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Abstract: Detection of metals in different environments with
high selectivity and specificity is one of the prerequisites of
the fight against environmental pollution with these ele-
ments. Pyrenes are well suited for the fluorescence sensing in
different media. The applied sensing principle typically relies
on the formation of intra- and intermolecular excimers, which
is however limiting the sensitivity range due to masking of
e.g. quenching effects by the excimer emission. Herein we
report a highly selective, structurally rigid chemical sensor
based on the monomer fluorescence of pyrene moieties
bearing triazole groups. This sensor can quantitatively detect
Cu2+, Pb2+ and Hg2+ in organic solvents over a broad
concentrations range, even in the presence of ubiquitous ions
such as Na+, K+, Ca2+ and Mg2+. The strongly emissive

sensor’s fluorescence with a long lifetime of 165 ns is
quenched by a 1 :1 complex formation upon addition of
metal ions in acetonitrile. Upon addition of a tenfold excess
of the metal ion to the sensor, agglomerates with a diameter
of about 3 nm are formed. Due to complex interactions in the
system, conventional linear correlations are not observed for
all concentrations. Therefore, a critical comparison between
the conventional Job plot interpretation, the method of
Benesi-Hildebrand, and a non-linear fit is presented. The
reported system enables the specific and robust sensing of
medically and environmentally relevant ions in the health-
relevant nM range and could be used e.g. for the monitoring
of the respective ions in waste streams.

Introduction

The use of heavy metals in industry, agriculture, household and
technology is one of the important sources of environmental
pollution and detrimental effects on plants and the health of
animals and humans.[1–7] Metals such as copper, lead and
mercury are among the most common in waste water.[8] Copper
is very common, not only in industry, but also in the home
(copper pipes, etc.) and as a pesticide that is released directly
into the environment. It causes diseases such as Wilson’s
disease and the so-called “vineyard sprayer‘s lung”.[9–11] Sources

of lead pollution in the environment are manifold. The majority
originate from the melting and processing of ores, but industrial
and car exhaust gases, lead batteries, additives in paints and
varnishes, and petrol additives that were used until the 2000’s
are also sources.[6b,12] Consequential damage from prolonged
exposure to these pollutants include reduced intelligence,
delayed or impaired neurobehavioral development, reduced
hearing acuity, speech impairment, and growth disorders, even
at very low exposure.[6] Mercury had its peak in industrial
demand when numerous measuring instruments, such as
thermometers, barometers, etc., as well as lighting tubes were
manufactured using this metal. When it is released into the
environment, mercury is broken down by microorganisms into
toxic methyl mercury compounds and it accumulates in the
food chain which causes the so-called Minamata disease.[6,7,13,14]

Once heavy metals are ingested, their ability to be reduced
or oxidized enables them to bind to biomolecules in various
oxidation states and then alter or even block important
functions of vital metal complexes, thereby circumventing
control mechanisms of the organism and leading to toxic
effects.[5,7,15,16]

In order to prevent the release of heavy metals into the
environment as early as possible, control mechanisms must be
implemented whenever these metals are used.[6,17,18] As heavy
metals in industry are not only applied in an aqueous environ-
ment, whereas it is crucial to have water soluble sensors, there
is a need for sensors applicable in different solvents. It is
therefore important to manufacture specific sensors for applica-
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tions in different media. In order to address the diverse range of
uses of heavy metals, and to detect and eliminate them quickly
in the event of uncontrolled release into the environment,
tailored sensors are required.

In this work, we present a pyrene- and tetraethylene glycol
(TEG)-based molecular sensor for selectively detecting Cu(II),
Pb(II) and Hg(II) in health-relevant concentrations via quenching
of the monomer fluorescence of pyrene in organic solvents.

Results and Discussion

The reported sensor combines a previously reported glycol
precursor[19] with a rigid arrangement of pyrene moieties. Due
to its versatile and extensively investigated properties, pyrene is
well suited as a chemical sensor.[20–29] Pyrene derivatives
functionalized at the 2-position via a one-step iridium-catalyzed
reaction with B2pin2 offer significantly longer fluorescence
lifetimes in comparison to pyrene derivatives that are function-
alized at the 1-position.[30,31] As a chemosensor, in most cases,
reports on the analyte in its excited state, the response is
enhanced for sensors with longer excited state lifetimes,
leading to improved sensitivity.[32] However, until now, only a
few chemosensors based on pyrenes functionalized at their 2-
position have been reported.[27,28,33,34] These sensors were

designed to enter into targeted interactions with metals
through functional groups or crown ethers on the pyrene. In
our work, we combine pyrene functionalized at its 2-position
with a tailored glycol chain, which has two decisive advantages.
First, the molecule is soluble and can be purified via solution-
phase methods such as chromatography and applied in a
variety of solvents. Second, TEG provides crown ether-like
properties which improve coordination to metal ions.[35] There-
fore, the sensor was constructed using a TEG chain carrying a
branching moiety that bears three binding sites for pyrenyl
groups bound at their 2-position.

