)

DLS is an indirect method providing information about the hydrodynamic radius of a particle
which can be associated with the diameter of a sphere that would diffuse at the same speed as
the particle to be measured. The hydrodynamic radius of a particle is not only affected by its
total volume but also by its shape, surface properties and by the surrounding medium.

Light emitted by a He/Ne-Laser is scattered by the particles in the sample. The measured in-
tensity depends on the observation angle as scattering on various objects can result in con-
structive or destructive interference, depending on size and position of scattering objects.
Because of the Brownian motion, intensity will also change over time and the rate of intensity
change will depend on diffusion rate of the particles.

Time dependence of the measured intensity is converted into a correlation function G(t) by a
digital correlator, a device which automatically evaluates intensity data. G(t) compares two
points in time with a delay time 7, yielding a value of 1 when both signals are identical and 0
when there is absolutely no relation between them. When t increases, the measured intensities
become less similar until there is no similarity left and the relative intensities have become
totally random. This corresponds to a decrease in the value of G(t). The bigger the measured
particles are, the longer will be the time t at which the similarity between two compared sig-
nals begins to decrease. On the other hand, the more monodisperse the sample is, the steeper
is the decrease in G(t). Consequently, information about both average size and size distribu-
tion are available from the correlation function.

An example for a correlation function is:

G(t) = A[1 + Be "] Equation47a
where
2
4 . 6 .
r=>»D <Lnsm (—)) Equation47b
o 2
A Baseline of the correlation function
B Intercept of the correlation function
T Time between two measurement points compared (s)
D Translational diffusion coefficient of the object to be measured (m’s™)
n Refractive index of the dispersant

Ao Wavelength emitted by the light source (m)
0 Scattering angle
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Equation 47 is valid for perfectly monodisperse samples; the correlation function for polydis-
perse samples can be calculated as follows:

G(t) = A[1 + B[g(1)]?] Equation48
where g(t) is the sum of the individual correlation functions for all particle sizes involved.
Determination of Particle Size Distribution

A typical correlation function is shown below:
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Figure 20: Typical correlation function in DLS, taken from [97].

The diffusion coefficient D is then calculated by approximation of the correlation function
and leads to the particle diameter d, according to equation 46. Intensity distribution over time
has now been converted to intensity distribution over particle diameter. Such a distribution is
illustrated in figures 74 and 76. Polydispersity indices (PDIs) are calculated over a linear ap-
proximation of the inflection area and will increase as the slope of the obtained line decreases.

Determination of Zeta Potential

Particles in suspension usually develop a certain surface charge, either due to the presence of
charged functional groups or by adsorption of charged species. As a result, an electrical dou-
ble layer with opposite charge is formed. The charge density of that layer will decrease from
the particle surface to the bulk of the dispersant until its potential is equal to the one of bulk.
The zeta potential is the potential at the slipping plane, the spherical layer that separates fluid
attached to the surface from freely mobile fluid. This is visualized below:
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Figure 21: Schematic illustration of the zeta potential, taken from [97].

A high zeta potential correlates to a high surface charge of the same sign. That also implies
high aggregation stability since particles of high, equal charge will repulse each other. Zeta
potential can be measured by DLS, correlating it to the migration rate in an electric field. In
practice, that is performed by placing a sample into a cuvette equipped with electric poles and
applying AC voltage. The zeta potential of the particles is proportional to their migration rate.
The latter can be determined by means of the so-called laser Doppler anemometry technique.
An incident beam of laser light is subject to a phase shift which is measured and correlated to
particle migration rate using Smoluchowski or Huckel theory.
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3 Practical Part

3.1 Introduction

Aim of this thesis is the preparation new pH indicator dyes with the following properties:

e Feature pH sensitivity through PET effect, which is to be accomplished by introducing
an amino moiety into a fluorescent molecule. That molecule should preferably not be
intrinsically pH sensitive as various protonation steps complicate calibration.

e Long-wave excitation and emission.

e Contain a functionality through which covalent coupling can be accomplished (like.
COOH, NH; etc.), or alternatively, be sufficiently lipophilic for the preparation of
leaching-free sensors by physical entrapment.

Although the presence of the PET quenching mechanism is not necessarily a prerequisite to
all approaches focussed in this work, the goal is here to prepare novel pH indicators based on
chromophores that have not been extensively applied for pH sensing (like those shown in
classes B and C, section 2.2.4) but feature advantages over pH indicators already well-known.
Obviously, PET is a very promising route towards that because it offers modularity (3.1.1).
Figure 22 below visualizes how an indicator dye can be designed, assembling different mod-
ules.
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Figure 22: Schematic visualization of how a novel pH indicator is designed and its properties
are tuned by assembling different, selected modules
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Of course, the indicators should also match the requirements to indicator dyes stated in 2.2.2
and 2.2.4, most importantly good brightness, (photo)stability and an appropriate pK4 in solu-
tion or a matrix useful for pH sensing. For the preparation of pH sensors, physical entrapment
in polyurethane-based hydrogel matrices has been chosen as a straightforward concept. Sec-
ondly, covalent coupling to magnetic optical sensor particles is tackled. For that, dyes are
planned to be functionalized with a carboxy group for coupling. Magnetic particles are amino-
functionalized by covering them with a cross-linked acrylate shell including a monomer car-
rying amino groups. Coupling is performed with EDC/sulfo-NHS, a system established for
coupling of biomolecules [66]. This process explained in more detail in 3.1.5.

3.1.1 PET-based Fluorescence Indicators

Electron transfer involving excited fluorophores has already been reported by A.Weller in the
1960s [98], there also considering association between the products of equation 16 or 17
(2.1.6). Such an exciplex formation results in bathochromic emission shifts of aromatic hy-
drocarbons and is observed in particular in apolar solvents.

The thermodynamic driving force is for reductive PET (without exciplex formation):

2

AGy psr = E(D/D*) — E(A™/A) — AE(A) — j—‘; Equation 49
AGqpeT Free enthalpy of PET (eV)
E(D/D") Oxidation potential of the donor (eV)
E(A7A) Reduction potential of the acceptor (eV)
AE(A) Singlet excitation energy of the acceptor (in oxidative PET, for the donor) (eV)
€0 Elementary charge (1.602176*107"°C)

Dielectric constant of the surrounding media
a Encounter distance of D and A radicals for pair formation (m)

The latter term is called ion pairing energy.
Many systems have been reported in the literature of reductive PET being exploited for the
design of sensitive fluorophores where the donor is an amino moiety and its oxidation poten-
tial is extensively changed upon binding of protons or metal cations. In such systems, the
amino function acts as receptor, while the fluorophore makes up the transducer. In this case,
Weller’s equation can be written as follows:

AGoper = Eoxrec = Ereapiu — BEgxcriu — Eip Equation 50
AGqper Free enthalpy of the PET process (eV)

Eox rec Oxidation potential of the receptor (eV)

ERedFiu Reduction potential of the fluorophore (eV)

AEEgcFiy Singlet excitation energy of the fluorophore (eV)

Ep Ion pairing energy (eV)
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PET is of superior or comparable rate to fluorescence if AGqpgr 1s exergonic or slightly en-
dergonic [2]. Often, it is so exergonic that fluorescence is, in the absence of the analyte, al-
most completely quenched by it. In some cases, PET does not occur due to kinetic barriers
[99,100]. Quenching over PET is prevented when the receptor has been protonated or associ-
ated with a cation, as electron density is dramatically reduced. As a result, fluorescence is
switched “on” in the presence of the analyte, while it is frequently completely switched “oft”
in its absence. That allows the design of highly sensitive sensors and molecular switches
[101].

As also stated in section 2.2.4, PET essentially constitutes a quenching mechanism, decreas-
ing fluorescence QY but leaving all other spectral properties unaltered. However, in many
practical systems with a short or no spacer absorption spectra are somewhat shifted because of
electrostatic interactions between the positively charged protonated or associated receptor and
the chromophore. That shift is in general much smaller than those observed with integrated
receptors (non-PET pH indicators, classes B and C, section 2.2.4).

Equation 50 shows that PET efficiency will increase with reducibility and excitation energy of
the chromophore (thus short-wave excitable, electron-poor ones being more accessible to it),
with oxidability of the amino component (electron-rich, highly basic amines favouring it the
most) and with solvent polarity. As a result of the latter, cross-sensitivity to environment po-
larity can occur in PET sensors, and in some systems, PET may only occur in polar media.
This effect is a drawback in some applications, though it has been taken advantage of for po-
larity sensing [102,103].

Receptor and transducer are often covalently connected by a spacer, but PET systems without
any spacer (integrated systems [104] or non-conjugated, orthogonal systems connected by a
virtual Cy spacer [105,106]) as well as non-covalently connected ones [107] can also be found
in the literature. Aliphatic amines are the most common receptors, but aromatic ones and car-
boxylate groups have as well been employed. Introduction of different receptors allows tuning
of the pK, value and systems already investigated cover a broad pH range. The design of re-
verse PET systems, where an electron is passed from the fluorphore to the receptor, has also
been investigated [2].

A mayor advantage of PET sensing systems lies in the fact that they are composed of various
elements that can be assembled in many ways and thus considered modules [39] (figure 22).
The most basic modules are fluorophore and receptor which can be varied to select spectral
properties, and affinity to the analyte, respectively. More complex signalling devices can be
designed by assembling a larger number of modules [102]. For pH sensing, affinity to the
analyte is essentially given by the pK, value. Consequently, by adequate selection of the re-
ceptor, dyes with selected spectral properties can be adapted to various applications that re-
quire different pK,4 and used in various sensing materials, bouncing off effects the matrix may
have on pKa. The possibility of independently combining different features is not possible
with dyes of integrated character. Not every combination of modules will yield a sensitive
dye, but a prior estimation if PET is favourable can be based on Weller’s equation, provided
that redox potentials of fluorophore and receptor or of adequate models for those are known.
PET pH sensors have been designed, for instance, with anthracene [56], naphtalene, perylene
[57], and diaryl pyrazoline [108] fluorophores. In most cases, aliphatic or aromatic amines are
covalently connected via a short spacer. Most of the dyes mentioned, however, exhibit low
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excitation wavelengths and poor to moderate brightness, mostly due to relatively low absorp-
tion coefficients. Sensing performance could be significantly improved by introducing more
intensely and more long-waved absorbing and emitting dyes.

For ion sensing, additional interest has to be taken in the receptor and its affinity to the par-
ticular analyte. PET cation sensors can be based on the same principle as PET pH sensors,
using chelating receptors which simultaneously act as PET electron donors. Once the cation
has been bound, its electron-withdrawing effect makes PET unfavourble and fluorescence is
enhanced. PET cation receptors have been designed, for instance, with receptors based on
coronands (e.g. amine coronands bound to fluoresceine for Zn>"-recognition [109]), cryptands
(an example for K recognition by a cryptand very closely bound to a coumarine fluorophore
was presented by Golchini et al. [110]) and calixarenes (Na' sensing with a calixarene-
derivatized pyrene, [111]). Bound to anthracene chromophores, coronand receptors have also
been employed for sensing Na” with negligible cross-sensitivity to protons [112]. Ca*" sens-
ing by attaching a previously established receptor [113] to various chromophores has been
reported, achieving excellent sensitivity. In that case, the electron-withdrawing effect induced
upon analyte binding to the receptor is accompanied by a conformational change which fur-
ther elevates the reduction potential of the receptor, enhancing sensitivity [114]. A different
PET mechanism, involving electron transfer between the fluorophore and the metal cation,
has been employed for recognition of transition metal ions. The receptor is then only required
for complexation but not for electron release. An example is Ni*" and Cu®"-recognition with a
chelating receptor bound to anthracene [115].

PET cation receptors can also involve excimer formation [116] and energy transfer.

3.1.2 Rhodamine Dyes

Rhodamines are xanthenes dyes represented by the structure shown in figure 24. They usually
exhibit high absorption coefficients € of around 100000M'cm™ and fluorescence QY ®f are
close to unity for various derivatives. That implies rather bright emission, and consequently,
high sensitivity can be accomplished with PET functionalities when fluorescence is com-
pletely extinguished in basic media. Absorption maxima range from 500 to 580nm and Stokes
shifts are small (around 20-30nm) [117,118].
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Figure 23: Absorption and fluorescence emission spectra of rhodamine 6G, representatively for
rhodamine dyes.

Due to the spectral properties mentioned, together with generally good photostability, rhoda-
mines have been utilized as laser dyes [119], fluorescence standards [120], for fluorescence
microscopy, imaging of single molecules [121], fluorescent labelling and measurement inside
living cells [122] or in energy transfer (FRET) systems [5], to state only a few applications.
Rhodamines are subject to the following equilibria:

Acidic Form Basic Form Lactone
Intensely colored, fluorescent Intensely colored, fluorescent colorless

Figure 24: Protolysis and lactonization equilbria of rhodamines, demonstrated with rhodamine
B. Numbering is according to [118].

The protolysis equilibrium has little effect on spectral properties, though the QY of acidic and
basic form usually differ a little [118]. As a consequence, rhodamines show, in contrast to
fluoresceines, no (or very poor) intrinsic pH sensitivity. Lactonization is an issue with rhoda-
mine dyes. It is a fast and reversible reaction, often favourable in apolar, aprotic environments
and provokes almost complete disappearance of fluorescence emission.

Some commercially available and frequently used rhodamine dyes are shown below:
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Rhodamine B Rhodamine 110

Rhodamine 101 .
Sulforhodamine B

Figure 25: Structures of some commercially available rhodamines.

Rhodamine B and rhodamine 6G are available at low cost. Modification of the xanthenes ni-
trogen atoms can have a big impact on spectral properties. Alkylation of amino functions
causes a bathochromic shift. Absorption maxima are 545nm for rhodamine B, 528nm for rho-
damine 6G and 497nm for rhodamine 110 in MeOH [117]. ®f is decreased particularly by
long-chained substituents, unless the alkyl groups are rigidised. For instance, ®f is 0.98 for
rhodamine 101 in basic EtOH but only 0.70 for rhodamine B [118]. On the other hand, modi-
fications in the 4’ or 5’ position affect spectral properties little and are thus ideal for coupling
to biomolecules etc. Apart from vibrational quenching (IC), a non-fluorescent TICT (2.1.8)
excited state is assumed to play a role in non-radiative deactivation [118,123].
Sulforhodamine B is an example for sulforhodamines, a dye class that differ from “conven-
tional” rhodamines only by 2’,4’-disulfate instead of 2’-carboxy substitution. They feature
much better solubility in water, exhibiting similar spectral properties with slightly higher ab-
sorption and emission wavelengths than comparable rhodamines.

Rhodamines are most frequently prepared as follows:

OH (o] COOH

e}
OH H+
2 + QO —
Ry
\ N
N (e}
R R,

R2

Scheme 1: The most common synthetic pathway towards rhodamines, condensation of a m-
aminophenol and a phtalic anhydride derivative in the presence of an acidic catalyst. The
intermediate shown is irreversibly formed, but it can be recuperated from the final product
under strongly basic conditions.

A traditionally employed catalyst for this reaction is ZnCl,. Nevertheless, in this work
MeSOsH is used which has been successfully employed in corresponding fluorescein synthe-
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sis [124,125]. Alternatively to scheme 1, the m-aminophenol can be condensed with an aro-
matic aldehyde. That has been employed for the preparation of sulforhodamines [126].

In this work, synthesis of a rhodamine functionalized with a free amino group is tackled. In
that way, rhodamine is transformed into a pH sensitive PET dye. That indicator can be sug-
gested to feature high sensitivity and the advantageous spectral properties of rhodamines men-
tioned earlier. Rhodamines are more long-wave excitable than many other pH indicators of
common use (fluorescein derivatives or HPTS, 2.2.4). The synthetic approach chosen first is
shown in scheme 3 (section 3.2.2.1) and would attach piperazinyl functions very close to the
xanthene core. The product also contains a (4’,5”)-carboxy group making it suitable for cova-
lent coupling. The pKa of the product can be expected to be lower than the one of common
organic amines (10-11 is most common [127]) due to the presence of another, electron-
withdrawing nitrogen and is therefore likely to match the pH range of important applications
(2.2.4). Furthermore, all components are available at low cost.

3.1.3 Squaraines

Squaraines have been named after squaric acid which was first synthesized by Cohen et al. in
1959 [128]. They are obtained by condensation of the acid with N-substituted anilines (many
examples are available in [129]). Synthesis can be carried out easily by azeotropic distillation.

o)
o) 0 . .
N/ NR, .3 2' || 2 3
U e OO
-H,0
. |

HO OH 5 | 6 5
O

Scheme 2: Numbering (according to [131]) and general synthesis of squaraines.

While they usually exhibit panchromic absorption in the solid state [130], maxima in solution
are sharp, located around 650nm and feature extraordinarily high absorption coefficients of
more than 300000M'cm™. Fluorescence QY has been reported to be around 0.7 in unsubsti-
tuted and even higher in 2,2’-hydroxylated derivatives, which implies extraordinate brightness
[131]. Despite their small Stokes shifts (20-30nm is most commonly observed), squaraines are
thus interesting, bright, long-wave excitable dyes. Most squaraines have been reported to be
poorly soluble in EtOH or CHCI; but better in polar, aprotic solvents like DMSO and DMF
[129].

Based on their photoconductivity already recognized in the 1970s [132] and semiconductivity,
applications in electrophotographic photoreceptors [133] and organic solar cells [134] have
been reported. 2,2°-dihydroxysquaraines have been found to be pH sensitive and applicable
for pH sensing in aqueous solution [135]. However, utilization in solid matrices has, to my
knowledge, not been reported.

Therefore, the suitability of 2,2’-dihydroxysquaraines, accessible for instance by condensation
of squaric acid with m-dibutylaminophenol (scheme 12, section 3.2.2.10), as luminescent pH
indicator dyes was to be tested. A pH indicator with the excellent brightness and high excita-
tion wavelength featured by squaraines is indeed very promising. pKa of such a system has
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been reported to be around 9 [135] which could be suitable for measuring marine samples or
CO,.

3.1.4 Perylene Dyes

Perylene dyes are derived from perylene-3,4,9,10-tetracarboxylic bisanhydride (structure is
shown in figure 27). They feature characteristic, vibrationally dissolved absorption spectra:
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Figure 26:Absorption and fluorescence emission spectra of lumogen red, representatively for
perylene dyes.

In particular, the corresponding perylene bisimide dyes (PBIs) have been found useful for a
wide variety of purposes and applications, including OLEDs [136], OFETs [137], photo-
voltaic cells [138], fluorescent solar collectors [139], electrophotographic devices [140], dye
lasers [141] and molecular switches [142].

Though spectral properties can greatly vary depending on substituents introduced, € in PBIs
are usually found between 30000 and 90000M'cm™, Stokes shifts around 40nm and fluores-
cence QY are close to unity for many derivatives [139]. Apart from good brightness, PBIs
offer outstanding chemical, thermal and photochemical stability [143]. Another advantage is
their good versatility with respect to synthetic modification for tuning spectral and sensing
properties and to extension of the chromophore for the synthesis of dyes excitable at remarka-
bly longer wavelengths [144,145].
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8 7 6 5
Perylene
Perylene-3,4,9,10- 1,6,7,12-Tetrachloro-
tetracarboxylic perylene-3,4,9,10-
bisanhydride tetracarboxylic
bisanhydride
virtually insoluble Lumogen red
in any solvent poorly soluble

Highly soluble
in many solvents

Figure 27: General structure of perylene and structures of selected perylene dyes

Starting from perylene-3,4,9,10-tetracarboxylic bisanhydride, the system can be modified in
two ways. Reaction with primary amines leads to the corresponding perylene bisimides
(PBIs), and the 1,6,7 and 12 positions (“bay region”) can be halogenated. Tetrachlorination
[146,147], dibromination [148] and tetrabromination [149] have been reported. The halo-
genides formed can be considered intermediates that can undergo nucleophilic aromatic sub-
stitution. Though introduction of various substituents including cyano and amino groups has
been reported, [148,149], phenol and its derivatives are inserted most frequently. Tetrasubsti-
tution with phenol not only causes a red-shift by about 70nm (the most intense absorption
maximum is shifted from around 510nm in the tetrachlorinated dye to around 580nm, [150]),
but also helps to overcome aggregation which is a severe problem with perylene dyes. The
flat, polycondensed aromatic system shows extensive aggregation tendency as molecules are
kept on top of each other by charge-transfer type n-m interactions (,,stacking®). If the 1,6,7 and
12 positions are halogenated, the system becomes twisted [148] so that solubility improves a
little. Substitution with more bulky aromatic substituents improves it much more remarkably.
Those are forced to localize orthogonally with respect to the aromatic plane and complicate
stacking. The N-substituents in the imide position usually have little effect on spectral proper-
ties due to nodes in HOMO and LUMO situated at the nitrogen atoms [148], but particularly
branched substituents increase solubility, with respect to the virtually insoluble bisanhydride.
In lumogen red, a commercially available perylene dye (figure 27), all positions mentioned
carry bulky substituents. The aromatic plane is no longer sterically accessible to stacking, as a
result, much better solubility in a variety of organic solvents is achieved [151]. This is visual-
ized in the following 3D model:
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Figure 28: Three-dimensional model of lumogen red. Both in the imide and the bay region,
bulky substituents are forced to align perpendicularly to the aromatic plane. That keeps
other molecules from approaching and stacking is complicated.

