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1. Introduction

New cationic fluorescent dyes for optical sensing
of chloride

Karl L. Sterz, Torsten Mayr(Z* and Sergey M. Borisov (= *

Lucigenin (10,10’-dimethyl-[9,9’-biacridine]-10,10’-diium nitrate) is a fluorescent compound known for
more than a century for its chloride sensitivity, but further research since then has not yielded definitive
improvements or extensive structure—property relations. Chloride indicators that absorb and emit at
longer wavelengths are highly desirable to minimize interference through scattering, autofluores-
cence of optical components and samples, particularly when measuring in biological probes. Herein, the
synthesis and spectral properties of new m-extended lucigenin analogs are reported. N-Methyl
benzo[blacridinium (1) and two-fold-charged dyes incorporating the benzo[b]acridinium backbone (2, 3)
are not emissive, and a fluorescent n-extended derivative incorporating a fluorene structure (4) does not
show a sizeable response to chloride (Ksynact = 0.8 M™Y. A novel dicationic perylene analog, 3,9-
dimethylbenzol1,2,3-de:4,5,6-d’e’ldiquinoline-3,9-diium (6),
perylene and fluorescence quantum yield close to unity but also a strong fluorescence response to
chloride (Ksynact = 160 M™Y. Compared to lucigenin (¢ = 7.5 x 10°> M~ cm™ at 433 nm, & = 52%),
6 shows much higher (~5-fold) brightness in the visible spectral range (¢ = 2.2 x 10* M~ cm™ at

455 nm, @ = 97%). Finally, a hybrid of acridinium and quinolinium, 10-methyl-9-(1-methylquinolin-1-
-1

shows typical spectral characteristics of

ium-5-ylacridin-10-ium (5), is characterized by spectral properties, brightness (¢ = 5.1 x 10> M~ cm
at 426 nm, & = 83%) and chloride response (Ksynaci = 145 M) which are similar to lucigenin, but
without detectable crosstalk to common anions such as nitrate and sulfate (stNaNo3 ~ 0, Ksynaso, ~ 0).
In addition, the indicator features extraordinarily long fluorescence lifetime (z = 24.5 ns) that also decreases in
presence of chloride, which suggests high potential of the new dye as a water-soluble probe for chloride
mapping by fluorescence lifetime imaging methods. The dye can also be photoimmobilized into partly
hydrolyzed poly(acrylonitrile) providing a sensor material with similar characteristics to lucigenin, but without
crosstalk to nitrate and sulfate.

Lucigenin (L**) is electronically excited by electromagnetic
radiation, and the excited compound interacts, mainly diffu-

The luminescence quenching mechanism of lucigenin (L**,
Fig. 1) by chloride was already investigated five decades ago."
It was found that the ionization potential of the analyte
correlates with the quenching efficiency which likely occurs
through formation of a charge transfer complex of the following
nature:"

L2+ n hl/ — (L2+)*
(L*)* + ClI” > (L**Cl*)

(L**cl?) - 1> + Cl”
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sion controlled, with chloride. A charge-transfer process yields
a pair of de-excited radicals. Through another charge transfer,
the initial species are regenerated. Luminescence quenching
of lucigenin occurs most efficiently through charged species
(I, Br-, Cl, acetate),™ but electronic charges are no prere-
quisite for quenchers, since quenching by DMSO and 1,3-
bis(tris(hydroxymethyl)methylamino)propane also has been
reported.> Negative electronic charges on quenchers are
assumed to decrease the activation energy for formation of
the respective charge-transfer complex. Luminescence quench-
ing by formation of charge-transfer complexes is also suggested
for quinolinium-type dyes, emphasizing the similarity between
acridinium and quinolinium-type dyes.*

Lucigenin, a compound first reported in 1906,> remains
widely used in analytical chemistry,>” especially for optical
chloride measurements®® due to acceptable photophysi-
cal properties (absorption maxima at 369 nm and 430 nm,
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Fig.1 Examples of reported chloride-sensitive fluorescent dyes, including
SPQ,B14%5 MQAE, B CV1-226%7 and CV3-4.28

emission maximum at 508 nm, good fluorescence brightness)
and high chloride sensitivity (Ksy chioride = 390 M~ ') Apart from
applications of lucigenin in sensing materials,'®"> past research
was focused on elucidation of the structure-property relation of
lucigenin and the synthesis of new indicators with improved
properties.>* ¢ Although none of the new dyes (Tables S1
and S2) significantly outperformed lucigenin, some, like quinoli-
nium dyes, proved more suitable for specialized applications, like
chloride measurements in living cells.>"***7~>*