Synthesis and characterization of a rigid tris-pyrenyl sensor

The TEG chain 1 is used as the scaffold for the attachment of
three pyrenes via the formation of triazole linkers in a click
reaction of 1 with three molecules of 2-ethynylpyrene 2
(Scheme 1). The resulting tris-pyrenyl conjugate not only
possesses the ability to complex metal ions, but the opposite
terminus is designed to allow for subsequent immobilization of
the sensor using the amino function for coupling to, e.g.,
nanoparticles, chip surfaces or biomolecules. A very important
feature for the functionality of this probe is the reduced spacing
and the ensuing low steric flexibility at the focal point of the

Scheme 1. Synthesis of the glycol chain (dashed rectangle) and of probe 3 using click chemistry and its mode of action when complexing a divalent M2+

cation in acetonitrile.
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molecule’s branching unit, preventing 3 from forming intra-
molecular dimers of the pyrene head groups. The interaction
between two molecule head groups to form an intermolecular
dimer is also suppressed by the limited flexibility of the
branching unit. These structural features allowed us to apply
this sensor in a very broad concentration range (see below).
Previously, Seela and Ingale reported a pyrene-based sensor for
the detection of Zn2+, which shows very efficient excimer
formation due to the flexibility of the different pyrene
moieties.[36] However, due to its structural design, our probe
does not show excimer emission that could mask possible
signals in the longer-wavelength range in solvents such as
MeOH, MeCN, CH2Cl2 and toluene from low to even very high
concentrations (Supporting Information Figure S4 and Figure 1).
However, for applications such as fluorescent ratiometric
detection pyrene’s excimer emission can be of interest.[36]

Pyrene excimer formation is usually observed in the wave-
length range between 400–600 nm, with a maximum at about
500 nm, and is used in many applications for sensing due to its
fluorescence signal strength and sensitivity.[25–27,37–41] However,
when sensing depends on longer lifetimes of the excited state,
a chemical sensor relying on monomer fluorescence is superior
to a sensor based on excimer formation. Depending on the
system, the lifetime of an excimer of pyrene is typically about
one order of magnitude shorter than that of the excited
monomer state.[42]

The absorption and emission spectra of 3 are shown in
Figure 1. The spectral features of pyrenes are clearly visible.

The absorption spectrum of unsubstituted pyrene consists
of four bands,[43] one forbidden band (S1

!S0) at 372 nm (ɛ=

510 mol� 1 cm� 1 l) with vibrational fine structure, two bands (S2

!

S0 and S3

!S0) at 334 and 272 nm, and a strongly allowed band
(S4

!S0) at 243 nm (ɛ=88000 mol� 1 cm� 1 l).[30,43] In this work,
the absorption of the probe is very similar to that of
unsubstituted pyrene due to the functionalization at 2-position
of pyrene, which is situated on nodal planes in both the HOMO
and LUMO, previously studied in detail by Marder and co-
workers.[30,44] Thus, the S1

!S0 transition is still forbidden

(372 nm) and the S2

!S0 transition is slightly bathochromically
shifted with a maximum at 337 nm.

In a screening experiment, the effect of a large number of
cations on the fluorescence of 3 was investigated (Figure S12).
The metal ions leading to significant changes and the most
typical background ions were again measured as perchlorate
salts, as these offer good solubility in acetonitrile and do not
absorb light in the region of the sensor’s fluorescence, avoiding
reabsorption of emitted light. Strong fluorescence quenching
was observed in the presence of Cu2+, Pb2+ and Hg2+ while the
emission wavelength was not influenced. Moreover, no quench-
ing effects were observed upon addition of Ca2+, Mg2+, Na+

and K+, which makes the sensor interesting for applications in
which solvents come into contact with ions that are typically
present in aqueous environments.

Fluorescence titrations

Titrations of the three analyte cations (Figure 2) show strong,
concentration-dependent quenching until a plateau of � 83
(Pb2+), � 90 (Hg2+) and � 99 (Cu2+) %, of their initial lumines-
cence intensity is reached.

The detection limit (LOD) describes the lower limit at which
the sensor can reliably measure the ions. According to the
definition, this is achieved if the measurement signal is at least
3.3 times higher than the standard deviation of the
measurement.[45] Here, the LOD was determined for a sensor
concentration of 1.02×10� 6 molL� 1 leading to an optical
density of 0.1. The strongest effect on the fluorescence of 3 (at
a concentration of 1.02×10� 6 molL� 1, 1 eq) is observed upon
addition of Cu2+ translating to an LOD of 7.7×10� 7 molL� 1

(0.7 eq), Pb2+ can be measured at concentrations from 6×
10� 7 molL� 1 (0.6 eq) and Hg2+ from 2.1×10� 6 molL� 1 (2 eq)
equivalents with confidence, which allows the sensing of all
these ions in the health-relevant concentration range. However,
as can be seen in the titrations carried out for the determination
of the complex’ stoichiometry (see below), the system delivers

Figure 1. A) Normalized absorption and emission (excited at 337 nm) spectra of probe 3 in acetonitrile (concentration: 3.17×10� 6 molL� 1) and B) fluorescence
responses of 3 (concentration: 1.02×10� 6 molL� 1) to a selection of monovalent and divalent metal ions (used in the form of perchlorate salts) at 10 eq excess
(see Supporting Information for a complete set of tested cations).
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precise values also in the single-digit nM range, when the
concentration of sensor 3 is reduced to 1.06×10� 10 molL� 1.

For all sensor concentrations, quantitative statements can
be made in a range of up to 50 eq. of the quencher ions, thus
defining the upper limit of quantification (ULOQ). As can be
seen in Figure 2A, the linear part of the dynamic range of the
sensor covers the ratio of 0 to 10 eq. of quencher (see below for
a detailed discussion of the non-linear behavior). Therefore, the
ULOQ has to be determined by visual inspection of the titration
curves, leading to ULOQ values of 20 eq. for Cu2+ (2.1×
10� 5 molL� 1) and for Pb2+ and Hg2+ of 50 eq (5.3×10� 5 molL� 1)
for a sensor concentration of 1.02×10� 6 molL� 1.

