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We report a compelling structure-property relationship in a series of four naphthalimide-derived ligands,
engineered for the selective and differential detection of Hg(II) and Cu(Il) ions. By integrating a dansyl moiety,
we induce intramolecular electron transfer that gives rise to two non-redox-innocent dyad systems. Notably, the
detection of Hg(II) operates through a rare chelation-enhanced fluorescence (CHEF) mechanism, an unusual
pathway considering the heavy atom effect typically associated with mercury. In contrast, the Cu(II) dyads reveal
striking reduction of Cu(Il) to Cu(l) in solution, driven by ligand-to-metal electron transfer, as conclusively

demonstrated via EPR and XPS analysis. Furthermore, introducing a catalytic substrate probe highlights that this
redox transformation is the bottleneck in catalytic efficiency. These findings provide deep mechanistic insights
and position these ligands as versatile platforms for dual-mode ion sensing and redox-responsive catalysis.

1. Introduction

The design of luminescent probes for heavy and transition metal ions
detection have gathered substantial attention due to their impact in
environmental and biological assays [1]. Among these metal ions,
divalent copper is known for being the third most abundant metal ion in
the human body which are crucial in a wide range of biological pro-
cesses and is linked to neurodegenerative illnesses [2-4]. In turn, high
toxicity is the main reason why there is a constant demand for the
monitorization of mercury in the environment in order to remediate the
potential threat to public health [1,5-7].

In light of the considerable progresses over the decades, dansyl and
naphthalimide derivatives have been consistent fluorophores exhibiting
strong biocompatibility and reliable photophysical properties. High
fluorescence quantum yields, large Stokes shift and solvatochromic
behavior are common characteristics related to dansyl derivatives while
the tunable emission profiles of naphthalimide dyes by simple modifi-
cation of the core offer the novelty and versatility as sensors towards
heavy and transition metal ions [1,8,9]. Notably, the use of these dyes
towards Cu(Il) [10-25] and Hg(II) [6,7,26-33] are well entrenched in
the literature. However, the main strategies employed for these systems
often rely only on fluorescence changes in single-emission windows that
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may be hindered by environmental effects. Consequently, an increase in
demand for the design of more efficient sensors that provide signal fi-
delity, dual-channel or ratiometric approaches have become more
frequent to provide high signal-to-noise ratio and mitigate environ-
mental interference [1,8]. Dual fluorescence probes emerge as optimal
choices providing a broader window of emission with enhanced fluo-
rescence signal modalities. Some examples explore the utility of both
dansyl and naphthalimide fluorophores as excited dye donors towards
Foster resonance energy transfer (FRET) systems for metal ion sensing in
conjunction with rhodamines [1,5,34-38] as well as other dyes across
diverse applications [8,39-42].

When considering the most desirable fluorescent sensor for metal
ions, one may consider those that display chelation-enhanced fluores-
cence (CHEF) the best suited. However, the large spin-orbit coupling
constant of Hg(I) and the paramagnetic nature of Cu(II) causes the
majority of sensors towards these metals to be “turn-off” in nature [43].
Some of the aforementioned dyad systems avoid these hindrances due to
the initial presence of a photoinduced electron-transfer (PeT) effect [1,5,
35] that prevents an excited electron to relax radiatively to ground state
since an electron from a lone pair that is higher in energy drops to the
SOMO-H of the fluorophore. The coordination of the metal ion can
stabilize the donor orbital lowering its energy below from the ground
state restoring fluorescence with a few examples of this behavior applied
in dansyl systems for the detection of Hg(I) [43-45]. Furthermore,
strategic multiple-ion-responsive sensors with built-in selective and
differential detection are of upmost importance with several examples
reported in the literature towards Cu(II) and Hg(II) [46-48].

Among the transition-metal compounds, in some cases, it is possible
to observe reversible intramolecular electron-transfer between the metal
and the ligand provided that the two electronic states are close-lying,
energetically speaking. Valence tautomerism or redox isomerism rises
from this notion when one or more non-redox-innocent ligand co-
ordinates with a redox-active metal center and are capable of reversibly
shift the electronic charge distribution [49,50]. However, electron
delocalization must be avoided so that the two valence tautomers can be
differentiated. Such processes of charge-distribution expand the scope
and applicability since these systems are provided with unique physical
properties and are found in nature in enzymatic processes [51]. The
most known valence tautomeric systems are found for cobalt using
dioxolane ligands accompanied with fewer examples of other metal
complexes such as manganese, nickel, iron, ruthenium and others [50,
52-54]. Copper can also form valence tautomerism since electronic and
structural changes between Cu(I) and Cu(II) can create a barrier in en-
ergy sufficient enough to prevent charge delocalization so that they can
be distinguishable. However, examples that fall outside of dioxolane and
related structures are considered as rather rare [49,51,55]. Furthermore,
copper shows some advantages over other metals in terms of catalysis
since it is more cost-effective and has garnered industrial interest. For
this reason, copper-catalyzed cross coupling Ullmann type reactions
have become a very useful process to build several types of bonds while
ancillary chelating ligands have brought reliability and mildness to
these systems [56-58].

