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Quinolinium cations and quinolinium betaines were investigated in the representative
solvents water and acetonitrile at room temperature using stationary and time-resolved
fluorescence spectroscopy (Single-Photon-Counting-method).

Experimental results reveal that sulfoalkyl- and carboxyalkyl-quinolinium compounds
display a strikingly different behavior in the two solvents. Furthermore, the fluorescence
lifetime depends on the length of the spacer for the sulfoalkyl compounds in acetonitrile
and the carboxyalkyl compounds in water, respectively. This suggests an intramolecular
interaction of the anionic headgroups with the quinolinium system in the excited state. To
support this idea, different positions at the chromophore are substituted by a methylgroup
in order to perturb the proposed interaction.

With the intention to understand the dynamics of the postulated photoinduced electron
transfer from the anionic group onto the excited quinolinium chromophore, semiempirical
quantum chemical calculations were performed on the species using the PM3 hamiltonian
including solvent effects by a self consistent reaction field (SCRF).

We show that the Marcus theory of electron transfer may serve as a theoretical basis
for a natural interpretation of the dynamic fluorescence quenching behavior.

1. Introduction
Photochemically excited molecules often act as strong oxidizing or reducing
agents. Therefore, photoinduced electron transfer (PeT) processes and elec-

* Corresponding author. E-mail: thomas.engel@chemie.uni-erlangen.de

Bereitgestellt von | MPI fuer biophysikalische Chemie
Angemeldet

Heruntergeladen am | 09.10.15 10:40



306 Th. Engel, G. Käb and H. Lanig

tron transfer (eT) reactions are of fundamental importance both in all branches
of photochemistry [1], and in general chemistry, physics and biology [2–5].
To understand and utilize the factors that control biological eT processes as
well as the accumulated knowledge in constructing artificial photosynthetic
systems [6] provides a major motivation for current research on eT and PeT.

The inverted region predicted by the classical eT theory of Marcus [7] has
taken a central position in the development of theory and its experimental veri-
fication [8]. In this regime, the rate of electron transfer should decrease at large
thermodynamic driving forces (−∆G > λ), i.e. when the driving force−∆G
becomes larger than the reorganization energyλ. Although well established,
the inverted region escaped experimental verification until the late 70s/early
80s [9, 10]. In bimolecular fluorescence quenchingvia exciplexes or charge
separation PeT [11] however, no evidence was found for a decrease of quench-
ing efficiency at large driving forces. On the other hand, the nonradiative return
of photogenerated ion pairs to the electronic ground state of the donor-acceptor
systemvia charge recombination followed an inverted regime behavior [12]. It
seems to be commonly accepted that to display inverted region behavior, the
distance of donor and acceptor has to be constrained, e.g. by a rigid matrix [9],
rigid donor-acceptor linking units [10] or coulombic forces [12]. Therefore the
actual electron transfer step becomes ‘unimolecular’ in a wider sense, even for
bimolecular or quasi-bimolecular/supramolecular PeT systems [13–16]. Apart
from effects of diffusion control in bimolecular eT processes, the reason for
this fixed-distance requirement is traced back to the distance dependence of the
factors controlling the eT rate coefficient. These factors are especially the elec-
tron exchange matrix element and the solvent or outer-sphere reorganization
energy. The solvent reorganization becomes larger at larger D−A distances,
favoring longer transfer distances in the inverted regime, if possible.

Zwitterionic (betaine type) intramolecular donor-acceptor systems, as de-
scribed in the present work, provide ideal models to probe inverted region
effects by direct fluorescence quenching experimentsvia change of the donor
and the solvent polarity. Charge recombination PeT has the particular advan-
tage that by decreasing the solvent polarity the PeT driving force is increased,
while the solvent reorganization energy is decreased.

Apart from the influence of energetics on the rates of electron transfer pro-
cesses, the distance and relative orientation of donor and acceptor determines
the rate in the electronically non-adiabatic limitvia the electronic coupling
matrix element [17–20]. In our model systems, anionic intramolecular fluores-
cence quenchers are linked to a quinolinium chromophorevia alkyl chains of
different length attached to the quinolinium N-atom (Fig. 1). The flexibility of
the alkyl chain allows the formation of intramolecular complexesvia coulom-
bic forces between the counter ions (Fig. 2). The complex stability may depend
to some extent on the solvent. By varying the length of the alkyl linking unit as
well as by introducing methyl substitutents (steric hindrance) at various pos-
itions of the aromatic fluorophore the stability of cyclic complexes, as well
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Fig. 1. N-alkyl-quinolinium compounds with different chain lengths (n), headgroups (D−)
and substituents (R) arranged in six classes [1-alkyl-quinolinium cation (class A);
1-sulfoalkyl-quinolinium betaine (class B); 2-methyl-1-sulfoalkyl-quinolinium betaine
(1-sulfoalkyl-quinaldinium) (class C); 1-carboxyalkyl-quinolinium betaine (class D);
X-methyl-1-ethyl-quinolinium cation (class E); X-methyl-1-sulfoethyl-quinolinium be-
taine (class F)]. Hexafluorophosphate is the counterion of the cations of class A and E.

Fig. 2. Most favorable cyclic arrangement of the side chain of representative compounds
of class B and C (1-sulfoethyl-quinolinium- (a) and 2-methyl-1-sulfoethyl-quinolinium
betaine (b)) according to semiempirical calculations (s. Sect. 2.2). Cyclic arrangement of
the side chain to the C2 and the C8 position of the aromatic body, respectively, is illus-
trated by dashed lines.

as the relative orientation of electron donor (anionic quencher) and acceptor
(quinolinium fluorophore) may be controlled.

2. Overview of previous research results

To integrate the results of this study in a comprehensive context, this chapter
briefly summarizes already published data [21–26].

2.1 Fluorescence decay time

In the following sections mainly fluorescence decay times will be discussed,
because these values are significant to the characteristics of the compound
classes and of the particular solvent. Additional fluorescence spectroscopic
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Table 1. Fluorescence decay time τf and the non-radiating contributions of the fluores-
cence deactivation knf (s. Sect. 4.2) of quinolinium compounds (classes A−D) with differ-
ent chain lengths (n) and headgroups (D−) in the solvent water and acetonitrile at 298 K.
(* biexponential behavior, s. Sect. 3).

Compound Chain Compound Fl.-decay time Velocity rate
length Nr. τf [ns] knf [s−1]

n H2O CH3CN H2O CH3CN

2 (1) 14.3 21.7 3.6 ·107 8.2 ·106

class A N

H

+

CH n
( )2

3 (2) 14.3 21.8 3.6 ·107 8.2 ·106

4 (3) 14.4 21.8 3.7 ·107 8.2 ·106

2 (4) 14.2 0.3 4.0 ·107 3.3 ·109

class B N
+

CH

SO3

n
( )2

-

3 (5) 13.2 1.2 4.3 ·107 7.8 ·108

4 (6) 14.2 1.0 3.7 ·107 9.0 ·108

2 (7) 13.6 3.6 4.2 ·107 2.6 ·108

class C

-

N
+

CH

SO3

n
( )2

CH3 3 (8) 15.1 2.5 3.4 ·107 3.6 ·108

4 (9) 14.3 2.0 3.6 ·107 2.2 ·108

2 (10) 0.47* 23.1 1.9 ·109 1.7 ·107

class D

-

N
+

CH

CO2

n
( )2

3 (11) 3.28* 22.5 2.4 ·108 1.7 ·107

4 (12) 5.80* 21.2 1.4 ·108 1.2 ·107

data (quantum yields, maximum of absorption and emission spectra) may be
found in the literature [21–23].

The apparent fluorescence decay time of the classes A, B, C and D (Table 1;
Fig. 5 yz-plane) can be systematically classified in two categories: category 1
with long decay times and category 2 with short decay times.

Category 1:

The fluorescence decay times of class A (cationic reference compounds) have
the highest values (∼ 22 ns) in CH3CN as solvent. The typical quantum yield
for quinolinium cations (∼ 0.80) [21] shows that the aprotic solvent has no in-
fluence on the deactivation efficiency. The members of the cationic compound
class, show no significant deviation in the fluorescence decay time which con-
firms no dependency on the alkyl chain length.

In water the betaines of the class B and C show the same principal be-
havior as the cations of class A. The hydrophilic headgroup of the betaine is
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surrounded by solvent molecules, obstructing an interaction of the anionic part
of the molecule with the cationic chromophore by intramolecular Coulomb
forces. Therefore, the decay times of the betaines (class B and C) are similar
to those of the N-alkyl-quinolinium cations (class A) in water, and depend only
weak on the length of the sidechain [23].