In case of acridinium dyes, electronically neutral substitu-
tions are mostly introduced at the 9-position, with aliphatic,
n-donor and m-acceptor substitutions being reported in the
literature®'> (Tables S1 and S2). m-Acceptors generally induce
a bathochromic shift,*'* for instance in 9-(methoxycarbonyl)-N-
methylacridinium (lapsmax = 424 NM, Aemmax = 520 nm) com-
pared to N-methyl acridinium (Aapsmax = 415 NM, Aemmax =
492 nm).>"® The molar absorption coefficients (¢) of 9-substituted
acridinium dyes are usually about half that of lucigenin, but the
quantum yield (@) may be higher than that of lucigenin.>"* The
introduction of aliphatic hydrocarbons or m-donors at the
9-position drastically reduces the chloride sensitivity, yielding
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dyes with 0.3-2.3% of the Ksy cpiorige Of lucigenin.*'® n-Acceptor
substitution at the 9-position leads to dyes with generally
higher Ksy chioride, (21-58% of the Ksy cniorige Of lucigenin).®**
This demonstrates that the chloride sensitivity is a parameter
which is highly sensitive towards structural changes.*"*

Compared to acridinium, quinolinium dyes show strongly
blue-shifted absorption and emission maxima.>"*'**® Also,
N-aliphatic acridinium compounds with m-acceptor substitu-
ents at the 9-position commonly reach higher Kgy chioride values
than most N-aliphatic quinolinium dyes®**™'%?® (Tables S1 and
S2). 6-Methoxy-N-(3-sulfopropyl)quinolinium (SPQ)>*>**>%??
(Fig. 1) is the most popular indicator of this group, particularly
in intracellular applications.’®?" It is characterized by absorp-
tion and emission maxima of 350 and 440 nm, respectively,'*'*
& of 60% in water,'* and the Ksy chioride Value of ~30% that of
lucigenin.®'*!* The higher selectivity of SPQ towards chloride
often justifies its preference over lucigenin.”'>'® Investigation
of the structure-property relationships of the quinolinium dyes
shows that chloride sensitivity strongly depends on the chem-
istry and position of the substituents.">'*'® For instance, a
spectrally similar SPQ analogue, bearing the methoxy substitu-
ent at the 7-position, instead of the 6-position, showed only
about 7% the Ksy chioride Of SPQ."* Generally, substitution at the
6-position with methyl- and methoxy-groups increases halide
sensitivity, whereas the opposite effect is observed for chloro-,
bromo- and benzyl-substituents in the molecule.'*'*%?
Substitution at the 8-position strongly decreases chloride sen-
sitivity but leads to pronounced bathochromic shift of the dye
emission (~50 nm).'® Different substituents at the nitrogen
atom change the properties of quinolinium dyes comparatively
little.13’14'16’25

An approach to develop more selective chloride-sensitive
dyes is to use cavity-forming luminescent compounds CV1-4
(Fig. 1).°® The compounds are optimized in terms of intra-
molecular distances and availability of polarized hydrogen
bonds, forming a cavity of a specific size. Through chelation,
a specific anion can be incorporated, which in turn may quench
the fluorescence of the m-conjugated part. Compounds of this
type may also be described as chloride-receptors. Chloride-
sensitive receptors include bisquinolinium pyridine dicarbox-
amide type dyes,”®*” but metal-based receptors®® are also
known. Generally, the quenching behavior of CV1-4 is unlike
typical quinolinium dyes: the quenching by bromide and
iodide tends to be comparable or even weaker than for
chloride, although the heavier halogenides generally quench
the luminescence of quinolinium dyes stronger because of
the heavy atom effect.>'® Unfortunately, the cavity-forming
chloride indicators usually show strong pH dependency and
can be poorly soluble in water.>®?7>°

Some proteins are also known to possess chloride sensi-
tivity.°33 Upon targeted mutation, these properties were shown
to be tunable.’®*"*? These fluorescent proteins have attractive
spectral properties, but also many drawbacks including strong
pH dependency, low selectivity, a low fraction of dynamic
quenching and generally much lower chloride sensitivity com-
pared to lucigenin.

This journal is © The Royal Society of Chemistry 2025
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Despite limitations of the indicators mentioned above, some
have been widely used in numerous environmental and bio-
logical analyses. In living organisms, chloride is the most
abundant anion for regulatory purposes, and it is responsible
for control of membrane potential, cell volume and charge
balance, as well as pH and likely intracellular traffic.'*>* Several
diseases and health conditions are known, for instance cystic
fibrosis'*?® and cholera,"® which can cause changes in chloride
concentrations within a patient’s body or fluids,"*** emphasizing
the need for solid chloride analysis. Quinolinium dyes,"*"'® speci-
fically SPQ'”*"** and N-ethoxycarbonylmethyl-6-methoxyquino-
linijum bromide (MQAE),"*"*** are commonly used to measure
the chloride concentration in diverse biological systems, provid-
ing vectors towards disease diagnostics'® and research'®'? alike.
They are often entrapped into membrane vesicles and liposomes
prior to deployment,'*'*'7*! providing an avenue for quan-
titative analysis of transmembrane chloride transport'”**> and
intracellular chloride content.”*'* In case of lucigenin, its
immobilization into (nano)particles may further be required to
suppress cross-sensitivity in biological systems.**** Lucigenin
has further found use in optical sensor technology, utilizing dual
lifetime referencing (DLR) techniques'® to assess chloride con-
tamination in concrete’” and the seawater salinity via chloride
concentration.'" Chloride quantification in reinforced concrete
is crucial, as the embedded iron rebar is susceptible to chloride-
induced corrosion, rendering infrastructure highly prone
towards collapse.'” Seawater salinity analysis can provide vital
insights into ocean circulations and analysis of marine life
habitats."*

In this work we synthesized new cationic dyes, either fully
planar or consisting of two planar fragments connected
together via a single bond. Investigation of their photophysical
properties and fluorescence response to chloride revealed two
new promising chloride indicators that overcome some of the
limitations of lucigenin.