Imide formation can be reversed by saponification under strongly basic conditions, and also
partial saponification has been reported [148]. Hence, imides may be employed as protective
groups for anhydrides. That makes indirect substitution of a halogen with a nucleophile in
perylene bisanhydrides (PBAs) possible since PBIs are more stable against nucleophilic attack
[152].

The synthetic concept tackled in this work starts from 1,6,7,12-tetrachloroperylene-3,4,9,10-
tetracarboxylic bisanhydride, which is commercially available. There are two ways to attach a
PET functionality, either introducing it with the N-substituents upon imide formation, or by
substitution of chlorine. The former was chosen as appropriate coupling reagents are available
at low cost and substitution of chlorine would have to be stopped at the monosubstituted in-
termediate, complicating the synthetic approach. Multiple substitution might worsen fluores-
cence brightness of the acidic form as well and complicate calibration of the sensitive dye
since multiple deprotonation steps would be involved. 3-(1-morhpholino)propylamine was
chosen as the amino component whereat the hydrophilic morpholino group was supposed to
improve solubility in the hydrophilic environment required for pH sensing. That reaction is
shown in scheme 13 (section 3.2.2.11) and attaches a morpholino function as PET group to
each anhydride, linked via a Cs spacer. In case the presence of two PET functions causes un-
desirable effects, mixed condensation with 2,6-diisopropylaniline can be attempted, expect-
edly improving solubility at the same time. For the synthesis of unsymmetrical PBIs, simple
mixed condensation [153] has been presented in the literature as well consecutive condensa-
tion [154]. A more sophisticated approach involves partial hydrolysis of symmetrical PBIs
and condensation of the monoanhydride monoimide obtained with the second amino compo-
nent [155].

PET has already been observed in PBIs unsubstituted in the bay region, caused by amino
groups attached to the imide substituent. Good sensitivity with tertiary amines and moderate
sensitivity with primary ones (because of their lower oxidation potential) has been reported.
[57]. According to Weller’s equation 50, PET efficiency depends on oxidation potentials of
both chromophore and amino group. Electron-withdrawing chloro substituents can be ex-
pected to enhance reducibility of the chromophore, the introduction of relatively weakly nu-
cleophilic morpholine should thus be justified.
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A PET pH indicator obtained in that way, with the advantageous properties of perylenes men-
tioned earlier would also be more long-wave excitable than many pH-indicators known. How-
ever, longer excitation wavelengths (510-520nm can be expected for the product presented)
are still very desirable and a significant red-shift is already available by substitution of Cl with
phenoxy. For even longer excitation wavelengths, extension of the chromophore [144,145]
can be attempted.

3.1.5 Physical Entrapment into Sensor Matrices
Layer Coating

Coating is a simple, straightforward concept for the production of sensitive layers. In the sim-
plest case, indicator dye and a matrix polymer are dissolved in a volatile solvent and formed
to a layer which dries as the solvent evaporates. Coating is affected by few parameters, and if
it is performed from homogeneous mixtures, the composition of the layer is equally homoge-
nous and its composition is the same as the one of the original cocktail. It has been success-
fully used in lab scale as well as in industrial scale. Prerequisites to the technique are
sufficient solubility of the dye in both polymer and solvent and low solubility in the sensing
media (mostly water, so for pH sensors).

In this work, D4, a polyurethane-based hydrogel is used as polymeric matrix for pH sensors.
It is a block copolymer, consisting of more hydrophilic and more hydrophobic domains [40].

PS/PVP Particles

PS/PVP particles consist of a block copolymer with hydrophobic polystyrene and hydrophilic
polyvinylpyrrolidone units which form a hydrophobic core and a hydrophilic shell. Lumines-
cent dyes can be immobilized into both domains, depending on the solvent used for staining.
In THF/H,O, the core is swollen, so that lipophilic dyes diffuse into it and are trapped inside
once the solvent has been evaporated. More hydrophilic dyes can be brought into the the shell
in 70% aqueous EtOH by which only the shell is swollen. Staining in both core (oxygen and
temperature indicators, lipophilic pH indicators) and shell (hydrophilic ion and pH indicators)
of PS/PVP particles has been reported [60]. They have been successfully applied in pH sens-
ing [51] and make up an alternative to the more frequently utilized hydrogel matrices.

RL100 Particles

RL 100 particles are prepared from a commercial bulk polymer consisted of poly-
(methylmethacrylate) bearing positively charged quaternary ammonium groups. It is soluble
in organic solvents of intermediate polarity such as acetone or THF, but can be precipitated
with water, forming nano-particles (30nm regime) of low optical density. This matrix offers
the advantage of high affinity to negatively charged dyes so that leaching of those may be
prevented. Due to its charge, on the other hand, it is likely to cause higher cross sensitivity to
ionic strength in pH sensors, compared to non-charged matrices. It may also have a strong
effect on the pK4 value of the system (2.2.4).
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3.1.6 Coupling to Magnetic Particles

Preparation of magnetic nanosensors for pH is another objective focussed in this work. The
concept towards that is shown below:

Carboxy-functionalized
pH indicator

—COOH

Functionalized Acrylates

{,A N .\.‘.I ’ OH -
' 5 ]
- Copolymerization Ht
Magnetic particles
Multifunctional core-shell particles pH-sensitive, magnetic fluorescent nanosensors

hydrophobic, magnetic core
hydrophilic, amino-functionalized shell

Figure 29: Schematic overview of the concept towards pH sensitive magnetic particles. Amino-
functionalized magnetic particles are obtained by emulsifier-assisted core-shell polymeriza-
tion of functional acrylates in presence of magnetic core particles. A carboxy-functionalized
fluorescence pH indicator is bound to the shell in a subsequent coupling step.

Preparation of magnetic nano-particles dispersible in water by precipitation has been reported
by Mistlberger et al. [156]. Those particles are co-precipitated from bulk polystyrene-co-
maleic anhydride (PSMA) and lipophilized Fe;O4 nano-particles. In aqueous solution, they
undergo hydrolysis and then carry negatively charged carboxylate groups on their surface,
allowing the formation of stable aqueous dispersions and derivatization. In order to obtain
amino-functionalized magnetic particles, they were to be covered with a cross-linked acryla-
mide-based hydrogel shell containing amino groups. That was to be accomplished with emul-
sifier-assisted radical core-shell co-polymerization in aqueous suspension. In the approach
presented, acrylamide was chosen as the bulk component of the hydrogel shell and co-
polymerized with acrylates bearing amino groups in the presence of an acrylate cross-linker.
Coupling between the carboxy and the amino function in aqueous solutions can be performed
with EDC/sulfo-NHS as coupling agents, as described in the literature [66]. That has been
extensively employed, in particular with macromolecular biomolecules such as proteins [157]
but also with small molecules [158]. In that way, a pH sensitive indicator dye carrying a car-
boxy function can be covalently bound into a hydrophilic matrix that can be expected to fea-
ture excellent proton-permeability. Acrylamide-based matrices can take up over 90% of water
[159] and have been successfully employed as matrices for pH sensing [53,84].
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3.2 Experimental
3.2.1 Instrumental

Absorption spectra were recorded with fully automatic baseline correction on a Cary50 UV-
VIS spectrophotometer, Varian, Palo Alto, United States. Samples with a noticeable scattering
background were corrected for the baseline with Origin Pro 7.5 software, Origin Lab Coop-
eration, Northampton, United States.

Fluorescence spectra were recorded on a Hitachi F-7000 spectrofluorimeter, Hitachi, Krefeld,
Germany. All spectra were corrected for detector response.

NMR spectra were recorded on a 300MHz instrument (Bruker).

DLS measurements were performed with a Zetasizer instrument (Malvern Instruments, Mal-
vern, UK). All correlation analyses were performed with the manufacturer-supplied software.
Disposable capillary cuvettes equipped with electric contacts for zeta potential measurement
were also obtained from the supplier.

N, and Ar, both of 99,999% purity, were supplied by Air Liquide, Graz, Austria. Hydromed
D4 hydrogel was purchased from CardioTech International Inc., Wilmington, United States.
Support for sensitive layers was supplied by Puedz, Vienna, Austria.

A list of all chemicals used can be found in the appendix.

3.2.2 Dye Synthesis

3.2.2.1 N,N'-Bis-(3-azapentmethylene)-(4',5')-carboxyrhodamine (“BPCR”)

CH,

oH o MeSOH

— HoOoC 150°C

2 HN N + 0O ——
_/

0]

3-(1-Piperazinyl)phenol Trimellitic anhydride
(PipPh) (TMA) N,N'-Bis-(3-azapentamethylene)-
4'-carboxyrhodamine
("BPCR")

Scheme 3: Synthesis of N,N'-bis-(3-azapentamethylene)-(4',5')-carboxyrhodamine (“BPCR”).

In this preparation, not only the 4’-carboxy isomer shown, but a mixture with the 5’-carboxy
one is formed. For the sake of clarity, only the 4’-carboxy isomer will be drawn in reaction
schemes of condensations involving TMA, representing the mixture formed in reality.

TMA (1.62g, 8.42mmol) and PipPh (3g, 16.83mmol) were powdered together in a mortar and
suspended in MeSO3H (25ml). The suspension was heated to 150°C and stirred until the ab-
sorption of the deep red reaction mixture was constant (A=0.45 at Ayax=528nm when diluted
by 20000) after 3.5h, showing absorption spectra expected for a rhodamine dye, equal in
shape to figure 23. The mixture was poured onto THF (30ml), the sticky black precipitate was
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isolated by centrifugation and purified by repeated recrystallisation from MeOH. The product
(1.89g, 44%) was identified by NMR spectroscopy:

T T T T I T T T T
4.8 4.4 4.0 3.6 3.2

Figure 30: '"H-NMR spectrum of BPCR, 300MHz, DMSO-d6.
6=8.69-8.80 (1H, s, Arg'H); 8.35 (1H, d, Ary:H, J=7.1Hz); 8.29 (1H, d, Ars-H); 6.76-7.36 (6H,
m, ArH), 3.80-4.09 (8H, m, ArNCH>-); 3.16-3.34 (8H, m, -CH,NH).

3.2.2.2 Alkylation of N,N'-Bis-(3-azapentamethylene)-(4',5")-carboxyrhodamine
(“BPCR”)

(iPr),EtN
DMF
o) o]
~y ] ~, e
HN\) k/NH BU\O/ \O/Bu
N,N'-Bis-(3-azapentamethylene)- Dibutyl sulfate
4'-carboxyrhodamine
("BPCR")

Scheme 4: Alkylation of N,N'-bis-(3-azapentamethylene)-(4',5")carboxyrhodamine (“BPCR”).

BPCR (100mg, 0.188mmol) and Bu,SO4 (149ul, 0.784mmol) were dissolved in DMF(10ml),
the resulting deep violet solution was heated to 70°C and ethyldiisopropylamine (EDIPA;
526ul, 3.02mmol) was added in portions. After stirring for 2h, TLC revealed the formation of

multiple products:

60



9 Eluent: MeOH:CHCI,:NH,(25% in H,0) 66:33:1

R=0.6-0.85 A <i>
S
= 1 Starting material, BPCR, in MeOH
2: Reaction mixture after stirring for 2h
R=0.4-05 B O
A,B: Series of spots (products formed)
C: Starting material, BPCR
AO—Q—
1 \C 72

All spots are of purple colour and fluorescent when excited at 366nm

Figure 31: Sketch of TLC taken to monitor the alkylation of BPCR.

3.2.2.3 Alkylation of 3-(1-Piperazinyl)phenol

(iPr),EtN
HO o o DMF Bu—O
—\ N 70°C, 18h I\
N NH 4+ Bu VAN BU ———— N —Bu
\ / ~—0 o— \ /
3-(1-Piperazinyl)phenol Dibutyl sulfate m-Butyloxy-(4-butylpiperazinyl)benzene

(PipPh)

Scheme 5: Alkylation of 3-(1-piperazinyl)phenol.

To PipPh (2g, 11.2mmol) and ethyldiisopropylamine (EDIPA; 3.14ml, 18mmol) was added
anhydrous DMF (80ml) to yield a dark brown suspension. After stirring at RT for 1h, Bu,SO4
(2.22ml, 11.2mmol) was added and the mixture was heated to 70°C for 3h. Reaction progress

was surveyed by TLC.

A R=0.8 O Eluent: MeOH:CHCI, 25:75
1 Reaction mixture right before Bu,SO, was added
2: Reaction mixture after stirring for 3h

C,R=0.3 ¢

A: Main product
O D, R=0.05-0.2 B,C: Side products
‘ D: Starting material, 3-(1-piperazinyl)phenol

|
T T

1 2
All spots are of brown colour and fluorescent when excited at 254nm
(but not at 366nm)

Figure 32: Sketch of TLC taken to monitor the alkylation of PipPh.
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DMF was evaporated in a vacuum and the main product, represented by spot A, was isolated
by column chromatography with silica gel (0.04-0.063mm) as stationary and CHCl3;/MeOH/
NH3(25% in H,O) 85/14/1 as mobile phase to yield 1.64g (51%) of a dark brown solid.

Spot A was identified as m-butyloxy-(4-butylpiperazinyl)benzene by NMR spectroscopy:

HsC

\_\;O
2
4 N/_\N
5 6 — _\_\CH3

I | | J

! T I ! I ! T I T ! I I T ! T I | ' I
PP 5.2 5.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 ==} 2.4 2.0 1.6 1.z 0.2

Figure 33: "H-NMR spectrum of m-butyloxy-(4-butylpiperazinyl)benzene, 300MHz, CDCl;.
0=7.04 (1H, dd, ArsH, Ja4s=8.1Hz, Ja:56=9.6Hz,); 6.52 (1H, s, Ar,H); 6.44 (1H, dd, ArsH,
Jarn6=1.2Hz,); 6.32 (1H, dd, Ar¢H); 4.05 (2H, t, OCH;-, J=6.6Hz); 3.33-3.41 (4H, m,
ArNCH;-); 3.07-3.19 (4H, m, BuNCH,-); 2.87 (2H, t, NCH,CsH»); 1.59-1.71 (4H, m,
-CH,C,Hs); 1.31-1.42 (4H, m, -CH,CH3); 0.87-0.96 (6H, m, -CH3).

The spectrum is in good agreement with the product structure proposed.

3.2.2.4 N,N'-Bis-(3-aza-3-butylpentamethylene)-(4',5’)-carboxyrhodamine (“BuPCR”)

COOH

O-Bu o)
HoOC
NN s
_/ +
m-Butyloxy- ©
(4-butylpiperazinyl) Trimellitic anhydride
benzene (TMA) N,N'-Bis-(3-aza-3-butylpentamethylene)-
4'-carboxyrhodamine
("BUPCR")
Scheme 6: Synthesis of N,N'-bis-(3-aza-3-butylpentamethylene)-(4',5’)-carboxyrhodamine
(“BuPCR”).

m-Butyloxy-(4-butylpiperazinyl)benzene (0.8g, 2.75mmol) and TMA (0.55g, 2.86mmol)
were added to MeSO3;H (10ml) and the resulting brown suspension was refluxed until absorp-
tion of the reaction mixture was constant (A=0.18 at 531nm when diluted by 10000) after
3.5h, showing absorption spectra expected for a rhodamine dye, equal in shape to figure 23.
The reaction mixture was poured onto saturated aqueous NaCl (500ml), the black precipitate
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was separated by centrifugation, washed with saturated NaCl, dried and purified by column
chromatography with silica gel (0.04-0.063mm) as stationary and CHCl3/MeOH 80/20 as mo-
bile phase. The deep purple solid obtained was redissolved in MeOH, filtered and dried to
yield N,N'-Bis-(3-aza-3-butylpentamethylene)-(4',5)-carboxyrhodamine (58mg, 7%).

Figure 34: "H-NMR spectrum of BuPCR, 300MHz, DMSO-d6.

0=8.72 (1H, s, ArgH); 8.23 (1H, dd, Arsys'H, Jar3°4=7.9Hz, Jars7¢=5.1Hz*); 8.03 (1H, d,
AI‘3’H); 6.87 (2H, m, AI‘4,5H); 6.79 (2H, dd, Arl,gH, JAr12:8.7HZ, JAr14:2.6HZ); 6.66 (2H, dd,
Ary7H, Jara=3.7Hz); 4.12-4.26 (8H, m, ArNCH,-); 3.52 (1H, s, COO-H,); 2.96-3.08 (12H, m,
NCH;-); 2.34 (1H, s, COO-H,); 1.63-1.79 (4H, m, -CH,C,Hs); 1.21-1.37 (4H, m,

-CH,CH3); 0.92 (6H, t, -CH3, J=7.2Hz).

*The doublet-doublet character of this resonance could originate from the fact that the product
is a mixture of 4’-and 5’-carboxyisomer (only the latter is shown).

This spectrum is complicated by large signals derived from DMSO (only 99% D) and water
(2.54 and 3.30ppm), as well as by poor signal-to-noise ratio. Nevertheless, it is in agreement
with product structure, clearly indicating the presence of two butyl substituents.

3.2.2.5 N,N'-Bis-(3-aza-3-butylpentamethylene)-(4',5’)-
octadecylaminocarboxyrhodamine (“RhODA”).

N,N'-Bis-(3-aza-3-butylpentamethylene)-
4'-carboxyrhodamine
("BuPCR")

N,N'-Bis-(3-aza-3-butylpentamethylene)-
4'-octadecylaminocarboxyrhodamine
("RhODA")

Scheme7: Synthesis of N,N'-bis-(3-aza-3-butylpentamethylene)-(4',5)-
octadecylaminocarboxyrhodamine (“RhODA”).
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BuPCR (30mg, 0.047mmol), DCC (50mg, 0.242mmol) and NHS (50mg, 0.434mmol) were
dissolved in DMF (5ml) and the resulting red solution was stirred for 2h at RT. EDIPA
(100ul, 0.574mmol) and octadecylamine (ODA; 100mg, 0.371mmol) in DMF (5ml), pre-
heated to 50°C, were added and the purple reaction mixture was again stirred for 48h. TLC
indicated the formation of a lipophilic product:

Eluent: MeOH:CHCI;:NH,(25% inH,0) 15:84:1

1: Starting material, BUPCR, in MeOH
2: Reaction mixture right before ODA was added
3.

—AR=04 Reaction mixture after stirring for 2d
=B:R=0.2 A: Intense, purple double spot; interpreted as 4'-and 5'-carboxy
isomers of the lipophilzed product, RhODA
O o B: Faint, purple double spot; inetpreted as as 4'-and 5'-carboxy
In #2 3 isomers of the NHS-ester intermediate
C C: Intense, purple spot (starting material)

Figure 35: Sketch of TLC taken to monitor the synthetis of RhODA.

The reaction mixture was concentrated to dryness, the crude product was dissolved in CHCl;,
filtered, concentrated in a vacuum and purified by column chromatography with silica gel
(0.04-0.063mm) as stationary and CHCl3/MeOH/NH;3(25% in H,O) 90/9.5/0.5 as mobile
phase.

The product obtained was obviously contaminated with colourless substance and & was de-
termined as low as ¢ = 10000M'cm™. However, absorption spectra showed now signs of
spectrally relevant pollutants (figure 49) and TLC displayed only spot A. It was therefore con-
cluded that impurities are mostly derived from silica. Though the low purity of the product
does not allow definite verification of its structure, it can be assumed to be the one claimed, as
it exhibits pronounced lipophility (soluble in CHCI3 where BuPCR is completely insoluble in
and not extractible into water), combined with spectral properties very similar to BuPCR.
28mg of substance were obtained the product content of which can be estimated to 2.8mg
(7%) when assumed that & of the pure product is 100000M'cm™ (based on [118]).

3.2.2.6 Amidation of Rhodamine 101

n-CyH,;oNH,

DCC, NHS

DMF
.

Rhodamine 101

Scheme 8: Amidation of rhodamine 101.

64



Amidation of rhodamine 101 was attempted with piperazine and octylamine (OAM). For this
reaction, the amidation protocol reported by Schroder et al. [160] was adapted, employing an
excess in amine component because of the expected low carbonyl reactivity of the 2’-carboxy
moiety in rhodamine 101 due to steric hindrance.

For the octylamide, rhodamine 101 (20mg, 0.041mmol) was dissolved in DMF abs. (2ml) and
subsequently NHS (7.5mg, 0.065mmol) and one drop of Et;N were added. The resulting deep
purple solution was left to stir at RT for 2.5h, DCC (12mg, 0.058mmol) and OAM (10 pl,
0.099mmol) were added and the reaction mixture was again stirred for 2d at RT. With
piperazine, the reaction was carried out in the same way, but 15mg (0.130mmol) of NHS,
25mg (0.12Immol) of DCC and 50mg (0.580mmol) of piperazine (instead of OAM) were
used.