It should be noticed that the fluorescence behavior of class D molecules
(with the anion of a weak acid; D− = CO2

−) in acetonitrile, is comparable to
the solvent behavior of the N-sulfoalkyl betaines of class B in water. Thus, the
carboxy headgroup scarcely shows interaction with the chromophore in ace-
tonitrile and therefore the fluorescence decay times are comparable with those
of the reference class A in acetonitrile.

Category 2:

A significant decrease (from ∼ 22 ns to ∼ 14 ns) of quinolinium derivatives (1),
(2), and (3) of class A takes place when changing the solvent from acetonitrile
to the more polar and protic water. In parallel, the quantum yield declines to
∼ 0.50 [21]. Similar to the quinolinium cations of class A in CH3CN, the length
of the alkyl chain has no significant effect on the fluorescence lifetime. The re-
duced quantum yield and decreased fluorescence decay time may be attributed
to the quenching effect of H2O as published in [24].

Despite the small solubility in acetonitrile, the betaines of class B and C
undergo a very strong fluorescence quenching compared to the cations of class
A. This effect was attributed to the anionic headgroup, whereby an intramolec-
ular cyclic complex was assumed (Fig. 2) [23, 24]. For both classes (B and C)
the interaction of the headgroups with the chromophore strongly depends on
the chain length.

In contrast to class B and C, the carboxy-headgroup of the molecules of
class D turns out to be a very efficient quencher in water. Again, the solvent
with short decay times, shows a strong dependency of the fluorescence life-
times on the chain length.

2.2 Semiempirical calculations

Since neither absorption nor emission spectra change location and shape of the
bands in the respective solvent, an exciplex formation can be excluded [23].
Nevertheless, a high efficiency of quenching caused by an interaction of the
headgroup with the fluorophore is observed, probably modulated by different
linker conformations (see Table 1). To support this assumption, semiempiri-
cal calculations were performed (see Sect. 4.3), which explicitly considered
the distance and relative orientation of the polar headgroup and the energy
of certain molecular conformations. The main result of the conformational
analysis, which was performed for the gas phase, is an energetically most fa-
vorable cyclic conformation which represents the precursor or initial state of
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the quenching process (Fig. 2). Due to the stability of this complex, it is rea-
sonable that this conformation is maintained during the electronic excitation.
The stabilization of this intramolecular complex is highest for the N-sulfoethyl
compound (4). The molecules within class B show less degrees of freedom in
motion of the side chain and a higher stability of the low-energy cyclic con-
formation, expressed experimentally in the short decay time of 0.3 ns (4). The
calculations indicate that the energetically preferred position of the headgroup
is next to the carbon C2 of the heterocycle.

The interaction between the anionic headgroup and the fluorophore is pre-
vented when this position is blocked by methylation (class C). The decay times
increase in acetonitrile up to ∼ 3 ns compared to the sterically non-hindered
compounds of class B (Table 1). However, the direct comparison of the flu-
orescence decay behavior of the classes B and C is based on the assumption
that radiationless transition rates (IC, ISC) do not significantly change (Table 1,
Sect. 4.2) [21], despite the presence of a methyl substituent at the chromophore.
This should also apply to the native lifetimes.

If the postulated and semiempirically predicted cyclic arrangement, i.e. the
close approach of the negatively charged headgroup to the positively charged
chromophore, is sterically hindered by a methyl group at position C2, a re-
orientation of the alkyl chain to C8 takes place. In this case the electrostatic
interaction is not as strong as in the case of the orientation of the headgroup
to C2. This intramolecular interaction therefore provides a direct measure
of the fluorescence deactivation behavior. The electronic interaction between
fluorophore and quencher within the intramolecular complex, and thus the ef-
ficiency of the fluorescence quenching, is determined by the orientation of the
interacting orbitals (π-system of the excited aromatic ring and a non-bonding
p-orbital of the closest oxygen atom, Fig. 8), which is modulated by the dy-
namic of the sidechain [23, 25].

The postulated model, resulting from the conformational analysis for the
gas phase, explains the deactivation of the fluorescence by energy redistribu-
tion between the fluorophore and the quencher via a C−H· · ·O vibrational
mode [23]. This assumption is based on an enlargement of the correspond-
ing C−H bond length, which interacts with the SO3

− headgroup (s. Sect. 4.3),
combined with a reduction of the bond order. The result of this intramolecular
complex is a C−H· · ·O oscillation as an “ internal sphere mode” , transferring
energy from the chromophore to the quenching group. However, due to the
small variation of the bond length (∆C−H ∼ 0.1 Å), the model of a “proton
shift” has been given up in favor of an electron transfer model [23, 26].

2.3 Application of the Electron Transfer Theory of Marcus, Jortner
and Bixon

In the interpretation of the fluorescence deactivation behavior, two types of
quenching processes may be considered: Förster energy transfer (FET) and

Bereitgestellt von | MPI fuer biophysikalische Chemie
Angemeldet

Heruntergeladen am | 09.10.15 10:40



Intramolecular Photoinduced Electron Transfer in Zwitterionic Quinolinium Dyes 311

electron transfer (eT) [26, 27]. FET could be ruled out due to the negligible
spectral overlap of the emission and absorption spectra of energy donor and
acceptor [27], respectively, where the positive chromophore acts as the energy
donor (λmax(em.) = 410 nm). The energy-acceptor D− absorbs in the UV, and
therefore FET would be energetically uphill (endothermic).

The positively charged quinolinium chromophore is to be considered as
an oxidizing agent even in the electronic ground state. Upon optical excita-
tion its oxidation potential is further increased, while the negatively charged
sulfonato and carboxylato groups may be (easily) oxidized in the locally ex-
cited (LE) state of quinolinium betaines. Therefore, intramolecular electron
transfer (eT) is assumed to be the operative fluorescence quenching mechan-
ism in these model systems, where the charged moiety D− acts as the electron
donor.

Both the ISC rate and the radiative rate are not influenced by the length
of the alkyl chain (s. Sect. 4.3). This was confirmed by the observation that
all molecules of class A exhibit the same fluorescence decay times and quan-
tum yields in the same solvent, irrespective of the chain length [23]. Therefore,
electron transfer quenching is assumed to be the only additional channel of
fluorescence deactivation introduced in the betaines as compared to the com-
pounds of class A. Based on this assumption, experimental eT rates (kexp

eT)
were calculated as the difference between the reciprocal decay time of the be-
taine and the appropriate reference compound without a quenching headgroup
(class A) according to Eq. (1).

kexp
eT = 1

τbetaine

− 1

τref

. (1)

The resultant eT rates are strongly solvent dependent. The sulfoalkyl-
quinolinium betaines show a strong intramolecular quenching (kexp

eT ∼ 109 s−1)
in acetonitrile, whereas in water kexp

eT is about 106 s−1, i.e. eT quenching does
not affect fluorescence lifetimes. An entirely different (inverse) fluorescence
decay behavior is found for the carboxyalkyl-quinolinium betaines. In acetoni-
trile no eT quenching (kexp

eT ∼ 106 s−1) is observed, whereas it is strong in
water (kexp

eT ∼ 109 s−1) [26].
An explanation of this inverse behavior has been given using the the-

ory of Bixon and Jortner (BJ) [26, 28]. For a recent review see [29]. Here
non-adiabatic eT theory forms the basis for the description of the postulated
photoinduced charge recombination kinetics. The BJ model describes the elec-
tron transfer along two perpendicular reaction coordinates, an intramolecular
or “ internal-sphere” mode and a collective solvent reorganization or “outer-
sphere” mode, where the inner-sphere reorganization is treated quantum mech-
anically. Both outer-sphere and inner-sphere reorganization energy can be
computed according to the classical theory of Marcus [7]. The outer-sphere re-
organization energy λS was calculated from the approximate continuum model
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of Eq. (2) [7, 26],

λS = (∆e)2

4πε0

(
1

2rD

+ 1

2rA

− 1

R

)(
1

εop

− 1

εS

)
(2)

where the reactant radii (rD, rA) and the distance R of the donor and acceptor
centers are available from a semiempirical geometry analysis. The dielectric
constants ε were taken out of a recent monograph on PeT [1]. Eq. (2) is based
on the assumption of an isotropic distribution of the solvent around the re-
actants. An empirical correction factor of 0.25 had to be applied to the value
obtained from Eq. (2) which was interpreted as due to the close proximity of
donor and acceptor in the intramolecular eT precursor complex [26].

The inner-sphere reorganization λv was assumed to occur in a single har-
monic mode of effective frequency ν, where the mode experiences an equilib-
rium shift upon eT, but the frequency does not change. Franck–Condon factors
for vibronic transitions can then be computed analytically from the quantity
S = λv/hν [28], which provides a measure of the horizontal shift of potential
energy functions during eT.