As the spectroscopic characteristics of the sensor
fluorescence are identical for concentrations from 1.06×
10� 10 molL� 1 to 3.17×10� 6 molL� 1 due to the absence of
excimer formation, the concentration of 3 can be adjusted to
the amount of quencher ions in the analyte solution. The
saturation plateau for the three ions Pb2+, Hg2+ and Cu2+ is
reached at � 83%, � 90% and � 99% of the initial fluorescence
intensity, respectively.

The observed sensor properties are related to its mode of
action. The system is based on dynamic quenching, which is
the interaction of a quencher with a molecule in an excited
state. Therefore, the sensitivity of the sensors strongly depends
on the lifetime of the excited state from which the observed

emission originates.[46] Thus, the observed very long
fluorescence lifetime of 3 (165 nm) is beneficial for an efficient
sensing process if dynamic quenching is the mode of action.

Fluorescence lifetime measurements

As shown in Figure 3, the fluorescence lifetime of sensor 3 is
strongly dependent on the ion concentration. This can be used
to confirm the type of fluorescence quenching process.

If dynamic quenching is involved, the decrease in lifetime is
proportional to the concentration of the quencher.[46] After
reaching the ULOQ, the lifetimes decrease for 3 to 5 ns
quenched by Cu2+, to 47 ns by Pb2+ and to 36 ns by Hg2+.
Additionally, the characteristics of the dynamic quenching
process, like the mode and rate of interaction between host
and quencher, need to be investigated.

Job plots

A commonly used method to determine the interaction
stoichiometry of the host sensor with a guest ion, is the Job
plot, which is shown in Figure 4.[47,48] However, this plot cannot
be used to display systems with stoichiometries other than 1 :1.

Figure 2. A) Fluorescence titration spectra of sensor 3 at 1.02×10� 6 molL� 1 with the quencher ions Cu2+(blue squares), Pb2+ (green triangles) and Hg2+ (red
dots), error bars are given for all data points (see Figure S13 for magnification); individual spectra for the titration of B) copper, C) lead, D) mercury. All cations
were used in the form of their perchlorate salts.
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In 1 : 2 or 2 :1 complexes the maximum of the plot does not
necessarily show the actual binding stoichiometry. In cases
where the quotient of K1:1/K1:2 (or K1:1/K2:1) is larger than 1, the
Job plot cannot be applied. Here, the maximum at 0.5 indicates
a 1 :1 ratio, which has only one binding constant, thus the
application of the Job plot is justified.[49] This result has been
confirmed using the free bindfit software, where a 1 :1
stoichiometry gave highly satisfactory results (http://supramole-
cular.org). The fit for hypothetical 1 : 2 and 2 :1 complexes
resulted in negative values for binding constants and/or
unrealistically high error values, while the unconstrained fit for
a 1 :1 system coincided with the results of the linear fits (see
Figure S5 and S6).

In addition to binding constants, the total concentration of
the sensor is also a crucial factor for this type of analysis. The
more concentrated the system, the more reliable values can be
read from the Job plot.[47] However, for fluorescence measure-
ments, the concentration range is usually determined by two
factors: the detection window is limited on one side by the
fluorescence detection limit and on the other side by the
prevention of self-quenching of the fluorophores. In the case of
pyrene derivatives, excimer formation is also observed in
concentrated solutions.[29] By design, the system presented here
has no possibilities to form an excimer, as already discussed.
However, an unforeseen aspect of the molecular structure has
been elucidated using Stern-Volmer plots (Figure 5).

Stern-Volmer plots

An important prerequisite for the validity of the Stern-Volmer
equation is the equal accessibility of all molecules of the
fluorophore by the quencher, i. e. the same Stern-Volmer
constant must apply to all molecules of the fluorophore.[50] If
this precondition is not applicable due to the presence of
differently accessible fluorophores, the Stern-Volmer equation
cannot be used in its usual form. In the system presented here,
all titrations can be linearly fit in the Stern-Volmer plot for the
range of 0–7 eq (0–7×10� 6 molL� 1) of quencher.

The quenching constant, the Stern-Volmer constant (KSV),
can be read from the slope of the straight line. The slope for
Cu2+ is 1.3×105 M� 1, for Pb2+8.1×104 M� 1 and for Hg2+2.9×
104 M� 1. For concentrations above 7 eq, however, the slope of
the curve increases. Values for F0/F-1 in the Stern-Volmer plot
deviating from linearity to higher values indicate the presence
of processes that lead to a more efficient quenching of the
fluorescence at higher quencher concentrations.

These results suggest that a further quenching effect comes
into play at higher ratios of guest ions to host sensor 3. As the
formation of excimers can be excluded from concentration-
dependent measurement of 3, we hypothesized that larger
aggregates are formed. In fact, with the help of dynamic light
scattering (DLS) experiments (Figure 6), metal ion-induced
aggregate formation was confirmed that is not observed for
solutions of sensor molecule 3 in the absence of metal ions. The

Figure 3. Lifetime titration spectra of sensor 3 upon addition of A) Cu2+, B) Pb2+ and C) Hg2+.