2. Experimental

2.1. Materials and synthesis

Sources of commercially available chemicals, synthesis of inter-
mediates and the dyes, NMR spectra, mass spectrometry data
are covered in the SI.

2.1.1. Preparation of sensing foils. 65 mg of the hydrolysed
PAN polymer (for the detailed procedure see Section S2.2 of SI)
were dissolved in 580 mg dimethyl sulfoxide (>99.5% for
synthesis, Roth) under stirring and the solution was knife-
coated onto a poly(ethylene terephthalate foil) (PET, 175 pm
thickness, Alcan Packaging Singen GmbH), which was rough-
ened using abrasive paper. After evaporation of the solvent
at room temperature, either a 3.5 x 10! mg mL ™! aqueous
solution of lucigenin or a 3.2 x 10~ mg mL™" aqueous solution of
10-methyl-9-(1-methylquinolin-1-ium-5-yl)acridin-10-ium dinitrate 5
was applied to the film and irradiated with the UV lamp (Herolab
GmbH, type: NU-8, 8 W) at A = 365 nm for 8 h. Afterwards, the
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sensor foil was washed extensively with demineralized water
and a 1 M sodium nitrate solution.

Dye-loaded Nafion foils were made by applying a commer-
cial 5 wt% Nafion 117 solution (Merck) to a PET-SiO, substrate
foil (175 um thickness) using a knife-coating device. The
solvent was allowed to evaporate for 24 h and the dry foil was
submerged in a 5 x 107> mg mL~" aqueous solution of the
respective dye and kept for 24 h. Afterwards, the foil was
extensively rinsed with demineralized water, a saturated
sodium chloride solution, a 1 M sodium nitrate solution and
finally demineralized water.

2.2. Characterization of optical properties

The photophysical properties were studied in demineralized
water. Absorption spectra were recorded on a Cary 60 UV-VIS
Spectrophotometer (Agilent). Emission spectra were recorded
in demineralized water on a Jobin Yvon Fluorolog 3 spectro-
meter from Horiba equipped with a R2658 photomultiplier
from Hamamatsu. The Stern-Volmer constants were calculated
from the intensities of the emission spectrum maxima. The
fluorescence decay times were measured with time correlated
single photon counting (TCSPC) technique on the same device
equipped with Delta hub module (Horiba) using a 453 nm laser
diode “NanoLED” (Horiba) for the excitation and DAS-6 Analy-
sis software for data analysis. Solution measurements were
conducted in a standard quartz glass cuvette (Hellma®™ Analy-
tics, 10 x 10 mm path length, 3.500 mL cell volume). The
absolute quantum yield was determined using an integrating
sphere setup (Horiba) and all measurements were conducted
with the dye dissolved in demineralized water. The titrations
were conducted with manual Eppendorf pipettes (10-100 pL,
100-1000 pL) from LLG Labware. In case of the sensor materi-
als, the foils were cut and fixed in a home-made flow-through
cell to be read-out with the Fluorolog 3 spectrometer. The error
of the Stern-Volmer data points was calculated using error
propagation. In case of quenching by sodium bromide and
sodium iodide, the modified equation I,/I = 1 + (Ksy *+ Ksar)-[Q] +
Ksv-Ksar[Q] was used.” It describes a dynamic (Ksy) and a static
(Kstae) contribution on intensity quenching at a quencher
concentration ([Q]).

3. Results and discussion

Fig. 2 provides an overview of lucigenin analogs investigated.
These can be divided into several categories. The first comprises
N-methyl-benzo[blacridinium dyes that include the simplest
representative 1 and dyes 2 and 3 where benzo[b]acridinium unit
is connected to acridinium (2) or quinolinium (3) part. The second
group (dyes 4 and 5) includes closer analogs of lucigenin. Finally,
the last groups include rigidized dyes 6-8 which are structurally
very different from lucigenin and also show very different spectral
characteristics. To the best of our knowledge, such positively
charged polycyclic aromatic nitrogen-containing heterocycles
(N-PAHS) have not been yet investigated for potential chloride-
sensing capabilities.

J. Mater. Chem. C, 2025, 13, 20259-20268 | 20261
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Fig. 2 Chemical structures of lucigenin and the new dyes.

3.1. New m-extended analogs of lucigenin (2-4)

3.1.1. Synthesis. A m-extended analog of lucigenin, 5,5'-
dimethyl-{12,12'-bibenzo[b]acridine]-5,5'-diium (X), was an
obvious target of our study. Unfortunately, the synthesis proved
challenging. Attempts to prepare this compound by adapting
synthetic procedures known for lucigenin, such as condensa-
tion with hydrochloric acid and zinc,*® Suzuki coupling or
McMurry reaction, yielded no product or only trace amounts
(Fig. S1 and S2). A Miyaura-Suzuki reaction, using 12-bromo-
benzo[b]acridine, yielded some of the pinacol ester, as detected
with APCI-mass spectrometry, however the compound readily
decomposed during workup under ambient conditions.