In this work, four new naphthalimide derived compounds (Scheme 2,
L1 to L4), from which two are dansyl-substituted dyad systems were
successfully synthesized. Exploration of the interaction between dansyl
and naphthalimide in dyad systems, to the best of our knowledge, is not
well explored with only a handful works reported [59-62]. Bearing this
in mind, efforts have been put forth to establish a structur-
e/photophysical properties relation by intentional modification of the
naphthalimide core and the presence or absence of the dansyl moiety.
The complete characterization of the photophysical properties in a
diverse array of solvents provided the foundation for the use of the
Kamlet-Taft equation to assess the solvatochromism behavior of these
systems. Due to the existence of well-defined coordination sites, these
fluorophores have been tested for differential detection of metal ions
owing to the occurrence of energy transfer processes in dual
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fluorescence probes. The determination of association constants and
sensing limit parameters along with metal ion selectivity experiments
were implemented. ESI-HRMS was employed to follow the complex
formation in solution and to compare with the synthesized isolated
complexes. Moreover, electron paramagnetic resonance spectroscopy
(EPR) and X-ray Photoelectron Spectroscopy (XPS) were deemed bene-
ficial for the elucidation of the ligand-mediated chemical reduction
between the dyad systems and Cu®" ions. Finally, the integration of
iodophenyl moiety was found fruitful to establish the usefulness of these
dyad compounds as ancillary chelating ligands for copper-catalyzed
reactions.

2. Results and discussion
2.1. Synthesis

For the preparation of the target compounds (L1-L4), intermediates
3,5,7,9,10 and 13 were synthesized as shown in Scheme 1. Compound
of 3 (83 %) was synthesized starting from 1 and 2 in dry DMF according
to a protocol reported in the literature [63-65]. The synthesis of com-
pound 5 was described by Benati et al. [66] and Chinapang et al. [67],
however our attempt furnished 5 in increased yield (82 % after crys-
tallization). Naphthalimide 7 (89 % after crystallization) is a new
compound, though an analogue is described elsewhere [68]. Synthesis
of bromide 9 from 1 and amine 8 was described in multiple studies,
nevertheless we followed the procedure of Lim et al. [69] as the most
suitable for our investigation (almost quantitative yield of 9). Since 9 is
well characterized, we performed only 'H NMR spectra to confirm its
chemical structure. Like compound 7, intermediate 10 (89 % after col-
umn chromatography) was prepared from 9 and the diamine 6 in dry
N-methylpyrrolidone. As a new compound, it was fully characterized by
various 1D and 2D NMR techniques (Figures SX 1-129, Supplementary
Material), melting point temperatures, and mass spectra. Although
existing literature synthetic procedures report low yielded [70-72],
amine 13 was readily prepared by heating of methyl salicylate (11) with
ethylenediamine (12) under solvent free conditions. Compound 13 was
purified by column chromatography and isolated in good yield (66 %).

The target compounds L1 and L2 were prepared by heating the in-
termediate 7 in dry pyridine with sulfonyl chlorides 14 and 15,
respectively (Scheme 2). L1 (54 %) and L2 (77 %) were isolated after
silica gel column chromatography. Ligand L3 was prepared from 10 and
dansyl chloride (14) by using the same procedure, as in case of L1 and
L2. However, the yield of compound L3 (23 %) was significantly
decreased, due to the need of implementation of triple column chro-
matography. The synthetic approach to the preparation of L4 (14 %)
involves the use of intermediates 3 and 13. The reaction was performed
in dry 2-methoxyethanol at 110 °C (Scheme 2). The target compounds
L1-L4 as well as all new intermediate products were fully characterized
by 1D and 2D NMR spectroscopic techniques (Figs. S1-129, Supple-
mentary Material), HRMS and melting point temperatures.

2.2. Photophysical characterization

The conjugated dansyl-naphthalimide and single naphthalimide
derived compounds manifest luminescent properties both in solution
and in the solid state. Fig. 1 compiles the molecular structure accom-
panied by the photoluminescent data of all compounds in acetonitrile
recorded at 298 K as a representative example (Figure S5-S8) while
Table 1 exhibits all the photophysical data of the compounds under
investigation. The UV-Vis spectra in acetonitrile shows an absorption
band maximum centered at 425 and 429 nm, contributing to the display
of yellow solutions to the naked eye. Upon excitation at the appropriate
wavelength, the samples emit a greenish yellow light with a maximum
allocated around 515 nm resulting in a Stokes shift between 4150 and
3854 cm~!. On a relatable note, significant disparities can be noted
regarding the solid-state emission spectra since compounds L1 to L3
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Scheme 1. Synthesis of intermediates 3, 5, 7, 9, 10 and 13.

progressively display a red-shifted wide band centered at 528, 535 and
546 nm as in solution is concerned, while the opposite is found for L4, a
clear, blue-shifted emission is observed with an emission maximum of
476 nm.