Figure 4. Job plot for each metal ion A) Cu2+, B) Pb2+ and C) Hg2+ for a titration with a constant total host and guest concentration of 1.06×10� 9 molL� 1 in
the concentration ratio 9 :1 to 1 :9 in integer steps.
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formation of flocculates upon the generation of an iron
complex of a pyrene sensor that led to fluorescence quenching
has been reported.[51]

The aggregation process was found to be reversible as
shown by the disappearance of the agglomerates upon
addition of an equally concentrated solution of 3 until the
concentration of Cu2+ is reduced to 60 eq, and their slow
reformation after about 30 min as shown by DLS (see Figure S9
for details). As can be deduced from the volume distribution

determined by DLS, 90% of the agglomerates are smaller than
3.5 nm in diameter. The simultaneous presence of larger objects
in the size range of 30 and 200 nm is evidenced by the
scattering peaks in the intensity distribution. This confirms the
suspected complex agglomeration behavior of the sensor
molecule. In previous agglomeration studies similar observa-
tions have been reported for titrations and the associated
Stern-Volmer plots.[50,52–54]

Comparison with Benesi-Hildebrand plots

Another frequently applied method to characterize the binding
between host and analyte is the Benesi-Hildebrand method,
where the binding constant (Ka) can be determined from the
double reciprocal plot of the fluorescence ratio over the
quencher concentration (see Figure S10).[55]

As for the Stern-Volmer plot, the Benesi-Hildebrand plots of
3 exhibits the different interaction regimes at low and high
analyte concentrations. For Cu2+ and Pb2+, the linearity is
preserved in the low concentration range, the results for Hg2+

are not fully congruent. However, it turns out that in the
sensitive area of the sensor (0–10 eq), the linearity is not
sufficiently accurate to use the results of the Benesi-Hildebrand
method to determine the binding constants. At higher concen-
trations (>20 eq), all three systems show linearity. However, the
binding constants calculated from these slopes differ greatly
from the results obtained with the bindfit method for the region
of >10 eq (Table 1).

Figure 5. Stern-Volmer plots of A) Cu2+, B) Pb2+ and C) Hg2+ titrated to a constant host 3 concentration (1.02×10� 6 molL� 1, 1 eq) from 0–200 eq of analyte.
The insets show the linear regions at low quencher concentration.

Figure 6. DLS size measurement (diameter) in acetonitrile of probe 3
(5×10� 6 molL� 1, 1 eq) in the presence of 200 eq of Cu

2+. To identify the
different size classes of aggregates, different presentation modes of the
scattering signal are shown. Note: Large objects are overrepresented in the
intensity plot due to their higher scattering cross section (scaling with r6)
whereas in the number plot, larger objects are not visible due to their low
concentration.

Table 1. Quenching constants KSV obtained from Stern-Volmer-plots and binding constants Ka obtained from Benesi-Hildebrand (BH) plot and the software
bindfit for low and high quencher concentrations.

Quencher eq KSV [M
� 1] Ka(BH) [M

� 1] Ka(bindfit) [M
� 1]

Cu2+ <10 1.3×105 1.26×105 1.54×105

Cu2+ >10 1.21×106 3.96×104

Pb2+ <10 8.1×104 2.25×104 1.10×104

Pb2+ >10 1.55×105 2.18×104

Hg2+ <10 2.9×104 2.02×105 9.16×105

Hg2+ >10 5.69×104 2.99×104
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The results for the respective binding constants, determined
via the Benesi-Hildebrand-plot and bindfit, suggest that the
Benesi-Hildebrand plot fails to adequately describe a quenching
method that consists of dynamic quenching and agglomer-
ation, which has also been discussed previously.[48]

NMR titrations

In order to obtain more information about the binding
constants in addition to the fluorescence titration experiments,
we performed NMR titration experiments in DMSO-d6 to
investigate the 1H-NMR shifts upon addition of the three
quenchers. The results are presented in the Supporting
Information (Figure S11). They suggest that the interaction of
the metal ions is not limited to the pyrene moiety and the
triazole unit, but also involves the TEG chain, as indicated by
the concomitant strong 1H NMR shift. The NMR experiments
also confirm an identical binding mode for all three analyte ions
(see details in Supporting Information). In the concentration
range that was observable by NMR spectroscopy (0–50 eq), no
saturation effect was found, thus confirming the assumed
dynamic interaction between the ions and the sensor.

Conclusion

A highly specific, pyrene-based turn-off probe for the detection
and quantification of the environmentally important metals
Cu2+, Pb2+ and Hg2+ was developed. The substitution of pyrene
at its 2-position instead of the usual 1-position led to a rare
probe with long fluorescence lifetimes enabling investigation of
the dynamic quenching mechanism. Furthermore, the rigidity
of the sensor architecture prevents the otherwise prominent
excimer formation of the pyrenes and thereby allows the study
of the monomer emission. A 1 :1 complex stoichiometry was
confirmed using bindfit and Job plots, whereas the Stern-
Volmer plots revealed a complex set of interactions involving
not only the formation of the stoichiometric complex, but also
the reversible, metal-induced formation of nanosized aggre-
gates at higher quencher concentrations. Binding constants in
the range of 1.10×104–9.16×105 M� 1 allow for the sensitive
quantification of the ions over a broad concentration range in
organic solvents. In the future, the system could be immobilized
on a solid support to prevent aggregate formation and,
moreover, make the system applicable in aqueous environ-
ments. Such applications are already underway in our labo-
ratory.