Free energies of PeT were computed according to Eq. (3)

∆G ◦ = ∆G ◦(A+/A)−∆G ◦(D/D−)− E0−0 −C (3)

from the reduction/oxidation potentials of the redox couples involved, the
0−0 transition of the quinolinium ion absorption/emission and the coulom-
bic stabilization C of the intramolecular counter ions in the reactant state,
respectively. The oxidation/reduction potentials were obtained theoretically
from the differences in the heats of formation of the spatially separated ions
(methylquinolinium, methylsulfonate and acetate ion) and their one-electron
reduced or oxidized states, respectively, neglecting entropies, but including
solvation using a self-consistent solvent reaction field [26]. The electrostatic
energy C of the PeT reactant state was calculated according to Suppan [30],
accounting for the reduction of the macroscopic dielectric constant at close
proximity of counter ions.

Thus, according to the model employed, the intramolecular electron trans-
fer process is equivalent to a sum of vibronic transitions from Boltzmann-
weighted initial vibrational states to final states, governed by the respective
Franck–Condon factors [28]. Along the outer-sphere coordinate, each vibronic
transition is accompanied by a specific classical free energy of activation, due
to the fact that vibronic energy gaps are modulated by thermal fluctuations
of the solvent polarization. The most important vibronic pathways arise from
a compromise between minimizing the free energy of activation and maximiz-
ing the Franck–Condon factor.

In the normal region of electron transfer (see below), i.e. −∆G ◦ < λ, with
respect to the outer-sphere reorganization energy, transitions between vibra-
tional ground levels of eT states provide the dominant pathway. In the inverted
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region however, i.e. −∆G ◦ > λ, transitions to vibrationally excited product
states may lead to a decrease of the classical outer-sphere free energy of acti-
vation, and thus increase the eT rate as compared to the outer-sphere process
alone, if Franck–Condon factors are favorable. As a result, an asymmetry is
introduced into the eT rate as a function of driving force −∆G ◦ (see below),
while in the classical theory of Marcus it is a Gaussian.

The results obtained from the BJ theory [26] are shown together with
the theoretical lifetimes τtheo for the two model systems N-sulfoethyl- (4) and
N-carboxyethyl-quinolinium betaine (10) in Table 2. For more detailed infor-
mation on how these parameters have been obtained, see [26].

The good agreement between theoretical and experimental fluorescence
lifetimes shows that the intramolecular kinetics of deactivation can be ratio-
nalized in terms of the driving force −∆G ◦ and the solvent reorganization
parameter λS, where −∆G ◦ < λ describes the normal region, −∆G ◦ ≈ λ the
activationless region and −∆G ◦ > λ the inverted region. According to our
theoretical considerations, the C−H· · ·O mode may operate as an “accepting
mode” during eT quenching. The deviation of the theoretical and experimental
decay times (Table 2) was assumed tolerable since a more precise determin-
ation of the ∆G ◦ value was not possible at that time [26].

Comparison of the ∆G ◦ values with the solvent reorganization parame-
ter λS (Table 2) allows a classification of compound classes (dependent on the
solvent) into different Marcus regions.

Compound (4) in water was predicted to be situated in the normal region of
electron transfer, where the positive ∆G ◦ value prevents eT quenching in this
solvent (endothermic eT). These results are assumed to be representative and
transferable to the homologous compounds within classes B and C, with longer
alkyl chain lengths.

Table 2. According to the BJ model, thermodynamic and kinetic parameters of the com-
pounds (4) and (10) were calculated for the solvents water and acetonitrile at 298 K.

Compound Solvent λS ∆G ◦ keT τtheo τf

[kJ/mol] [kJ/mol] [s−1] [ns] [ns]

+

-

N

S O3 H2O 34.7 +28.0 2.3 ·105 14.3 14.3
(4) CH3CN 32.2 −62.3 4.4 ·1010 0.02 0.31

-

+
N

CO2 H2O 37.7 −107.5 1.6 ·109 0.6 0.47
(10) CH3CN 34.7 −125.9 4.5 ·106 21.0 23.1
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An increase of the driving force −∆G ◦ at almost constant λS leads to
an increase of the eT rate within the same class of compounds (class B).
Since solvation is weaker in acetonitrile, the solvent reorganization energy is
smaller than in water, while at the same time ∆G ◦ in acetonitrile becomes more
negative (charge recombination). Therefore, compound (4) in acetonitrile was
located (slightly) in the inverted region region (−∆G ◦ > λS) with respect to the
outer-sphere process (Fig. 3).

Due to the substantially smaller oxidation potential of the carboxylate
donor, compound (10) was predicted to lie in the inverted region in both sol-
vents. The reason for this postulated behavior is easily rationalized in terms
of a small solvent reorganization energy, due to the close proximity of in-
tramolecular counter ions in the precursor complex of eT, while photoinduced
charge recombination allows for large driving forces. However, only the car-
boxylato betaines in acetonitrile show a considerable decrease of the eT rate.
For the latter system, this was explained by unfavorable Franck–Condon fac-
tors governing transitions to vibrationally highly excited product states, while
these transitions may otherwise serve to reduce the effective driving force in
the inverted region and thus to increase the rate by lowering the free energy of
activation (compound (10) and homologous series of class D in water).

The organic compounds employed in our studies are regarded as unique
model systems in the sense that they allow a detailed investigation of lumi-
nescence quenching by forward photoinduced charge recombination electron
transfer. As stated above, the “ inverted fluorescence behavior” of classes B
and D can be understood as arising from the interplay of eT driving forces and
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Fig. 3. Calculated eT rates for the compounds (4) and (10) as a function of the reaction
free energy ∆G ◦ [KJ/mol], with constant λS [KJ/mol]; (4) in H2O (–––), (4) in CH3CN
( ), (10) in H2O (· · ·), (10) in CH3CN (- - -); experimentally determined eT rates: (4) in
H2O ( �), (4) in CH3CN (•), (10) in H2O ( ), (10) in CH3CN ( ).
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solvent reorganization energies, where both quantities (especially the driving
force) are modulated by the polarity of the solvent and the driving force can be
changed as usual by modifying the donor or acceptor.

In charge recombination electron transfer reactions the reactants carry op-
posite charges and therefore in our model systems tight precursor complexes
are formed out of the intramolecular counter ions. This situation is expected to
lead to relatively low outer-sphere reorganization energies, and may be com-
pared to the role of the inverted region in nonradiative charge recombination
for radical ions produced by forward charge separation fluorescence quench-
ing [12]. Moreover, by decreasing the solvent polarity the driving force is in-
creased while the solvent reorganization energy is decreased. Thus, the Marcus
inverted region of electron transfer may be realized more easily by changing
the solvent polarity in combination with a change of donor or acceptor.

To the best of our knowledge, our investigations of charge recombination
luminescence quenching allowed for the first time the detection of the Marcus
inverted region in conventional time-resolved fluorescence quenching experi-
ments on forward charge recombination PeT [26]. In fact, electron transfer
theory provides in our view the most natural way to rationalize the distinct
and “ inverse” fl uorescence behavior of sulfonato- (class B) and carboxylato-
quinolinium betaines (class D) in solvents of different polarity.

3. Biexponential fluorescence behavior of class D

The deactivation of class D ((10)–(12)) in water shows a more complex behav-
ior than the compounds of classes A, B and C already discussed in Sect. 2. Two
fluorescence decay times with corresponding amplitudes (percentage) were ob-
served (Table 3; cp. Table 1).

In order to explain this biexponential decay behavior of the class D be-
taines, we propose a simple acid-base equilibrium of the anionic headgroup
CO2

−. The two decay times can be assigned to the anionic or neutral form, re-
spectively. To verify this acid/base model, we perform a titration of the betaine.

Table 3. Biexponential fluorescence decay behavior τ1/2 [ns] of N-carboxyalkyl-quin-
olinium betaines (class D) with different chain lengths in water (T = 298 K). The corres-
ponding amplitudes A1/2 in % are given in parenthesis.

Compound (10) (11) (12)

Chain length n 2 3 4

Decay time [ns] τ1 0.47 (74%) 3.3 (61%) 5.8 (74%)
τ2 9.9 (26%) 11.4 (39%) 12.0 (26%)
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It is important to select the titer that e.g. no heavy atomic effects (of Cl− in
HCl) or dissociation products may influence the fluorescence behavior.

As an inert titer trifluoroacetic acid (TFA) was used and added to a so-
lution of N-carboxyethyl-quinolinium betaine (2.0 ·10−5 mol/l) in water. The
acid-base equilibrium was recorded by time-resolved spectroscopy. The titra-
tion curve is given in Fig. 4.