Thus, in order to get insights on the effect of n-extension we
prepared the simplest representative 5,12-dimethylbenzo[b]-
acridin-5-ium (1), 5-methyl-12-(10-methylacridin-10-ium-9-yl)-
benzo[b]acridin-5-ium (2), which is essentially lucigenin extended
by one phenyl ring, and 5-methyl-12-(1-methylquinolin-1-ium-5-
yl)benzo[bJacridin-5-ium (3). Compound 1 was obtained via
Grignard reaction of 5-methylbenzo[bJacridin-12(5H)-one with
solution of methyl magnesium bromide in diethyl ether. After
the reaction, methanesulfonic acid was added to facilitate
elimination and the compound was repeatedly washed with
diethyl ether. The methanesulfonate of 1 is well-soluble in
demineralized water and dichloromethane. In contrast, the
aqueous solubility of the nitrate form obtained via precipitation
with KPFg, and subsequent ion exchange was poor. Compounds
2 and 3 were synthesized via Suzuki coupling followed by
methylation. To the best of our knowledge, compounds 2 and
3 represent the first reported two-fold-charged water-soluble
N-methyl benzo[b]acridinium dyes. After alkylation, 2 and 3 are
readily purified by precipitation with KPFs and subsequent ion
exchange to the water-soluble nitrate form.

20262 | J. Mater. Chem. C, 2025, 13, 20259-20268
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1

5,5',7,7'-Hexamethyl-7H,7'H-13,13’-biindeno-1,2-b]acridine]-
5,5'-diium (4) features another pattern of m-extension. The syn-
thesis was done analogously to lucigenin, via treatment of the
extended N-methyl acridone, 5,7,7-trimethyl-5H-indeno[1,2-b]-
acridin-13(7H)-one, with hydrochloric acid and zinc. Unfortunately,
the reaction was accompanied by the formation of monomeric by-
product which in our hands was impossible to remove during
chromatographic purification or suppress through changes in the
reaction conditions (Fig. S24-S26, S49-S51 and S58-561).

3.1.2. Optical properties. Fig. 3 shows that the most intense
absorption band of dyes 1-3 is bathochromically shifted
compared to lucigenin (Anax = 397, 407, 411 and 368 nm for
1, 2, 3 and lucigenin, respectively). This band is attributed to
transitions localized on the benzo[b]acridinium part. Com-
pound 2, which contains both acridinium and benzo[b]acridi-
nium parts, additionally shows a less intense absorption band
with the maxima (369 nm) virtually identical to that of lucigenin.
This absorption is attributed to the acridinium chromophore.
The molar absorption coefficient ¢ at this wavelength is 1.6 x
10* M~ em ™" (Fig. S93), which is approximately half of the value
obtained for lucigenin (£ =2.9 x 10" M ™" em ™" at 369 nm, Fig. $92)
that bears two acridinium moieties. The absorption of the benzo-
[blacridinium part is more efficient (¢ = 2.3 x 10° M ' em™ " at
411 nm, Fig. S93) and is similar to the value obtained for the
benzo[blacridinium-quinolinium hybrid 3 (¢=2.7 x 10*M ' ecm ™"
at 407 nm, Fig. deS94). Interestingly, compounds 1-3 also feature
an additional significantly less intense and very broad absorption
band at longer wavelengths (450-700 nm). Although lucigenin also
exhibits low energy absorption bands (Aaps max = 430, 455 nm) they
are much narrower.

Investigation of potential emissive properties of 1-3 revealed
no luminescence in the visible part of the electromagnetic

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02192h

Open Access Article. Published on 02 September 2025. Downloaded on 4/2/2026 6:21:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

T
=

i
1
008F N _
2 i
I L
= 7 /| P Lucigeni
o6k i i ucigenin| |
= —!
3 | —2
=04 —3
<
=1
=
=}
z

o
o

350 400 450 500 550 600 650 700
Wavelength /nm

Fig. 3 Absorption spectra of lucigenin, 2, 3 (all as nitrate form) and 1
(as methanesulfonate form) dissolved in demineralized water.

spectrum upon excitation in any of the absorption bands. This
demonstrates how efficiently the N-methyl benzo[b]acridinium
moiety suppresses the emission and suggests that the
attempted compound 5,5'-dimethyl{12,12’-bibenzo[bJacridine]-
5,5'-diium (X) is very unlikely to be a desirable target.