Experimental Section

Synthetic and spectroscopic procedures

General methods: Azide 1 and alkyne 2 were prepared according
to literature procedures.[19,44] All other starting materials were
purchased from commercial sources and used as received. The
solvents were freshly distilled and dried using standard procedures.

Nuclear magnetic resonance spectra (1H and 13C) were measured
with a Bruker AVANCE 400 FT-NMR spectrometer at 27 °C. For the
calibration of spectra, the chemical shift of the deuterated solvents
was used as internal reference. HRMS were recorded using a
Thermo Scientific Exactive PlusOrbitrap MS system with either an
Atmospheric Sample Analysis Probe (ASAP) or by Electrospray
Ionization. The characterization by Fourier-transform infrared spec-
troscopy (FTIR) was carried out using a Jasco FT/IR-430 spectrom-
eter fitted with an attenuated total reflection (ATR) MIRacle unit
from PIKE Technologies. The particle size was measured using a
Malvern Zetasizer Nanoseries Nano-ZS (dynamic light scattering,
backscattering mode). The size distribution is given as volume,
number and intensity distribution and was obtained using the
Marquardt method. Degassing of solutions was performed by
sonication using a Bandelin Sonorex Digitec Typ DT52 sonicator
bath (max. 80 W, 35 kHz). All photophysical measurements were
carried out under an argon atmosphere by preparing the samples
in an argon-filled glovebox. The solution state measurements were
performed in standard quartz cuvettes (1 cm×1 cm cross section).
The UV/Vis absorption spectra were measured using an Agilent
1100 diode array UV/Vis spectrophotometer. Excitation, emission,
lifetime and quantum yield measurements were recorded using an
Edinburgh Instruments FLSP920 spectrometer equipped with a
450 W Xenon arc lamp, double monochromators for the excitation
and emission pathways, and a red-sensitive photomultiplier
(PMT� R928P) as the detector. The measurements were performed
in right-angle (90°) geometry mode and all spectra were fully
corrected for the spectral response of the instrument.

Fluorescence quantum yields of the samples were measured using
a calibrated integrating sphere (150 mm inner diameter) from
Edinburgh Instruments attached to the FLSP920 spectrometer
described above. For solution-state measurements, the longest
wavelength absorption maximum of the compound in the
respective solvent was chosen for the excitation. In order to exclude
self-absorption, the emission spectra were measured with dilute
samples (approx. 0.1 optical density at the excitation wavelength).

Fluorescence lifetime measurements were conducted using the
time-correlated single-photon counting method (TCSPC) on the
FLSP920 spectrometer equipped with a high-speed photomultiplier
tube positioned after a single emission monochromator. Measure-
ments were made in right-angle (90°) geometry mode, and the
emission was collected through a polarizer set to the magic angle.
Solutions were excited with a 315 nm (pulse width 932.5 ps) pulsed
diode laser at repetition rates of 1–5 MHz and were recorded at the
emission maxima. Decays were recorded to 10,000 counts in the
peak channel with a record length of at least 4,000 channels. The
band-pass of the monochromator was adjusted to give a signal
count rate of <20 kHz. Iterative reconvolution of the instrument
response function (IRF) with one decay function and nonlinear
least-squares analysis were used to analyze the data. The quality of
all decay fits was judged to be satisfactory, based on the calculated
values of the reduced χ2 and Durbin-Watson parameters and visual
inspection of the weighted and autocorrelated residuals.

The titration experiments for the Job plot were carried out in a
0 :10–10:0 ratio (c/c), the total concentration of all components
always being 1.06×10� 9 molL� 1. For all other titrations, the
concentration of the host was kept constant at 1.02×10� 6 molL� 1

and 0–200 eq of the quencher was added. All titrations were carried
out at least in triplicate to obtain a standard deviation.