Overall, from a quantum yield perspective, higher values were ob-
tained in the case of L2 and L4, reaching values up to 69 % in THF, while
for L1 and L3 the presence of the dansyl unit translates a lower general
trend of values, being the fluorescent mechanism most efficient in
chloroform. Single digit nanosecond times were obtained from lifetime
measurements for the majority of solvents being L1 and L3 the ones that
present more variability as each solvent is considered while more
prevalent values were found for L2 and L4.

Considering the well-documented solvatochromic behavior of dansyl
and naphthalimide derivatives and given the visually detected solvent
dependent color change under UV lamp (Fig. 1f and g), compounds L1 to
L4 manifest positive solvatochromism due to the change in color from
green to yellow with increasing solvent polarity. In line with these ob-
servations, efforts have been made to fully characterize the occurring
solvent-compound interactions, and for this, three solute-dependent
parameters (vg, a, b and p) have been determined through the multi-
parametric fitting of the Kamlet-Taft equation (Equation (1)).

V=0 +aa+bp+pr’ (Equation 1)
Where v, represents the wavenumber value in a reference solvent; pa-
rameters a, b and p are obtained through multiple regression analysis
that reflect the underlying sensitivity of the probes photophysical
behavior to solvent polarity; a: hydrogen bond donor acidity (HBD); p:
hydrogen bond acceptor basicity (HBA); n*: stabilization of a charge or
dipole without a specific dielectric interaction (Table S1) [73,74].

Table 2 summarizes the reference wavenumber value v, the fitted
parameters (a, b and p) alongside the slopes and correlation coefficients
obtained through the fitting of a linear plot of veyp Vversus veale, by
applying the Kamler-Taft model excluding acetonitrile.

Interestingly, all compounds present negative values of both a and b
parameters, however, key inferences can be considered by comparing
the dual and single chromophoric compounds. While the hydrogen bond

donor sensitivity is roughly the same for L1, L3 and L4, compound L2 is
2-fold more susceptible to being influenced by protic solvents due to the
quinoline group. Differences also rise in terms of sensitivity towards
hydrogen bond acceptor interactions. Compound L1 and L3 are two-fold
and three-fold less prone to be afflicted by the basic character of the
solvent in regard to L2 and L3, respectively. Finally, large negative p
values indicate that the excited state of all compounds can be stabilized
to the same degree by highly polarizable solvents.

2.3. Metal ions sensing

Given the extensive literature on the application of dansyl and
naphthalimide derivatives towards the sensing of metal ions and pres-
ence of well-defined coordination sites of the compounds in investiga-
tion, additions in acetonitrile of 1, 5 and 10 equivalents Ca2+, C02+,
Ni2*, cut, cu®*, zn?*, Ag™, Cd?t, Hg™, Hg?" and Pb?" were performed.
Fig. 2 contains the normalized intensities at 515 and 513 nm of com-
pounds L1 and L4 upon addition of each metal ion while L2 and L3 can
be seen in .Figure S10

All compounds show sensitivity towards Cu?" and Hg?* metal ions,
however, it is noteworthy to highlight a chelation enhancement of
fluorescence of L1 and L3 towards Hg?" while the exact opposite was
found in the case of compound L2 and L4. It is noteworthy to highlight a
shift of the emission band of L4 to 493 nm towards the sensing of Hg?*
that can be seen in Figure S9 and will be discussed further ahead. In
terms of Cu?* a general quenching of the emission was observed across
all compounds.

In line with the previous results, Fig. 3 exhibits the spectrophoto- and
spectrofluorimetric titrations in response to increasing concentrations of
Hg2+ and Cu®*" for L1 and L4, and Figure S11 for L2 and L3. Overall,
consecutive additions of Hg?" ions cause a relative no change of the
absorbance maxima centered at 425 nm for L1 while simultaneously a
gradual increase of the emission intensity is observed maintaining its
maximum at around 515 nm. This change is associated with an increase
in the quantum yield from 7.5 % to 24.6 % and a fluorescence decay of
9.36 ns representing an almost 2-fold increase (Fig. 3a). A similar
behavior was observed for L3 with an increase in the quantum yield to
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31.5 % with the same 2-fold increase in fluorescence decay to 9.31 ns
(Figure S11). ESI-HRMS elucidates the formation of 2:1 (L:M) complex
for L1 (Figure S12; [M+H]" for Cy4HsgHgIoNgOgSy = 1705.1542 m/z
(0.002 ppm). Calculated [M+H]" for Cy4Hs6HgIoNgOgSs =
1705.154197 m/z) while a 1:1 complex has been detected for L3
(Figure S13; [M+H]" for C35H3,HgN404S = 807.1928 m/z (0.05 ppm).
Calculated [M+H]" for C35H32HgN404S = 807.192756 m/z)