During the titration, the percentage of the amplitude changes by constant
decay times. The amplitudes of the decay times show a significant behavior. At
high concentration the contribution of the short decay time is small (∼ 10%).
Increasing the pH results in a continues increase of the amplitude of the short
decay time. At pH values larger than 6.0 the short decay time dominates the
fluorescence deactivation behavior. According to the fluorescence titration ex-
periments the short decay time can be attributed to the anionic betaine with
the deprotonated carboxy group. The long decay time which dominates in the
low pH region therefore corresponds to the quinolinium dye with the proto-
nated carboxy function. For the betaine investigated, we found a pK a value
of 4.4 (25 ◦C).

In order to verify the assignment of the fluorescence decay times the car-
boxy side chain was esterified, preventing the molecular Coulomb interaction
of the charged end groups (Table 4).

Comparing the fluorescence decay times of the betaine (10) and the es-
ter (13) in the respective solvent (Table 4) suggests, that a neutral headgroup
(through protonation or esterification) interacts only weak with the chro-
mophore. Therefore the longer decay time of the protonated N-carboxyethyl-
quinolinium betaine (9.9 ns) should correspond to the appropriate time of the
ester in water (11.5 ns). The short relaxation time (0.5 ns) of the betaine (10)
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Fig. 4. Fluorescence spectroscopic titration of N-carboxyethyl-quinolinium betaine (10)
with TFA. At constant decay times τ1 and τ2, the pH of the solution is plotted against the
percentage of the amplitude of the decay time.
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Table 4. Fluorescence decay time of the N-carboxyethyl-quinolinium betaine (10) in
comparison with the quinolinium-methylacetate cation (13) in water and acetonitrile
(T = 298 K). (The absorption and emission maxima show no significant changes (λabs =
316 nm; λem =∼ 410 nm) [21].)

Compound τ [ns]
H2O CH3CN

+

-

N

CO 2

0.5 (τ1)
23.1

9.9 (τ2)

(10)

-

+
N

CO2CH3

PF6

11.5 25.6

(13)

in water, is then a result of effective quenching of the deprotonated form. For
the ester in acetonitrile a long decay time was observed (25.6 ns). This sug-
gests a weak interaction of the headgroup as for the long decay time of the
N-carboxyethyl-quinolinium betaine (23.1 ns).

Summarizing, the long decay time can be assigned to the protonated form
and the short decay time to the dissociated form of the betaine.

4. Variation of the substitution pattern of the chromophore
(class E and F)

Beside the variation of donor type and alkyl chain length of the betaines,
modification of the substitution pattern at the chromophore is another pos-
sible approach to probing the intramolecular interaction between the polar end
groups of the flexible chain. Methyl substitution in different positions at the
chromophore should sterically influence the proposed cyclic arrangement [23].
As can be seen from the fluorescence-spectroscopic measurements described
for classes B and C, an additional methyl substituent at C2 increases the de-
cay time in the weakly interacting solvent acetonitrile (Table 1). Therefore,
N-sulfoethyl-quinolinium betaines were synthesized which bear a methyl sub-
stituent in different chromophore positions (class F) (Fig. 1). In addition to the
singly methyl-substituted betaines, a compound with two methyl groups (at
positions C2 and C8) (s. Table 5 (24)) was synthesized. Since the modifications
at the aromatic system could in principle change the fluorescence behavior,
the betaines were compared with the correspondingly substituted quinolin-
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Table 5. Fluorescence decay time τf and the non-radiating contributions of the fluores-
cence deactivation knf of N-ethyl-quinolinium and N-sulfoethyl-quinolinium compounds
(classes E and F) with different positions of the methyl substituent (R) in the solvent water
and acetonitrile at 298 K.

Compound Chain Substitution Compound Fl.-decay time Velocity rate
length pattern Nr. τf [ns] knf [s−1]

n (R = CH3) H2O CH3CN H2O CH3CN

N

H

R
+

4

6

7

8

5

3

CH
n

( )2

2

2 (2) (14) 15.1 14.4 3.4 ·107 3.4 ·107

2 (3) (15) 14.1 14.8 3.6 ·107 3.0 ·107

2 (4) (16) 14.3 15.0 3.3 ·107 3.3 ·107

class E
2 (6) (17) 21.0 27.6 2.5 ·107 1.4 ·107

2 (8) (18) 40.8 43.5 1.1 ·107 7.3 ·106

2 (2)+ (8) (19) 45.0 45.2 5.8 ·106 5.8 ·106

N

SO3

R

_

+

4

6

7

8

5

3

CH
n

( )2

2

2 (2) (7) 13.6 3.6 4.2 ·107 2.6 ·108

2 (3) (20) 15.4 0.54 3.4 ·107 2.0 ·109

2 (4) (21) 18.0 0.22 3.1 ·107 5.0 ·109

class F
2 (6) (22) 20.5 1.1 2.9 ·107 9.1 ·108

2 (8) (23) 41.7 43.2 1.1 ·107 5.5 ·106

2 (2)+(8) (24) 43.5 42.3 6.0 ·106 7.1 ·106

ium cations, without polar headgroups (class E) (Fig. 1). For both compound
classes the decay times were measured in water and acetonitrile (Table 5,
Fig. 5).

4.1 Fluorescence decay times

A classification into a strong and a weak interacting solvent, derived from the
characteristic fluorescence behavior of the compound classes A−C, as pro-
posed in Sect. 2.1, is not possible here (s. Fig. 5).

Class E:

Comparing the decay times of the cationic class E in water and in acetonitrile
(Fig. 5 xy-plane), no significant difference is observed. Therefore the solvent
has no influence on the deactivation behavior of the different compounds. The
deactivation correlates with that of class A−C in water (with and without head-
group; Table 1), which reveals no intramolecular quenching effect. Adding
a methyl group in position C2 to C4 to the N-ethyl-quinolinium cation, leads
to a significant decrease of the decay times from ∼ 22 ns to ∼ 15 ns (Table 1,
Table 5). In markedly contrast a methyl group at position C8 raises the decay
time to over 40 ns in both solvents.

Class F:

If a headgroup (SO3
−) is attached to the cationic reference compounds of

class E the fluorescence behavior is similar as observed for the classes B
and C (Fig. 5).
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Fig. 5. The fluorescence decay times of the classes A, B, C and D (dependent on chain
length) are projected on the yz-plane. Class E and F (dependent on the ring position of
the methyl substituent) are projected on the xy-plane. All classes were measured in the
solvents water (–––) and acetonitrile (- - - -) at 298 K.

Category 1: In water the solvation characteristics of the betaines of class F
are comparable to those of class B and C: The charged SO3

− group is so-
luted and therefore the interaction to the aromatic system is weak (s. category 1
Sect. 2.1). If the methyl substituent is at position C8 (or at the positions C2 and
C8), the decay time increases to over 40 ns as already described above (Fig. 5).

Category 2: Expect for methyl substitution at position C8 or C2,8, the fluo-
rescence deactivation behavior of the compounds of class F in acetonitrile are
comparable to those of class B and C. The intramolecular interaction of the
charged end groups is not damped by the solvent and therefore the fluorescence
deactivation is fast.

4.2 Fluorescence rate constants

To gain insights into a structure-fluorescence behavior relationship, we cal-
culated the non-radiative component of the excited state deactivation. The
non-radiative deactivation constant knf and the natural deactivation time τ0 of
all classes are listed in Table 1, Table 5 (calculated according to Eq. (4)) and in
literature [21], respectively.

knf = 1

τf

− kf0 and τ0 = τf

φf

. (4)

The rate constants of the non-radiative contribution knf (ISC and/or eT) can be
divided in two regions (according to Table 1, Fig. 6).

The first region is formed by compounds whose deactivation rate is rela-
tively small (∼ 3 ·107 s−1). These substances are either cationic without a polar
headgroup (class A in water and acetonitrile) or zwitterions in the solvent with
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Fig. 6. The rate constant knf of class A ( ), class B (•), class C ( ) and class D ( �), with
different alkyl chain lengths n (Fig. 6a) and of the class E (◦) and class F (�) dependent
on the position of the methyl substituent (Fig. 6b) in the solvents water (–––) and acetoni-
trile (– – –).

good solvation characteristics (classes B, C in H2O and D in CH3CN). In this
environment the radiationless rate knf is determined exclusively by solvent col-
lision processes.

Compounds with donor and acceptor not shielded by the solvent and there-
fore with strong intramolecular interactions (classes B, C in CH3CN and D
in H2O) show increasing knf up to a factor of 100 to 1 ·109 s−1 (Fig. 6a). This
amplification of the radiationless rate is due to intramolecular fluorescence
quenching by the polar headgroup.

Comparing the methyl-substituted compounds (classes E, F) it is notewor-
thy to notice that one can observe a decrease of the radiationless rate for the
class E, both in water and in acetonitrile from ∼ 3 ·107 s−1 to 6 ·106 s−1. This
also applies for class F in water (Fig. 6b). These results show the influence of
the methyl position to the radiationless deactivation processes.