Synthesis of 3: Under an N2 atmosphere, azide 1 (0.80 g, 1.6 mmol,
1.0 eq) and alkyne 2 (1.50 g, 6.6 mmol, 4.1 eq) were dissolved in
DMF (20 mL) and degassed under a stream of nitrogen in an
ultrasonic bath for 15 min. Sodium ascorbate (1.31 g, 6.6 mmol,
4.1 eq) and CuI (0.42 g, 1.6 mmol, 1.0 eq) were then added and the
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mixture was stirred at room temperature for 20 h. The solvent was
removed, and the residue was dissolved in CH2Cl2 and water. The
organic phase was washed with brine and the combined aqueous
solutions extracted with CH2Cl2. The combined organic phases were
dried over magnesium sulphate and concentrated under reduced
pressure. The crude product was purified by column chromatog-
raphy (eluent CyH/EtOAc, 1 :1! 0 :1, v/v). After evaporation of the
solvent, product 3 was obtained as a yellowish solid. Yield: 0.6 g
(0.51 mmol, 32%). M.p.: 180–220 °C. Rf (cyclohexane/EtOAc, 1 :1):
0.05. 1H NMR (400 MHz, CDCl3): δ=8.94 (s, 3H, H-12), 8.73 (s, 6H, H-
7), 8.16 (d, 3J2,1=7.6 Hz, 6H, H-2), 8.13–8.03 (m, 12H, H-4+5), 7.99
(dd, 3J1,2=7.6 Hz, 3H, H-1), 4.81 (br, 1H, H-24), 4.69 (s, 6H, H-13),
3.90–3.81 (m, 4H, H-18/19/20/21), 3.79–3.74 (m, 2H, H-18/19/20/21),
3.74–3.64 (m, 2H, H-18/19/20/21), 3.42–3.33 (m, 2H, H-16), 3.32–3.27
(m, 2H, H-17), 3.27 3.19 (m, 2H, H-22), 3.18–3.01 (m, 4H, H-15+23),
1.36 (s, 9H, H-27) ppm. 13C NMR (100 MHz, CDCl3): δ=156.0 (Cq, C-
25), 148.2 (Cq, C-11), 131.8 (Cq, C-8), 131.2 (Cq, C-6), 128.1 (CH, C-4),
127.9 (Cq, C-3), 127.5 (CH, C-5), 126.2 (CH, C-1), 125.4 (CH, C-2),
124.7 (Cq, C 9/10), 124.6 (Cq, C 9/10), 124.2 (CH, C-12), 122.1 (CH, C
7), 79.3 (Cq, C 26), 77.4 (CH, C-16), 70.8 (CH2, C 17–22), 70.7 (CH2, C
17–22), 70.6 (CH2, C 17–22), 70.5 (CH2, C-17–22), 70.1 (CH2, C 17–22),
70.0 (CH2, C 17–22), 68.3 (CH2, C-15), 49.7 (CH2, C-13), 46.5 (Cq, C-14),
40.2 (CH2, C-23), 28. 5 (CH3, C-27) ppm. FT-IR (ATR): ~v =3127 (w),
3039 (w), 2966 (w), 2868 (m), 1704 (vs), 1608 (m), 1504 (s), 1437 (s),
1365 (s), 1275 (m), 1245 (vs), 1170 (vs), 1137 (vs), 1095 (vs), 1040
(vs), 1006 (w), 962 (vw), 879 (vs), 839 (vs), 819 (vs), 759 (m), 727 (s),
706 (vs), 660 (m), 608 (w) cm� 1. HRMS (ESI,+): found: 1164.5000
[M]+; calc. for [M]+ : 1164.5010.

Acknowledgements

The authors thank the Volkswagen Foundation for grant
number 88393, the Federal State of Bavaria (project “Solar
Technology Goes Hybrid“) and Deutsche Forschungsgemein-
schaft (MA 4771/8-1) for the financial support of this research.
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Fluorescence spectroscopy · heavy metals ·
luminescence · probes · pyrene

[1] H. B. Bradl, Heavy Metals in the Environment: Origin, Interaction and
Remediation, Interface Science and Technology 6, Elsevier/Acad. Press,
Amsterdam, 2005.

[2] Y. Cao, M. A. Skaug, O. Andersen, J. Aaseth, J. Trace Elem. Med. Biol.
2015, 31, 188–192.

[3] J. O. Nriagu, Science 1996, 272, 223–224.
[4] K. K. Kesari, Ed., Networking of Mutagens in Environmental Toxicology,

Environmental Science and Engineering, Environmental Science, Spring-
er, Cham 2019.

[5] F. Pietrucci, M. Boero, W. Andreoni, Chem. Sci. 2021, 12, 2979–2985.
[6] a) L. Ma, Q. Wang, S. M. Islam, Y. Liu, S. Ma, M. G. Kanatzidis, J. Am.

Chem. Soc. 2016, 138, 2858–2866; b) P. B. Tchounwou, C. G. Yedjou, A. K.
Patlolla, D. J. Sutton, Molecular, Clinical and Environmental Toxicology.
Experientia Suppl. Vol. 101 (Ed.: A Luch), Springer, Basel, 2012, pp.133–
164.

[7] M. Jaishankar, T. Tseten, N. Anbalagan, B. B. Mathew, K. N. Beeregowda,
Interdiscip. Toxicol. 2014, 7, 60–72 http://doi.org/10.2478/intox-2014-
0009.

[8] A. Członkowska, T. Litwin, P. Dusek, P. Ferenci, S. Lutsenko, V. Medici,
J. K. Rybakowski, K. H. Weiss, M. L. Schilsky, Nat. Rev. Dis. Prim. 2018, 4,
21 https://doi.org/10.1038/s41572-018-0018-3.

[9] P. P. Leal, C. L. Hurd, S. G. Sander, E. Armstrong, P. A. Fernández, T. J.
Suhrhoff, M. Y. Roleda, Sci. Rep. 2018, 8, 14763.

[10] J. Cortez Pimentel, F. Marques, Thorax 1969, 24, 678–688 https://
doi.org/10.1136/thx.24.6.678.

[11] T. G. Villar, Amer. Rev. Respir. Dis. 1974, 110, 545–555 https://www.ats-
journals.org/doi/abs/10.1164/arrd.1974.110.5.545.

[12] H. Küpper, Lead: Its Effects on Environment and Health, Metal Ions in Life
Sciences, Vol. 17 (Eds.: A. Sigel, H. Sigel, R. K. O. Sigel), Walter de Gruyter,
Berlin, 2017, pp. 491–500.

[13] M. Harada, Teratology 1978, 18, 285–288 https://doi.org/10.1002/
tera.1420180216.

[14] M. Sakamoto, T. Itai, K. Marumoto, M. Marumoto, H. Kodamatani, T.
Tomiyasu, H. Nagasaka, K. Mori, A. J. Poulain, J. L. Domingo, M. Horvat,
A. Matsuyama, Environ. Res. 2020, 180, 108668.

