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ARTICLE INFO ABSTRACT

Keywords: The 2-(2-hydroxy-3-naphthyl)-4-methylbenzoxazole (HNBO) fluorophore has been linked to three different
Amine ligands amine scaffolds obtaining three fluorescent chemosensors (L1-L3). The ESIPT (excited-state intramolecular
HNBO proton transfer) behavior was investigated in ACN and DMSO by UV-Vis spectrophotometric and spectro-
E:;;Zc;?;e fluorimetric measurements, revealing the occurrence of an ESIPT process only in ACN, in the case of L1 and L2,

and in both aprotic solvents, besides protic solvents (water and EtOH-water mixture), in the case of L3. The
emission of L1-L3 is related to the deprotonated form of the ligand. The binding properties of L1-L3 towards
Alkali, Alkaline-earth and some transition metal ions were investigated in different solvents by UV-Vis ab-
sorption, fluorescence emission and NMR spectroscopies. The fluorescence switches-ON in the presence of
selected metal ions, always showing a mechanism different from ESIPT. All L1-L3 show a selectivity for Mg?* in
DMSO, while in ACN the selectivity of L1 and L2 shifts towards Zn?* and Cd?*. L3 is also able to respond to Mg?*
in other aprotic solvents (THF and dioxane). L1 and L3 also showed the ability to signal the presence of metal
ions on a paper support (L1: Zn?*; L3: Zn?*, Cd?>* and Mg?"). Therefore, L3 revealed able to signal the presence
of Mg?* both in solution, in different solvents, as well as on a paper support.

Solvent effect

1. Introduction

The research of new chemosensors able to selectively bind and signal
the presence of specific metal ions in samples of biological and envi-
ronmental relevance is an always growing field. Metal cations such as
Mg+, Ca?* and Zn?" play crucial roles in the human physiology. Mg?*
is indeed involved in many cellular processes, being important for the
activity of enzymes, receptors and ionic channels and for the bone
metabolism [1-9]. As a consequence, inadequate levels of Mg2+ result in
several disorders, such as migraine, chronic pain, epilepsy, hypo-
calcaemia, hypertension, renal and gastrointestinal losses, Alzheimer’s,
Parkinson’s, stroke, anxiety, depression, bone formation decline, dia-
betes mellitus type 2 and cancer [10-15]. On the other hand, excessive
levels of Mg?* that could come from contamination of food or water
supplies with magnesium salts, are known to cause hypermagnesemia,
nausea, hypotension and diarrhea [16,17].

For this reason, a growing attention is being devoted to the detection
of Mg?" in samples of different nature. Fluorescent probes, due to their
reliability, simplicity, velocity, sensitivity, selectivity and real-time
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detection represent a valid alternative to more expensive and less sim-
ple handling instrumental analytical techniques such as atomic ab-
sorption spectrometry with flame (F-AAS) or electrothermal (ETA-AAS)
atomization, null-point titration techniques and NMR [17-20].

Many chemosensors reported so far, however, are not able to
discriminate between Mg?" and other metal cations such as Ca?t and
Zn?t [21-32]. Selective fluorescent systems able to distinguish espe-
cially between Mg?" and Ca?* are therefore highly desirable, both for
biological and environmental samples.

Recently, a new series of ligands containing the 2-(2-hydroxy-3-
naphthyl)-4-methylbenzoxazole (HNBO) fluorophore linked to poly-
amine scaffolds was synthesized and investigated (N-(2-(2'-hydroxy-3'-
naphthyl)benzoxazol-4-ylmethyl)-N,N-dimethylamine, L1; N-(2-(2'-hy-
droxy-3'-naphthyl)benzoxazol-4-ylmethyl)-N,N’,N'-trimethylethylendi-
amine, L2; N,N’-bis(2-(2'-hydroxy-3'-naphthyl)benzoxazol-4-ylmethyl)-
N,N’-dimethylethylendiamine, La) (Fig. 1): the most complex ligand
within the series (L), containing two HNBO units, revealed as the most
promising chemosensor in terms of fluorescence response to Mg?* in
DMSO [33]. Notably, L showed the highest emission increase upon the
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Fig. 1. Molecular structures of compounds HNBO, L1, L2, L3 and La.

addition of Mg?", ascribable to a chelation enhancement of the fluo-
rescence (CHEF) effect, considering all Alkali, Alkaline-earth (A, AE)
and some transition metal ions (Zn2+, Cd®** and Pb%H) [33]. Previously,
the HNBO fluorophore was inserted in ligands that showed the ability to
bind Zn?' and Cd** [34,35], so L1, L2 and L, are, to the best of our
knowledge, the first HNBO-molecules able to selectively respond to
Mg?t.