The analysis of the non-radiative rate constant knf supports the proposed
deactivation by intramolecular interaction, which strongly depends on the sol-
vent, the chain length, and the substitution pattern. Especially the latter corre-
lation needs further analysis by structural and electrostatic aspects.

4.3 Semiempirical calculations of classes E and F

To support the proposed mechanism of nonradiative deactivation via in-
tramolecular interaction of the polar groups, conformational analyses were
performed. The energetically favored conformer of each molecule was probed
by the random incremental pulse search technique (RIPS) [31]. The energy-
optimized MM2 [32] geometries served as starting points for a subsequent
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minimization using the PM3 Hamiltonian implemented in the MO-package
VAMP 5.0 [33, 34].

The results obtained from semiempirical calculations (VAMP) for the low-
est energy conformers are listed in Tables 6 and 7. The interacting molecular
groups are indicated in parentheses and generalized by an X or marked by the
appropriate digits (2, 8 and 2′ (′ = next H/C-atom of the methyl substituent at
C2 or C8)) (Fig. 7).

The semiempirical calculations for all betaine compounds predict the for-
mation of a cyclic intramolecular complex, with the anionic headgroup prefer-
ably oriented towards the C2 position (s. Sect. 2.2) [23, 24]. Only when this
position is shielded by a methyl substituent, a reorientation of the donor moi-
ety takes place towards C8. If both positions, C2 and C8, are methylated (24),
the orientation towards C2′ is the one with the lowest energy, however with
larger distances of interacting groups. According to earlier conformational ana-

N H

H (CH )2 n

-

+ 2

3

45

7
8

SO3

6

N CH3

CH3 (CH )2 2

-

+
2

3
45

7
8

SO3

6

2 `

8`

Fig. 7. Nomenclature of the positions of interacting molecule fragments.

Table 6. Calculated bond lengths and distances [in Å] between specific atoms in the
classes B, C and F compared to the average bond lengths ∅C−H and ∅S−O at the poten-
tial energy minimum of the conformation). (X) is the number of the interacting position of
the atom specified before (s. Fig. 7).

Compound Oi · · ·H(X) Oi · · ·C(X) C2/8−H(X) ∅C−H S−Oi ∅S−O

Class B (4) 1.660 (2) 2.810 (2) 1.180 (2) 1.098 1.540 1.471
(5) 1.680 (2) 2.840 (2) 1.179 (2) 1.099 1.540 1.500
(6) 1.680 (2) 2.850 (2) 1.180 (2) 1.098 1.540 1.497

Class C (7) 1.750 (8) 2.870 (8) 1.146 (8) 1.097 1.549 1.471
(8) 1.740 (8) 2.880 (8) 1.148 (8) 1.098 1.559 1.581
(9) 1.740 (8) 2.860 (8) 1.144 (8) 1.099 1.557 1.482

Class F (20) 1.661 (2) 2.811 (2) 1.177 (2) 1.098 1.535 1.471
(21) 1.662 (2) 2.811 (2) 1.175 (2) 1.099 1.535 1.471
(22) 1.660 (2) 2.809 (2) 1.176 (2) 1.099 1.535 1.471
(23) 1.670 (2) 2.813 (2) 1.176 (2) 1.097 1.535 1.472

2.821 (2′)
(24) 1.744 (2′) 1.148 (2′) 1.099 1.516 1.480

3.403 (2)
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Table 7. Calculated bond orders between specific atoms in the classes B, C and F com-
pared to the average bond orders ∅C−H and ∅S−O (at the potential energy minima of
conformations). (X) is the number of the interacting position of the atom specified before
(s. Fig. 7).

Compound Oi · · ·H(X) Oi · · ·C(X) C2/8−H(X) ∅C−H S−Oi ∅S−O

Class B (4) 0.131 (2) 0.054 (2) 0.752 (2) 0.958 1.002 1.148
(5) 0.119 (2) 0.051 (2) 0.764 (2) 0.958 1.011 1.146
(6) 0.120 (2) 0.051 (2) 0.761 (2) 0.959 1.007 1.146

Class C (7) 0.066 (8) 0.036 (8) 0.835 (8) 0.961 0.994 1.146
(8) 0.070 (8) 0.036 (8) 0.828 (8) 0.961 0.959 1.139
(9) 0.062 (8) 0.030 (8) 0.837 (8) 0.961 0.945 1.137

Class F (20) 0.130 (2) 0.054 (2) 0.750 (2) 0.958 1.001 1.147
(21) 0.129 (2) 0.053 (2) 0.755 (2) 0.945 1.003 1.147
(22) 0.131 (2) 0.054 (2) 0.752 (2) 0.955 1.002 1.147
(23) 0.127 (2) 0.054 (2) 0.755 (2) 0.948 1.007 1.145
(24) 0.072 (2′) 0.033 (2′) 0.835 (2′) 0.968 (2′) 1.045 1.128

lyses of class A, the compounds of class E show no preferred orientation of the
unpolar side chain [23, 24].

The intramolecular donor-acceptor interaction may be characterized by
bond distances and bond orders of the atoms involved. It becomes obvious
from Table 6 that the interacting C−H(X) and S−Oi bonds of all classes are
stretched, as compared to the average value of the remaining C−H and S−O
bonds in the molecule. The bond orders basically reflect the same tendencies.
If an interaction occurs between the polar groups, the electron densities of the
bonds involved (CX−H or S−Oi) decrease by electron delocalisation as com-
pared to the average values. In parallel, the electron density between interacting
donor and acceptor atoms (Oi · · ·H or Oi · · ·C) increases.

However, the efficiency of fluorescence quenching will not exclusively de-
pend upon the distances of the ionic donor and acceptor groups, rather it is
expected that the relative orientation of donor and acceptor orbitals will be of
crucial importance (Table 8) [23, 25].

The decisive orbital interactions may be described by the angle β between
the S−Oi bond and the aromatic plane (defining the xy-plane), as depicted in
Fig. 8, where the π-electrons are oriented in the z-direction.

If a favorably small angle β (S−Oi bond is situated in the xy-plane) will be
increased, the interaction O−pz ↔ π assumed decisive for the quenching pro-
cess, will be reduced. A comparison of the angle β with the decay times does,
however, not provide a complete picture.

In order to give a complete account of the electronic donor-acceptor inter-
action, the geometrical orientation of the donor group relative to the aromatic
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Table 8. Geometrical values (angles in ◦) and predicted orbital coefficients for classes B,
C and F, compared to the decay times τf (ns) in acetonitrile.

Compound τf [ns] angle β O−pz
2 pz

2/(s2 + px
2 + py

2 + pz
2)

(CH3CN) [%] [%]

Class B (4) 0.3 0.3 94.1 95.9
(5) 1.2 21.0 74.0 84.6
(6) 1.0 9.4 86.5 93.3

Class C (7) 3.6 53.1 13.0 20.7
(8) 2.5 55.8 21.2 30.2
(9) 2.0 26.1 46.2 73.9

Class F (20) 0.5 0.98 70.3 96.3
(21) 0.2 0.25 70.0 96.4
(22) 1.1 0.50 70.3 96.5
(23) 43.2 4.72 69.5 96.7
(24) 42.3 19.2 25.9 41.0

Fig. 8. Labeling of the characteristic angle and orbitals.

plane, as described by the angle β, is to be supplemented by the O−pz co-
efficient of the donor HOMO (Table 8), which provides optimal overlap with
the aromatic π-system or, more specifically, with the π-HOMO of the accep-
tor. The latter orbital is the dominant singly occupied MO (SOMO) in the first
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excited singlet state of the quinolinium chromophore, and therefore bears an
‘electron hole’ into which a donor electron may be injected, thereby quenching
the fluorescent state.

The sum of squares of the individual oxygen atomic orbital coefficients
(s2 + px

2 + py
2 + pz

2) is comparable for all compounds (∼ 70%), while the
pz-contribution is regarded to be decisive in controlling the magnitude of
electronic interaction (Table 8, last column). But the compound with the high-
est pz

2/(s2 + px
2 + py

2 + pz
2) ratio is not the one with the shortest decay

time. Only the combination of geometrical (angle β) and electronical aspects
(O−pz) gives a satisfactory correlation with the observed fluorescence de-
cay times. Using these arguments, intramolecular complexes with a relatively
small angle β and a high percentage of O−pz

2 should provide an optimal
donor-acceptor interaction responsible for non-radiative deactivation via eT, as
realized e.g. for compound (21) (s. Table 8).

Despite the good correlation of experimental data and theoretically ob-
tained molecular parameters, it should not be ignored that the approach de-
scribed relies on a static picture, where all calculations have been done for the
respective conformation of lowest energy. Beyond this static view of molecular
electronic interactions, thermal fluctuations driving transitions between differ-
ent conformational substates of the cyclic donor-acceptor complexes have to
be taken into account. We note here, that the Arrhenius activation energies ob-
tained from the temperature dependence of the non-radiative decay of class B
compounds in acetonitrile [23], may be related to the electronic interactions
evaluated for the respective ‘static’ complexes. Typically, the largest activation
energy is observed for the model compound with the smallest orbital overlap.
This correlation allows to at least partially interpret the underlying thermally
activated process to give access to conformational states associated with larger
electronic donor-acceptor interaction.