The absorption response of L1 and L3 during the batch titration
recorded 24 h after the addition increments of 0.5 eq. of Cu®" until 7 eq.
and 8 eq., respectively, showed the continuous decrease of the 425 nm
band leading to the emergence of a band centered at 500 nm while a
quenching of the emission was observed (Figure S14). When viewed by
the unaided eye a progressive transition from yellow to pink solution
was evident. To better characterize this behavior the progression of the
absorption profile through time was recorded and is expressed in Fig. 3b
and Figure S11 for L1 and L3, respectively. The results suggest the same
general trend observed for the batch titration with a bathochromic shift
of the absorption profile, which stabilizes around 220 min past the
addition. Taking into consideration the time lapse, the formation of a
complex with an inferior molecular weight than the original ligand has
been found for L1 (Figure S15; ESI-HRMS [M+H]" for C3gHz;CuN50sS
= 745.1415 m/z (0.05 ppm). Calculated [M+H]™ for C3gH3;CuN505S =
745.141464 m/z) whereas for L3, the complex found shows no signs of
ligand’s cleavage at the same timepoint (Figure S16; ESI-HRMS
[M+Na]* for CssH3oCuN4O4S = 690.1332 m/z (—0.07 ppm).

Calculated [M+Na]™ for C35H32CuN404S = 690.133245 m/z) Although
a better understanding of this phenomenon will be discussed and sup-
ported further ahead, early indications suggest that the iodophenyl
moiety suffers changes in result of the complexation with Cu®*. How-
ever, this has not demonstrated to be the limiting factor on the colori-
metric response since in the absence of the iodophenyl moiety, L3
showed the same behavior.

The introduction of the quinoline moiety in place of the dansyl unit
in compound L2 gives a stark contrast in the sensing mechanism of the
aforementioned metal ions (Figure S11). In the case of Hg*, a generic
quenching of the emission is observed with very few changes to the
absorption profile. For Cu?* an attenuation of the 427 nm absorption
band and the formation of a band at around 370 nm in parallel with the
quenching of the emission is observed. In this case, no changes in the
resulting transparent solution of L2 were detected in the upcoming
hours after the experiment took place, highlighting the necessity for the
presence of the dansyl moiety in both the turn-on effect and the color-
imetric response. Complexation in 1:1 ratio has been found towards
Hg?" (Figure S17; ESI-HRMS [M-+H]" for C34HaHgIN404S = 911.0111
m/z (—0.03 ppm). Calculated [M+H]" C34HoHgIN;,04S = 911.011127
m/z) and Cu?" (Figure S18; ESI-HRMS [M+H] " for Cg4Hy CuIN404S =
771.9690 m/z (—0.9 ppm). Calculated [M+H]" C34H21CulN404S =
771.969698 m/z). Some attention should be given to the fact that, in
contrast to the case of L1, the iodophenyl moiety of L2 maintained its
integrity demonstrating a close association between the distinct
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Fig. 1. (A) Molecular structure of dual dansyl-naphthalimide and naphthalimide derived compounds L1 to L4. Photophysical characterization of compounds L1 to L4
((b) to (e)) in acetonitrile ([L1] to [L4] = 5 uM). Images under natural light (left) and irradiated under UV light (right) for (f) L1 and (g) L4 in different solvents, as

representative example.

Table 1

Absorption maximum wavelength in solution (A,ps), emission maximum wavelength in solution (Aey,), molar absorption coefficients (¢), Stokes shift (A1), fluorescence

quantum yields (¢), emission maximum in the solid state (xi;’.}‘d), fluorescence lifetimes (t) for compounds L1 to L4 in various solvents.

Cpd. Solv. Aabs [nm] Aem [nm] £(10% [em™ ' M™!] Stokes shift [cm™!] & (%) ASlid [nm)] t[ns]

L1 DMSO 437 520 2.18 3652 15 528 5.9
EtOH 439 521 1.99 3585 18 6.7
CH3CN 425 515 2.15 4111 7.5 3.3
THF 425 497 1.70 3408 24 5.3
CHCl3 422 502 2.04 3776 33 7.1

L2 DMSO 438 521 2.09 3637 46 535 8.5
CH3;CN 427 513 1.92 3926 35 7.5
THF 427 498 1.74 3338 39 6.7
CHCl3 430 505 1.61 3453 53 8.0

L3 DMSO 448 516 2.17 2942 4.3 5.9
EtOH 438 518 2.23 3526 20 7.1
CH3CN 425 516 2.16 4150 8.4 546 3.2
THF 424 494 1.90 3342 26 5.6
CHCl3 418 499 1.51 3883 32 7.3

L4 DMSO 442 524 1.84 3540 43 476 10.3
EtOH 438 523 1.61 3710 37 9.2
CH3CN 429 514 1.85 3854 44 10.4
THF 426 497 1.81 3353 69 9.3
CHCl3 427 494 1.98 3176 42 9.1

properties of L1 and Cu?* ions.