TLC gave no indication of any product formed. The reaction mixture with piperazine re-
mained equally fluorescent when diluted with water and acid or base (1M aqueous HCI, or
NaOH, respectively) was added, without any signs of pH sensitivity. The one with OAM was
diluted with a tenfold excess of water and extraction with an equal volume of EE was per-
formed. The absorption of the slightly pink coloured organic phase was measured and found
to be similar to the one of a reference (2mg of rhodamine 101 in 2ml of H,O/DMF 9:1, ex-
tracted with 2ml of EE). Consequently, no signs of lipophilization were found. Hence it was
concluded that amidation of the 2’-carboxy moiety is not effective with the protocol cited
which has been shown to be effective with the 5-carboxy position in fluorescein [160].

3.2.2.7 Lissamine rhodamine B 4’-piperazinyl amide (“LiPA”)

Lissamine rhodamine B Lissamine rhodamine B piperazyl amide
("LiPA™)

Scheme 9: Synthesis of lissamine rhodamine B-4’-piperazinyl amide (“LiPA”).

For the preparation of this sulfamide, the protocol proposed by Nudelman et al. was employed
[161]. Lissamine rhodamine B sulfonyl chloride (50mg, 0.087mmol; a.k.a. sulforhodamine B
acid chloride) was added into a flask containing piperazine (38mg, 0.441mmol), filled with N,
and precooled to 0°C. DMF abs. (15ml) was added and the deep purple reaction mixture was
stirred overnight. DMF was removed under reduced pressure, the oily residue was redissolved
in EE (100ml) and extracted with an equal volume of saturated aqueous NaHCO;. The or-
ganic phase was concentrated to dryness and the products detectable by TLC (see below)
were separated from each other by column chromatography with silica gel (0.04-0.063mm) as
stationary and CH3;CN:MeOH/NHj3; (25% in H,O) 80/19/1 as mobile phase.
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OA R=0.9 _
Eluent: CH,CN:MeOH:NH, (25% in H,0) 80:19:1

OB,R=0.7 O
C, R=0.45 1: Starting material, lissamine rhodamine B
— — 2: Reaction mixture after stirring overnight
A: Faint spot, interpreted as staring material
D R=01 B: Faint, interpreted as starting material (minor isomer)
e C: Most intensely coloured, interpreted as hydolyzed starting material
E, R=0.05 ® D: Spot of intermediate intensity, interpreted as product
1 2 E: Faint, interpreted as product (minor isomer)

All spots are purple and show orange fluorescence
Figure 36: Sketch of TLC taken to monitor the synthesis of LiPA.

Possible products fractions are “D” (11mg, 12%, £ = 88000 M'lcm'l) and “E” 3mg, 5%, € =
103000 M 'em™). “D”&“E” and “A”&”B” could be stereoisomers, since lissamine rhodamine
B sulfonyl chloride is a mixture of 4’- (mayor component) and 2’- sulfonyl chloride.

Spot “D” was identified by NMR spectroscopy:

[ T T T T [ T T T L] T T T T T T T T T T T T T T T T T T T T T T T T
PPM 2.0 .6 .2 [=T=] (=R 3 5.0 E5.6 5.2 4.8 <. .0 2.6 2.2 2.2 2.4 2.0 1.6 1.2

Figure 37: "H-NMR spectrum of LiPA, 300MHz, CDCl,.

0=8.58 (1H, s, Ars-H); 8.37 (1H, d, Ars'H, Jars=8.1Hz); 7.31 (1H, d, Are-H); 7.19 (2H, d,

Ar sH, JAr12=9.4Hz); 6.95 (2H, dd, Ar,7H, Jans=1.2Hz); 6.72 (2H, d, ArssH); 3.62 (8H, q,
NCH,CH3, J=6.3Hz); 3.21-3.30 (4H, m, SO,NCH>-); 2.93-3.03 (4H, m, SO,NCH,CH>-); 1.30
(12H, t, -CH3, J=6.9Hz).

This spectrum is in agreement with the product spectrum reported by Nudelman et al. [161].
Additional resonances originate from the solvent (CHCls, 8=7.26) and from eluent residues
(CH;CN, 6=2.06, EtOH, 6=1.25; ~3.6).
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3.2.2.8 N-(3-Azapentamethylene)-N’,N’-dibutylrhodamine (“SemiPR”)

3-(1-Piperazinyl)phenol

("PipPh") 2-(4-Dibutylamino-
2-hydroxybenzoyl)benzoic acid N-(3-Azapentamethylene)-
N',N'-dibutylrhodamine
("SemiPR")

Scheme 10: Synthesis of N-(3-azapentamethylene)-N’N’-dibutylrhodamine (“SemiPR”).

2-(4-Dibutylamino-2-hydroxybenzoyl)benzoic acid (1.51g, 4.09mmol) and PipPh (0.72g,
4.04mmol) were added to MeSOs;H (25ml) and the resulting suspension was refluxed until
absorption of the deep red reaction mixture was constant (A=0.34 at 544nm when diluted by
40000) after 1.5h, showing absorption spectra expected for a rhodamine dye, equal in shape to
figure 23. After cooling to RT, 10M NaOH (10ml) was added dropwise to the mixture and it
was poured onto vigorously stirred, saturated aqueous NaHCOj3 (100ml). The black precipitate
was separated by centrifugation, washed with saturated NaHCOs, dried and purified by col-
umn chromatography with silica gel (0.04-0.063mm) as stationary and EtOH/THF/NHj3 (25%
in H,0O) 49/50/1 as mobile phase. The product was again dissolved in MeOH, filtered over
cellite and dried to yield 1.48g (69%) of a purple solid.

AT |
| I|1|”r| ||| |(||IJ|'I|'|I | III,Ilu|| |',I. ]

/ S e | A \ A ~
o T ! - o e il

5.0 7.5 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 10
F1 (ppml

Figure 38: "H-NMR spectrum of SemiPR, 300MHz, CDCl;.

0=7.99 (1H, s, Ar¢H, J=6.8Hz); 7.54-7.67 (2H, m, Ars-H,Ars-H); 7.19 (1H, d, Ars-H,
J=7.2Hz); 6.69 (1H, s, ArsH); 6.51-6.64 (3H, m, Ar;H,Ar;H, ArgH); 6.39 (1H, s, ArsH); 6.31
(1H, d, Ar,H, J=8.0Hz); 3.16-3.30 (8H, m, ArNCH>-); 2.98-3.05 (4H, m, HNCH>-); 1.51-1.63
(4H, m, NCH,CH>-); 1.34 (4H, q, -CH,CH3;, J=6.9Hz); 0.95 (6H, t, -CH3, 6.6Hz).
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3.2.2.9 Alkylation of N-(3-azapentamethylene)-N’,N’-dibutylrhodamine

N, T
’i‘ ﬂ +2 H3C\/\/l
Bu NH
N-(3-Azapentamethylene)- n-Butyl iodide
N',N'-dibutylrhodamine
("SemiPR")

Scheme 11: Alkylation of N-(3-azapentamethylene)-N’,N’-dibutylrhodamine.

For this reaction, the protocol proposed by Schréder [160] was employed. SemiPip (50mg,
0.092mmol), n-Bul (21ul, 0.180mmol) and finely powdered K,CO;3; (60mg, 0.326mmol) were
added to DMSO (5ml). Upon heating to 80°C, the deep violet reaction mixture changed its
colour to faint brown. After 15h, the reaction mixture showed no pH sensitivity any more
when diluted with H,O, EtOH or any other solvent. On the other hand, its colour disappeared
completely when diluted with acetone, indicating that lactonization is still possible. TLC
showed almost complete formation of a single product.

3.2.2.10 Bis[4-dibutylamino-2-hydroxyphenyl|squaraine

PhCH,/BuCH
N/ Bu | Bu
_ . N N
/ \
HO OH Bu || Bu
OH O HO
Squaric acid ) ) )
Bis[4-(dibutylamino)-
m-(Dibutylamino)phenol 2-hydroxyphenyl]squaraine

Scheme 12: Synthesis of bis[4-dibutylamino-2-hydroxyphenyl]squaraine.

Squaric acid (100mg, 0.877mmol) was suspended in BuOH (60ml) in an open flask and dis-
solved by heating to 50°C. m-Dibutylaminophenol (388mg, 1.754mmol) in toluene (40ml)
was added and the mixture was heated to 140°C until absorption of the deep blue-green reac-
tion mixture was constant (A=0.6 at Ayax = 544nm when diluted by 10000) after 2.5h. The
mixture was allowed to cool to RT and left overnight. The dark green precipitate formed was
filtered, washed with hexane, dissolved in hot EtOH and again filtered. EtOH was evaporated
and the crude product was purified by recrystallisation from acetone to yield a green, fine-
grained powder (363mg, & = 284000 M'cm™', 58%).
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Figure 39: 'H-NMR spectrum of bis[4-dibutylamino-2-hydroxyphenyl]squaraine, 300MHz,
CDCl,.

0=12.09 (2H, s, OH); 7.87 (2H, d, ArHy, Jaregs =9.3Hz); 6.31 (2H, dd, ArHgs, Jargp=2.8Hz);
6.10 (2H, d, ArHge); 3.37 (8H, t, NCH,-, J=7.8Hz); 1.57-1.68 (8H, m, -CH,C>Hs); 1.37 (8H,
h, CH,CHj3, J=7,3Hz); 0.97 (12H, t, -CH3).

The resonances observed are in agreement with the chemical shifts reported for squaraines
(8.5ppm for aromatic a- and 7ppm for B-protons, [162]), considering that the electron-pushing
effect of the hydroxyl groups can cause a shift towards lower magnetic field. Additional reso-
nances at 11.38 and 8.02ppm are interesting since those are of the same relative intensity with
respect to 12.09 and 7.87ppm and may indicate the presence of cis/trans- isomers.

3.2.2.11 1,6,7,12-Tetrachloro-N,N'-di(3-(1-morpholino)propyl)perylene-3,4,9,10-
tetracarboxylic bisimide (“CI-DMPBI”)

1,6,7,12-Tetrachloroperylene-
3,4,9,10-tetracarboxylic bisanhydride 1,6,7,12-Tetrachloro-
("TCPBA") K\N N,N'-di(3-(1-morpholino)propyl)perylene-
3,4,9,10-tetracarboxylic bisimide
o ("CI-DMPBI")

Scheme 13: Synthesis of 1,6,7,12-tetrachloro-N,N'-di(3-(1-morpholino)propyl)perylene-3,4,9,10-
tetracarboxylic bisimide (“Cl-DMPBI”).
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TCPBA (1g, 1.89mmol) was dissolved in NMP (100ml), warmed to 35°C in a N, atmosphere
and 3-morpholinopopyl-1-amine (578ul, 4.25mmol) in NMP (5ml) was added dropwise. Af-
ter stirring for 2h, the reaction mixture showed extensive pH sensitivity. It was added in por-
tions onto 400ml of saturated aqueous NaCl, containing 50mM HCI. The orange precipitate
was separated by centrifugation, washed, redissolved in CH,Cl,, dried with Na,SO4 and puri-
fied by column chromatography with silica gel (0.04-0.063mm) as stationary and THF/CHCl;
30/70 as mobile phase, followed by recrystallization from CH,Cl,/EtOH. CI-DMPBI was ob-
tained as an orange powder, 1.14g (77%).
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Figure 40: '"H-NMR spectrum of CI-DMPBI, 300MHz, CDCl;.

0=8.68 (4H, s, ArH); 4.31 (4H, t, (CO),NCH,-, J=7.3Hz); 3.61 (8H, t, OCH»-, J=4.4Hz); 2.52
(4H, t, NCH,C,HsN(CO),, J=6.8Hz); 2.45 (8H, t, NCH,CH,O0, J=3.9Hz); 1.86 (4H, p,
NCH,CH,CH;N).

3.2.2.12 1,6,7,12-Tetraphenoxy-N,N'-di(3-(1-morpholino)propyl)perylene-3,4,9,10-
tetracarboxylic bisimide (“PhO-DMPBI”)

Y
1) HZN/\/\Nﬁ NQ
bo
3-(1-Morpholino)propyl-1-amine

2) w,e CH,

2,6-Diisopropylaniline OPh
OPh
3) PhOH (4 equ.), K,CO,
B ——d
1,6,7,12-Tetrachloroperylene-
3,4,9,10-tetracarboxylic bisanhydride
("TCPBA") 1,6,7,12-Tetraphenoxy-
ﬁN N,N'-di(3-(1-morpholino)propyl)perylene-
3,4,9,10-tetracarboxylic bisimide
o ("PhO-DMPBI")

Scheme 14: Synthesis of 1,6,7,12-tetraphenoxy-N,N’-di(3-(1-morpholino)propyl)perylene-
3,4,9,10-tetracarboxylic bisimide (“PhO-DMPBI”).

70



This reaction was initially planned to provide the mixed imide with one 3-(1-
morpholino)propyl and one 2,6-diisopropylphenyl substituent bound to the imide nitrogen
atoms. Instead, PhO-DMPBI shown beyond was formed under the reaction conditions ap-
plied.

TCPBA (250mg, 0.47mmol) was added to NMP (20ml), heated to 50°C and 3-(1-
morpholino)propyl-1-amine (69ul, 0.47mmol) in NMP (5ml) was added dropwise. The deep
orange mixture was further heated to 75°C and 2,6-diispropylaniline (106pul, 0.56mmol) in
NMP (5ml) was added dropwise. The reaction mixture now showed pH sensitivity, fluores-
cence being observable only in acidic solution. It was flushed with Ar for 15 minutes, phenol
(450mg, 4.78mmol) and K,CO;3 (750mg, 5.43mol) were added while the mixture was heated
to 110°C. After stirring for 24h in a nitrogen atmosphere, absorption spectra of the reaction
mixture indicated a red-shift to about 575nm. The mixture was carefully neutralized with
MeSOsH and precipitated into a mixture of 10% aqueous NaCl/EtOH/acetone (85:10:5). The
black precipitate obtained was separated by centrifugation, washed, redissolved in CH,Cl,
1:1, dried with NaSO4 and purified by column chromatography with silica gel (0.04-
0.063mm) as stationary and THF/CHCIl; 50/50 as mobile phase, followed by recrystallization
from CH,Cl,/EtOH. PhO-DMPBI was provided as a deep violet solid, 41mg (18%).

J

PPrM 7.6 F.2 5.8 5. &a.0 5.6 5.2 4.5 <+, < .0 3.6 3.2 =.8 P= =.0

Figure 41: "H-NMR spectrum of PhO-DMPBI, 300MHz, CDCls.

0=8.19 (4H, s, PhO-C-CH); 7.26 (8H, t, Arsy-H, Jar3=Jar3'4#=7.6Hz); 7.11 (4H, t, Ars-H); 6.93
(8H, t, Ary’H); 4.18 (4H, t, (CO),NCH,-, J=7.2Hz); 3.61 (8H, t, OCH;-, J=4.4Hz); 2.32-2.48
(12H, m, NCH>-); 1.86 (4H, p, NCH,CH,CH,N, J=7.2Hz).
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3.2.2.13 1,6,7,12-Tetra-(4-tert-butylphenoxy)-N,N'-di(3-(1-morpholino)propyl) pery-
lene-3,4,9,10-tetracarboxylic bisimide (“tBuP-DMPBI”)

1) HZN/\/\Nﬁ

Lo
3-(1-Morpholino)propyl-1-amine
CH; NH, CHj

2) ne CH,

2,6-Diisopropylaniline

3) /©/OH
tBu

p-tert-Butylphenol (4equ.)

K,CO,
_—
1,6,7,12-Tetrachloroperylene-
3,4,9,10-tetracarboxylic bisanhydride
("TCPBA") 1,6,7,12-Tetra-(4-tert-butylphenoxy)-
(\N N,N'-di(3-(1-morpholino)propyl)perylene-
3,4,9,10-tetracarboxylic bisimide
o ("tBuP-DMPBI")

Scheme 15: Synthesis of 1,6,7,12-tetra-(4-tert-butylphenoxy-N,N'-di(3-(1-
morpholino)propyl)perylene-3,4,9,10-tetracarboxylic bisimide (“tBuP-DMPBI”).

This reaction was initially planned to provide the mixed imide with one 3-(1-
morpholino)propyl and one 2,6-diisopropylphenyl substituent bound to the imide nitrogen
atoms. Instead, tBuP-DMPBI shown beyond was formed under the reaction conditions ap-
plied.

TCPBA (250mg, 0.47mmol) was added to NMP (20ml), heated to 70°C and 3-(1-
morpholino)propyl-1-amine (69ul, 0.47mmol) in NMP (5ml) was added dropwise. The deep
orange mixture was further heated to 90°C and 2,6-diispropylaniline (106pul, 0.56mmol) in
NMP (5ml) was added dropwise. The reaction mixture now showed pH sensitivity, fluores-
cence being observable only in acidic solution. It was flushed with Ar for 10 minutes, p-tert-
butylphenol (750mg, 4.99mmol) was added and K,COs3 (810mg, 5.86mol) was added in por-
tions while the mixture was heated to 120°C. After stirring for 24h in an Ar atmosphere, when
absorption spectra of the reaction mixture indicated a red-shift to about 580nm, it was care-
fully neutralized with MeSO3;H and precipitated into a mixture of 10% aqueous
NaCl/EtOH/acetone (85:10:5). The black oil obtained was separated by centrifugation,
washed, redissolved in acetone/CH,Cl, 1:1, dried with NaSO4 and purified by column chro-
matography with silica gel (0.04-0.063mm) as stationary and THF/CH,Cl, 40/60 as mobile
phase, followed by recrystallization from CH,Cl,/EtOH. tBuP-DMPBI was provided as a
deep violet solid, 62mg (23%).
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Figure 42: "H-NMR spectrum of tBuP-DMPBI, 300MHz, CDCls.

0=8.22 (4H, s, tBuPhO-C-CH-); 7.23 (8H, d, Ars-H, JAo,=8.7Hz); 6.82 (8H, d, Ar,’H); 4.18
(4H, t, (CO),NCH-, J=7.3Hz); 3.62 (8H, t, OCH»-, J=3.6Hz); 2.35-2.50 (12H, m, NCH;-);
1.88 (4H, p, NCH,CH,>CH>N, J=6.9Hz); 1.29 (36H, s, -CH3).

Additional signals in this spectrum (6=6.98; 5.01; 2.27; 1.43) are due to BHT which is con-
tained in THF (eluent in chromatography) as a stabilizer.

3.2.2.14 1,6,7,12-Tetrachloro-N-(2,6-diisopropylphenyl)-N’-(3-(1-morpholino)propyl)
perylene-3,4,9,10-tetracarboxylic bisimide (“ClI-AMPBI”)

(\O
CH; NH, CHs \)

1) H3C)\©/kCH3 H/

2,6-Diisopropylaniline
NMP, EtCOOH

1,6,7,12-Tetrachloroperylene-
3,4,9,10-tetra(?larboxyllltl: bisanhydride HC CHa
("TCPBA") CHs

1,6,7,12-Tetrachloro-N-(2,6-diisopropyl

phenyl)-N'-(3-(1-morpholino)propyl)pery

lene-3,4,9,10-tetracarboxylic bisimide
("CI-AMPBI")

Scheme 16: Synthesis of 1,6,7,12-tetrachloro-N-(2,6-diisopropylphenyl)-N’-(3-(1-
morpholino)propyl) perylene-3,4,9,10-tetracarboxylic bisimide (“CI-AMPBI”)

TCPBA (177mg, 0.33mmol) was dissolved in NMP (20ml) preheated to 60°C. Propionic acid
(5ml) and 2,6-diisopropylaniline (68ul, 0.36mmol) were added and the mixture was heated to
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110°C for 18h. After cooling to RT, 3-(1-morpholino)propyl-1-amine (52ul, 0.36mmol) in
NMP (5ml) were added dropwise and the mixture was again stirred for 2h. TLC showed the

formation of a new product:

C:R~1

Eluent:CH,Cl,/acetone 80:20
1/A: Reference CI-DMPBI (dimorpholinobisimide)
2/B: Reaction mixture

O B: R=0,35 3/C. Reference CI-DAPBI ((di(diisopropylphenyl)bisimide
: R0,
All spots are of orange colour and fluorescent
A
1 2 3

Figure 43: Sketch of TLC taken to monitor the synthesis of CI-AMPBI

The mixture was added to 250ml of 100mM aqueous HCI, extracted with CHCIs, the united
organic phases were dried with Na;SO4 and the crude product was purified by column chro-
matography with silica gel (0.04-0.063mm) as stationary and CH,Cl,/acetone 80/20 as mobile
phase. 28mg (10%) of C1-AMPBI were obtained as orange crystals.
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Figure 44:'H-NMR spectrum of CI-AMPBI, 300MHz, CDCl,

0=8.75 (2H, s, CI-C-CH-(1)); 8.71 (2H, s, CI-C-CH-(2)); 7.53 (1H, t, Ars-H, JAo=7.6Hz); 7.37
(2H, d, Ars- 5’H); 4.32 ((CO),NCH,-, J=7.3Hz); 3.63 (4H, t, OCH;-, J=4.5Hz); 2.73 (2H, m, -
CH(CHas),, J=6.8Hz); 2.53 (2H, t, NCH,C,HsN(CO),, J=6.9Hz); 2.46 (4H, t, NCH,CH,O
J=3.9Hz); 1.96 (2H, p, NCH,CH,CH;N, J=7.3Hz); 1.19 (12H, dd, -CH3, J;=6.7Hz,
J,=4.1Hz*).