5. Conclusion

The intramolecular fluorescence quenching of zwitterionic quinolinium dyes
(quinolinium betaines) has been investigated by means of time-resolved flu-
orescence spectroscopy. Experimental observations may consistently be ra-
tionalized in terms of an intramolecular photoinduced charge recombination
(electron transfer) process, where the quinolinium fluorophore acts as an elec-
tron acceptor and the intramolecular counter ion as the donor. Semiempirical
quantum chemical methods and non-adiabatic electron transfer rate theory are
employed to elucidate the essential molecular and solvent parameters govern-
ing the rates and quantum yields of fluorescence quenching and to support the
interpretation of experimental results.

Besides the specific thermodynamic driving force dependence of rates ac-
cording to classical Marcus theory, non-adiabatic electron transfer processes
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are controlled by the electronic interaction (electron exchange matrix element)
between electron donor and acceptor. A combination of molecular mechanics
and semiempirical molecular orbital methodology supports the idea of in-
tramolecular complex formation in the quinolinium betaines, where donor and
acceptor are held in close proximity via coulombic forces. These complexes,
formed in the electronic ground state prior to optical excitation and stable in
the locally excited singlet state, may act as suitable precursors for fluorescence
quenching via electron transfer. The dependence of fluorescence quenching
rates, obtained for quinolinium- and quinaldinium-betaines, upon the length
of the alkyl chain linking donor and acceptor may be rationalized in terms of
the electron donor-acceptor interaction (orbital overlap) controlled by the most
stable conformational states of the intramolecular complex. Moreover, the spe-
cific temperature dependence of quenching rates, i.e. the Arrhenius activation
energy, at a given alkyl chain length may be related to the thermally acti-
vated conformational dynamics of the alkyl-linker, providing access to states of
stronger donor-acceptor interaction.

In a series of model compounds, the degree of electronic interaction could
be modified by sterically shielding the quinolinium chromophore from a close
approach of the donor moiety, providing evidence for an electronically non-
adiabatic quenching process. In order to evaluate the effect of shielding upon
the postulated intramolecular electron transfer, fluorescence lifetimes of be-
taines have been measured against the decay times of respective quinolinium
compounds without a donor moiety. For the most stable conformations of
sterically shielded and non-shielded complexes, electron donor-acceptor inter-
actions have been characterized by semiempirical quantum chemistry in terms
of the orbital overlap between the donor HOMO and the dominant lowest
singly occupied MO of the first excited quinolinium π, π * singlet state.

Apart from the effect of steric hindrance upon fluorescence decay times, the
striking solvent and thermodynamic driving force dependence of experimen-
tally determined intramolecular quenching rates provide further evidence for
an underlying photoinduced electron transfer mechanism. Sulfonato-betaines,
at a given alkyl-linker chain length, exhibit strong intramolecular fluorescence
quenching in acetonitrile, while no quenching is observed in water as the
more polar solvent. In the framework of classical Marcus theory, this behavior
may be explained via the combined effect of an increase in the driving force
(−∆G ◦) and a decrease of solvent reorganization energy for a photoinduced
charge recombination, when the polarity of solvent is decreased (normal region
behavior). The validity of the electron transfer concept has been probed by fur-
ther increasing the intrinsic eT driving force via change of the donor. And in
fact, the carboxylato-betaines bearing a stronger electron donor show a distinct
and ‘ inverse’ fl uorescence decay in the two solvents water and acetonitrile,
as compared to the sulfonato compounds, i.e. strong quenching in water, no
quenching in acetonitrile (inverted region behavior). As shown in theoretical
studies combining semiempirical quantum chemistry and non-adiabatic eT rate

Bereitgestellt von | MPI fuer biophysikalische Chemie
Angemeldet

Heruntergeladen am | 09.10.15 10:40



326 Th. Engel, G. Käb and H. Lanig

theory, electron transfer theory provides a consistent and unifying framework
for the qualitative as well as the quantitative interpretation of the fluorescence
quenching properties of sulfonato- and carboxylato-quinolinium betaines.

While spectroscopic information on the postulated charge recombined in-
termediate biradical, formed as a result of photoinduced electron transfer in
our model quinolinium betaines, is still lacking, the fluorescence properties
gathered so far and the accompanying theoretical approaches strongly sup-
port the assumed quenching mechanism. On the basis of results obtained by
conventional ns-fluorescence spectroscopy, experiments with increased time-
resolution (ps or fs pump/probe techniques) should be able to provide more in
depth insights into the photoinduced electronic/nuclear dynamics and interme-
diates of these interesting quasi-supramolecular photochemical model systems.

6. Experimental section

The following devices were used for analytical and spectroscopical investi-
gations. All solvents and chemicals were of reagent or spectral grade qual-
ity, purchased commercially and used without further purification except as
mentioned.

Melting points were obtained on a Kofler-Microheater and are uncorrected.
The purification of the products was managed on a Bio-Rad 1706 HPLC with
UV/VIS-Monitor and a reversed phase column. NMR Spectroscopy was per-
formed on a Bruker AC 250 spectrometer operating at 250-MHz for 1H-NMR
and at 63 MHz for 13C-NMR. The spectra were recorded using CDCl3 and D2O
as solvent, respectively. The data are presented as follows: chemical shift f
(multiplicity, J Hz, integration). The elemental microanalyses were performed
by the analytical laboratory of the institute of the Inorganic Chemistry, Univer-
sity of Würzburg with a Carlo-Erba Element Analyzer 1106.

Absorption and fluorescence spectra were recorded on a Hitachi U 3210
VIS/UV spectrometer and a SLM Aminco-Bowman Spectrometer Series 2,
respectively. The concentration of the substances was 10−5 mol/l.

Time and wavelength resolved emission transients were obtained using
a commercial equipment SPC-spectrometer (Edinburgh Instruments, model
199S) with excitation and emission wavelengths at 337 nm and 420 nm respect-
ively (with nanosecond time resolution). Data were analyzed using least-squares
iterative reconvolution technique (χ 2 < 1.2) as described elsewhere [35–39].

General synthesis procedures [21]:

N-alkyl-quinolinium cations (class A) and methyl-substituted N-ethyl-quin-
olinium cations (class E):

An equimolare solution of quinoline or 2-methylquinoline, respectively and
ethyliodide was simply heated under reflux until crystallization. After cooling
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to RT the precipitate was filtered off and recrystallized from ethanol in a refrig-
erator at −10 ◦C. The solid product was filtered off, dried, soluted in less water
and recrystallized by a solution of ammonium hexafluorophosphate in ethanol
to form the N-alkyl-quinolinium hexafluorophosphates [40].
N-sulfoalkyl-quinolinium betaines (class B) and N-sulfoalkyl-quinaldinium be-
taines (class C) [21]:

The nitrogen of the quinoline compounds was quaternized by a 2-sulfoetyhl
group in reaction of 2-chloroethanesulfonyl chloride in acetic acid according
to [41, 42]. To obtain the propyl- or butyl-betaine derivatives, the heterocyclic
compounds are treated with 1,3-propane sultone or 1,4-butane sultone, respec-
tively, based on the procedure described by Wolfbeis and Urbano [43, 44].
N-carboxyalkyl-quinolinium betaines (class D) [45–47]:

To obtain these carboxyalky betaines, a solution of quinoline (1.2 eq) is
heated with the haloalkaneionic acid (e.g. 3-chloropropionic acid for the
1-(2′-carboxyethyl)-quinolinium-betaine) (1.5 eq) under reflux until crystal-
lization. After cooling to RT the precipitate was filtered off and recrystallized
in ethanol in a refrigerator at −10 ◦C. The solid product was filtered off, recrys-
tallized in ethanol and dried under vacuum.
Methyl-substituted N-sulfoethyl-quinolinium betaines (class F) [41–44, 48–53]:

To synthesize these 2-sulfoethyl-betaines, the methyl substituted quinoline
(1.2 eq) is treated with 2-chloroethanesulfonyl chloride (1.0 eq) in acetic acid
(10 ml/eq quinoline). The solution was heated under reflux until crystalliza-
tion. After cooling to RT the precipitate was filtered off and recrystallized in
ethanol in a refrigerator at −10 ◦C. The solid product was filtered off, dried,
recrystallized in ethanol and dried under vacuum.
1-(2-Carbmethoxyethyl)-quinolinium-hexafluorophosphate (13) [54]