Furthermore, the sensing abilities of compound L4 towards Hg2+
ions are characterized by the progressive formation of a red-shifted band
with a maximum centered at 465 nm accompanied by a shoulder at 445
nm. With respect to the emission spectra, a progressive quenching on its
intensity is observed with the emergence of an emission maximum at
493 and a shoulder at 518 nm. Fluorescence decay curves set the initial

emission with a lifetime of 10.4 ns that after addition of Hg?* ions de-
creases to a lifetime value of 5.1 ns. The formation of a 1:1 complex
towards Hg>" has been detected using L4 (Figure S19; ESI-HRMS
[M+H]" for CoqH19HgN30, = 616.1159 m/z (0.02 ppm). Calculated
[M+H]™ for Co4H19HgN30,4 = 616.115890 m/z) The sensing capabilities
of L4 towards Cu?* focus on the suppression of the absorption band and
the rise of a new band centered at 350 nm while a continuous quenching
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Table 2
Independent fluorescence wavenumber (v0), solvent polarity (p), HBD (a), HBA
(b), slope and coefficient (R?) of the linear fitting plot Vexp, VETSUS Deglc.

0o a b p Slope R [2]
L1 21474 —1053 —481 —1878 1.00 1.00
L2 21500 —2134 —-753 -1733 1.00 1.00
L3 21556 —1066 —468 —-1821 1.00 1.00
L4 21855 —979 -1167 —1884 1.00 1.00

of the emission is observed until the addition of 10 eq. of the metal ion.
For this case, ESI-HRMS suggests a 2:1 complex (Figure S20; ESI-HRMS
[M+H]" for C4gH4oCuNgOg = 892.2277 m/z (0.07 ppm). Calculated
[M+H]" for C4gH40CuNgOg = 892.227636 m/z).

Given the results observed for the dyad systems L1 and L3, we pro-
pose that these compounds manifest a photoinduced electron transfer in
solution, the coordinating Hg?>* metal ion subsequently stabilizes the
donor orbital lowering its energy further below from the ground state
preventing PeT and restoring fluorescence. Hyunjung Lee et al. [43]
highlighted this reasoning in modulating the fluorescence properties of
Hg?t complexes with also several examples reported in the literature of
the turn-on sensing of Hg>* [75]. In accordance with these observations
and keeping in mind that PeT behavior can also be mitigated by pro-
tonation, several eq. additions of H" were performed for L1 and L3
demonstrating the same increase in fluorescence (Figure S21). Lifetime
measurements help consolidate these findings with very similar in-
creases of the decay’s curves to 9.34 and 9.47 ns for L1 and L3,
respectively, a phenomenon much comparable as observed towards

norm
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Hg?" ions.

These factors facilitate the comprehension of the highly coveted
potential to detect both HgZ" and Cu®" in the same system without
falling in the predicament of the “turn-off” behavior due to the large
spin-orbit coupling constant of Hg?>" and the paramagnetic nature of
Cu®". The incorporation of the dansyl unit enables dual-function
sensing: a “turn-on” fluorescence response for Hg?>" detection and a
distinct colorimetric response for Cu?" with the overall detection
mechanisms depicted in Fig. 4. The colorimetric detection of cu?t will
be discussed in more detail further ahead.

2.4. Anti-interference performance in Hg?" detection

The interference effect that metal ions might promote on the turn-on
detection ability of L1 and L3 for Hg?>" has been investigated by the
addition of 10 eq. of each metal to a solution of each compound already
containing 5 eq. of Hg?>*. As shown in Fig. 5 and Figure 522, the Hg?"
dependent fluorescence emission was not significantly altered by the
presence of Ca®" and the transition metal ions Co?*, Ni%*, Cu™, Zn?*,
Ag™, Cd**, Hg?, and Pb?* except for Cu* that causes a decrease in the
enhanced fluorescent response towards Hg?'. This behavior could be
attributed to the paramagnetic nature of Cu?>' that may interact to
different sites in the molecule or accept electrons from fluorophore’s
excited state. Furthermore, compound L3 was found susceptible to water
molecules in which Hgt and Pb?* were dissolved, exhibiting interfer-
ence on the interpretation of these metal ions.
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Fig. 2. Normalized emission intensity of L1 (a) and L4 (b) upon addition of 1, 5, and 10 equivalents of Ca>", Co?*, Ni?*, Cu*, Cu®*, Zn?**, Ag*, Cd**, Hg", Hg?>" and
Pb%* metal ions. ([L1] = [L4] = 10 UM, Aemr1 = 515 nm, Aemrg = 513 nm, T = 298 K).
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Fig. 3. UV-Vis and luminescent titration of compound L1 (a) upon continuous 10 pL additions of Hg?* ([L1] = 10 pM; [Hg?"] = 0.225 mM). The inset represents the
emission of [HgZ"1/[L1] at 515 nm (left) and the time-resolved fluorescence decay profile of L1 before and after the titration with Hg?* ions (right). UV-vis time
continuous spectra of L1 (b) after the addition of 7 eq. of cu?* ([L1] = 10 pM). The inlet represents the images under natural light and UV light (left) and the time-
dependent response of the absorbance at A = 500 nm (right). UV-Vis and luminescent titration of compound L4 (c) upon continuous 10 pL additions of Hg2+ ([L4] =
5 pM; [Hg2+] 0.15 mM). The inlet represents the emission of [Hg2+]/ [L4] at 513 nm (left) and the time-resolved fluorescence decay profile of L4 before and after the
titration with Hg2+ ions (right). UV-Vis and luminescent titration of compound L4 (d) upon continuous 10 pL additions of Cu®* ions ([L4] = 10 iM; [Cu**]1=1.5
mM). The inlet represents the emission of [Cu?>*]/[L4] at 514 nm. For clarity of the reader the red spectrum represents the initial spectrum and the blue at the end
point of the titration while the black curves in the fluorescent decay profile represent the fitting obtained. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