*The two different couplings found for the methyl groups are most likely due to a rotational
barrier between two methyl groups in the same isopropyl group. While the larger coupling
constant can be clearly attributed to the vicinal carbon (6=2.73, J is almost equal there), the
smaller one is found for neither of the aromatic hydrogen atoms which only exhibit coupling
between them.

The identity of CI-AMPBI is clearly confirmed by this spectrum.
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3.2.3 Dye Characterization
3.2.3.1 pH Calibration

For pH calibration, a concentrated solution of the dye to be investigated was prepared and
diluted by such a ratio that absorption was between 0.05-0.2. That was achieved by adding
100mM aqueous buffer (phosphate, carbonate or citrate, depending on pH) corresponding to
each pH to be measured and, to maintain constant ionic strength, 100mM aqueous NaCl in a
ratio of 1:20 (V/V).

Sensitive layers on mylar support were affixed into a cuvette which was filled with the appro-
priate buffer/NaCl mixture. Prior to each measurement, the layer was washed three times with
the buffer to be measured next.

pKa values were determined from fluorescence emission spectra as those show much stronger
acid/base dependence than absorption spectra. Anyway, pK values determined from absorp-
tion spectra are also stated in the corresponding calibration plots and denominated pKa®. If
possible, the isobestic point wavelength determined from absorption calibration was used for
excitation. Since that was not well suitable for rhodamine dyes because of their small Stokes
shifts, those were excited at shorter wavelengths. PET efficiency, here defined as acid/base
induced change in fluorescence brightness when excitation is performed equally effective,
was then corrected for absorption using the following equation:

Epgr = lacidic , Tapasic _ lacidic (1= 10__:”‘1'5".0) Equation 51
Ipasic  laacidic Ipasic (1_ 10 aadlc)

Eper PET efficiency

Tacidic/Ipasic Sensitivity measured in pH calibration (ratio of converging emission intensities in

acidic and basic solution)

Iapasic/Iaacisic  Ratio of light intensity absorbed in basic and in acidic solution

Agcidic Converging value of absorption at the excitation wavelength in acidic solution

Apasic Converging value of absorption at the excitation wavelength in basic solution

On the other hand, the more broad absorption range of perylenes (figure 26), together with
their very weak acid/base induced shift of absorption spectra in polar environment, allows
direct determination of PET efficiency from fluorescence calibration.

3.2.3.2 Surveying Acid/base Sensitivity in Organic Solvents

A concentrated dye solution was diluted with a large excess of solvent to be tested so that
absorption was about 0.15. To samples of equal concentration was added either acidic or basic
component, according to table 2 below, in small portions until fluorescence remained con-
stant. The intersection of absorption spectra in acidic and basic media was used for excitation
with a narrow excitation slit (2.5nm) in fluorescence measurement. For perylene dyes with
various intersections, the one closest to the central absorption maximum of the acidic form
(figure 26, for example) was chosen. Fluorescence spectra of acidic and basic form were re-
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corded instantaneously and with equal spectrometer settings, intensities of acidic and basic
sample, observed in the maximum of the acidic form, were divided.

Table 2: Acidic/basic reagents employed for surveying acid/base sensitivity in organic solvents.
They were diluted by 100 with THF and added in small portions.

Solvent Acid Base
cyclohexene CF;COOH TBAOH 1M in MeOH
toluene CF;COOH TBAOH 1M in MeOH
CHCl; CF;COOH TBAOH 1M in MeOH
THF MeSO;H TBAOH 1M in MeOH
acetone MeSOs;H IM aqueous NaOH
EtOH MeSO;H IM aqueous NaOH

3.2.3.3 Determination of Fluorescence Quantum Yields

A suitable fluorescence standard with accurately known QY was chosen. Dye and standard
were diluted to an absorption of about 0.05 at the excitation wavelength and excited at equal
wavelength with a narrow slit (Inm) at the excitation monochromator. For acid/base sensitive
dyes, dilute acid/base (according to table 2) were added in small portions until fluorescence
was constant in order to determine QY of both forms. QY was calculated using the following

equation:
Ip pdA 1-104S.Exc n? .
O, = LIk, —= Equation 52
D S [IpgdA 1-104DExc nZ E
Op Quantum yield of the dye to be measured
Dy Quantum yield of the fluorescence standard
Irpss Fluorescence intensity of the dye/standard
A Observation wavelength (nm)
Apys, Exc Absorption of the dye/standard at the excitation wavelength
Np/s Refractive index of the solvent used for the dye/standard

Table 3: Solvents, acidic/basic reagents and standards used for the determination of fluorescence
quantum yields.

Dye Solvent Refractive Acid/base added Standard
index
BPCR H,0* 1.330 aqueous HCI/NaOH rhodamine B (EtOH)*
BuPCR MeOH 1.329 aqueous HCI/NaOH rhodamine B (EtOH)*
LiPA EtOH 1.3600 - rhodamine 101 (EtOH)"
SemiPR EtOH 1.3600 aqueous HCI/NaOH rhodamine 101 (EtOH)"
Squ® acetone 1.359 aqueous HCI/TBAOH® nile blue (EtOH)*
CI-DMPBI CHCl; 1.445 CF;COOH/TBAOH® rhodamine B (EtOH)*
PhO-DMPBI  acetone 1.359 MeSO;H/TBAOH? rhodamine 101 (EtOH)"
tBuP-DMPBI  acetone 1.359 MeSO;H/TBAOH®  rhodamine 101 (EtOH)"
CI-AMPBI CHCl; 1.445 CF;COOH/TBAOH® rhodamine B (EtOH)*

“®r=0.70 [117,118]
> ®r=0.98[118]
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© ®p = 0.27 [163]

4QY of the basic form was measured in MeOH

¢ 1M methanolic solution

Faccording to [164]

£ bis[4-dibutylamino-2-hydroxyphenyl]squaraine

3.2.3.4 Photobleaching Experiments

Dye solutions with an absorption of 0.5 in the maximum were prepared and illuminated with a
red LED (643nm). The cuvette containing the sample was placed in the focus of a curved mir-
ror and its absorption was followed over time. Every measurement point was compared with a
reference, an equal sample which had been stored in the dark over the entire illumination
time.

3.2.4 Physical Entrapment into Polymeric Matrices
3.2.4.1 Fabrication of sensitive Layers

Polymer, dye and solvent were mixed in the amounts stated in table 4 below and the resulting
cocktail was homogenized under vigorous stirring. Using a Pasteur pipette, it was put onto a
mylar support as a smooth stripe and quickly coated with a coating knife to form a thin layer
which was left to dry.

Table 4: Compositions of all cocktails for the preparation of the sensitive layers investigated,
from left to right: Dye content with respect to the polymer, dye weight used, polymer frac-
tion in the cocktail, polymer weight used, solvent, thickness of the coating knife used, ab-
sorption of the layer in the most intense maximum. Amounts are those required for the
preparation of 2ml cocktail.

Dye CDye Mpye froly Mpoly Solvent Coating Amax
(w/w) (mg) (w/w) (mg) knife

RhODA - - 10%D4 165 EtOH/H,0 9:1 75um 0.05

Squ* 0.25% 0.6 10%D4 230 THF/CHCI; 1:1 25um 0.82

PhO-DMPBI  0.25% 0.5 10%D4 190 THF 75um 0.10

tBuP-DMPBI  0.25% 0.5 10%D4 190 THF 75um 0.16

CI-AMPBI 0.25% 0.5 10%D4 190 THF 75um 0.20

3.2.4.2 Fabrication of sensitive PS/PVP Particles

PS/PVP particles (547ul of a 38% aqueous suspension, p=1.04g/ml, containing 200mg of
particles) were added to a mixture of EtOH (80ml) and H,O (40ml) and subsequently, bis[4-
dibutylamino-2-hydroxyphenyl]squaraine (Img, 2umol), dissolved in EtOH (20ml), was
added dropwise. The mixture was concentrated under reduced pressure to 10% of its original
volume, H,O (100ml) was added and the mixture was again concentrated to 20ml.

77



3.2.4.3 Fabrication of sensitive RLL100 Particles

RL100 polymer (250mg) and bis[4-dibutylamino-2-hydroxyphenyl]squaraine (0.63mg,
1umol) were dissolved in acetone (80ml) in a 400ml beaker and under agitation, a fourfold
excess of H,O was added. Acetone was evaporated under reduced pressure, and the resulting
aqueous suspension was concentrated to 20ml.

3.2.5 Production and Characterization of Magnetic Particles
3.2.5.1 Production of Magnetic Core-particles

Polymer concentrate containing 10% (w/w) PSMA EF80 (Sartomere) in THF was mixed with
commercial lipophilized magnetite EMG1300 (Ferrotec), 4% (w/w) suspension in anhydrous
THF, to yield cocktails with the compositions listed in table 5 below. Using a sampler, the
cocktail was added onto an excess of water within 1-2s while agitation was provided by a
vortex mixer (1200min™"). THF was removed in a stream of air and the brown suspensions
were filtered through a syringe filter (Micropore, 400um) to remove large aggregates (if pre-
sent). Average sizes Z,, and polydspersity indices PDI of the particles were determined by
DLS.

Table 5: Compositions of mixtures used for precipitation of magnetic core particles, from left to
right: Total cocktail volumes, fraction of PSMA EF80 polymer in the cocktail, fraction of
EMG 1300 magnetite particles, volume of water used for precipitation; Z,, and PDI of the
magnetic particles obtained.

Name  Vo(ml) fpoy (%WW)  faiae (%WW)  Vmo(ml)  Z,, (nm)  PDI

C1 4 1.0 0.2% 11 135.5 0.081
C2 4 1.0 0.2% 11 136.8 0.136
C3 4 1.0 0.2% 11 132.6 0.089
C4 4 1.0 0.2% 11 134.5 0.076
Cs 4 1.0 0.2% 11 123.3 0.059
Ceé 4 1.0 0.2% 11 124.8 0.065
C7 4 0.6 0.12% 11 103.3 0.068
C8 4 0.6 0.12% 11 104.5 0.088
Cc9 4 1.0 0.2% 11 120.8 0.085
C10 4 1.0 0.2% 11 123.0 0.093
C11 4 1.0 0.2% 11 122.0 0.072
C12 4 1.0 0.2% 11 120.1 0.078
C13 5 0.5 0.1% 10 112.0 0.079
C14 4 1.0 0.2% 11 130.5 0.065

3.2.5.2 Core-shell Polymerization

All components were added to the core particles in form of aqueous solutions the concentra-
tions of which are stated in % w/w in the following. AAM refers to acrylamide (bulk compo-
nent), “Amine 17 to 2-aminoethylmethacrylate hydrochloride and “Amine 2” to N-(3-
aminopropyl)methacrylamide hydrochloride (amino-functionalized monomers, AFMO), “Bis”
to N,N’-methylenebisacrylamide (crosslinker), KPD to potassium peroxodisulfate and SDS to
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sodium dodecylsulfate. Amine 1, Bis and SDS solutions were filtered through a syringe filter
prior to use. KPD solutions were freshly prepared for each polymerization and all monomer
solutions were stored at 4°C and used for no longer than 2 weeks.

AAM (10% solution) and Bis (2.5% solution) were added to core particle suspension (type
and amount are stated in table 6 below) to achieve the amounts detailed in table 6. Water was
added to reach the total volume stated. For polymerizations in basic media, 100ul of 1M
NaOH per ml total volume were added. The resulting suspension was flushed with nitrogen.
SDS (10% solution) was added to reach a concentration of 1.25mM and under stirring, the
mixture was heated to 85°C, again flushed with N, and KPD (5% solution) was added to
achieve a concentration of 1.2g/l. Either Amine 1 or Amine 2 (both 10% solutions) as AFMO
was added afterwards. Unless otherwise stated, the AFMO was added 20min after KPD and
polymerization was quenched after 1.5h with an excess of oxygen-saturated water. The core-
shell particles obtained were washed at least three times by magnetic separation.

Table 6: Amounts and conditions employed for core-shell polymerization, from left to right:
Amounts and type of core-particle suspension used (table 5), absolute amount of acrylamide
(AAM), molar ratio of amino-functionalized monomer (AFMO; Amine 1 or Amine 2) with
respect to AAM, molar ratio of crosslinker (Bis) with respect to AAM, total volume of the
polymerization mixture; further deviations from the protocol given beyond are detailed in
the rightmost column.

Name Core particles AAM AFMO (%n/n) Bis (%n/n) Viea Remarks

CS1 S5ml C1 68mg - 2.5 10ml a,5h
CS2 3ml C2 40mg 10Aminel 5.0 12ml

CS3 Sml C3 68mg 10Amine2 5.0 10ml a,3h
CS4 Sml C2 68mg S5Aminel 5.0 10ml

CSs Iml C4 14mg - 2.5 2ml

CSé6 Iml C4 14mg - 5 2ml

CS7 Iml C4 l14mg - 7.5 2ml

CS8 Iml C4 14mg - 10.0 2ml

CS9 Iml C4 14mg - 12.5 2ml

CS10 ImlC5 14mg 5Amine2 2.5 2ml b
CS11 ImlC5 14mg 10Amine2 2.5 2ml b
CS12 ImlC5 14mg 20Amine2 2.5 2ml b
CS13 ImlC5 14mg S5Amine2 10 2ml b
CS14 ImlC5 14mg 10Amine2 10 2ml b
CS15 ImlC5 14mg 20Amine2 10 2ml b
CS16 ImlCS5 14mg 0OAmine2 5 2ml

CS17 ImlC5 14mg 2.5Amine2 5 2ml

CS18 ImIC6 14mg 5Amine2 5 2ml

CS19 ImIC6 14mg 7.5Amine2 5 2ml

CS20 ImIC6 14mg 10Amine2 5 2ml

CS21 ImIC6 14mg 5Amine2 2.5 2ml

CS22 ImIC6 14mg 7.5Amine2 2.5 2ml

CS23 ImIC6 14mg 10Amine2 2.5 2ml

CS24 ImlC6 14mg 2.5Amine2 10 2ml
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CS25 ImIC6 14mg 7.5Amine2 10 2ml

CS26 20mIC11+C12  271mg - 5 25ml

CS27 20mlC9+C10  270mg 0.5Amine2 5 25ml

CS28 20mlIC7+C8 258mg 5Amine2 5 25ml

CS29 ImIC14 13.4mg 1 Amine2 5 2ml c
CS30 ImIC14 13.3mg 2Amine2 5 2ml c
CS31 ImIC14 12.9mg S5Amine?2 5 2ml c
CS32 ImIC14 12.2mg 10Amine2 5 2ml c
CS33 ImIC14 11.5mg 15Amine2 5 2ml c
CS34 ImIC14 109mg 20Amine2 5 2ml c
CS35 ImIC14 81mg 40Amine2 5 2ml c
CS36 ImIC14 54mg 60Amine2 5 2ml c
CS37 ImIC14 13.4mg - 5 2ml

* polymerization was quenched after time stated
®polymerization was carried out in basic media
“relative ratio in “Bis” is stated with respect to the total amount of monofunctional monomers

3.2.5.3 Aggregation Stability Testing

Stability in salt solutions was tested by diluting the original particle suspension by 30 with
salt solution and storing it for 18h prior to DLS measurement. As salt solutions, 100mM
NaCl/10mM phosphate buffer, pH7.4 (mimicking physiological conditions), 1M NaCl and
100mM phosphate buffer, pH 7.4 and 12, were employed.

To evaluate stability against magnetic concentration, particles were collected three times and
resuspended. Afterwards, they were treated with sonication for 30min.

3.2.5.4 Covalent Dye Coupling

For labelling with CBF assisted by EDC/Sulfo-NHS, a protocol proposed for protein coupling
was adapted [165,166]. Molar amounts of CBF (carboxy component) and CS particles (amino
component) were calculated from the protein amounts proposed, under consideration of the
average relative abundances of lysine, aspartic acid and glutamic acid [167,168] and the aver-
age molar mass of a protein per amino acid unit [169]. Because the ratio in amino groups per
CS particle weight is unknown, for the calculation it was supposed that all AFMO introduced
had been bound to the hydrogel shell and was accessible to coupling. Particle amount with
respect to the dye was then varied according to table 7 below.

CBF (4.0mg, 10.8umol) was dissolved in 100mM carbonate buffer (400ul), pH9.9, and added
to a freshly prepared solution of EDC hydrochloride (3.8mg, 20umol) and sulfo-NHS
(10.9mg, 50pmol) in 100mM MES buffer (10ml), pH 5.45. The solution was stirred at RT for
20min and 2-mercaptoethanol (14pul, 0.16mmol) was added. After additional 10min, this acti-
vated CBF-NHS ester solution was added to a CS particle solution and the mixture was di-
luted with an excess of 250mM phosphate buffer, pH7.47, so that pH in the resulting mixture
was in the range 7.03-7.29. The reaction mixture was left under continuous stirring for 2d,

80



then the CS particles were washed by magnetic separation with aqueous phosphate buffer,
pHO9.8, until no fluorescence was detectable in the washing buffer.

Amounts employed in all labelling experiments are listed below, in which each one was car-
ried out three times.

Table 7: Amounts applied for fluorescent labelling with CBF, from left to right: Type of core-
shell particles used (table 6), AFMO ratio upon core-shell polymerization, relative molar ra-
tio of CBF to the amino functions in CS particles (if all AFMO is available in form of
amino-functions), volumes of activated CBF solution added, volume of phosphate buffer
(pH 7.47) added, volume of CS particle suspension used.

Name CS Particles AFMO CBF:Amine Vcar VBuffer Vpart
(%n/n) n:n

LC1 CS28 5 2:1 926ul 2ml 0.06ml
LC2 CS28 5 1:5 926ul 2ml 0.6ml
LC3 CS28 5 1:100 46ul Iml 0.6ml
LC4 CS27 0.5 2:1 926ul 2ml 0.6ml
LC5 CS27 0.5 1:5 93ul Iml 0.6ml
LCeé CS27 0.5 1:100 46ul Iml 0.6ml
LC7 CS26 0 - 93ul Iml 0.6ml

For coupling with BuPCR, the exact same protocol was employed, with equal molar amounts
of all components.

3.2.6 Zeta Potential Measurement
Concentrated particle suspensions were diluted with 100mM aqueous NaCl to give only

slightly turbid samples. pH was adjusted using 100mM phosphate buffer, in a ratio not higher
than 1:20 (V/V) with respect to NaCl. Zeta potential was measured by DLS.
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3.3 Results and Discussion

3.3.1 Dye Synthesis and Characterization

3.3.1.1 N,N'-Bis-(3-azapentmethylene)-(4',5')carboxyrhodamine (“BPCR”)

BPCR was obtained as a deep purple powder, highly water-soluble, showing bright orange

luminescence only in acidic, but not in basic solution.

Absorption, 533nm

a_
020 PKA =785 pH6.1 \/ pH10.4
Yt i, AacidicPrasictl86 | PN ]
pH7. prio. e \
0.16- \
\\

0124 A\ \

\\ \

\ \\\
008 \ \\\ \
004 \\

/;;/ \\\ |

0m 552225; <>\¥s§<5

5&5
A (nm)

T
500

T
550 575

o
[
al

o
1S
Absorption

Figure 45: Absorption pH calibration of BPCR in H,O shows a bathochromic shift for the basic
form (Ayax=555nm) by over 20nm with respect to the acidic one (Ayax=532nm) with an is-
obestic point of 542nm. From that derives pH sensitivity when absorption is observed in the
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Figure 46: Fluorescence pH calibration of BPCR in H,O, based on fluorescence emission meas-
urement, Agxc=518nm, and the corresponding fluorescence emission and excitation
(Aem=570nm) spectra. PET efficiency is so high that the dye comes down to an on-off switch.
The pK, value also matches the physiological range very well.
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The spectral properties shown above meet those expected for a PET system (2.2.4), showing
very pronounced changes in fluorescence intensity, unchanged shapes of fluorescence spectra
and only minor variations in absorption spectra. The changes are fully reversible, as far as that
is ascertainable without carrying out long-time studies.

The absorption maximum of the acidic form is at lower wavelength than the one of rhodamine
B (545nm in MeOH) the substitution pattern of which is similar. Taking into account that a
red-shift is observed in the order rhodamine 123, rhodamine 6G, rhodamine B (507,528,
545nm in MeOH, [117]) as the aromatic nitrogen atoms become substituted and their elec-
tron-pushing effect is increased, that may be related to the presence of the strongly electron-
withdrawing protonated second nitrogen atoms in the piperazinyl groups. On the other hand,
the maximum of the basic form is located between rhodamine B and rhodamine 101 (563nm
in EtOH, [118]). That can be attributed to the weaker electron-withdrawing effect of the un-
charged second nitrogen and the fact that the substituents are rigidised to a certain degree,
similarly to rhodamine 101. The spectral shift between acidic and basic form is surprisingly
large. That could derive from the strong inductive effect of two charged groups located close
to the chromophore. Rhodamines are known to undergo certain changes in spectral properties
related to the protolysis of the 2’-carboxy group and its inductive effect [118]. No such behav-
iour was detected at lower pH, corresponding to the pK, of carboxy groups. Perhaps that ef-
fect is overcompensated for by interactions involving the piperazinyl groups. Fluorescence of
the basic form is too weak to allow reliable determination of its maximum.