A solution of quinoline (9.2 g, 71.2 mmol) and 3-bromopropionic acid ethyl
ester (13.07 g, 78.27 mmol) was refluxed in 10 ml ethanol for 4 hours. After
cooling, the red solution was filtered and concentrated until crystallization.
The product is treated first with 10 ml acetone and then with water (50 ml).
The suspension is filtered and the water is extracted by distillation. The iso-
lated bromide salt is recrystallized from ethylacetate/ether (1 : 1) and resalted
in water with ammonium hexafluorophosphate at room temperature. After fil-
tering and washing with less water, the product is dried under vacuum to
give white crystals (92 yield). 1H-NMR (D2O): δ = 3.25 (t, J = 6.58 Hz,
2H, CH2CH2CO2CH3), 3.64 (s, 3H, O−CH3), 5.33 (t, J = 6.58 Hz, 2H,
N+CH2CH2), 7.98 (m, 1H, 6-H), 8.14 (t, J = 8.56 Hz, 1H, 3-H), 8.23 (dt,
J(6, 7, 8) = 7.68 Hz, J(5, 7) = 1.2 Hz, 1H, 7-H), 8.34 (d, J = 8.71 Hz, 1H,
5-H), 8.38 (d, J = 8.90 Hz, 1H, 4-H), 9.10 (d, J = 8.88 Hz, 1H, 8-H), 9.32
(dd, J(2, 3) = 7.45 Hz, J(2, 4) = 1.2 Hz, 1H, 2-H). Anal. Calcd for
C13H14F6NO2P (361.4): C, 43.23; H, 3.91; N, 3.88. Found: C, 43.30; H, 3.75;
N, 3.92.
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1-Ethyl-2-methyl-quinolinium-hexafluorophosphate (14)

white crystals; mp 118 ◦C (15% yield); 1H-NMR (250 MHz, CDCl3): δ = 1.79
(t, J = 7.3 Hz, 3H, CH2CH3), 3.13 (s, 3H, aromat-CH3), 5.14 (q, J = 7.3 Hz,
2H, N+CH2CH3), 7.55 (t, J = 7.5 Hz, 1H, 6-H), 7.72 (t, J = 9.0 Hz, 1H,
7-H), 7.90 (d, J = 9.0 Hz, 1H, 5-H), 7.96 (d, J = 9.2 Hz, 1H, 8-H), 8.58
(d, J = 9.0 Hz, 1H, 3-H), 8.87 (d, J = 9.0 Hz, 1H, 4-H); 13C-NMR (63 MHz,
D2O): δ = 15.5 (13-C), 22.4 (11-C), 47.3 (12-C), 118.8 (6-C), 125.5 (3-C),
128.3 (5-C), 129.0 (7-C), 130.6 (9-C), 135.3 (8-C), 138.1 (10-C), 145.5 (4-C),
160.4 (2-C). Anal. Calcd for C12H14NPF6 (317.1): C, 45.45; H, 4.45; N, 4.42.
Found: C, 44.98; H, 4.40; N, 4.38.

1-Ethyl-3-methyl-quinolinium-hexafluorophosphate (15)

white-pink crystals; mp 116 ◦C (78% yield); 1H-NMR (250 MHz, CDCl3):
δ = 1.79 (t, J = 7.3 Hz, 3H, CH2CH3), 2.77 (s, 3H, Aromat-CH3), 5.11 (q, J =
7.3 Hz, 2H, N+CH2CH3), 7.63 (dt, J(5, 6, 7) = 6.9 Hz, J(6, 8) = 1.1 Hz, 1H,
6-H), 7.77 (dt, J(6, 7, 8) = 7.0 Hz, J(5, 7) = 1.5 Hz, 1H, 7-H), 7.86 (d, J =
8.1 Hz, 1H, 5-H), 8.14 (d, J = 7.6 Hz, 1H, 8-H), 8.15 (d, J = 2.0 Hz, 1H, 4-H),
8.85 (d, J = 2.0 Hz, 1H, 2-H); 13C-NMR (63 MHz, D2O): δ = 15.5 (13-C),
18.7 (11-C), 52.7 (12-C), 118.5 (5-C), 128.9 (10-C), 129.3 (6-C), 129.7 (8-C),
131.8 (3-C), 135.0 (7-C), 135.6 (9-C), 146.2 (4-C), 151.4 (2-C). Anal. Calcd
for C12H14NPF6 (317.1): C, 45.45; H, 4.45; N, 4.42. Found: C, 45.51; H, 4.46;
N, 4.43.

1-Ethyl-4-methyl-quinolinium-hexafluorophosphate (16)

yellow crystals; mp 122 ◦C (84% yield); 1H-NMR (250 MHz, CDCl3):
δ = 1.69 (t, J = 7.3 Hz, 3H, CH2CH3), 2.95 (s, 3H, Aromat-CH3), 4.99
(q, J = 7.3 Hz, 2H, N+CH2CH3), 7.83 (d, J = 6.1 Hz, 1H, 3-H), 7.91
(dt, J(5, 6, 7) = 8.2 Hz, J(6, 8) = 1.0 Hz, 1H, 6-H), 8.12 (dt, J(6, 7, 8) =
8.1 Hz, J(5, 7) = 1.1 Hz, 1H, 7-H), 8.24 (d, J = 9.1 Hz, 1H, 5-H), 8.31
(dd, J(7, 8) = 8.1 Hz, J(6, 8) = 1.0 Hz, 1H, 8-H), 9.08 (d, J = 6.1 Hz, 1H,
2-H). 13C-NMR (63 MHz, D2O): δ = 16.3 (13-C), 20.6 (11-C), 52.3 (12-C),
118.8 (5-C), 122.9 (3-C), 127.8 (6-C), 128.6 ( 10-C), 129.8 (8-C), 135.3 (7-C),
136.5 (9-C), 148.4 (2-C), 159.9 (4-C). Anal. Calcd for C12H14NPF6 (317.1):
C, 45.45; H, 4.45; N, 4.42. Found: C, 45.41; H, 4.44; N, 4.42.

1-Ethyl-6-methyl-quinolinium-hexafluorophosphate (17)

white crystals; mp 124 ◦C (70% yield); 1H-NMR (250 MHz, CDCl3): δ = 1.60
(t, J = 7.3 Hz, 2H, CH2CH3), 2.47 (s, 3H, Aromat-CH3), 5.27 (q, J = 7.3 Hz,
2H, N+CH2CH3), 7.88 (d,d J(7, 8) = 9.1 Hz, J(5, 7) = 1.9 Hz, 1H, 7-H), 7.93
(d, J(5, 7) = 2.3 Hz, 1H, 5-H), 7.96 (t, J = 5.8 Hz, 1H, 3-H), 8.24 (d, J =
9.1 Hz, 1H, 4-H), 8.87 (d, J = 8.4 Hz, 1H, 8-H), 10.17 (dd, J(2, 3) = 4.7 Hz,
J(2, 4) = 1.2 Hz, 1H, 2-H). 13C-NMR (63 MHz, CDCl3): δ = 16.3 (13-C), 21.7
(11-C), 53.9 (12-C), 118.4 (5-C), 122.8 (3-C), 129.9 (7-C), 130.4 (10-C), 136.3
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(8-C), 138.6 (6-C), 141.4 (9-C), 146.6 (4-C), 149.0 (2-C). Anal. Calcd for
C12H14NPF6 (317.1): C, 45.45; H, 4.45; N, 4.42. Found: C, 44.83; H, 4.17;
N, 4.40.

1-Ethyl-8-methyl-quinolinium-hexafluorophosphate (18)

white-yellow crystals; mp 131 ◦C (36% yield); 1H-NMR (250 MHz, CDCl3):
δ = 1.58 (t, J = 7.2 Hz, 2H, CH2CH3), 2.64 (s, 3H, Aromat-CH3), 5.12
(q, J = 7.2 Hz, 2H, N+CH2CH3), 7.71 (t, J = 8.7 Hz, 1H, 6-H), 7.83 (d,d
J(6, 7) = 8.9 Hz, J(5, 7) = 1.8 Hz, 1H, 7-H), 7.89 (t, J = 6.0 Hz, 1H, 3-H),
7.98 (dd, J(5, 6) = 8.9 Hz, J(5, 7) = 2.2 Hz, 1H, 5-H), 8.49 (d, J = 9.0 Hz,
1H, 4-H), 9.32 (dd, J(2, 3) = 4.9 Hz, J(2, 4) = 1.2 Hz, 1H, 2-H). 13C-NMR
(63 MHz, CDCl3): δ = 16.0 (13-C), 19.6 (11-C), 53.0 (12-C), 118.4 (5-C),
120.5 (3-C), 130.7 (10-C), 131.1 (6-C), 138.7 (7-C), 144.3 (9-C), 145.4 (8-C),
147.5 (4-C), 149.8 (2-C). Anal. Calcd for C12H14NPF6 (317.1): C, 45.45; H,
4.45; N, 4.42. Found: C, 45.31; H, 4.33; N, 4.39.