2.5. Determination of association constants and sensing limit parameters

In order to completely assess the sensing ability of all compounds
towards Hg?" and Cu?*, the HypSpec software [76] was used for the
evaluation of the stability constants. Also, the determination of the
detection and the quantification limit parameters towards both metal
ions has been fulfilled. The association constants, LOD and LOQ are
summarized in Table 3.

Table 3 reveals the association constants considering the stoichi-
ometry 2:1 and 1:1 (L:M) for Hg?" and Cu®" in accordance with the data
obtained from mass spectrometry for complex formation is concerned.
The constants that relate to the stoichiometry of 2:1 were found to be
very similar using L1 and L4 for Hg?>* and Cu?", respectively. Among the
remaining systems, stoichiometry 1:1 was prevalent, attributing to L2
the highest association constant towards Hg>" with an association
constant of 5.54 + 0.03. In terms of LOD and LOQ, values were found to
range between 1 to 8 and 2-12 pM, respectively, attributing the lowest
values for the sensing of Hg?" using L3.

2.6. Characterization of L1 and L3 complexes with Hg?* and Cu?*

Given the extensive studies in solution that provided the complete
framework for the differentiation towards the sensing of Hg?" and Cu?*
using L1 and L3, our interest shifted in the direction of obtaining the
complexes in solid form. All complexes were successfully synthesized,

and a complete description of the procedures can be found in the
experimental section.

The structural characterization of the complexes was achieved by
FTIR and the proposed formulations were also confirmed by HRMS. The
solid-state FTIR spectra of L1 and L3 provided the expected bands for the
dansyl and naphthalimide moieties (Figures S22-527). Complexes of L1
showed the broadening of the 3500 to 3000 cm ™! regions especially the
band dedicated to the v(N-H) with the unchanged profile of the dicar-
boximide group, between 1680 and 1575 cm™!, suggesting the well
stablished coordination site of the secondary amines spacer. Further-
more, the dedicated region for the ¥(S=0) + v(C-N) bands, between
1350 and 1130 cm ™}, showed an increase in strength due to the presence
of the triflate counterion, consolidating this finding. Concerning the
Cu®" complex, the increase of the bands at 2915 and 2850 cm ™~ suggests
a change in the molecular structure. The ESI-HRMS spectrum suggests
the formation of a 2:1 (L:M) Hg2+ complex with a m/z of 1706.1620
(Figure S29) in accordance with the findings in solution. In turn, a
smaller ion than the ligand with a m/z of 747.1571 (Figure S30) was
found for the Cu?* complex similarly detected in solution, as mentioned
previously which help illustrate the emergence of the band typically
associated with aliphatic C-H stretches found in the FTIR spectrum.
Thus, this demonstrates that iodine is no longer present in the molecular
structure and will be discussed further ahead.

The complexation of Hg?" and Cu®** with compound L3 shares the
same changes in comparison to L1, broadening of the 3500 to 3000 cm ™!
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region while keeping the dicarboximide profile and the increase of the formation of a 1:1 Hg?" complex with an m/z of 807.1929 (Figure S31)
v(S=O0) + v(C-N) bands suggesting the presence of triflate counterion. as it was found in solution, whereas the Cu?>* complex would preferably
Both complexes were followed by ESI-HRMS giving insight of the adopt a 2:1 stoichiometry in the solid state with an m/z of 1274.3814
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Table 3

Association constants evaluated employing HypSpec software for compounds L1
to L4 towards Hg?" and Cu®" ions with included stoichiometry in acetonitrile.
Respective values for the detection limit (LOD) and quantification limit (LOQ)
amounts (pM).

Compounds ~ Metal Association constants LOD LOQ
M) (LogKass.), L:M (M) (M)
L1 Hg>" 9.39 + 0.01 (2:1) 5.1 7.3
L2 Cu*t 4.83 + 0.03 (1:1) 8 12
Hg** 5.54 + 0.03 (1:1) 2.5 5
L3 Hg>" 5.07 + 0.04 (1:1) 1 2
L4 cu* 9.37 £ 0.05 (2:1) 5 9.9
Hg?** 4.73 + 0.04 (1:1) 3.9 7.1

(Figure S32).