The absorption and emission spectra of 4 (in the mixture
with the by-product) are very similar to those of lucigenin but
are shifted bathochromically by ~20 nm and an additional
band is observed at A, = 410 nm (Fig. S58). The fluorescence
quantum yield (¢ ~ 28%) and the decay time (t ~18.5 ns,
Fig. $100) representing only a rough estimation due to the
presence of by-product, also indicate its strong similarity to
lucigenin. Strikingly 4 shows only very minor sensitivity
towards sodium chloride (Ksynaci = 0.8 £ 0 M™', Fig. S69)
which is in stark contrast to lucigenin (Ksynac1 = 360 £ 3 M,
Fig. S64). Nevertheless, the emission of 4 is quenched by
sodium bromide (Ksywapr = 125 £ 6 M ™', Kyaenapr = 8 =+
2 M, Fig. $70) and sodium iodide (Kgyna = 244 + 21 M,
Kitatnar = 41+ 10 MY, Fig. S71), albeit at lower magnitude than
for lucigenin (Ksy napr = 465 &+ 13 M, Kytatnapr = 6 = 2 M1,
Ksvnar = 452 £ 14 MY, Kyeaenar = 50 &£ 6 MY, Fig. $65 and S66).
For the heavier halides we observe some contribution of the
static quenching (Ksi,) of similar magnitude as for lucigenin,
underlining the structural similarity of the two compounds.
Some contribution of the static quenching, particularly in case
of iodide, is in line with literature data on lucigenin."® The
reason for the virtual absence of sensitivity towards chloride in
4 is likely the increased m-electron density due to the introduc-
tion of the fluorene moiety which hinders the formation of the
desired charge-transfer complex with the quencher. This would
imply that a compound may be rendered almost completely
chloride-insensitive following these relatively minor structural
modifications.

3.2. N-Methylquinolinium lucigenin analog 5

3.2.1. Synthesis. Since benzo[b]acridinium-quinolinium
hybrid 3 was found to be non-emissive, we turned our attention

This journal is © The Royal Society of Chemistry 2025
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to a closer lucigenin analogue, 10-methyl-9-(1-methylquinolin-
1-ium-5-yl)acridin-10-ium (5). This compound was synthesized
from commercially available precursors in only 2 steps: Suzuki
coupling and subsequent methylation of 9-(quinoline-5-yl)-
acridine with good yields (~60% in two stages).

3.2.2. Optical properties. Fig. 4a shows that the absorption
and emission spectra of 5 are extremely similar to those of
lucigenin and only a very small hypsochromic shift (~4 nm) is
observed compared to the parent compound. As expected, the
molar absorption coefficients for the bands in the UV and
visible parts of the electromagnetic spectrum (¢ = 1.8 x 10*
and 5.1 x 10> M™" ecm " at 366 and 426 nm, respectively,
Fig. §95) are about 50% of the lucigenin values. Somewhat
surprisingly, 5 shows a significantly higher fluorescence quan-
tum yield (@ = 83 + 1%) than lucigenin (¢ = 52 £ 8%). The
luminescence brightness (defined as ¢ @) is thus comparable to
lucigenin. The fluorescence lifetime of 5 was measured to be
24.5 £ 0.1 ns (Fig. S101) and is thus significantly higher than
that of lucigenin (z = 19.9 + 0.1 ns, Fig. S99).

The emission of 5 does not display noticeable sensitivity
towards NaNO; or Na,SO, in the investigated range of 0-1 M
(Fig. 4b and Fig. S72, S73), contrary to lucigenin (Ksvna,so, =
7.5 £ 0.2 M}, Ksynano, = 0.6 £ 0 M, Fig. S62, S63). On the
other hand, 5 remains sensitive to chloride (Ksynaci = 145 +
3M Y, Fig. S74), as the Kgy value is ~40% that of lucigenin

o
£

1 ¢ o

ES o o -

e
o

Norm. Absorbance/ Intensity

=

350 400 450 500 550 600 650 700 750
Wavelength /nm

g«-mu FhH
#

5
0 100 200 300 400 500
Concentration /mM 1

0.5 . . . . .
0 10 20 30 40 50

Concentration /mM

Fig. 4 Spectral and chloride-sensing properties of 5. (a) Absorption (solid
lines) and emission (dashed-dotted lines) spectra of lucigenin (black) and
5 (red) in the nitrate form dissolved in demineralized water (leyc 420 nm
for both dyes). (b) response of fluorescence intensity of 5 (lexc = 420 Nm,
Zem = 510 nm) to chloride (black squares), nitrate (red circles) and sulfate
(blue diamonds) in the nitrate form in demineralized water. Green squares
show the response of the fluorescence decay time to chloride.
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(Ksvnact = 360 + 3 M~ Fig. S64). The chloride sensitivity of 5 is
thus well comparable to that of the commonly used SPQ
dye.>131416:17 Notably, when compared to SPQ, 5 shows much
more attractive spectral properties with significantly longer
wavelength of absorption and emission, higher molar absorp-
tion coefficients and quantum yields. Regarding bromide and
iodide, 5 shows slightly more efficient quenching (Ksynapr =
558 4+ 2 M, Keaewanr = 2.6 + 0.3 M™%, Kgyar = 656 + 17 M,
Kitarnar = 21 &+ 2 MY, Fig. S75, S76) compared to lucigenin
(Ksvnapr = 465 + 13 M, Kgtaenapr = 6 £ 2 M7, Ksyar = 452 +
14 M, Kyaenar = 50 £ 6 MY, Fig. S65, S66). Interestingly,
the static quenching by the heavier halides appears to be less
efficient for 5 than for lucigenin.