2,8-Dimethyl-1-ethyl-quinolinium-hexafluorophosphate (19)

white-yellow crystals; mp 137 ◦C (18% yield); 1H-NMR (250 MHz, CDCl3):
δ = 1.64 (t, J = 7.3 Hz, 2H, CH2CH3), 2.60 (m, 6H, Aromat-CH3), 5.21
(q, J = 7.3 Hz, 2H, N+CH2CH3), 7.80 (t, J = 8.9 Hz, 1H, 6-H), 7.92
(dd, J(5, 6) = 8.9 Hz, J(5, 7) = 2.1 Hz, 1H, 5-H), 7.99 (d,d J(6, 7) = 9.0 Hz,
J(5, 7) = 1.8 Hz, 1H, 7-H), 8.33 (d, J = 9.0 Hz, 1H, 3-H), 8.91 (d, J = 9.1 Hz,
1H, 4-H). 13C-NMR (63 MHz, CDCl3): δ = 15.9 (13-C), 18.1 (11-C), 19,2
(14-C), 51.7 (12-C), 118.6 (5-C), 119.2 (3-C), 130.0 (10-C), 130.7 (6-C), 135.8
(7-C), 141.1 (9-C), 142.0 (4-C), 142.5 (8-C), 153.4 (2-C). Anal. Calcd for
C13H16NPF6 (331.1): C, 47.12; H, 4.83; N, 4.23. Found: C, 46.81; H, 4.62;
N, 4.20.

3-Methyl-1-(2 ′-sulfoethyl)-quinolinium-betaine (20)

white crystals; mp > 300 ◦C (83% yield); 1H-NMR (250 MHz, D2O): δ = 2.35
(s, 3H, Aromat-CH3), 3.58 (t, J = 7.2 Hz, 2H, CH2CH2SO3), 5.07 (t, J =
6.58 Hz, 2H, N+CH2CH2), 7.64 (t, J = 7.9 Hz, 1H, 6-H), 7.86 (t, J = 8.6 Hz,
1H, 7-H), 7.94 (d, J = 8.3 Hz, 1H, 5-H), 8.03 (d, J = 8.4 Hz, 1H, 8-H), 8.60
(s, 1H, 4-H), 8.87 (s, 1H, 2-H). 13C-NMR (63 MHz, D2O): δ = 17.7 (11-C),
48.8 (13-C), 53.5 (12-C), 117.7 (5-C), 128.1 (10-C), 130.2 (6-C), 130.5 (8-C),
132.7 (3-C), 135.4 (7-C), 136.5 (9-C), 147.7 (4-C), 150.9 (2-C). Anal. Calcd
for C12H13NO3S (251.3): C, 57.30; H, 5.17; N, 5.57. Found: C, 57.38; H, 5.27;
N, 5.49.

4-Methyl-1-(2 ′-sulfoethyl)-quinolinium-betaine (21)

white crystals; mp > 300 ◦C (86% yield); 1H-NMR (250 MHz, D2O): δ = 2.96
(s, 3H, Aromat-CH3), 3.60 (t, J = 6.5 Hz, 2H, CH2CH2SO3), 5.34 (t, J =
6.5 Hz, 2H, N+CH2CH2), 7.87 (d, J = 6.4 Hz, 1H, 3-H), 7.92 (dt, J(5, 6, 7) =
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8.3 Hz, J(6, 8) = 1.1 Hz, 1H, 6-H), 8.16 (dt, J(6, 7, 8) = 8.2 Hz, J(5, 7) =
1.3 Hz, 1H, 7-H), 8.31 (d, J = 8.9 Hz, 1H, 5-H), 8.38 (dd, J(7, 8) = 8.5 Hz,
J(6, 8) = 1.1 Hz, 1H, 8-H), 9.09 (d, J = 6.1 Hz, 1H, 2-H). 13C-NMR (63 MHz,
D2O): δ = 19.8 (11-C), 48.9 (13-C), 53.3 (12-C), 118.3 (5-C), 122.4 (3-C),
127.4 (6-C), 129.6 (10-C), 129.8 (8-C), 135.8 (7-C), 136.9 (9-C), 148.8 (2-C),
160.9 (4-C). Anal. Calcd for C12H13NO3S (251.3): C, 57.30; H, 5.17; N, 5.57.
Found: C, 57.31; H, 5.19; N, 5.56.

6-Methyl-1-(2′-sulfoethyl)-quinolinium-betaine (22)

white crystals; mp > 300 ◦C (77% yield); 1H-NMR (250 MHz, D2O): δ = 3.05
(s, 3H, Aromat-CH3), 3.60 (t, J = 6.7 Hz, 2H, CH2CH2SO3), 5.18 (t, J =
6.7 Hz, 2H, N+CH2CH2), 7.89 (d, J = 8.3 Hz, 1H, 3-H), 8.12 (dd, J(7, 8) =
8.2 Hz, J(5, 7) = 1.4 Hz, 1H, 7-H), 8.21 (d, J = 1.5 Hz, 1H, 5-H), 8.39 (d, J =
8.3 Hz, 1H, 4-H), 8.89 (dd, J(7, 8) = 8.4 Hz, J(6, 8) = 1.3 Hz, 1H, 8-H), 9.31
(dd, J(2, 3) = 7.7 Hz, J(2, 4) = 1.2 Hz, 1H, 2-H). 13C-NMR (63 MHz, D2O):
δ = 21.4 (11-C), 47.8 (13-C), 50.1 (12-C), 118.3 (5-C), 122.4 (3-C), 128.2
(6-C), 129.9 (8-C, 10-C), 134.3 (7-C), 136.7 (9-C), 140.9 (4-C), 146.6 (2-C).
Anal. Calcd for C12H13NO3S (251.3): C, 57.30; H, 5.17; N, 5.57. Found:
C, 57.22; H, 5.10; N, 5.48.

8-Methyl-1-(2′-sulfoethyl)-quinolinium-betaine (23)

white crystals; mp > 300 ◦C (33% yield); 1H-NMR (250 MHz, D2O): δ = 3.12
(s, 3H, Aromat-CH3), 3.23 (t, J = 6.9 Hz, 2H, CH2CH2SO3), 5.09 (t, J =
6.9 Hz, 2H, N+CH2CH2), 7.79 (t, J = 8.6 Hz, 1H, 6-H), 7.85 (d, J = 8.6 Hz,
1H, 3-H), 8.11 (dd, J(6, 7) = 8.1 Hz, J(5, 7) = 1.2 Hz, 1H, 7-H), 8.18 (d, J =
8.7 Hz, 1H, 5-H), 8.36 (d, J = 8.6 Hz, 1H, 4-H), 9.31 (dd, J(2, 3) = 7.7 Hz,
J(2, 4) = 1.2 Hz, 1H, 2-H). 13C-NMR (63 MHz, D2O): δ = 23.7 (11-C), 49.2
(13-C), 52.3 (12-C), 117.9 (5-C), 122.0 (3-C), 127.1 (8-C), 128.0 (6-C), 128.4
(10-C), 132.1 (7-C), 135.9 (9-C), 143.3 (4-C), 150.1 (2-C). Anal. Calcd for
C12H13NO3S (251.3): C, 57.30; H, 5.17; N, 5.57. Found: C, 57.01; H, 5.07;
N, 5.51.

2,8-Dimethyl-1-(2 ′-sulfoethyl)-quinolinium-betaine (24)

white crystals; mp > 300 ◦C (5% yield); 1H-NMR (250 MHz, D2O): δ = 3.36
(m, 6H, Aromat-CH3), 3.68 (t, J = 7.1 Hz, 2H, CH2CH2SO3), 5.56 (t, J =
7.1 Hz, 2H, N+CH2CH2), 7.81 (d, J = 8.2 Hz, 1H, 3-H), 8.12 (d, J = 8.2 Hz,
1H, 7-H), 8.21 (d, J = 8.2 Hz, 1H, 5-H), 8.39 (d, J = 8.3 Hz, 1H, 4-H), 8.89
(t, J = 8.3 Hz, 1H, 6-H). 13C-NMR (63 MHz, D2O): δ = 20.9 (14-C), 22.2
(11-C), 46.2 (13-C), 49.2 (12-C), 118.4 (5-C), 121.8 (3-C), 126.7 (6-C), 128.1
(10-C), 133.6 (7-C), 136.7 (9-C), 137.5 (8-C), 142.7 (4-C), 159.1 (2-C). Anal.
Calcd for C13H15NO3S (265.3): C, 58.80; H, 5.65; N, 5.28. Found: C, 58.70; H,
5.61; N, 5.20.
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