In this study, the family of HNBO-based molecules has been
expanded by synthesizing a new ligand where a HNBO moiety is linked
to the N,N-bis(2-aminoethyl)amine fragment to obtain the open chain
ligand L3 (N-(2-(2'-hydroxy-3’-naphthyl)benzoxazol-4-ylmethyl)-N,N-
bis(2-aminoethyl)amine). In the previous paper, it has been ascertained
that the sole HNBO fluorophore does not respond to any of the tested
metal cations [33]. In other words, the conjugation with an amine
fragment is necessary to obtain a fluorescence response to a metal
cation. Herein, moving from L1 to L2 to L3 the aliphatic structure has
been made more and more complex, by increasing the number of ni-
trogen atoms and the degree of branching. As possible ESIPT (excited-
state intramolecular proton transfer)-based sensors, the free ligands
were analyzed in different solvents and their acid-base behavior was also
investigated. To ascertain if the binding properties of L1, L2 and L3
towards A, AE and some transition metal ions may be affected by a
solvent change [36,37], UV-vis spectrophotometric and spectro-
fluorimetric measurements in different solvents were performed,
revealing different selectivity for metal cations in different conditions.
NMR analyses were also performed to acquire more information about
the complex formation.

Finally, the binding performance of the three chemosensors towards
selected metal ions was assessed also on a paper support, trying to
develop an easy and fast qualitative method to reveal the presence of the
target cations in solution samples.
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2. Experimental
2.1. Instruments and materials

All chemicals were purchased in the highest quality commercially
available. The solvents were RP grade, unless otherwise indicated, and
used without further purification. All reactions involving moisture-
sensitive reagents were carried out under a nitrogen atmosphere using
standard vacuum line techniques and glassware that was flame-dried
before use.

Elemental analysis was performed with a Thermo Finnigan Flash
1112 EA CHN analyser.

Mass spectra were performed with an Agilent 1200 Series HPLC
system equipped with a binary pump and a C18 column (Phenomenex
Synergi™ 4 um Fusion-RP 80 A, LC Column 50 x 2 mm, Ea), coupled to a
SCIEX mod. API 4000 QqQ triple quadrupole mass spectrometer with
ESI source.

Pictures depicted in Figs. 6b, 11b, 13 were taken with the digital
camera of a common smartphone.

More details about UV-vis and NMR measurements and paper strip
tests are reported in the Supplementary material.

3. Results and discussion
3.1. Synthesis

Ligands L1 and L2 were synthesized as previously reported [33].

Ligand L3 was synthesized by adapting a known procedure to link a
HNBO moiety to a secondary amine [35] (Fig. 2). The methoxymethyl
(MOM)-protected and brominated compound 1 [35] was coupled in
DMF with N,N-bis(2-phthalimidoethyl)amine 2 [38] in the presence of
sodium carbonate as a base, to give the fully protected intermediate 3.
The N-phthaloyl groups were then removed using hydrazine in EtOH

Ho

N7 o N7 o

EtOH E f MeOH 3 E
HoN HoN L3

L »

HoN HoN

TsOH

Fig. 2. Synthetic pathway to L3.
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Fig. 3. Mechanism of ESIPT-based fluorescent chemosensors (S = solvent).

affording (4) as an orange solid, while the naphthol group was depro-
tected by using p-toluenesulfonic acid (TsOH) in MeOH obtaining L3,
which was further purified as hydrochloride salt.

Specific details about the synthetic procedures are reported below.

2-(2-Methoxymethyloxy-3-naphthyl)-4-[N,N,-bis(2-phthalimidoethyl)
aminomethyl]benzoxazole (3)

To a dry dimethylformamide (DMF) solution (80 em®) of N,N-bis(2-
phthalimidoethyl)amine (2) [38] (1.4 g, 3.8 mmol) containing Na,CO3
(2.4 g, 22.8 mmol), a solution of 1 [35] (1.5 g, 3.8 mmol) dissolved in 80
cm?® of dry DMF was added dropwise within 1 h under nitrogen at room
temperature. The reaction mixture was stirred at 40 °C for 16 h, then the
desired product was precipitated by slowly addition of cold water. The
solid was then recovered by filtration, dried in vacuum at room tem-
perature and purified by column chromatography on silica gel (CH2Cly/
hexan, 1:1) to obtain 3 as a yellow solid (1.3 g, 1.9 mmol, y = 50 %).

'H NMR (DMSO-dg): 6 = 2.80 (4H, t, J = 6.0 MHz), 3.75 (4H, t, J =
6.0 MHz), 4.11 (2H, s), 5.45 (2H, s), 6.91 (1H, t, J = 8 MHz), 7.07 (1H, d,
J = 7.2 MHz), 7.50 (2H, m), 3.50 (3H, s), 7.62 (1H, td, J* = 1.2 MHz, J®
=7.6 MHz), 7.70 (1H, s), 7.67 (4H, m), 7.78 (4H, m), 7.92 (1H,d, J =8
MHz), 8.07 (1H, d, J = 8 MHz), 8.63 (1H, s) ppm; 3C NMR (DMSO-dp):
§ = 35.96, 51.68, 51.49, 56.49, 95.32, 109.45, 111.85, 118.53, 123.16,
125.18, 125.55, 127.19, 128.57, 128.88, 129.01, 130.95, 132.11,
132.57, 134.53, 135.63, 141.32, 150.30, 152.57, 161.00, 168.15 ppm.