The pKa value of 7.46 corresponds to the deprotonation equilibrium of the 4-position in the
piperazine ring and is higher that pKa ; (5.68) in piperazine, which corresponds to deprotona-
tion of a dication, but lower than pKa, (9.82, [170]). The electron-withdrawing effect of the
nitrogen in 1-position is, with respect to free piperazine, intensified by its conjugation with
the aromatic system. Though two piperazine rings are present, only one transition is effective
for pH calibration. As both groups are widely separated by a rigid system, the pK, can be ex-
pected to differ only by the statistical value of 0.3 [171]. However, pKa > may not be recog-
nizable at all as the first protolysis step already causes PET so efficiently that its probability is
not affected by the presence of a second free amino group.

Fluorescence QY (0.79) is higher than the one of rhodamine B (0.70) but lower than the one
of rhodamine 101 (0.98, both in EtOH). That may correspond to the less extensive rigidization
of the amino substituents, with respect to rhodamine 101, the high QY of which can be attrib-
uted to hindrance of IC by rigidization of the alkyl substituents [118].

BPCR is so hydrophilic that physical entrapment in a hydrogel is impossible as it is com-
pletely washed off the polymer instantaneously. For immobilization, it needs to be derivatized
with a long-chained alkyl group (anchoring principle, 2.2.3) or covalently coupled. The an-
choring group ought to be attached to the (4°,5”)-carboxy group, as such extensive lipophiliza-
tion close to the amino moiety of the piperazine ring, which is responsible for PET, might
cause that area of the dye to migrate into a hydrophobic part of the hydrogel where PET does
not occur or is less effective. Because the secondary amino group in the piperazinyl function
causes complication of the lipophilization reaction and most likely also would complicate
covalent coupling with DCC (scheme 7), alkylation is necessary.
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BPCR shows high brightness and excellent sensitivity in the physiological range, together
with spectral properties typical for a rhodamine. It is therefore, in principle, well suited for
applications in solution such as intracellular measurement, microscopy or three-
dimensional imaging. For the preparation of sensors, derivatization is necessary and will
be best carried out in the (4°,5”)-position.

3.3.1.2 Alkylation of N,N'-Bis-(3-azapentamethylene)-(4',5")carboxyrhodamine
(“BPCR”)

In this reaction a large number of products were formed, as displayed by figure 31. Those
were not isolated, since chromatographic separation of such highly charged rhodamines
turned out to be very complicated. Instead, alkylation of PipPh was tackled.

3.3.1.3 Alkylation of 3-(1-Piperazinyl)phenol (“PipPh”)

Alkylation of PipPh with Bu,SO4 yielded the N, O-dibutyl derivative as main product. The N-
alkylated product desired in the first place might have been formed as a side product (e.g. spot
B, figure 32). However, attempts to carry out the reaction in the same way as described in
3.2.2.3 but with a smaller amount of Bu,SO4 and at lower temperature were shown by TLC to
yield the same main product. Anyway, the product obtained here is also suitable for dye syn-
thesis, as detailed in the following. Fortunately, no dialkylation of nitrogen was detected since
that would make preparation of a PET dye impossible.

3.3.1.4 N,N'-Bis-(3-aza-3-butylpentamethylene)-(4',5’)-carboxyrhodamine (“BuPCR”)

Rhodamine synthesis was possible with the O-alkylated product obtained, probably because
the ether group is cleaved by hot MeSOsH to in-situ form the free phenol. Indeed, the low
yield of this step may have been caused by the fact that the ether has to be cleaved prior to
dye formation. However, adapting protocol 3.2.2.4 by adding TMA to the reaction mixture
after heating for 2h resulted in no dye formation at all, but smelly reduction products of
MeSO;H were formed.

Despite the drawback of low yield, the synthetic approach via alkylation of PipPh can be rated
superior to the alkylation of BPCR, because all components are cheaply available, and by
alkylation of BPCR it is difficult to obtain a pure product.

BuPCR is deep purple, and, in comparison to BPCR, less soluble in water, but better soluble
in MeOH and EtOH. Orange luminescence is observed only in acidic solution. Spectral and
pH dependent properties are rather similar to BPCR (figures 45,46):
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Figure 47: Absorption pH calibration of BuPCR in H,O shows a bathochromic shift for the basic
form (Amax=550nm) by 20nm with respect to the acidic one (Ayax=530nm) with an isobestic
point of 539nm. From that derives pH sensitivity when absorption is observed in the maxi-
mum of the acidic form.
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Figure 48: Fluorescence pH calibration of BuPCR in H,O, based on fluorescence emission meas-
urement, Agxc=515nm, and the corresponding fluorescence emission and excitation spectra
(Aem=570nm). PET efficiency is so high that the dye comes down to an on-off switch. The
pK, value also matches the physiological range very well. Fluorescence emission is red-
shifted by 20nm from 559nm (acidic) to 579nm in basic solution, an equal shift as observed
with absorption.

Although both dyes are of on-off switch character, PET efficiency is by almost two orders of

magnitude lower than the one of BPCR. That is surprising since a tertiary amino group can be
expected to be of higher electron-density and therefore more oxidizable than a secondary one.
The pK4 of BuPCR (7.01) is a little lower than the one of BPCR (7.46). It is not uncommon
for secondary amines to be more basic than tertiary ones for steric reasons [172]. BuPCR also
matches physiological range well. As with BPCR, pK A" determined from absorption is higher
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than pK, calculated from fluorescence. pK, is more reliable here because of the much
stronger pH dependence of fluorescence intensity.

Fluorescence QY (0.88) is higher than the one of BCPR (0.79). That is a little surprising since
one can expect the butyl chains to enhance IC. However, non-radiative deactivation can in-
volve other processes as well (3.1.2).

BuPCR shows similar properties to BPCR. Its pK, is a little lower (7.01 compared to
7.46) and therefore it is better suited for applications at lower pH than BPCR. Its prepara-
tion i1s more laborious, but it constitutes an intermediate for the derivatization of the
(4°,5%)-carboxy group.

3.3.1.5 N,N'-Bis-(3-aza-3-butylpentamethylene)-(4',5’)-
octadecylaminocarboxyrhodamine (“RhODA”)

As stated in 3.2.2.5, RhODA shows spectral properties very similar to BPCR and BuPCR, but
is much more lipophilc.
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Figure 49:Absorption and fluorescence emission, Agxc=510nm, spectra of RhODA in CHCI;
acidified with CF;COOH. The spectra are similar in shape and spectral location
(Aasmax=536nm; Agymax=561nm) to BuPCR (figure 48). Absorption is essentially absent in
neutral or basic solution, probably due to lactonization.

Embedded into a hydrogel layer, RhRODA showed no signs of significant leaching (when
stored in aqueous buffer for 12h, the buffer showed no fluorescence while the absorption of
the layer remained constant). pH calibration in a hydrogel layer is shown in the following:
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Figure 50: pH calibration of RhODA in D4 hydrogel derived from absorption and fluorescence
emission spectra, Apxc=515nm. A PET related transition at pH = 5.6 and a lactonization re-
lated one at pH=2.5 can be observed.
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Figure 51: Absorption and fluorescence emission spectra of RhODA in D4 hydrogel, corre-
sponding to figure 50. Absorption at increasing pH shows a hypochromic shift between
pH1-4 and a bathochromic one (546nm to 551nm) between pH 4-7. Fluorescence there un-
dergoes a two step-decrease in intensity and a hypsochromic shift (571 to 558nm).

In figure 50, the equilibrium at pH=5.65 has been identified as PET related since fluorescence
intensity is altered while absorption remains essentially unchanged. An apparent pK4’ of 5.65
can allow sensing in biotechnological samples where pH~6 is not uncommon. PET efficiency
is not as high as in solution (sevenfold, compared to the on-off switch character of BuPCR in
aqueous solution) but still enables good sensitivity. Some dye molecules might be located in
hydrophobic areas inside the hydrogel where PET does not occur, still causing some fluores-
cence at basic pH. Compared to BuPCR in aqueous solution, the apparent pK,’ value is
shifted by about 1.5 units to the acidic, in agreement to the behaviour outlined in 2.2.4. Inter-
estingly, the fluorescence maximum is considerably blue-shifted with increasing pH which is
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in contrast to absorption spectra as well as to the behaviour of BPCR and BuPCR. There is a
red-shift in absorption spectra at basic pH, but it is much less pronounced than for BPCR and
BuPCR (5nm compared to around 20nm), corresponding to a more long-wave absorbing
acidic (546nm compared to 530nm for BuPCR in solution), but not basic (551nm, 550nm for
BuPCR) form.

However, a second equilibrium is clearly recognizable at lower pH. The decrease in fluores-
cence intensity is there accompanied by a decrease in absorption. This transition is most likely
caused by lactonization of the dye (3.1.2). The lactonization equilibrium could be associated
with the protolysis of a carboxy group, although that would be supposed to correspond to
higher pH. Lactonization is only partial, some dye molecules do not suffer from it, possibly
because they are located in more hydrophilic areas of the hydrogel where lactonization is not
favourable. At around pH=2, about 50% of the dye molecules undergo lactonization and are
not available to the PET related transition at higher pH. In practice, that will not only cause a
loss in sensitivity of the layer, but also further complications (irreproducibility of sensor
preparation, unstable signals, complication of calibration by additional, lactonization related
equilibria). For application in polymer matrices, esterification of the 2’-carboxy group, which
prevents lactonization, would therefore be desirable.

RhODA is in principle pH-sensitive in a hydrogel matrix, though its pK, (5.65) is a little
low for most applications. Unfortunately, it undergoes lactonization in a hydrogel matrix.
That decreases sensitivity and is likely to complicate measurement. The preparation of 2’-
esterified rhodamines was therefore tackled.

3.3.1.6 Amidation of Rhodamine 101

This experiment was carried out in order to test if amidation of the (sterically hindered) 2’-
carboxy function in a rhodamine is possible. That would facilitate a straightforward synthetic
strategy since derivatization prevents lactonization at the same time, and commercially avail-
able starting material (rhodamine B or 101) could be used. Furhter modification could be
achieved, for instance, in the following way:

1) Piperazine, DCC, NHS
0o

2)
HacMH NaH,

e
1) Piperazine, DCC, NHS
o

2
) HC NaBH,

H

CHj
—_—

Scheme 17: Possible synthetic routes towards PET rhodamines starting from rhodamine 101,
assuming that amidation of the 2¢-carboxy function is possible. The octadecyl group would
make the dye lipophilic (top, right), while with methacroleine a polymerizable dye could be
available (bottom, right).
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Equivalent modification with sulforhodamines has been reported by Zenkl [173]. As reported
in 3.2.2.6, piperazine and octylamine were used as amino components. Those were chosen
because it should be easy to detect if the reaction was successful, as piperazine is supposed to
yield a pH sensitive dye while octylamine should make it much more lipophilic. However,
none of both was detected. It was therefore concluded that direct amindation of the 2’-position
in thodamines with DCC is not possible due to steric hindrance.

3.3.1.7 Lissamine rhodamine B-4’-piperazinyl amide (“LiPA”)

The strategy outlined in the previous section can be adapted attaching the piperazinyl function
to the (4°,5”)-position.

J N

3C CHj

(\NH n-C,gHaBr /
J— LI
Hee” N o N e
H

Scheme 18: Examples for possible synthetic routes towards PET rhodamines starting from lis-
samine rhodamine B, assuming that amidation of the (4¢,5°)-position with piperazine yields
a pH sensitive dye. The octadecyl group would make the dye lipophilic (top, right), while
with allyl bromide a polymerizable dye would be available (bottom, right).

Attachment of a piperazinyl group to the 4’-position was successful and spectral properties of
the product are similar to sulforhodamine B (table 8) though fluorescence QY is significantly
lower (0.48, compared with 0.91 reported for sulforhodamine B, [174]). Unfortunately, none
of the product fractions obtained shows any pH sensitivity at all.
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Figure 52: pH calibration of the product fractions obtained according to 3.2.2.7 where fraction
D is the main product identified by NMR spectroscopy and E is the side product. Neither
shows any signs of PET effect at all.

It was concluded that amidation of the 4’-carboxy position in thodamines is not a suitable
route towards PET rhodamines. The lack of sensitivity could be cause by the larger dis-
tance between PET functionality and chromophore, compared to B(u)PCR.

3.3.1.8 N-(3-Azapentamethylene)-N’,N’-dibutylrhodamine (“SemiPR”)

Synthesis of SemiPR was enhanced in order to realize the following synthetic strategy:

Scheme 19: Concept for the preparation of a PET rhodamine that cannot undergo lactonization
for application in polymer matrices.

SemiPR is a violet solid of significantly less hydrophilic character than BPCR or BuPCR,
being poorly soluble and weakly fluorescent in water. Solubility in H,O/EtOH mixtures is
much better and orange luminescence is stronger in acidic than in basic solution. SemiPR is
also soluble in organic solvents such as THF or EE, but the solution is only weakly coloured,
particularly under basic conditions. That is most likely caused by lactonization.

Acid/base sensitivity of SemiPR in H,O/EtOH mixtures increases with EtOH content. pH
calibration was performed in EtOH/H,0O 1:1 and in pure H,O.
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Figure 53:Absorption pH calibration of SemiPR in EtOH/H,O 1:1 shows a small hyperchromic
and bathochromic (Avax=555nm, compared to Ayax=548nm in acidic solution) shift in basic
media. Absorption in the maximum of the acidic form is virtually independent on pH.
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Figure 54: Fluorescence pH calibration of SemiPR, based on fluorescence emission measure-
ment, Apxc=545nm, carried out in water and in EtOH/H,O 1:1. Corresponding fluorescence
emission and excitation spectra (Agy=580nm) were recorded in EtOH/H,O 1:1. Fluorescence
emission is red-shifted by 8nm to 581nm in basic solution, similarly to absorption. PET effi-
ciency is strongly dependent on the solvent, moderate in EtOH/H,0 1:1 and poor in water.
Both pK, in water and pK, in EtOH/H,0 1:1 match the physiological range.
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Figure 55: Comparison of acid/base sensitivity of SemiPR (2.4uM) in different EtOH/H,0 mix-
tures, displayed as ratio between fluorescence intensity measured in the emission maximum
(Agxc =533nm) in 16mM HCI and 16mM NaOH.

PET efficiency is much lower than for the rhodamines carrying two piperazinyl functions,
BPCR and BuPCR (table 8). That is remarkable, apparently the excited chromophore is not
efficiently reduced by one piperazinyl function. Furthermore, it is uncommon that PET is en-
hanced in apolar media. That could be related to the dependence of fluorescence QY of the
acidic form on the solvent. Fluorescence is actually very weak in acidic aqueous solution, and
though it is obviously enhanced as EtOH is added, QY still is as low as 0.18 in EtOH. Such a
low value may be caused by the longer butyl chains which are expected to enhance IC. How-
ever, the even worse brightness in water seems likely to be related to the low water-solubility
of the dye even in acidic solution. Because rhodamines are known to undergo lactonization in
basic media, acid-base sensitivity (and its enhancement with increasing EtOH content) might
be partially caused by lactonization of the basic form, although absorption spectra in
EtOH/H,0 1:1 did not point towards that (absorption was actually more intense in basic me-
dia). Still, the basic form shows much stronger fluorescence (even visible with the naked eye)
than the ones of BPCR and BuPCR so that the high PET efficiency of those appears to be
introduced by the second piperazinyl group.

Compared to BPCR and BuPCR, the absorption of the acidic form is red-shifted and the ba-
thochromic shift of the basic one is less pronounced so that the basic forms of all three dyes
show similar absorption maxima (table 8). That can be explained with the weaker overall
electron-withdrawing effect of only one charged piperazinyl group in the acidic form.
Compared to BPCR, the pK4 value observed in water is lower and differs from it by 0.45
which is not far from the statistical value of 0.3 for deprotonation probability of two inde-
pendent acidic groups [171]. The lower apparent pKa in 50% ethanolic solution can be attrib-
uted to the lower polarity of the solvent.

Consequently, SemiPR is much less suitable for pH sensing in solution because it is much less
sensitive and sensitivity in water is very poor. SemiPR cannot be characterized in a hydrogel
layer since it is washed off within a few minutes. Anyway, if such a layer is prepared, it turns
almost white as the solvent evaporates (the same behaviour was observed with RhODA). That
indicates that lactonization still is likely to be an issue and esterification of the 2-carboxy
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function (scheme 19) is required. However, based on the observations described in 3.2.2.9, it
was concluded that SemiPR undergoes double alkylation before the carboxy group is esteri-
fied. That makes prevention of lactonization rather complicated as insertion of protective
groups would be required.

SemiPR is only weakly fluorescent in aqueous solution, probably due to limited solubility.
Its pK4 value is not very different from BPCR, but sensitivity is much lower and the dye
is not of on-off switch character. One piperazinyl group is thus not sufficient to allow high
PET efficiency. Furthermore, attempted esterification of the 2’-carboxy position leads to
double alkylation of the piperazinyl group and therefore results in total loss of sensitivity.
That complicates the preparation of any PET rhodamine as an amino function always will
be present. Rhodamines also offer only limited accessibility to extension of the chromo-
phore for the preparation of more long-wave excitable dyes. Therefore, no further effort
was taken to obtain a PET rhodamine for application in immobilization matrices.

The properties of all prepared rhodamines are summarized below:

Table 8: Properties of rhodamines in acidic/basic form, from left to right: Top: fluorescence
quantum Yyields, absorption maxima wavelengths. Bottom: molar absorption coefficients in
the maximum, emission maxima wavelengths, pK, values determined from fluorescence
emission spectra, pK," values determined from absorption spectra, PET efficiency. Unless
otherwise stated, all parameters were determined in water.

Dye Dy Aags, max (nm)
BPCR 0.79+0.02 /(8+1)*10*(H,O/MeOH) 532/555

BuPCR 0.88+0.01/(13+3)*10~ (MeOH) 530/550

RhODA - 546/551°

LiPA 0.48+0.01(EtOH) 567°

SemiPR 0.18+0.02/0.073+0.01(EtOH) 548/555°

Dye Smax (M_lcm_l) AEm. Max (nm) pKa pK,® Eper
BPCR 8.13*10%7.36*10* 562/- 7.46 7.85 2.8%10°
BuPCR 8.69*%10%8.51*%10* 559/579 7.01 7.47 46
RhODA - 571/558? 7.27° - 7.3°
LiPA 9.32*10* 591° - - -
SemiPR 8.43%10%/9.14*10*° 573/581° 7.01° 7.95° 4.1°
*in D4 hydrogel layer

® in EtOH/H,0 1:1

¢ in EtOH

3.3.1.9 Bis[4-dibutylamino-2-hydroxyphenyl|squaraine

An intensely absorbing, very bright long-wave excitable dye has been synthesized in an aston-
ishingly simple way. It presents intermediate solubility in organic solvents (more than 1% in
THF) and is in low concentrations also soluble in EtOH/H,0. Acidic solutions are bright blue,
while basic solutions are violet in organic solvents and dark blue in EtOH/H,0.
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Figure 56: Absorption spectra of bis[4-dibutylamino-2-hydroxyphenyl]squaraine, 1.7uM in ace-
tone/acetone 0.03%TOAOH/EtOH:H,O 1:1, 3mM phosphate buffer pH7/pH11.

The broad, distorted shape of the spectrum in basic acetone could originate from aggregation.
Bis[4-dibutylamino-2-hydroxyphenyl]|squaraine also features excellent pH sensitivity, as the
basic form is virtually non-fluorescent.

Fluorescence brightness is roughly 2 times lower in EtOH/H,0O than in acetone. That still im-
plies good brightness, as ¢ is very high and ®r as high as 0.81 in acetone.
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Figure 57: Absorption pH calibration of bis[4-dibutylamino-2-hydroxyphenyl]squaraine in
EtOH/H20 1:1 shows a hypsochromic shift for the basic form (Aviax=652nm) with respect to
the acidic one (Ayax=618nm). Absorption in the maximum of the acidic form is strongly de-
pendent on pH while there is a clear isobestic point at 631nm.
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Figure 58: Fluorescence pH calibration of bis[4-dibutylamino-2-hydroxyphenyl]squaraine in
EtOH/H20 1:1, based on fluorescence emission measurement, excited in the isobestic point
(Aexc=631nm) and corresponding fluorescence emission and excitation spectra (Agy=690nm)
show high acid/base sensitivity in an elevated pH area.

This dye is a typical example for a pH indicator that undergoes neither PET nor PPT (class C,
section 2.2.4), all spectra being strongly pH dependent. The apparent pK, measured in prin-
ciple enables sensing in marines systems as the pH of seawater and marine sediment is within
7,2-9,2 [43]. 9.31 is a common pK4 value for a phenolic system and is similar to values pub-
lished for a comparable system [135]. The presence of an isobestic point indicates that the
basic form is soluble in the calibration medium. All acid-base induced spectral changes are
reversible in solution. In contrast to absorption spectra, emission spectra only show a very
small bathochromic shift in basic media and no converging value that would correspond to the
emission maximum of the basic form can be found. The shoulder in emission spectra is also
typical for squaraines, those can have multiple emission bands due to exciplex formation with
the solvent [131].