Fig. 4b also demonstrates strong dependency of the fluores-
cence decay time of 5 on chloride concentration. The Stern-
Volmer constants are very similar regarding the decay time
(Ksy = 136 + 6 M~ ') and the intensity (Ksynac1 = 145 £ 3 M)
which confirms the dynamic nature of the quenching process.
Considering the extraordinary long fluorescence lifetime of 5,
its attractive photo-physical properties and synthetic accessi-
bility, we expect that it may become a viable probe for chloride
imaging in biological systems with help of fluorescence lifetime
imaging (FLIM) technique.

3.3. Planar polycyclic dyes 6-8

3.3.1. Synthesis. A perylene analog, 3,9-dimethylbenzo-
[1,2,3-de:4,5,6-d'e’|diquinoline-3,9-diium (6) and its isomer
3,6-dimethyldibenzolf;imn][2,9]phenanthroline-3,6-diium (7) (Fig. 2)
were prepared by methylating the corresponding planar inter-
mediates. These electronically neutral planar intermediates of the
compounds 6 and 7 were prepared via photolytical and thermal
cyclization, respectively, described in literature®” followed by saponi-
fication and decarboxylation (see SI for more details). The t-extended
analog of 6, 8,16-dimethylbenzo[1,2,3-k/:4,5,6-k'I'|diacridine-8,16-
diium (8) was obtained via methylation of the planar intermediate,
benzo[1,2,3-kl:4,5,6-k'l'|diacridine. This was obtained through a
Buchwald-Hartwig coupling reaction, yielding 1,5-bis(phenyl-
amino)-9,10-anthracenedione followed by planarization occurring
through water elimination in hot triflic acid.

3.3.2. Optical properties. The absorption and emission
spectra of 6, 7 and 8 are shown in Fig. 5. Compound 6 shows
three well-resolved absorption/emission bands in the visible
part of the spectrum. The spectral properties are thus extre-
mely similar to that of perylene.*® Analogously to perylene, the
absorption and emission spectra overlap significantly, and the
Stokes shift is rather small (8 nm). However, this poses no
practical challenge since excitation in the second band, located
at 428 nm, can be performed. At this wavelength the molar
absorption coefficient was determined to be 1.6 x 10* M~ cm™"
(Fig. S96) which is about 2-fold the value of lucigenin (¢ = 7.5 X
10° M~ " em ™" at 433 nm, Fig. $92). For 6 the value is even higher at
455 nm (g = 2.2 x 10* M ' em™, Fig. $96). Compound 6 shows
extremely strong fluorescence with quantum yield close to unity
(@ = 97 £ 8%), which is however not unexpected due to its
structural similarity to perylene. Therefore, compared to lucigenin,
compound 6 shows 4 to 5-fold enhancement of fluorescence
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Fig. 5 Absorption (solid lines) and emission (dashed-dotted lines) of 6
(red), 7 (blue) and 8 (black) as [NOs]~ salts dissolved in demineralized
water. The excitation wavelengths are 420, 360 and 525 nm for 6, 7 and 8,
respectively.

brightness when excitation is performed with visible light. Finally,
6 is characterized by a fluorescence decay time similar to other
perylenes (5.5 ns, Fig. $102).

In contrast to 6, compound 7 can be viewed as an analog of
benzo[e]pyrene. The compound absorbs rather inefficiently and
only in the UV part of the spectrum (A = 367 nm, ¢ = 6.6 X
10° M~ ecm™', Fig. S97). It shows very broad fluorescence of
moderate intensity (¢ = 20 + 3%), thus it can be concluded that
spectral properties of 7 are inferior to those of lucigenin.

Fig. 5 shows that the absorption and emission spectra of 8
are rather similar to those of 6 with the exception of strong
bathochromic shift (~5600 cm ™, Apa = 610 nm, & = 1.2 X
10* M~ ' em ™', Fig. S98). In fact, dye 8 contains the same core
structure as 6, which is further extended with two n-conjugated
rings. Disappointingly, the fluorescence quantum yield of 8 was
found to be very low (2% for the nitrate form in demineralized
water) but increased in less polar solvents (5-6% in aceto-
nitrile). Although the quantum yield increases by several fold
depending on solvent and anion, it remains low compared to
common luminescent dyes. The luminescence decay time in
demineralized water as nitrate salt is 7 = 1.3 & 0.1 ns (Fig. $103).