2.7. Interaction mechanism study of L1 with Cu?"

To shed more light on the phenomenon underlying the L1 and L3
photophysical characteristics upon the introduction of Cu?*, the time
evolution of the L1:Cu?>" complex was studied by means of EPR and X-
ray photoelectron spectroscopy.

At 1:4, the EPR of L1:Cu®* displays a broad axial spectrum, charac-
teristic of Cu?* (Fig. 6a, brown line), with g// > g, > 2, where only two
of the expected copper four g// lines are visible. No super-hyperfine
interactions were identified. Noteworthy, L1:Cu?" displays the same
key spectral features as Cu®" (in acetonitrile solution, without L1;
Fig. 6a, green line), indicating that only copper not coordinated to L1 is
being observed in the EPR spectrum of L1:Cu". The spectrum likely
arises from heterogeneous copper species coordinated by four oxygen
atoms, as suggested by the g// ~ 2.414 and A//~138 x 10~ *cm ! values
[771.

The L1:Cu®" 1:4 spectrum intensity decreases with time (Fig. 6b,
light blue line), clearly showing that Cu?* is being reduced to the EPR
silent Cu', and, after 75 min (Fig. 6a, light orange line), almost all
copper (2.0 mM) was reduced. For L1:Cu®* 1:7 and 1:10, similar spectra
were obtained and their intensity also decreased with time (Fig. 6b, blue

a)
(Cu®* in MeCN) A, ~138
g, ~2414 x 10 em®
2300 2600 2900 3200 3500

Magn. Field (G)
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and dark blue lines, respectively). These results clearly demonstrate that
L1 reduces copper. Moreover, because no spectral evidence of a L1:Cu?*
complex was observed, these results suggest that copper is reduced upon
coordination/reaction with L1 (reduction would take place within
30-60s, the minimum time required to mix L1 and copper and freeze the
solution, under our experimental conditions).

To be able to reduce copper, L1 needs to be oxidized by one electron,
giving rise to an initial (transient) cation radical species, L1°". The
observation of such radical is dependent on its lifetime and, if the species
is present in a low accumulated concentration, its EPR signal can be
greatly obscured by the broad copper signal. In this context, the small
feature at g ~ 2.004 observed in the 45 s spectra of L1:Cu?" 1:4 (Fig. 6a,
brown line) can be taken as an evidence of a radical formation in very
low amounts; for longer times, no such feature can be identified.
Alternatively, L1 can be oxidized by two electrons to yield 2 Cu™. After
the initial (1 or 2-electron) oxidation, each L1 molecule ought to un-
dergo additional oxidation events, involving a total of four electrons, to
account for the complete copper reduction observed in L1:Cu®" 1:4 after
75 min (Fig. 6a, light orange line, and Fig. 6b, light blue line). Note-
worthy, when an excess of copper is used (L1:Cu?* 1:7 and 1:10), the
amount of Cu®* reduced is approximately the same. For a L1:Cu®* 1:4
(0.5:2.0 mM) ratio, (almost) no copper remains in the cu?t state; for 1:7
(0.5:3.5mM) and 1:10 (0.5:5.0 mM) ratios, approximately 1.5 (3.5-2.0)
and 3 (5.0-2.0) equivalents remain in the Cu?' state, respectively
(Fig. 6b). These results give further support to the suggestion that L1 is
able to promote a global 4-electron redox process with copper.

X-ray photoelectron spectroscopy was deployed to further gain
insight into the oxidation states of Cu in the compounds under study
after various treatments. Fig. 7a presents Cu2p spectra for the L1:Cu?*
compound with a concentration ratio of 1:4 as prepared (black curve)
and after 4 h in a vacuum (red curve). Fig. 7b presents Cu2p spectra for
the L1:Cu?>" compound with a concentration ratio of 1:1 as prepared
(green curve) and for the [Cu(IDL1]** complex. All the Cu2p spectra
have a complex multipeak structure, which includes doublets due to
spin-orbit splitting (Cu2p3/2 and Cu2pl/2 peaks) and satellites in the
binding energy range of ~938-948 eV. The complex structure of the

b)

initial L1: Cu**
1:10

initial L1: Cu**
1:7

24
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1:4

0 20 40 60 80
Time (min)

Fig. 6. (A) EPR spectra at 77 K of L1:Cu?" 1:4 (0.5 mM:2.0 mM) in MeCN, at time zero (green line) and after 45s (brown), 5 min (dark red), 15 min (red), 25 min
(orange) and 75 min (light orange). (b) Cu?* reduction as a function of time, upon mixing L1 and Cu®" at 1:4 (0.5:2.0 mM; light blue line), 1:7 (0.5:3.5 mM; blue) and
1:10 (0.5:5.0 mM; dark blue) ratios. Cu®>" concentration values (in arbitrary units, au) were determined from the respective EPR spectra intensity (double spectrum
integration). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Cu2p XPS spectra (a) after the addition of L1 and cu?t in proportion 1:4 as prepared and 4 h later while (b) exhibits the spectra of the [Cu(IDL1]%** complex

and in proportion 1:1 (L:M).