For immobilization, bis[4-dibutylamino-2-hydroxyphenyl]squaraine was incorporated into D4
layers, PS/PVP particles and RL100 particles. Fluorescence and absorption spectra in those
matrices are shown below, where those in PS/PVP particles are left out because luminescence
turned out to be very weak in that material. Fluorescence spectra were recorded subsequently
with equal spectrometer settings and samples of equal absorption to get a coarse estimation of
relative brightness in distinct materials.
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Figure 59: Absorption and emission spectra of bis[4-dibutylamino-2-hydroxyphenyl]squaraine
in different immobilization matrices. All spectra are similar in shape, but there is a batho-
chromic shift in D4 and a hypsochromic one in RL100 particles, compared to solution.
Maxima are listed in table 9. Emission intensities differ, but are remarkably lower than in
solution of equal solution.

In addition to poor brightness, sensing behaviour is significantly worse in the polymer matrix
than in solution:
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Figure 60: pH calibration of bis[4-dibutylamino-2-hydroxyphenyl]squaraine, 0.25% in D4. A
strong shift in pK, towards highly basic values is observed so that there is no converging
value for the basic form recognizable. Sensitivity is also much lower than in solution.

The shift in the apparent pK, towards higher values, compared to the one in solution, is not

unexpected for a species that is deprotonated to form a negatively charged basic form (2.2.4).
In this matrix, indeed, it is so large that it will not match any common applications. Also criti-
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cal is the poor sensitivity and brightness. Furthermore, the transition shows poor reversibility,
as indicated below:
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Figure 61: pH calibration cycles of bis[4-dibutylamino-2-hydroxyphenyl]squaraine, 0.25% in
D4, monitored over absorption in the maximum. Each cycle was started at pH 4,5 and in-
creased up to 13.0 to go back to 4.5

The poor reversibility observed is most likely related to low stability of the dye in the hy-
drogel matrix. That is in fact rather obvious as freshly prepared layers show the same bright
blue colour observable in solution, but turn to pale violet over time. With some layers, that
process is so fast that it can be followed with absorption spectra and even with the eye. Other
layers remain stable over some hours or days, but all of them change colour and absorption
spectra eventually.

Irreversibility could be related to aggregation or decomposition of the dye under basic condi-
tions (squarates have been reported to be unstable in basic environment due to hydrolysis
[129]). Therefore, bis[4-dibutylamino-2-hydroxyphenyl]squaraine was incorporated into
RL100 particles, as the positively charged environment provided by those can be expected to
decrease pKa’.
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Figure 62: pH calibration of bis[4-dibutylamino-2-hydroxyphenyl|squaraine, 0.25% in RL100
particles. A strong shift in pK, towards highly basic values is observed so that there is no
converging value for the basic form recognizable. Sensitivity is also much lower than in so-
lution.

Surprisingly, the behaviour observed in RL100 is about the same as in D4, showing a higher
apparent pKa’ value than in solution and limited sensitivity. Reversibility is poor too, simi-
larly to the D4 matrix. That could indicate that the pH sensitivity derives from (partially) irre-
versible processes (aggregation, chemical or photochemical degradation) rather than from
protolysis.

Consequently, bis[4-dibutylamino-2-hydroxyphenyl]squaraine has been shown to be inappli-
cable to pH sensing in any immobilization matrix investigated. To critically evaluate dye
properties (regardless of the immobilization matrix), photostability of the dye was investi-
gated:
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Figure 63: Monitoring of photobleaching of bis[4-dibutylamino-2-hydroxyphenyl]squaraine,
illuminating with a red LED (643nm). In pure THF, compared to a mixture with 10% H,O,
bleaching is severe and enhanced by the presence of water. As a reference, bis[4-
dibutylamino-2-hydroxyphenyl|squaraine was shown to suffer from no degradation by wa-
ter in an equal sample (THF, 10% H,0) when stored in the dark
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Figure 64: Monitoring of photobleaching of bis[4-dibutylamino-2-hydroxyphenyl]squaraine in
EtOH/H,O 1:1, illuminating with a red LED (643nm) at different pH. All data points are
referenced to an equally composed solution stored in the dark. Samples were of equal ab-
sorption at 643nm and absorption was observed at 653nm, the maximum of the acidic form,
regardless of the shape of absorption spectra at different pH.

Figure 63 proves that the dye is rapidly photo-degraded in the presence of water. Bleaching is
very significant not only in basic, but also in acidic solution (figure 64). The spectra corre-
sponding to figures 63 and 64 are not shown here, but exhibit the same pH dependent shapes
as shown in figure 57. Bleaching leads to a decrease of the entire spectrum by a constant fac-
tor, without any changes in shape or formation of any new observable emissions.

It has to be concluded that bis[4-dibutylamino-2-hydroxyphenyl]squaraine is not suitable for
pH sensing because it is photo-degraded in the presence of water.

Properties of bis[4-dibutylamino-2-hydroxyphenyl]squaraine are summarized below:

Table 9: Properties of bis[4-dibutylamino-2-hydroxyphenyl]squaraine in different solvents and
immobilization matrices in acidic/basic form, from left to right: Top: fluorescence quantum
yields, absorption maxima wavelengths, molar absorption coefficient in the maximum. Bot-
tom: fluorescence emission maxima, pK, values determined from fluorescence emission
spectra, pK," values determined from absorption spectra, acid base sensitivity factors
(ABSF) determined in fluorescence calibration.

Solvent/material Dy Aags, max (nm) R (M'lcm'l)
EtOH/H,0 1:1 - 652/618 2.94%10°/1.30*10°
Acetone 0.81+0.08/(10£3)* 10 646/536

D4 hydrogel - 658/624

RL100 particles - 644/622

Solvent/material  Agy. max (nm) pKa pK4® ABSF
EtOH/H,0 1:1 671/- 9.29 9.31 27
Acetone 666/- - - -

D4 hydrogel 677/672 12.00 11.49 2.6
RL100 particles 670/663 11.42 11.16 2.4
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Bis[4-dibutylamino-2-hydroxyphenyl]squaraine is highly pH-sensitive in the elevated pH
range (pK,=9.31), extraordinarily bright and long-wave excitable (640nm). Unfortu-
nately, its properties are much worse in immobilization matrices. Moreover, its low pho-
tostability in the presence of water renders it practically useless for pH sensing.

3.3.1.10 1,6,7,12-Tetrachloro-N,N'-di(3-morpholinopropyl)perylene-3,4,9,10-
tetracarboxylic bisimide (CI-DMPBI)

CI-DMPBI was obtained as an orange solid the fluorescence of which is essentially turned off
in basic solution. The reaction involves formation of a more short-wave absorbing species.
That was interpreted as opening of the anhydride ring(s) which leads to acyclic di- or tetracar-
boxylates. Similar compounds have been reported to show more short-wave absorption than
PBAs [139].
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Figure 65: Monitoring of the reaction mixture in the preparation of CI-DMPBI over absorption
and fluorescence emission (Apxc=510nm) spectra. Samples are equally concentrated and
were diluted by 1000 with acetone and acidified with MeSO;H, unless otherwise stated.
Spectra of the final product are represented by bold lines. A more short-wave absorbing
species (454nm) is formed almost instantaneously and may result from opening of the cyclic
anhydrides. That species is more slowly converted into the product which shows absorption
spectra similar in shape but weakly bathochromically (from 509 to 513nm) and more
strongly hypochromically shifted, compared to the starting material. The intermediate
shows reduced brightness. The product exhibits strong fluorescence only in acidic solution
and emission spectra are bathochromically (from 544 to 554nm) and hyperchromically
shifted compared to the staring material.

Imidation of TCPBA turned out to take place very quickly. The intermediate mentioned is
formed within several minutes at 35°C, and after 2h, the reaction is complete. The high reac-
tivity observed is interesting, taking into consideration that many protocols in the literature
suggest much longer reaction times and higher temperatures with both aromatic and aliphatic
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amines [150,153,175]. However, if such conditions are applied, extensive formation of side-
products is observed. Also, an excess of amine was found to be disadvantageous, resulting in
formation of side products that feature very long-waved (up to 800nm) absorption and no or
little fluorescence. Possible interpretations are substitution of chlorine with OH™ or with ex-
cess amino component.

CI-DMPBI is - in neutral media - poorly to moderately soluble in organic solvents and insolu-
ble in water. Solubility in more polar solvents such as acetone or EtOH is remarkably in-
creased upon acidification. That is easily explained by the dicationic character of the acidic
form which increases polarity and complicates stacking.

A survey of acid-base sensitivity in various organic solvents showed a strong response in any
environment tested:

Table 10: Acid-base dependent properties of CI-DMPBI, from left to right: Solvent used, dielec-
tric constant of the solvent g5, absorption maximum wavelengths in acidic/basic solution,
emission maximum wavelengths in acidic/basic solution, ratio of fluorescence intensity in
acidic and basic media when equal samples are excited in a wavelength of equal absorp-
tion (i.e. acid-base sensitivity).

Solvent £s Msmax (nm)  Apmmax (Mm)  Lacigic/Ibasic
Cyclohexene 2.1 522/516 564/556 32+1.7
Toluene 2.4 525/523 556/548 4343.1
CHCl; 4.8 523/521 556/551 67+4.4
THF 7.5 517/515 551/549 105+£3.9
Acetone 21.0 515/513 551/547 99+5.2
EtOH 34.3 515/514 552/550 5042.6

CI-DMPBI shows a tendency towards negative solvatochromism, especially in emission
maxima. Also, there is a slight hypsochromic shift of the basic form with respect to the acidic
one which tends to decrease with increasing solvent polarity. Such an influence of acid-
ity/basicity of the environment on spectral properties can be attributed to interactions between
the chromophore and the positively charged group of the acidic form. In a similar way, for
instance, spectral properties in rthodamines are slightly changed upon (de)protonation of the
2’-carboxy group, even though it is not directly part of the chromophore [118].

CI-DMPBI has been shown to be highly pH sensitive both in polar and apolar media. De-
creasing sensitivity in apolar solvents can originate from decreasing PET efficiency according
to Weller’s equation (equation 50). The lower value in EtOH may be related to the reductive
properties of EtOH.

PET and solubility effects cannot be fully distinguished with a dye of such moderate solubil-
ity, but it seems very unlikely that sensitivity is exclusively caused by solubility effects, as
sensitivity is present and of the same direction in any solvent tested and fluorescence is
switched on/off instantaneously and regardless of dye concentration. Thus, CI-DMPBI can be
considered a PET dye.

pH calibration in EtOH/H,O 1:1 shows no variation in absorption spectra over pH up to
pH=9, while at higher pH a long-waved (>700nm) maximum is formed at the expense of the
spectrum of CI-DMPBI (similar to figure 72). That spectral variation is only partially reversi-
ble and could be caused by degradation of the dye (substitution of chlorine with OH").
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Figure 66: Fluorescence pH calibration of CI-DMPBI, based on fluorescence emission measure-
ment, Agxc=486nm, carried out in water and in EtOH/H,O 1:1. Corresponding fluorescence
emission and excitation spectra (Agy=580nm) were recorded in EtOH/H,0 1:1. In both en-
vironments high pH sensitivity is observed while there is no wavelength shift
(XABS,MAX=524nm, XEM,MAX=561nm in EtOH/HzO 1:1).

Absorption and fluorescence spectra are in good agreement with the behaviour expected for a
PET dye. Acid-base sensitivity in EtOH/H,O is lower than all values obtained in non-aqueous
media but still very satisfying. The very high value detected in H,O is partially caused by the
very low solubility of the basic form. The pH induced changes in fluorescence spectra are
fully reversible.

The pKa detected in H,O is lower than the one of N-methylmorpholine (7.38; [176]). That can
be explained with the presence of an electron-withdrawing imide-nitrogen. pKa’ in EtOH is
even lower due to the more hydrophobic environment, destabilizing the charged acidic
form.Fluorescence QY is satisfying (0.88) and in agreement with the high QY known for
(both chlorinated and non-chlorinated) PBIs [139].

When incorporated into D4 hydrogel, CI-DMPBI suffers from strong leaching (complete in
<S5min) in acidic media, whereas in neutral media no signs of leaching are detectable. That is
not surprising since the dye is well soluble in acidic aqueous solution. In contrast to that, the
basic form is completely insoluble even in EtOH.

CI-DMPBI is highly acid-base sensitive in organic solvents and virtually of on-off switch
character. Its pK, was determined to 5.9 in aqueous solution, but virtual insolubility of the
basic form might distort that value. On the other hand, the dicationic character of the
acidic form causes its leaching from hydrogel matrices. Lipophilization is thus required to
allow application in sensors. Substitution of chlorine with aryloxy is promising as it si-
multaneously makes the dye more long-wave excitable.
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3.3.1.11 1,6,7,12-Tetraphenoxy-N,N'-di(3-morpholinopropyl)perylene-3,4,9,10-
tetracarboxylic bisimide (PhO-DMPBI)

This reaction was carried out to improve solubility of the PET perylene dye ClI-DMPBI, si-
multaneously achieving a bathochromic shift by about 60nm by introducing phenoxy groups.
The originally intended synthesis of a mixed bisimide with one 3-(1-morpholino)propyl and
one 2,6-diisopropylphenyl substituent at the imide nitrogens was not successful, probably due
to low reactivity of 2,6-diisopropylaniline. In the literature, longer reaction times are often
employed to obtain an imide with 2,6-diisopropylaniline, and propionic acid is a frequently
used solvent [150,175], so acidic catalysis might be crucial. Instead, 3-(1-morpholino)propyl-
1-amine has formed a symmetric bisimide with part of the TCPBA inserted. Anyway, the ba-
thochromic shift has been accomplished. The modest yield is easily explained by the use of
only one equivalent of 3-(I-morpholino)propyl-1-amine and the fact that all reaction steps
were carried out without purification in this one-pot approach, naturally favouring side reac-
tions. Nevertheless, a sufficient amount of PhO-DMPBI was obtained to characterize it with-
out requiring laborious purification of the intermediate. Of course, yield could be increased by
inserting a sufficient amount of amino component and carrying out two-step synthesis. In-
deed, for the preparation of asymmetric bisimide a more sophisticated approach is required
(3.1.4).

PhO-DMPBI is of red colour in solution and shows orange fluorescence. Solubility turned out
to be worse than expected, being significantly better than the one of CI-DMPBI in apolar sol-
vents such as CHCI3 but not better or even worse in more polar solvents such as THF or
EtOH. While CI-DMPBI is well soluble in acidic polar solvents, solubility of PhO-DMPBI is
improved less upon acidification in such solvents. This emphasizes the less polar character of
the dye, caused by the introduction of apolar phenoxy groups.

pH sensitivity turned out to be significantly lower than the one of CI-DMPBI in more polar
organic solvents and essentially absent in apolar ones. That is evident in the following table:

Table 11: Acid-base dependent properties of PhO-DMPBI, from left to right: Solvent used, di-
electric constant of the solvent &g, absorption maximum wavelengths in acidic/basic solu-
tion, emission maximum wavelengths in acidic/basic solution, ratio of fluorescence
intensity in acidic and basic media when equal samples are excited in a wavelength of
equal absorption (i.e. acid-base sensitivity).

Solvent &s Aagsmax (NnmM)  Apmmvax (NM)  acigie/Ibasic
Cyclohexene 2.1 571/563 605/595 0.49+0.02
Toluene 24 575/568 609/603 1.74+0.06
CHCL; 4.8 583/577 619/614 1.5+0.06
THF 7.5 566/564 603/600 2.7+0.10
Acetone 21.0 566/563 606/600 4.1+0.12
EtOH 34.3 571/569 613/610 2.9+0.09

Spectral properties of PhO-DMPBI in different acidic/basic solvents are not very different
from those observed with CI-DMPBI and discussed there, of course all spectra being red-
shifted by about 60nm. The pronounced bathochromic shift in CHCIs is remarkable. Fluores-
cence QY of the acidic form (0.88, acetone) is equally high to CI-DMPBI, implying good
brightness. Spectral shifts depending on solvent polarity are more pronounced than with CI-
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DMPBI. That may be explained with the stronger electron-withdrawing character of the
phenoxy group, increasing the push-pull character of the dye (2.1.8).

The significant decrease in acid-base sensitivity is obviously related to the substitution of
chlorine with phenoxy. By replacing an electron-withdrawing group with an electron-donor,
reduction potential of the chromophore is likely to be diminished. Moreover, its excitation
energy is decreased by the bathochromic shift. Both effects weaken the thermodynamic driv-
ing force of PET (equation 50). As a result, PET is only favourable in polar environments,
showing moderate probability even there, in contrast to CI-DMPBI, where it is highly favour-
able, regardless of the environment. Here again, solubility effects have to be taken into ac-
count. The inversed pH sensitivity in cyclohexene may correspond to lower solubility of the
acidic form. Increasing sensitivity in polar media might be caused by better solubility of the
acidic form there, the basic one generally being less soluble as stacking is more favourable
with uncharged molecules. Consequently, PhO-DMPBI cannot be definitely verified to be a
PET dye. Still, pH sensitivity in solvents such as THF or acetone is present regardless of dye
concentration. That argues for PET causing at least part of the sensitivity (for solubility ef-
fects, a pronounced concentration effect can be expected).
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Figure 67: Absorption pH calibration of PhO-DMPBI in EtOH/H,0 1:1, observed in the most
long-wave maximum (578nm), shows increasing distortion of the spectra, while the location
of the maxima remains unchanged. Absorption in the central maximum (537nm) is essen-
tially pH-independent. The distortion is most likely caused by aggregation.
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Figure 68: Fluorescence pH calibration of PhO-DMPBI in EtOH/H,O 1:1 based on fluorescence
emission measurement (Agxc=540nm), observed in the emission maximum (627nm) and cor-
responding fluorescence emission and excitation spectra (Agy=620nm). The high sensitivity
is at least partially caused by aggregation which is indicated by the distortion of absorption
spectra (figure 67) which corresponds to similar pH values of 5-6. Also, fluorescence is weak
even in acidic solution. There is no noticeable pH-induced shift in emission maximum.

Aggregation issues in EtOH/H>O become evident after some hours as dye precipitate is
formed in basic solution, leaving behind a colourless solution. The pH dependent behaviour of
fluorescence spectra can therefore as well be caused by decrease in dye concentration due to
aggregation as by PET. The system was found to be reversible and even the precipitate is re-
dissolved upon acidification of a basic sample. The high pH sensitivity observed cannot be
exclusively attributed to PET and PET efficiency cannot be determined. The inflection point
may also originate from aggregation and even though that may be closely related to protolysis
it cannot be denominated a pK, value. It is not too different form the pKA7 of CI-DMPBI in
the same media, but the dynamic range is narrower. While in a sample of CI-DMPBI in acidic
EtOH/H,0, fluorescence is obvious even when it is exposed to daylight, the one of PhO-
DMPBI is hardly visible even when UV-illuminated in a dark room. Consequently, the prin-
cipally high QY is diminished in polar media due to poor solubility.

When PhO-DMPBI is embedded into D4 hydrogel, the properties of the sensitive layers vary
from one to another and over time. Some layers are equal in colour to solutions and show very
similar spectra when freshly prepared. However, within a short time the colour may (irre-
versibly) change to faint violet. Then, distorted absorption spectra similar the ones shown in
figure 67 are observed. The layers may be pH sensitive (dynamic range roughly pH 4-6) first,
but sensitivity may decrease and the dynamic range may be shifted over time. Other layers are
not pH sensitive, or they turn faint violet instantaneously as the cocktail solvent vaporizes,
show hardly any fluorescence at all and distorted absorption spectra. These observations are
most likely related to aggregation processes. The dye may be soluble and sensitive in some
areas of the hydrogel (which consists of more polar and less polar areas), but it will eventually
migrate into areas where it undergoes irreversible aggregation.
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Since PhO-DMPBI shows poor sensing performance in EtOH/H,O and in hydrogels, a more
soluble derivative has to be obtained. Sensing efficiency is not great even in better solvents,
although a sensitivity factor of 4 (present in acetone) may still be satisfying for many applica-
tions. Low sensitivity is, of course, disadvantageous for a PET pH sensor. The on-off switch
character is lost, and excitation/observation wavelengths cannot be tuned to increase sensitiv-
ity for obvious reasons. Furthermore, polarity cross-sensitivity is likely to be an issue with
dyes like PhO-DMPBI. Introduction of a more oxidizable amino function may help to over-
come this problem.

PhO-DMPBI can be prepared from commercially available TCPBA in a one-pot ap-
proach. It is more long-wave excitable, but its acid-base sensitivity, compared to ClI-
DMPBI, is significantly reduced (factor 3-4) and only present in polar solvents. That can
be attributed to the electron-pushing character of the phenoxy substituents. Due to its low
solubility, it is not applicable in a hydrogel matrix. Replacement of phenoxy by tert-
butylphenoxy was tackled to improve solubility.