[15] N. Fernández, R. Beiras, Ecotoxicology 2001, 10, 263–271.
[16] B. Volesky, Z. R. Holan, Biotechnol. Prog. 1995, 11, 235–250.
[17] P. Gottesfeld, Public Health 2015, 3, 144.
[18] European Food Safety Authority, Scientific Opinion on Lead in Food.

EFSA J. 2010, 8, 1570.
[19] V. Merz, J. Lenhart, Y. Vonhausen, M. E. Ortiz-Soto, J. Seibel, A. Krueger,

Small 2019, 15, 1901551.
[20] a) A. Gładysiak, T. N. Nguyen, R. Bounds, A. Zacharia, G. Itskos, J. A.

Reimer, K. C. Stylianou, Chem. Sci. 2019, 10, 6140–6148; b) A. Ruiu, M.
Vonlanthen, E. G. Morales-Espinoza, S. M. Rojas-Montoya, I. González-
Méndez, E. Rivera, J. Mol. Struct. 2019, 1196, 1–7.

[21] a) T. Delgado, M. Meneses-Sánchez, L. Piñeiro-López, C. Bartual-Murgui,
M. C. Muñoz, J. A. Real, Chem. Sci. 2018, 9, 8446–8452; b) A. Saravanan,
S. Shyamsivappan, T. Suresh, G. Subashini, K. Kadirvelu, N. Bhuvanesh, R.
Nandhakumar, P. S. Mohan, Talanta 2019, 198, 249–256.

[22] C. S. de Castro, T. F. G. G. Cova, A. C. C. Pais, D. Pinheiro, C. Nuñez, C.
Lodeiro, J. S. Seixas de Melo, Dyes Pigm. 2016, 134, 601–612.

[23] H.-F. Wang, S.-P. Wu, Sens. Actuators B 2013, 181, 743–748.
[24] C.-B. Bai, P. Xu, J. Zhang, R. Qiao, M.-Y. Chen, M.-Y. Mei, B. Wei, C. Wang,

L. Zhang, S.-S. Chen, ACS Omega 2019, 4, 14621–14625.
[25] W. Cho, H. J. Lee, G. Choi, S. Choi, M. Oh, J. Am. Chem. Soc. 2014, 136,

12201–12204.
[26] J. K. Choi, S. H. Kim, J. Yoon, K.-H. Lee, R. A. Bartsch, J. S. Kim, J. Org.

Chem. 2006, 71, 8011–8015.
[27] X. Sun, Y.-W. Wang, Y. Peng, Org. Lett. 2012, 14, 3420–3423.
[28] Y. Zhou, F. Wang, Y. Kim, S.-Y. Kim, J. Yoon, Org. Lett. 2009, 11, 4442–

4445.
[29] J. J. Bryant, U. H. F. Bunz, Chem. Asian J. 2013, 8, 1354–1367.
[30] A. G. Crawford, A. D. Dwyer, Z. Liu, A. Steffen, A. Beeby, L.-O. Pålsson,

D. J. Tozer, T. B. Marder, J. Am. Chem. Soc. 2011, 133, 13349–13362.
[31] D. N. Coventry, A. S. Batsanov, A. E. Goeta, J. A. K. Howard, T. B. Marder,

R. N. Perutz, Chem. Commun. 2005, 2172–2174.
[32] B. Valeur, Molecular Fluorescence, 1st ed. Wiley-VCH, Weinheim, 2001.
[33] N.-b. Zhang, J.-j. Xu, C.-g. Xue, J. Lumin. 2011, 131, 2021–2025.
[34] I. K. Astakhova, E. Samokhina, B. R. Babu, J. Wengel, ChemBioChem 2012,

13, 1509–1519.
[35] M. Formica, V. Fusi, L. Giorgi, M. Micheloni, Coord. Chem. Rev. 2012, 256,

170–192.
[36] S. A. Ingale, F. Seela, J. Org. Chem. 2012, 77, 9352–9356.
[37] a) J. Rodríguez-Lavado, A. Lorente, E. Flores, A. Ochoa, F. Godoy, P.

Jaque, C. Saitz, RSC Adv. 2020, 10, 21963–21973; b) J. Cho, T. Pradhan,
Y. M. Lee, J. S. Kim, S. A. Kim, Dalton Trans. 2014, 43, 16178–16182.

[38] P. K. Chung, S.-R. Liu, H.-F. Wang, S.-P. Wu, J. Fluoresc. 2013, 23, 1139–
1145.

[39] H. Maeda, M. Geshi, K. Hirose, T. Furuyama, M. Segi, Tetrahedron 2019,
75, 130512.

[40] Y. Zhou, C.-Y. Zhu, X.-S. Gao, X.-Y. You, C. Yao, Org. Lett. 2010, 12, 2566–
2569.

[41] J. S. Kim, M. G. Choi, K. C. Song, K. T. No, S. Ahn, S.-K. Chang, Org. Lett.
2007, 9, 1129–1132.

[42] J. B. Birks, D. J. Dyson, I. H. Munro, Proc. R. Soc. London Ser. A 1963, 275,
575–588.

[43] N. P. E. Barry, B. Therrien, Organic Nanoreactors: From Molecular to
Supramolecular Organic Compounds (Ed.: S. Sadjadi), Academic Press
(Elsevier), London, 2016, pp. 421–461.