Cu2p XPS spectra indicates a mixture of copper oxidation states. Strong
satellites in the Cu2p spectra are an indication of the Cu®*" oxidation
state [78].

The Cu2p3/2 peaks in the spectra of the L1:Cu?>* = 1:4 compound
(Fig. 7a) as prepared and after 4 h, show a wide, asymmetric shape with
peak positions shifted to 933-935 eV. In the case of the L1:Cu?t = 1:1
and [Cu(II)L1]2+, the Cu2p3/2 peaks split into two components with
maximum positions at ~933 and ~935 eV. Given the position of the
main peak at ~933 eV and the presence of satellites, one can tentatively
conclude that the L1:Cu®** = 1:1 and [Cu(II)Ll]2+ compounds contain a
mixture of Cu'* and Cu®" species. An interesting observation is the
splitting of the main Cu2p3/2 peak with an additional maximum at
~935 eV. The trivial explanation for this peak would be to assign it to an
oxidation state higher than 2+. However, this peak splitting appears
similar to that observed in the Ni2p spectra of NiO and is often
mistakenly assigned to Ni>*. It has been shown that the 2p peak splitting
can be explained by the nonlocal screening of the core hole created
during ionization of the 2p level by electrons donated by nearest and
non-nearest ligands, while maintaining the 2+ oxidation state of Ni ions
[79].

It is noteworthy to analyze the relative intensity of the satellite peaks
with respect to the intensity of the main Cu2p3/2 peaks. Fig. 7a, shows
that the relative intensity of the satellites substantially decreased after 4
h. In the case of the L1:Cu®" = 1:1 compound, the relative satellite in-
tensities are smaller than those in the L1:Cu?>t = 1:4 compound. The
decrease in satellites can indicate the reduction of Cu?* species by
mixing with the L1 substance. After 4 h, Cu?" species are still present in
the L1:Cu?* = 1:4 compound as well as in the L1:Cu?* = 1:1 compound,
as evidenced by the Cu2p XPS spectra. This could also be due to surface
oxidation of the studied materials, which is detectable by the surface-
sensitive XPS technique (information depth up to ~10 nm).

Provided the evidence that showed the copper reduction using L1
and L3 from EPR and XPS experiments and bearing in mind the PeT
process that could be mitigated and applied for the sensing of Hg?*, we
propose that both compounds perform a ligand-mediated chemical
reduction of Cu?* to Cu™. The presence of an intramolecular electron-
transfer process leads to a shift of the electronic charge distribution
and the identification of the Cu™ state, that can also be colorimetrically
identified with a change in the absorption profile from yellow to pink.
Given the absence of any indication of reversibility or equilibrium be-
tween Cu?* and Cu * states provided by EPR data, these systems cannot
achieve valence tautomerism. Furthermore, the introduction of iodo-
phenyl serves as a catalysis substrate probe, in which only L1 was able to
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catalyze the cleavage of the carbon-iodine bond from within itself. This
is mediated by the formation of the Cu ™ complex evidenced by the
formation of a complex with lower molecular weight. The reduction of
copper was found the limiting factor since compound L2, that does not
manifest intramolecular electron-transfer, would not catalyze the
carbon-halogen bond given that does not reduce the copper ion. Thus,
we propose that L1 self-catalyzed an amidation of benzene through an
Ullman-type reaction using acetonitrile as amino source demonstrating
in this way the usefulness of these dyad systems for catalysis [56-58].

3. Conclusions

In summary, we report the synthesis and characterization of four
new naphthalimide derived ligands for the differential detection of Hg
(II) and Cu(Il) ions. Photophysical characterization in various solvents
prompted us to characterize the solvent-compound interactions through
the multiparametric fitting of the Kamlet-Taft equation and underlying
solvatochromism. An understanding of the photophysical properties in
dyad systems has been accomplished by comparison between the
introduction of a quinoline or dansyl moiety to the naphthalimide core.
Intramolecular electron transfer was possible in two compounds by
introduction of a dansyl moiety constituting in two non-redox-innocent
dyad systems. Application of these compounds to the sensing of metal
ions, particularly of Hg(II) and Cu(lIl) ions, proved to be effective in
avoiding the well-known suppression that these ions cause to fluorescent
systems. A clear turn-on or CHEF effect of the emission was detected
while sensing Hg(II) ions since it lowers the energy of the lone pair
further from the ground state that would cause the initial quenching. A
differential detection of Cu(Il) ions was achieved by a colorimetric
response accompanied by the intramolecular electron transfer. In this
case, the two electronic states of the non-redox-innocent ligand and the
redox-active metal center are close enough to observe ligand-mediated
chemical reduction of Cu?*. Application of EPR and XPS provided the
evidences to establish a reduction of the copper(Il) center to copper(I)
promoted by the underlying close connection between the dansyl and
naphthalimide units of the dyad. Finally, the resulting copper complexes
were found the only suited compounds to be tested in the future for their
catalysis properties since the cleavage of the carbon-halogen bond
implemented as a probe was only mediated by prior reduction to copper

.
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