Fig. 6 shows that fluorescence of 6 and 7 is efficiently
quenched by chloride. The Stern-Volmer constants are 160 +
0.3 M~ ' (Fig. S79) and 128 & 0.7 M~ " (Fig. S84), respectively,
which is about 2-fold and 3-fold lower than for lucigenin
(Ksynac1 = 360 = 3 M™%, Fig. S64). In contrast, compound 8
shows only a very weak fluorescence response to chloride
(Ksvnaci = 4.8 & 0.1 M, Fig. $89) although it is fairly sensitive
to heavier halides (Ksynapr = 45.2 & 0.7 M ", Kgtagnapr = 9.7 &
0.6 M~ (Fig. S90), Ksynar =63 £ 2 M, Kyanar = 9.7 £ 0.6 M !
(Fig. S91)). In comparison, for 6 there is much less difference
between its response to chloride and to heavier halides (Kgy nag: =
167 + 0.7 M !, Kytae napr = 10.5 & 0.9 M (Fig. S80), Kgynar = 122 £
11 MY, Kyaewar = 39 £ 6 M™" (Fig. S81)). In 7, the dynamic
response towards bromide is higher than for chloride with a
marginal contribution of static quenching, whereas iodide shows

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Fluorescence response of 6 (red), 7 (blue), 8 (black) (all in nitrate
forms) dissolved in demineralized water. (a) Response to NaCl (filled
square), NaNOs (hollow circle) and NaySOy (filled triangle). The data for
8, which shows virtually no response to NaNOs, are shown in Fig. S88 of
the Sl. (b) Response to NaBr (hollow star) and Nal (hollow diamond).

very high static contributions (Ksynapr = 175 + 2 M, Kyat Napr =
3.7 + 0.6 M " (Fig. $85), Ksynar = 81 & 0.4 M, Kyparnar = 81 +
0.4 M (Fig. $86)). In both 6 and 7, the dynamic quenching is
stronger for bromide than for iodide, but the static quenching
contribution for iodide significantly exceeds that for bromide.

Table 1 Summary of halide-sensing properties of investigated compounds

View Article Online
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For both dyes, the contribution of the static quenching by iodide is
much stronger than for the other dyes reported herein, contribut-
ing to ~25% of the total quenching for 6 and to ~50% for 7.

A possible reason for the poor sensitivity of 8 to chloride is
the increase in m-electron density hindering the formation of
the respective charge-transfer complex with chloride. The effect
is essentially the same as for the fluorenyl-extended dye 4.
Thus, it appears that m-extension of the lucigenin structure
towards red-shifted chloride-sensitive dyes is very challenging.
From literature data®**™'® and data herein, it can be seen that
chloride sensitivity is a delicate property, which can disappear
almost entirely after minor structural changes. However, the
example of 6 demonstrates that polycyclic aromatic hydrocar-
bons can be rendered chloride-sensitive via modification with
positively-charged nitrogen providing that the n-system is small
enough. As can be seen from the comparison of isomers 7 and
6, the location of absorption and emission bands strongly
depends on the 2-dimensional structure of the n-system.

From Fig. 6 we further note that 6 and 8 show relatively low
crosstalk to sodium nitrate (Ksynano, = 4.5 £ 0.1 M ! (Fig. S78)
and 0 M~ (Fig. $88), respectively) and sodium sulphate (15.6 &
0.2 M~ (Fig. S77) and 6.2 + 0.3 M~ " (Fig. S87), respectively).
In contrast, 7 shows enormous crosstalk to the investigated
salts (Ksyna,s0, = 72.6 + 0.4 M ™" (Fig. $82), Ksynano, = 82.6 +
0.1 M~ " (Fig. $83)) which further disregards it as a potential
chloride indicator.

The halide sensing properties as well as advantages and
disadvantages of the compounds investigated are summarized
in Table 1. It can be concluded that among all the compounds
investigated, 5 and 6 are most promising for chloride-sensing
applications showing several attractive characteristics com-
pared to lucigenin. For both dyes, the fluorescence quenching
by chloride is roughly half as efficient as for lucigenin.

3.4. Sensor materials

Although 5 in dissolved form may become a viable probe
for imaging of chloride with the FLIM technique, many other

Ksv NaCly

KSV NaBr (Kstat NaBr)
Compound M M

Ksvnar (Kstat Na1)
M-1

Ksv Na,50,
M

Ksvnano,,
M Remarks

1,2,3 — — — —
4 08+0 12546 (8 +2) 244 + 21 (41 £ 10) 0.2

5 1454+ 3 558 +2(2.6+0.3) 656+17(21+2) 0

6 160 £ 0.3 167 £ 0.7

(10.5 + 0.9)

122 + 11 (39 + 6)

7 128 £ 0.7 175 £ 2 (3.7 + 0.6) 81.1 £ 0.4

(81.1 + 0.4)
8 4.8 £0.1 63 £ 2 (9.7 £ 0.6)

452 £ 0.7 (9.7 £ 0.6) 6.2

This journal is © The Royal Society of Chemistry 2025

15.6 £ 0.2

72.6 £ 0.4

— Not emissive, unsuitable for sensing applications
0.2+0 Characterized as a product mixture; slightly
bathochromically shifted spectra compared
to lucigenin
0 Spectral properties and brightness virtually
identical to lucigenin and much better than for
SPQ probe; no cross-talk to nitrate and sulphate;
very long fluorescence decay time dependent
on chloride concentration
Much higher brightness compared to lucigenin,
due to higher molar absorption coefficients
in the visible part and higher fluorescence
quantum yields
Poor spectral characteristics, enormous cross-talk