3.3.1.12 1,6,7,12-Tetra(4-tert-butylphenoxy)-N,N'-di(3-morpholinopropyl)perylene-
3,4,9,10-tetracarboxylic bisimide (tBuP-DMPBI)

From the synthetic point of view the same statements are valid as outlined in 3.3.1.11. Here
again, the symmetric bisimide with 3-(1-morpholino)propyl-1-amine was formed. tert-
Butylphenol was used instead of phenol because even higher solubility was expected due to
the presence of the bulky tBu substituent. A similar structure (carrying aromatic p-
aminophenyl as imide substituent) had been reported to be subject to PET [177].
tBuP-DMPBI is of red colour in solution and shows orange fluorescence. Solubility in organic
solvents is significantly better than the one of PhO-DMPBI, in particular in solvents of me-
dium polarity like THF. It is still poorly soluble in polar solvents such as EtOH, and solubility
is much lower than the one of lumogen red, which carries diisopropylphenyl substituents at
the imide nitrogens. Substituents in the imide region still seem to play a more important role
for the prevention of aggregation processes than those in the bay region.

Table 12: Acid-base dependent properties of tBuP-DMPBI, from left to right: Solvent used, di-
electric constant of the solvent &g, absorption maximum wavelengths in acidic/basic solution,
emission maximum wavelengths in acidic/basic solution, ratio of fluorescence intensity in
acidic and basic media when equal samples are excited in a wavelength of equal absorption
(i.e. acid-base sensitivity).

Solvent &s AaBs,Max (nm) AgM,MAX (NmM) Lacidic/Ibasic
Cyclohexene 2.1 577/569 611/603 0.80+0.09
Toluene 24 581/574 616/609 1.2+0.06
CHCL; 4.8 591/586 626/621 1.1+0.11
THF 7.5 572/571 608/605 2.5+0.13
Acetone 21.0 572/568 611/606 3.0+0.07
EtOH 34.3 577/575 620/617 2.1+0.10

Spectral properties of tBuP-DMPBI are similar to those of PhO-DMPBI which have been
discussed earlier. Slightly more bathocromically shifted spectra can be attributed to the
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Fluorescence QY of the acidic form is lower (0.66) than the one of PhO-DMPBI (0.88) but
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Figure 69: Absorption pH calibration of tBuP-DMPBI in EtOH/H,0 1:1, observed in the most
long-wave maximum of the acidic form (583nm), shows a remarkable bathochromic shift in
basic media (Ayax=603nm) while the shape shows only minor pH dependence. The shift is
most likely caused y aggregation.
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Figure 70: Fluorescence pH calibration of tBuP-DMPBI in EtOH/H2O 1:1 based on fluorescence
emission measurement (Agxc=550nm), observed in the emission maximum in acidic media
(631nm) and corresponding fluorescence emission and excitation spectra (Agy=620nm).
There is pH-induced red-shift in the emission maximum (Ayax pas=639nm), though it is less
pronounced than in absorption spectra (AA=20nm there). The high sensitivity is at least par-
tially caused by aggregation which is indicated by the bathochromic shift of absorption
spectra (figure 69) which corresponds to similar pH values of 3-4. Also, fluorescence is weak

even in acidic solution.
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The red-shift of the absorption spectra in EtOH/H,0, accompanied with an increase of long-
wave absorbing background, can be attributed to aggregation, not only because such a shift is
typical for aggregates, but also because dye precipitation is observed after some time. The
high sensitivity found in EtOH/H,0O 1:1 is at least partially caused by the low solubility of the
basic form, as emphasized by precipitation. Here again, the inflection point cannot be directly
attributed to protolysis, though the latter may be closely related to aggregation. Similarly to
PhO-DMPBI, fluorescence of tBuP-DMPBI is very weak in this environment.

When tBuP-DMPBI is embedded into D4 hydrogel, the colour of the layer turns from red to
faint violet immediately as the solvent vaporizes. It is then very weakly fluorescent and virtu-
ally non-sensitive. Absorption spectra are red-shifted, similarly to those in basic EtOH/H,0.
Regarding pH sensitivity, a slight decrease in absorption is observable at pH 4-5, which is
accompanied by a hypsochromic shift in emission spectra and emission intensity is only
slightly decreased (by about 10%). All spectral changes are reversible. They are best ex-
plained by formation of an aggregate which can undergo protolysis. Both forms are similarly
weakly fluorescent and spectral properties are slightly different.

The properties of the hydrogel layer, including essential absence of useful pH sensitivity, are
not representative to tBuP-DMPBI, but to the aggregate. In the same way, the pH sensitivity
observable in solution cannot be directly related to PET as aggregation also plays an impor-
tant role there. Although tBuP-DMPI may be better soluble in media of low or medium polar-
ity, solubility in polar environment is not noticeably better, probably because of the
hydrophobic character of the fert-butyl groups.

Consequently, although tBuP-DMPBI shows acid-base sensitivity, it is not suitable fot pH
sensing in aqueous solution or in a hydrogel matrix due to poor solubility. The design of de-
rivatives with better solubility is required. That can involve the introduction of bulky substitu-
ents to the imide nitrogen (such as the one in lumogen red, figure 27) as apparently that region
plays a mayor role for solubility.

tBuP-DMPBI shows similar properties to PhO-DMPBI. Its solubility is better but still too
low for application in immobilization matrices. Acid-base sensitivity in organic solvents is
a little lower than the one of PhO-DMPBI (factor 2-3). Preparation of an asymmetric PBI,
carrying one PET group and one solubilising diisopropylphenyl substituent in the imide
positions, was tackled at this point.

108



3.3.1.13 1,6,7,12-Tetrachloro-N-(2,6-diisopropylanilino)-N’-(3-(1-morpholino) propyl)
perylene-3,4,9,10-tetracarboxylic bisimide (CI-AMPBI)

It is remarkable that this asymmetric PBI could be prepared in a one-pot approach since most
protocols in the literature suggest multi-step synthesis [153-155]. Although those methods
would probably allow a better yield, CI-AMPBI was here obtained in a straightforward way,
starting from not too pricey compounds and avoiding tedious purification of the intermediates.
CIl-AMPBI shows better (indeed still limited) solubility than the other perylene dyes presented
in solvents of medium polarity like THF or acetone. It is also soluble in EtOH to some extent,
unlike CI-DMPBI. The solubilising effect of the one diisopropylanilino group seems to be
equal or superior even to the one of four tert-butylphenoxy groups. Acid/base sensitivity lies
between the one of PhO-DMPBI and CI-DMPBI and is still high, regardless of the solvent.

Table 13: Acid-base dependent properties of CI-AMPBI, from left to right: Solvent used, dielec-
tric constant of the solvent &5, absorption maximum wavelengths in acidic/basic solution,
emission maximum wavelengths in acidic/basic solution, ratio of fluorescence intensity in
acidic and basic media when equal samples are excited in a wavelength of equal absorption
(i.e. acid-base sensitivity).

Solvent €s AABS,MAX AEM,MAX Lacidic/Ipasic
(nm) (nm)
Cyclohexene 2.1 518/517 548/546 13.0+0.6
Toluene 24 524/523 553/553 19.1£1.3
CHCL; 4.8 523/522 552/551 18.9+0.7
THF 7.5 517/516 548/548 17.9+0.3
Acetone 21.0 515/515 548/547 22.8+1.9
EtOH 343 516/516 551/551 12.4+1.1

Although acid-base sensitivity is significantly lower than for CI-DMPBI, where two mor-
pholino groups are present, one PET-group is still sufficient to allow high acid-base sensitiv-
ity. That is in contrast to the investigated rhodamines, where one piperazinyl group enables
only poor acid-base sensitivity (3.3.1.8). The influence of solvent polarity on absorp-
tion/emission maxima of the neutral form is similar to the one for CI-DMPBI and less pro-
nounced than the one of the aryloxy-substituted dyes which fits into the concept presented
earlier (stronger push-pull character of the aryloxy substituents causes stronger sensitivity to
polarity, 3.3.1.11). The maxima of acidic and basic forms are much more similar than for any
of the other perylene dyes. That can be explained with the less polar character of the mono-
cationic acidic form. Fluorescence QY is high (0.95 which is the highest of all synthesized
perylenes).

Unlike the other perylene dyes investigated, CI-AMPBI can be immobilized to form stable pH
sensitive layers. Those layers do not show any spectral variations over several days.
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Figure 71: Fluorescence pH calibration of CI-AMPBI, 0,25% in D4 hydrogel, based on fluores-
cence emission measurement (Apxc=526nm), observed in the emission maximum (556nm)
and corresponding fluorescence emission and excitation spectra (Agy=580nm). Sensitivity is
good though pK,’ is not ideal for the most common sensing applications. There is no wave-
length shift in excitation and only a very small hypsochromic one (558 to 556nm) in emis-
sion spectra with increasing pH.

Ideally for a PET indicator dye, CI-AMPBI shows unchanged absorption spectra over a wide
pH range. The formation of a long-waved maximum at the expense of product absorption oc-
curs only at high pH (>10, which is far outside the sensitive range), is partially reversible and
can be attributed to dye decomposition:
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Figure 72: Absorption spectra of CI-DMPBI, 0.25% in D4 hydrogel, are constant over a wide pH
range and throughout the sensitive pH area. Only at elevated pH, decomposition products
are formed.

Although acid/base sensitivity is less pronounced in the sensitive layer than in organic sol-
vents, it still allows effective sensing. The pKa value (5.16) is too low for the sensitive range
to match physiological range, but there still is some sensitivity around pH~6 which is relevant
to biotechnological samples. Although CI-AMPBI suffers from much less leaching than CI-
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DMPBI, it is not completely leaching-free, as indicated by the pH calibration cycles shown
below. Those were recorded with the same piece of layer and in each cycle it was washed
with buffer about 100 times.
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Figure 73: pH calibration cycles of CI-DMPBI, 0.25% in D4 hydrogel. In each cycle, the layer
was washed with buffer about 100 times. A signal decrease by about 1% per cycle is ob-
served.

Leaching to that extent does not constitute a problem for reliable pH calibration, but definitely
is an issue for long-term measurement. Although signal drifts due to leaching can be over-
come by ratiometric measurement, design of a less hydrophilic pH indicator is desirable. The
introduction of different amino groups is promising for extending the pH range available for
sensing. Substitution of chlorine by phenoxy/aryloxy is the most obvious way to obtain more
long-wave excitable pH indicators. Indeed, the sensitivity of such dyes which contain elec-
tron-pushing substituents but only one PET group still is to be investigated.

CI-AMPBI, an asymmetric PBI, could be prepared from commercial TCPBA in a simple
one-pot approach. Its sensitivity in organic solvents is between the one of CI-DMPBI (two
PET groups) and PhO-DMPBI (two PET groups, phenoxy-substituted) but still high. Its
solubility is remarkably better and it is applicable in a hydrogel matrix. There, it shows an
acid-base sensitivity factor of 6 where pK’=5.2. It still suffers from some leaching. Re-
placement of the morpholino group with another amino could lessen leaching and enhance
sensitivity. Substitution of chlorine with aryloxy would yield a more long-wave excitable
and probably leaching-free dye, but sensitivity is yet to be tested. Alternatives can involve
extended chromophores related to perylene.

111



The most important properties of the synthesized perylenes are summarized below:

Table 14: Properties of perylenes in acidic/basic form, from left to right: Top: fluorescence
quantum Yyields, absorption maxima wavelengths, molar absorption coefficients in the
maximum. Bottom: emission maxima wavelengths, pK, values determined from fluores-
cence emission spectra, acid-base sensitivity factors (ABSF) in organic solvents determined
according to 3.2.3.2, PET efficiency. Unless otherwise stated, . and & were determined in
CHCI;, pK, in water.

Dye Dy AaBs, Max (nm) Emax (M 'em™)

CI-DMPBI  0.88+0.10/0.017+4*10™ (CHCl3) 523/521 3.91*10%4.11*10°
PhO-DMPBI  0.88+0.02/0.19+4*107 (Acetone)  566/564°  4.45%10%/4.51%10*°
tBuP-DMPBI  0.66:+0.03/0.18+0.03 (Acetone) 572/571°  4.23*10%/4.31*10*°

CI-AMPBI 0.95+0.04/0.03+3* 10~ (CHCl5) 523/522 3.88*10%/3.85*10*
Dye )VEM. MAX (nm) pKA ABSF EPET
Cl-DMPBI 561/561 5.9 >30°

PhO-DMPBI 603/600° 5.9%4 <4.1°

tBuP-DMPBI 608/605° 3.9%4 <3.0°

CI-AMPBI 552/551 5.16° >12° 6.04°

*in various organic solvents

*in THF

“in EtOH/H,0 1:1

4pK, determined correspond to aggregation, rather than protolysis
¢in D4 hydrogel

3.3.2 Particle preparation and Characterization

Magnetic core-particles were to be covered with a cross-linked acrylate hydrogel shell by
emulsifier-assisted radical core-shell co-polymerization in aqueous suspension. Components
are acrylamide (AAM, bulk component), 2-aminoethylmethacrylate hydrochloride (“Amine
1) or N-(3-aminopropyl)methacrylamide hydrochloride (“Amine 2”; amino-functionalized
monomers, AFMO), “Bis” (N, N -methylenebisacrylamide, crosslinker), KPD (potassium per-
oxodisulfate, initiator) and SDS (sodium dodecylsulfate, emulsifier).

3.3.2.1 Copolymerization Characteristics

Core-shell polymerization exclusively with AAM and Bis (CS1, table 6) was shown to be
effective by monitoring Z,, of the particles over polymerization time by means of DLS. Z,,
increased irreversibly during the polymerization. Irreversibility is confirmed by the fact that
there are no signs of decrease in Z,, when the particles obtained are washed (table 15). The
increase in Z,, is unlikely to correspond to aggregation since PDI of the particles remains
more or less unchanged throughout the polymerization, indicating constant monodispersity,
and a smooth distribution of Z,, is observed (figure 74). That has been observed in various
core-shell polymerizations without amino-functionalized monomer and is shown with CS1 as
a typical one:
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Figure 74: Z,, (left, black), PDI (left, red) and distribution of particle size (right) in polymeriza-
tion CS1 followed over polymerization time. An increase in Z,, with more or less constant
PDI is observed, size distribution remains single-peaked and of comparable peak-width.
That indicates that average particle size increases due to shell formation, not aggregation.

Table 15: Z,, and PDI of CS1 when washed several times by magnetic separation

Washing Steps Z,,/nm PDI
0 193.7 0.080
1 194.9 0.092
2 195.2 0.087
3 196.6 0.086

7., shows no temperature dependence in the range 16-45°C.

The impact of relative crosslinker concentration on the size of the particles formed was stud-

ied (polymerizations CS5-9):
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Figure 75: Influence of crosslinker ratio, with respect to AAM, on the average thickness of the
hydrogel shell formed (d;) in polymerizations CS5-9. Shell thickness ds can be adjusted
varying the amount of crosslinker when the other parameters are kept constant.
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The shell thickness dg was calculated as follows:

ds = (Zav — Zav,Core) /2 Equation 53
ds Average thickness of the hydrogel shell formed

Zay Average size of the CS particles formed

Zay Core Average size of the core particles, right before KPD was added

As visualized in figure 75, the thickness of the hydrogel shell can be adjusted by varying the
crosslinker concentration. The relation found actually exhibits good linearity. Increasing ds
with crosslinker ratio may be interpreted as a shift in the equilibrium between polymer in so-
lution and polymer bound to the core-particles. More crosslinked polymer is less soluble and
more probable to form a network around the core-particles.

While without any amino component, the core-shell particles form stable dispersions in water
the Z,, of which remained within £10% over six weeks, severe precipitation occurred upon
polymerization if Amine 1 was added. That was attributed to ion pair formation of the ammo-
nium hydrochloride moiety with the negatively charged carboxy groups on the surface of the
core particles. Their zeta potential is decreased which results in aggregation. If the amino
component was added after the polymerization has been started, no aggregation was observed.
Though it was added to most polymerizations 20min later than the initiator, aggregation is
prevented too if it is added as fast as Smin later. In that way, CS particles could be obtained
with both Aminel and Amine2, with no signs of aggregation upon polymerization:

Table 16: Z,, and PDI of CS2 and CS3 (table 6), compared to those of the core-particles they
were prepared from. Z,, is increased and since PDI is even reduced that is due to enlarge-
ment, not aggregation.

Name Specification Z../nm PDI
CS2 10% Aminel 183.2 0.074
C2 Core to CS2 136.8 0.136
CS3 10% Amine2 222.5 0.032
C3 Core to CS3 132.6 0.089
301 —cs2
———Cs3
s 7 —— CS4 (aggregated)
_E; 20 A\
'(85 154 “3
.‘_% 10
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Figure 76: Particle size distribution of non-aggregated CS 2 and CS 3 obtained by copolymeriza-

tion involving Amine 1 and Amine 2, respectively. They are compared with CS4 which
showed severe aggregation.
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These CS particles are of homogeneously distributed nanometre-size, as indicated by the low
PDI and the relatively narrow and single-peaked size distribution.

On the other hand, aggregation also occurs in basic media (pH12) if the AFMO is added to-
gether with or prior to KPD, although amino groups should not be cationic there. Still, the
growing polymer shell seems to protect the core-particles and prevent them from aggregating.
Aggregation is fully avoided if the AFMO is added only 5 minutes later than KPD. If phos-
phate or citrate buffer is present during polymerization, aggregation is inevitable, no matter
when the AFMO is added. Once prepared, CS particles can be stored in dilute phosphate
buffer, but not in citrate buffer where they aggregate within a few hours.

Still, a high AFMO ratio leads to worsened aggregation stability, and ratios of 10% or higher
will not yield stable nano-particles:
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Figure 77: Z,, and PDI of polymerizations CS29-37 where the amount of Amine 2 was the only
parameter varied. Z,, and PDI show a steady increase with the amount of Amine 2 intro-
duced into polymerization up to high values, indicating increasing aggregation tendency.
Very high AFMO ratios seem to reverse the trend.

For the interpretation of copolymerization behaviour, copolymerization diagrams, displaying
the composition of the copolymer as a function of monomer ratio in the polymerization mix-
ture and conversion, were calculated using equations 43 and 45 (section 2.4.3). Monomer re-
activity ratios for the monomers (or for acrylates with a substitution pattern as similar as
possible) were taken from the literature [178]. Since those reactivities have been determined
under different conditions, the calculation will not be perfectly valid for the system investi-
gated here which is more complicated and influenced by the heterogeneous character of the
polymerization mixture. Nevertheless, it helps to estimate the polymerization behaviour.
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Table 17: Monomers chosen for the calculation of copolymerization diagrams and correspond-
ing monomer reactivity ratios (equations 43,45). Those diagrams predict the copolymeriza-
tion behaviour of Amine 1 and Amine 2 (figures 78 and 79). Monomers were selected by the
most similar substitution pattern to the acrylates experimentally used.

Prediction for Amine 1

Monomer 1 Monomer 2 I I
Calculation 2-hydroxyethyl methacrylate acrylamide 1.89 0.05
Experiment 2-aminoethyl methacrylate acrylamide
Prediction for Amine 2
Monomer 1 Monomer 2 I I
Calculation  N-(2-hydroxypropyl) methacrylamide  N-2-(4-hydroxyphenyl)ethyl 1.01 0.09
acrylamide
Experiment N-(3-aminopropyl) methacrylamide acrylamide
hydrochloride
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Figure 78:

Copolymerization diagram calculated for Amine 1, according to table 17. The

AFMO is more reactive and joins the polymer faster than the bulk component (AAM).
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Figure 79:

Copolymerization diagram calculated for Amine 2, according to table 17. The

AFMO is more reactive and joins the polymer faster than the bulk component (AAM).
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For both Amine 1 and Amine 2, similar behaviour can be expected. Due to higher reactivity
of the methacryltes, the polymer formed is expected to be richer in AFMO than the current
mixture of unreacted monomers. The AFMO content decreases over the course of polymeriza-
tion as it is consumed more quickly than the bulk component. Consequently, the AFMO is not
distributed homogeneously over the acrylate shell, but it is concentrated in the areas that are
formed right after the AFMO has been added. Furthermore, it is likely to form AFMO blocks,
which is not evident in the diagrams, but can be expected because both systems are examples
of “Block copolymerization case 2” (2.4.3).

3.3.2.2 Zeta Potential Measurement

The zeta potential of core particles and core-shell particles was measured as a function of pH:
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Figure 80: Zeta potential of core particles and core-shell particles with and without AFMO as a
function of pH. All exhibit a strong decrease of the negative value at pH 4-5 which is typical
for the protonation of a negatively charged carboxy group on the surface.