[44] A. G. Crawford, Z. Liu, I. A. I. Mkhalid, M.-H. Thibault, N. Schwarz, G.
Alcaraz, A. Steffen, J. C. Collings, A. S. Batsanov, J. A. K. Howard, T. B.
Marder, Chem. Eur. J. 2012, 18, 5022–5035.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100594

8125Chem. Eur. J. 2021, 27, 8118–8126 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.05.2021

2131 / 201801 [S. 8125/8126] 1

https://doi.org/10.1016/j.jtemb.2014.04.010
https://doi.org/10.1016/j.jtemb.2014.04.010
https://doi.org/10.1126/science.272.5259.223
https://doi.org/10.1039/D0SC06204A
https://doi.org/10.1021/jacs.6b00110
https://doi.org/10.1021/jacs.6b00110
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1038/s41572-018-0018-3
https://doi.org/10.1136/thx.24.6.678
https://doi.org/10.1136/thx.24.6.678
https://www.atsjournals.org/doi/abs/10.1164/arrd.1974.110.5.545
https://www.atsjournals.org/doi/abs/10.1164/arrd.1974.110.5.545
https://doi.org/10.1002/tera.1420180216
https://doi.org/10.1002/tera.1420180216
https://doi.org/10.1016/j.envres.2019.108668
https://doi.org/10.1023/A:1016703116830
https://doi.org/10.1021/bp00033a001
https://doi.org/10.1002/smll.201901551
https://doi.org/10.1016/j.molstruc.2019.06.061
https://doi.org/10.1039/C8SC02677G
https://doi.org/10.1016/j.talanta.2019.01.114
https://doi.org/10.1016/j.dyepig.2016.08.016
https://doi.org/10.1016/j.snb.2013.01.054
https://doi.org/10.1021/acsomega.9b02078
https://doi.org/10.1021/ja504204d
https://doi.org/10.1021/ja504204d
https://doi.org/10.1021/jo060981j
https://doi.org/10.1021/jo060981j
https://doi.org/10.1021/ol301390g
https://doi.org/10.1021/ol901804n
https://doi.org/10.1021/ol901804n
https://doi.org/10.1002/asia.201300260
https://doi.org/10.1021/ja2006862
https://doi.org/10.1039/b501778e
https://doi.org/10.1016/j.jlumin.2011.04.035
https://doi.org/10.1002/cbic.201200079
https://doi.org/10.1002/cbic.201200079
https://doi.org/10.1016/j.ccr.2011.09.010
https://doi.org/10.1016/j.ccr.2011.09.010
https://doi.org/10.1021/jo3014319
https://doi.org/10.1039/D0RA04092D
https://doi.org/10.1039/C4DT02208D
https://doi.org/10.1007/s10895-013-1242-6
https://doi.org/10.1007/s10895-013-1242-6
https://doi.org/10.1016/j.tet.2019.130512
https://doi.org/10.1016/j.tet.2019.130512
https://doi.org/10.1021/ol1007636
https://doi.org/10.1021/ol1007636
https://doi.org/10.1021/ol070143r
https://doi.org/10.1021/ol070143r
https://doi.org/10.1002/chem.201103774
https://doi.org/10.1002/chem.201103774


[45] A. Shrivastava, V. Gupta, Chron. Young Sci. 2011, 2, 21.
[46] J. R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd ed., Springer,

New York, 2006.
[47] D. Brynn Hibbert, P. Thordarson, Chem. Commun. 2016, 52, 12792–

12805.
[48] P. Thordarson, Chem. Soc. Rev. 2011, 40, 1305–1323.
[49] E. J. Olson, P. Bühlmann, J. Org. Chem. 2011, 76, 8406–8412.
[50] D. T. Cramb, S. C. Beck, J. Photochem. Photobiol. A 2000, 134, 87–95.
[51] M. Zhao, X. Zhou, J. Tang, Z. Deng, X. Xu, Z. Chen, X. Li, L. Yang, L.-J. Ma,

Spectrochim. Acta Part A 2017, 173, 235–240.
[52] E. Blatt, R. C. Chatelier, W. H. Sawyer, Biophys. J. 1986, 50, 349–356.
[53] S. E. Webber, Photochem. Photobiol. 1996, 65, 33–38.

[54] A. Bettoschi, A. Ceglie, F. Lopez, V. Meli, S. Murgia, M. Tamburro, C.
Caltagirone, F. Cuomo, J. Colloid Interface Sci. 2016, 477, 8–15.

[55] T. Hayashita, S. Taniguchi, Y. Tanamura, T. Uchida, S. Nishizawa, N.
Teramae, Y. S. Jin, J. C. Lee, R. A. Bartsch, J. Chem. Soc. Perkin Trans. 2
2000, 1003–1006 https://doi.org/10.1039/A909638H.

Manuscript received: February 15, 2021
Accepted manuscript online: April 5, 2021
Version of record online: May 10, 2021

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100594

8126Chem. Eur. J. 2021, 27, 8118–8126 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.05.2021

2131 / 201801 [S. 8126/8126] 1

https://doi.org/10.4103/2229-5186.79345
https://doi.org/10.1039/C6CC03888C
https://doi.org/10.1039/C6CC03888C
https://doi.org/10.1039/C0CS00062K
https://doi.org/10.1021/jo201624p
https://doi.org/10.1016/S1010-6030(00)00249-5
https://doi.org/10.1016/j.saa.2016.09.033
https://doi.org/10.1016/S0006-3495(86)83468-3
https://doi.org/10.1016/j.jcis.2016.05.034
https://doi.org/10.1039/A909638H
https://doi.org/10.1039/A909638H