+0

4.5+ 0.1

82.6 £ 0.1

+03 0 Very long absorption and emission wavelengths

but poor brightness
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Fig. 7 Response of the sensor materials to chloride and salts ((A) demineralized water, (B) 50 mM NaNOs, (C) 50 mM NaCl, (D) 670 mM Na,SOy, (E) 2 M
NaCl). (a) and (b) 5 and lucigenin, respectively, photoimmobilized into HYPAN, Aexe = 420 nm, Aem = 500 nm in both cases; (c) 6 immobilized into Nafion
membrane, Jexc = 455 M, dem = 492 nm; (d) lucigenin immobilized into Nafion membrane, Aexc = 420 NM, Zem = 500 Nm.

applications require sensor materials that are prepared upon
immobilization of indicators into appropriate polymers.
Among others, both hydrolyzed PAN (which is essentially a
copolymer of acrylamide and acrylonitrile) and Nafion 117 were
reported for immobilization of lucigenin.">'* The hydrolyzed
PAN (HYPAN) polymer allows for efficient diffusion of ions and
thus high efficiency of luminescence quenching by chloride,
but the immobilization procedure involves ultraviolet radiation
with the immobilization mechanism not clarified. Thus, it
cannot be well predicted if a given dye might be efficiently
immobilized into the HYPAN polymer or not. On the other
hand, positively-charged compounds can be conveniently
immobilized into negatively-charged Nafion 117 membrane
through electrostatic interactions. However, the negative
charges in Nafion 117 lead to a strongly decreased chloride
response, rendering the resulting materials more useful for
applications in highly saline environments, such as seawater'"
rather than for measurements at physiological conditions.
The photoimmobilisation into HYPAN was explored for 5
and 6, but unfortunately, 6 could not be immobilized under the
same conditions as lucigenin and leached out continuously

20266 | J Mater. Chem. C, 2025, 13, 20259-20268

over time, without reaching a plateau value. In contrast, 5 could
be embedded analogously to lucigenin. Fig. 7 shows that the
resulting material responds to chloride similarly to HYPAN-
immobilized lucigenin. Compound 5 in HYPAN, evidently, does
not show noticeable crosstalk to nitrate (Fig. 7a), which is not
the case for lucigenin in HYPAN (Fig. 7b).

Since photoimmobilization of 6 into HYPAN was not suc-
cessful this dye was embedded into the Nafion-117 membrane.
Comparison with Nafion-immobilized lucigenin reveals that
the latter shows stronger response to chloride and virtually
no crosstalk to sulfate (which was selected due to its presence
in seawater). Although 6 in Nafion shows chloride response, it
may not be sufficient to achieve optimal resolution in seawater
(concentration of ~550 mM chloride). It can be concluded that
for this dye extended investigation of potentially suitable poly-
mers and immobilization methods remains of considerable
interest. For this, chemical modification of the indicator may
represent a possible solution. For instance, methyl groups may
be substituted with long hydrophobic chains that would allow
immobilization into a variety of neutral hydrogel matrices such
as poly(2-hydroxyethylmethacrylate) or polyurethane hydrogels.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusions

The goal of this study was the preparation and investigation of
lucigenin analogs, which show bathochromic shifts of absorp-
tion and emission bands compared to this state-of-the-art
chloride indicators. The most obvious dyes 1, 2 and 3, that all
incorporate a benzo[b]acridinium part, were found to be non-
emissive. A m-extended dye 4, that incorporates the fluorene
backbone, showed desired spectral properties but virtually no
response to chloride and no efficient purification method could
be found to separate the compound from the by-product.
Strong decrease of chloride sensitivity upon m-extension was
also observed for dye 8, a m-extended analog of compound 6,
although it was found sensitive to heavier halides. We therefore
suggest that the ratio of quarternized nitrogen atoms to the size
of the conjugated system may be a useful indicator whether
chloride response is expected or not. The position of the
quarternized nitrogen atoms appears to be important as well,
as demonstrated for dye 7 that appears to lack chloride sensi-
tivity. The quarternized nitrogen atoms positioned in relatively
short proximity might be less efficient in inducing chloride
sensitivity.

Among the investigated compounds two promising candi-
dates could be identified. The planar dye 6 can be viewed as an
analog of perylene and was found to share its main photo-
physical characteristics such as position and shape of the
absorption and emission bands, Stokes shift and exceptional
quantum yield. Being chloride-sensitive, it represents signifi-
cant improvement over lucigenin in terms of fluorescence
brightness. On the other hand, similar to lucigenin, it shows
a crosstalk to other ions. The acridinium-quinolinium hybrid 5
and lucigenin show virtually identical spectral properties and
comparable brightness, but 5 does not show a crosstalk to
nitrate and sulfate in the relevant range. It therefore may be
interesting as (i) a water-soluble chloride probe, particularly for
imaging using FLIM technique since it also shows remarkably
long chloride-dependent fluorescence lifetime, and (ii) in
immobilized form, as demonstrated for material prepared on
the basis of hydrolyzed PAN. Since immobilization of 6 was only
partially successful, further effort can be directed to chemical
modification of the dye and its immobilization in different
matrices (hydrogels) to fully reveal its full potential as a very
bright chloride indicator.
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