Like the core particles, the core-shell particles also show a strong increase in zeta potential at
pH 4-5 which can be associated with the (second) pK, of the maleic acid unit. The values at
low pH may be less trustworthy since obvious aggregation of the core particles occurs at
pH<4. Core-shell particles aggregate as well, but at lower pH. The uncharged acrylamide
shell induces a significant overall increase in zeta potential, but the effect of the carboxy
groups is still distinct. A possible explanation is only partial covering of the particles. On the
other hand, if the acrylamide shell is loose and very permeable, the core which is compact and
not swollen by water may still play an important role in the surface chemistry of the CS parti-
cles. The expected decrease in zeta potential due to amino protolysis (pH 9-11) is visible but
within the uncertainty range. Obviously, the carboxy groups contribute to the zeta potential of
the CS particles.
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3.3.2.3 Aggregation Stability Testing

It turned out that even if aggregation can be avoided during polymerization, the nano CS par-
ticles aggregate upon magnetic collection. In many cases, aggregation is so severe that milli-
metre-sized lumps are formed and no nano-particles can be separated. Filtration through a
syringe filter (400pm) yields completely transparent solutions, without any particles detect-
able by DLS. Eventually, most dispersions turn colourless, which indicates that not even mi-
cro-particles are left. Aggregation of this severity is a problem that needs to be overcome
since it prohibits surface access of an indicator during coupling.due to diminished specific
surface area. Therefore, several polymerization parameters (ratio of AFMO and crosslinker;
basicity of polymerization media) were varied and aggregation stability of the resulting CS
particles was tested:

Table 18: Aggregation stability of CS particles in NaCl solution. Z,, and PDI of different CS
particles when freshly prepared, stored in 100mM NaCl/20mM phosphate buffer and stored
in 1M NaCl are compared. Specification of preparation conditions is effected as “ratio in
AFMO (Amine2)/ratio in crosslinker (Bis)”, both %(n/n); B stands for basic polymerization
media; further details can be found in table 6.

Name Specification  Freshly prepared 100mMNaCl/buffer 1M NaCl
Z.,v/nm PDI Z.,v/nm PDI Z,/nm PDI
CS10 5%/2.5%;B 151.1 0.070 156 0.051 214.8 0.048
CS11 10%/2.5%;B 155.3 0.058 168.8 0.054 2714 0.116
CS12 20%/2.5%;B 144.8 0.084 2747 0.085 15459 0.653
CS13 5%/10%;B 160.3 0.083 162.4 0.043 178.3  0.059
CS14 10%/10%;B 149.3 0.071 185.2 0.054 178.5 0.073
CS15 20%/10%;B 152.5 0.074 177.3 0.056 165.7 0.048
CS16 0%/5% 154.2 0.058 159.8 0.041 158.5 0.057
CS17 2.5%/5% 175.8 0.068 176.9 0.049 177.5 0.050
CS18 5%/5% 182.8 0.069 188.8 0.056 189.0 0.066
CS19 7.5%/5% 193.1 0.054 194.9 0.064 196.4 0.054
CS20 10%/5% 187.9 0.069 192.1 0.050 189.8 0.054
CS21 5%/2.5% 251.9 0.068 291.9 0.124 2923 0.120
CS22 7.5%/2.5% 195.8 0.062 210.7 0.056  213.7 0.047
CS23 10%/2.5% 327.4 0.180 338.4 0.185  335.0 0.185
CS24 2.5%/10% 176.5 0.066 188.6 0.054 188.7 0.068
CS25 7.5%/10% 162.5 0.047 163.8 0.064 165.1 0.048

An increase in Z,,, compared to freshly prepared particles, is considered a sign of aggregation.
Size distributions are not shown here, but PDI < 0.100 usually correspond to smooth, single-
peaked ones. If PDI is around 0.150, a second peak at >1um, caused by aggregates, is often
observed, and if PDI > 0.200, only a small amount of nano-particles are detectable by DLS
and millimetre-sized lumps are usually observable in the sample.

Many samples (CS10, 13, 16-20,24,25) offer reasonable stability at physiological salt concen-
tration and several (16-20,24,25) even in 1M NaCl. In general, aggregation stability is better
when crosslinker ratio is higher and it is poor when the ratio is <5% (CS11,12,21-23). There
is no well-defined trend concerning AFMO concentration, but if the ratio is too high, severe
aggregation occurs even at low salt concentrations (CS12,21,23). If one supposes that aggre-
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gation is caused by interactions between amino groups, low crosslinker content may result in
more flexible polymer chains within the hydrogel network which can interloop more easily.

Table 19: Aggregation stability of CS particles upon magnetic collection in water, followed by
sonication. Z,, and PDI of different CS particles when freshly prepared, magnetically col-
lected and sonicated afterwards are compared. Specification of preparation conditions is ef-
fected as “ratio in AFMO (Amine2)/ratio in crosslinker (Bis)”’, both %(n/n); B stands for
basic polymerization media; further details can be found in table 6.

Name Specification  Freshly prepared = Magnetically collected Sonicated
Z.,v(nm) PDI Z.,,(nm) PDI Z,,(nm) PDI
CS10 5%/2.5%;B 151.1 0.070 175.6 0.115 1723 0.136
CS11 10%/2.5%;B 155.3 0.058 172.9 0.092 250.5  0.357
CS12 20%/2.5%;B 144.8 0.084 1433 0.092 596.1 0.494
CS13 5%/10%;B 160.3 0.083 195.5 0.155 182.8 0.134
CS14 10%/10%;B 149.3 0.071 181.2 0.083 1722 0.107
CS15 20%/10%;B 152.5 0.074 457.6 0.440 636.6  0.667
CS16 0%/5% 154.2 0.058 187.4 0.080 187.9  0.135
CS17 2.5%/5% 175.8 0.068 625.0 0.343 758.6  0.339
CS18 5%/5% 182.8 0.069 1239 0.577 296.2  0.200
CS19 7.5%/5% 193.1 0.054 625.1 0.601 2813  0.207
CS20 10%/5% 187.9 0.069 536.3 0.448 3204  0.307
CS21 5%/2.5% 251.9 0.068 1463 0.576 367.6  0.196
CS22 7.5%/2.5% 195.8 0.062 1610 0.541 4352  0.297
CS23 10%/2.5% 327.4 0.180 1614 0.583 519.0 0.577
CS24 2.5%/10% 176.5 0.066 336.1 0.303 3049 0.213
CS25 7.5%/10% 162.5 0.047 642.1 0.566 248.1  0.246

Particles prepared in basic media (CS10-15) exhibit reasonable stability against magnetic col-
lection (unless AFMO content is too high, CS12,15) while the others are subject to aggrega-
tion (CS17-25; it does not occur with CS16 as those do not contain any AFMO). In
CS12,15,17-25, millimetre-sized aggregates are formed. Sonication in many cases leads to a
decrease in Z,, (though it even increases with some samples), and large aggregates, if present,
dissolve, leaving an optically homogeneous suspension. However, sonication never allows
complete regeneration of a nano-suspension once it has aggregated and its success sometimes
only lasts for a short time. After several hours, large aggregates are again formed in some
samples (that was observed with CS21,25, for instance).

If aggregation is caused by hydrogen bond interactions, it is supposed to be influenced by the
pH of the surrounding media. Magnetic collection was thus attempted in basic media (pH12)
where, in contrast to neutral water, all amino groups are supposed to be deprotonated, and
aggregation was found to be far less critical. That is outlined with some samples in the follow-
ing:
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Table 20: Aggregation stability of CS particles upon magnetic collection in water at different
pH. Z., and PDI of different CS particles when freshly prepared and magnetically collected
in 100mM phosphate buffer, pH 12 and 7.4, are compared. Specification of preparation
conditions is effected as “ratio in AFMO (Amine2)/ratio in crosslinker (Bis)”, both %(n/n);
B stands for basic polymerization media; further details can be found in table 6.

Name  Specification Freshly prepared  Collected at pH12  Collected at pH7,4
Z,v(nm) PDI Z,,(nm) PDI Z,y(nm) PDI

CS10 5%/2.5%;B 151.1 0.070 152.3 0.063 202.3 0.097
CS13 5%/10%;B 160.3 0.083 164.5 0.086 180.8 0.114
CS15 20%/10%;B 152.5 0.074 237.4 0.196 836.5 0.388
CS17 2.5%/5% 175.8 0.068 184.9 0.112 655.7 0.454
CS19 7.5%/5% 193.1 0.054 276.1 0.177 949.0 0.317
CS24 2.5%/10% 176.5 0.066 202.6 0.098 378.1 0.205

Consequently, aggregation of the CS particles investigated can be minimized by using a low
AFMO ratio (not higher than 10%, better <5%) and not too low crosslinker ratio (around
10%, not <5%). If copolymerization is carried out in basic media, more stable CS particles
can be obtained. Aggregation upon purification by magnetic separation can be suppressed by
performing it in basic media. However, certain stability against collection in neutral media has
to be achieved, because purification after coupling of a luminescent dye in strongly basic me-
dia is not recommended due to low stability of some dyes. Most sensing applications involve
pH6-9 (section 2.2.4), thus stability in that pH range should be at least good enough to allow
formation of a homogeneous sensor spot. For the system presented, the best approach is to
adapt polymerization conditions (as described initially in this paragraph) and purify the CS
particles provided by magnetic separation in basic media so that fluorescent labelling can be
carried out with nano-particles. After the coupling step, purification can be carried out in neu-
tral or weakly basic media, only limited aggregation will occur, which is not a drawback (ag-
gregated micro-particles are collected faster than nano-particles) as long as no large
aggregates (lumps) are formed and formation of a homogeneous spot is still possible.

Attachment of an acrylate shell to magnetic core particles made of PSMA is possible, but
introduction of amino-functionalized monomers significantly worsens aggregation stabil-
ity. By adapting polymerization conditions, particles can be obtained that are stable at
physiological pH and salt concentration for a time sufficient for many applications (sev-
eral days to weeks) and can be magnetically collected.

3.3.3 Covalent Dye Coupling

Dye coupling was attempted with commercial 5(6)-carboxyfluorescein as a model substrate
and with synthesized BuPCR.

The amount of labelling dye bound to the particles is a very critical parameter. Too dense
charging will result in self-quenching and the fluorescence signal can be very weak or totally
absent. On the other hand, if coupling efficiency is poor, and the content of accessible amino
groups in the polymeric shell is low, very little dye is bound and the resulting signal is too
weak to be detectable in a sample that shows a scattering background and self-absorption by
magnetite. CBF was chosen as a pH sensitive model dye because its carboxy function is at-
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tached in the same way as the one of BuPCR, spectral properties, pKs and water solubility are
also comparable and it is commercially available. CS particles were prepared for labelling
with a high amount (5%), a low amount (0.5%) and without AFMO, as a reference to exclude
errors from non-covalent bonding background. As detailed in table 7, CBF amounts range
from 10% to 0.005% with respect to the AAM amount introduced into polymerization.
Unfortunately, all particles coupled with CBF and BuPCR were virtually non-fluorescent after
a sufficient number of washing steps. Though some of those coupled with CBF showed weak
fluorescence enhanced in basic media, the signal was weaker than raman/scattering signals
and non-reproducible, i.e. of three samples coupled in the same way never more than one
showed any mentionable signal.

Possible reasons for the failure in coupling are manifold. Firstly, there is no definite prove for
the presence of amino groups, although the particles obtained by copolymerization with
AFMO show different behaviour (above all, regarding aggregation) than those with AAM
only, even after the monomers have been washed off. Zeta potential curves (figure 80) indeed
do not imply the presence of many amino functions. Poor coupling efficiency may be an addi-
tional reason for the lack of a useful fluorescence signal. The latter will be additionally dimin-
ished by the strongly absorbing magnetite. On the other hand, an excess of dye molecules
bound to the surface can lead to almost complete absence of any fluorescent signal due to
self-quenching. This explanation, however, does not seem very probable, not only because a
large number of amino groups on the surface does not agree with the recorded zeta potential
curve, but also because the relative ratios of dye and particles were varied within a wide range
upon coupling. Poor stability of the dye or its link to the particle also should be unlikely be-
cause of the stability of the amide bond. Basic hydrolysis of xanthene dyes only occurs at pH
values higher than the one of the purification medium. The environment used for immobiliza-
tion might be unfavourable, but cross-linked acrylate matrices have already been successfully
used for the immobilization of pH sensitive xanthenes fluorophores [64]. Finally, an unfortu-
nate arrangement of the amino groups, involving block formation, is possible. If amino groups
are very close to each other, self-quenching can occur even if little amino groups or dye mole-
cules are present. That is in agreement with the tendency to form polymer areas of high
AFMO-concentration and AFMO blocks (3.3.2.1). In case of a large excess in amino groups,
quenching may also be caused by photoinduced electron transfer.

Coupling of amino-functionalized particles with carboxy-functional dyes was not success-
ful. It was concluded that employment of different material (bulk component and/or
AFMO) is most promising for the future. An alternative is the preparation of polymeriz-
able dyes and direct integration upon polymerization, without a separate coupling step.
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4 Conclusion and Future Prospects

The rhodamines functionalized with two piperazinyl groups show excellent pH sensitivity in
the physiological pH range, together with high brightness and moderate long-wave excitabil-
ity (~530nm). Therefore, they are in principle well suited for applications in solution such as
intracellular measurement or microscopy. Unfortunately, immobilization in hydrogel layers
turned out to be problematic because the dyes are subject to lactonization in the polymeric
matrix. Esterification of the 2’-carboxy group, which prevents lactonization, resulted in loss
of sensitivity due to double alkylation of the amino group responsible for PET. Rhodamines
carrying only one piperazinyl function are subject to the same issues but show significantly
lower sensitivity. The synthetic route towards a PET rhodamine suitable for immobilization is
thus complicated and was decided not to be worth the effort since rhodamines are not easily
accessible to extension of the chromophore for the preparation of more long-wave excitable
dyes anyway.

Bis[4-(dibutylamino)-2-hydroxyphenyl]squaraine is a long-wave excitable (640nm) dye with
excellent brightness and sensitivity in an elevated pH range (pH~9). Indeed, it did not show
any sensitivity in a useful pH range when incorporated into several immobilization matrices
for pH indicators. Furthermore, it suffers from severe photobleaching. In spite of its attractive
spectral properties, those issues render it useless for application in pH sensing.

CI-DMPBI, a perylene bisimide tetrachlorinated in the bay region and carrying two mor-
pholino groups responsible for PET was found to be highly acid-base sensitive but suffers
from severe leaching from hydrogel layers. If chlorine atoms are substituted with aryloxy
groups, the excitation maximum is red-shifted (from ~520 ~580nm) but acid-base sensitivity
is significantly decreased and only present in polar media. Those dyes show luminescence
enhancement by a factor of 3-4 which is still useful. Unfortunately, they are not applicable in
hydrogel layers due to aggregation issues. The preparation of an asymmetric tertachlorinated
bisimide with one bulky substituent and one morpholino group was possible with a surpris-
ingly simple approach. That dye shows good sensitivity when immobilized, though pKa’ is a
little low (5,65) for most applications.

For the future, replacement of the morpholino group with another amino function seems
promising as it should increase pK,’ and may also enhance sensitivity. The most obvious
route towards more long-wave excitable pH-sensitive perylenes is the substitution of chlorine
with aryloxy, though the sensitivity of such a dye yet is to be investigated. Alternatives lead to
extended chromophores such as terrylenes [135] and perylene bisamidines [136]. Those
chromophores are less easily accessible, but may provide a route towards NIR pH indicators.
Regarding magnetic particles, it has to be concluded that the preparation of magnetic pH
nano-sensors is difficult or impossible with the material investigated. Variation of the em-
ployed monomers appears to be most promising here. On the other hand, preparation of po-
lymerizable dyes is an interesting alternative. In that way, the dye could be incorporated upon
copolymerization, without a separate coupling step. Also, the introduction of amino-
functionalized monomers in the acrylate shell, which were found to cause troubles, is avoided.
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6.1 List of Chemicals

6 Appendix

Chemical Abbreviation Supplier Purity
Tetrahydrofurane THF Roth Synthesis grade
Acetone Acetone Roth Synthesis grade
n-Hexane Roth Synthesis grade
Ethanol EtOH Roth Synthesis grade
Methanol MeOH Roth Synthesis grade
Methylene chloride CH,Cl, Roth Synthesis grade
Sodium citrate dihydrate SAFC >99%
1-Ethyl-3-(3-dimethyl aminopropyl) carbo-
diimide hydrochloride EDC TCI Europe >98%
Poly(styrene-co-maleic anhydride) EF80 PSMA Sartomere
Trimellitic anhydride TMA Fluka >97%
Methanesuflonic acid MeSOs;H Fluka >99%
3-(1-Piperazinyl)phenol PipPh ABCR 98%
Chloroform-d CDCl; Aldrich 99,8% D
Dimethylsulfoxide d6 DMSO0-d6 ABCR 99% D
Dibutylsulfate Bu,SO, ABCR 95%
Ammonia, 25% aqueous solution NH; Roth 25%
Ethyldiisopropylamine EDIPA Sigma-Aldrich 299%
Dimethylformamide (anhydrous) DMF Sigma-Aldrich 2>99,8%
Chloroform CHCl, Roth Synthesis grade
Trifluoracetic acid CF;COOH Roth >99,9%
Sodiumchloride NaCl Roth >99,5%
Silica gel Roth
N,N’-Dicyclohexacarbodiimide DCC Fluka 99%
Propionic acid EtCOOH ABCR 99%
Piperazine Aldrich 99%
N-Hydroxysuccinimide NHS Fluka 297%
1-Octadecylamine ODA ABCR 98%
1-Octylamine OAM Aldrich 99%
Rhodamine 101 Fluka Fluorescence
grade
Triethylamine Et;N Riedel de Haen 99%
Ethyl acetate EE Roth Synthesis grade
Sodium hydroxide NaOH Roth >99%
Hydrochloric acid (concentrated) HCI Roth 37%
Sulforhodamine B acid chloride Fluka >95%
Sodium hydrogen carbonate NaHCO; Fluka >99,7%
Acetonitrile CH;CN Roth Synthesis grade
Sodium phosphate Na;POy Riedel de Haen >94%
Disodium hydrogenphosphate Na,HPO, Roth >99%
Disodium hydrogenphosphate NaH,PO, Roth >99%
Sodium carbonate Na,CO; Roth 98%
2-Morpholinoethanesulfonic acid monohyd- MES Fluka >99,5%
rate
Sodium sulfate (anhydrous) Na,S04 Sigma-Aldrich >99%
2-(4-Dibutylamino-2- Aldrich 99%
hydroxybenzoyl)benzoic acid
n-Butyl iodide n-Bul 99%
Potassium carbonate K,CO4 Merck p.A. grade
Dimethyl sulfoxide DMSO Roth 99%
m-Dibutylaminophenol TCI Europe 95%
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Squaric acid ABCR 98%
1-Butanol 1-BuOH ABCR 99%
Toluene PhCH; Roth Synthesis grade
N-Methyl-2-pyrrolidone NMP ABCR 99%
3,4,9,10-Tetrachloro-1,6,7,12-perylene TCPBA SYNTHON
tetracarboxylic bisanhydride Chemicals
Gmbh
3-Morpholinopopyl-1-amine Sigma 99%
Phenol Roth 99,5%
4-tert-Butylphenol Aldrich 99%
2,6-Diisopropylaniline Acros 92%
Tetrabutylammoniumhydroxide, 1M in TBAOH Sigma-Aldrich
MeOH
2-Mercaptoethanol Roth 99%
Cyclohexene Acros 99%
Nile Blue EGA Chemie 78%
Rhodamine B Fluka 99%
Polystyrene-co-vinylpyrrolidone particles, PS/PVP Aldrich 38%
38% aqueous emulsion
Eudragit RL100 Degussa
EMG 1300 magnetic particles Ferrotec
Acrylamide AAM Acros 98,5%
N-(3-Aminopropyl)methacrylamide hydro- Amine 2 Polysciences
chloride Inc.
2-Aminoethylmethacrylate hydrochloride Amine | Aldrich
N-Hydroxysulfosuccinimide sodium salt Sulfo-NHS Aldrich >99%
Sodium peroxodisulfate KPD Roth 99%
Sodium dodecylsulfate SDS Fluka >98%
N,N’ Methylenebisacrylamide Bis Acros 96%
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Amine 2 N-(3-Aminopropyl) methacrylamide hydrochloride

a.u. Arbitrary units
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BPCR N,N'-Bis-(3-azapentamethylene)-(4',5')-carboxyrhodamine
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lene-3,4,9,10-tetracarboxylic bisimide

CI-DAPBI 1,6,7,12-Tetrachloro-N,N'-di(2,6-diisopropylphenyl)perylene-3,4,9,10-tetracarboxylic
bisimide

CS Core-shell

DCC N,N’-Dicyclohexylcarbodiimide

DLR Dual-lifetime referencing

DLS Dynamic light scattering

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide)

EDIPA Ethyldiisopropylamine

EE Ethyl acetate

ES Excited state

equ. Equivalents

FITC Fluorescein-(4,5)-isothiocyanate
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Polystyrene

Polystyrene-co-maleic anhydride
Polyvinylchloride

Polyvinylpyrrolidone

Quantum yield
N,N'-Bis-(3-aza-3-butylpentamethylene)-(4',5’)-octadecylaminocarboxyrhodamine
Room temperature

Singlet

Sodium dodecylsulfate
N-(3-Azapentamethylene)-N’-dibutylaminorhodamine
Seminaphtofluorescein

Seminaphtorhodafluor

Triplet

Tetrabutylammoniumhydroxide
1,6,7,12-Tetra(4-tert-butylphenoxy)-N,N'-di(3-morpholinopropyl)perylene-3,4,9,10-
tetracarboxylic bisimide
3,4,9,10-Tetrachloro-1,6,7,12-perylenebisanhydride
Thin layer chromatography

Trimellitic anhydride
Tetraoctylammoniumhydroxide
Ultra-violet/visible

Volume/volume

Weight/weight
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