2-(2-Methoxymethyloxy-3-naphthyl)-4-[N,N,-bis(2-aminoethyl)
aminomethyl]benzoxazole (4)

To a solution of hydrazine monohydrate (1.3 cm®, 28 mmol) in 120
cm? EtOH was added dropwise a solution of 3 (1.9 g, 2.8 mmol) in 10
cm® CHCls. The reaction mixture was stirred at room temperature for 30
h, then evaporated under vacuum. The residue was suspended in 20 cm®
CHCls3, the orange solid was filtered off and the solution was evaporated
under vacuum. The crude product (1.1 g, 2.6 mmol, y = 92 %) has been
used for the next step without any further purification.

'H NMR (CDCl,): 6 = 2.63 (4H, t, J = 6 MHz), 2.84 (4H, t, J = 6
MHz), 3.59 (3H, s), 4.04 (2H, s), 5.46 (2H, s), 7.33 (2H, m), 7.42 (1H, td,
J*=1.2MHz, J® = 4.8 MHz), 7.53 (2H, m), 7.59 (1H, 5), 7.78 (1H, d, J =
8 MHz), 7.91 (1H, d, J = 8 MHz), 8.61 (1H, s) ppm; '>C NMR (CDCls): 5
= 39.53, 53.88, 56.43, 56.71, 95.30, 109.43, 111.54, 118.46, 141.24,
135.56, 132.53, 131.78, 124.72, 124.88, 125.01, 126.85, 128.20,
128.60, 128.69, 150.87, 152.67, 161.42 ppm.

N-(2-(2'-hydroxy-3'-naphthylDbenzoxazol-4-ylmethyl)-N, N-bis(2-
aminoethyl)amine (L3)
Compound 4 (1.1 g, 2.6 mmol) was dissolved in MeOH (100 cm3)

and added dropwise of a solution of p-toluenesulfonic acid (TsOH, 2.2 g,
11.7 mmol) in MeOH (20 cm3) at room temperature. The reaction
mixture was stirred at room temperature and the progress of the reaction
was monitored by TLC (SiO3, CHCly): following the disappearance of 4,
the reaction mixture was evaporated under vacuum and the residue was
dissolved in CH»Cl5 (10 cm®) and washed twice with a saturated K>CO3
aqueous solution (20 cm®). The organic phase was dried on NaySOs,
filtered and evaporated under vacuum. The solid was dried under vac-
uum at room temperature to give L3 as a white solid (0.65 g, 1.7 mmol,
y = 65 %).

The pure L3 was obtained as hydrochloride salt (L3-3HCI) by the
addition of a 10 % ethanolic solution of HCI to an ethanolic solution (5
cm3) of the crude, obtaining 0.73 g (1.5 mmol, y = 57 %).

MS m/z ESI (M + H*): 377.20; 'H NMR (D20, pH 2): 5 = 2.77 (4H, t,
J=6.2 MHz), 3.07 (4H, t, J = 6.2 MHz), 3.76 (2H, s), 7.07 (1H, s), 7.15
(1H,d,J=7.5MHz), 7.22 (1H, t,J = 7.4 MHz), 7.32 (2H, m), 7.43 (1H,
d, J=8.3 MHz), 7.52 (1H, d, J = 8.1 MHz), 7.67 (1H, d, J = 8.2 MHz),
8.23 (1H, s) ppm (Fig. S1); 13C NMR (D20, pH 2): § = 33.88, 49.50,
52.78,110.85,111.57,113.35,118.10, 124.53, 126.06, 126.62, 127.11,
128.22, 128.52, 128.90, 129.67, 135.83, 139.83, 148.99, 151.64,
162.37 ppm (Fig. S1); Anal. for: CooHo7Cl3N4O4 (485.83), Calc. C 54.39,
H 5.60, N 11.53; Found C 54.1, H5.7, N 11.4.

3.2. Solution studies on the free ligands

3.2.1. ESIPT behavior of free ligands in different solvents

Fluorescent molecular sensors or chemosensors are probes able to
change their emission properties in the presence of target analytes;
several fluorescence mechanisms can be involved in the signaling pro-
cesses, mainly PET (Photoinduced Electron Transfer), FRET (Forster
Resonance Energy Transfer) and ICT (Internal Charge Transfer),
although others can be mentioned; among them, the ESIPT (excited-
state intramolecular proton transfer) mechanism could also be exploited
using suitable fluorophores. Molecules that can exhibit ESIPT fluores-
cence feature an intramolecular hydrogen bonding interaction between
a hydrogen bond donor (-OH and NHjy) and a hydrogen bond acceptor
(=N-and C=0) [39]. During ESIPT, a four-level photochemical process
occurs: starting from an enol (E) form, an electronic redistribution takes
place upon photoexcitation. The resulting greater acidity of the H bond
donor and increased basicity of the H bond acceptor within the E form
favor an extremely fast enol to keto (K) phototautomerization (kggpr >
102 s 1). The excited state enol form (E*) rapidly converts into its
excited keto form (K*), that decays radiatively to its electronic ground
state (K), followed by a reverse proton transfer (RPT) to give back the
original E form [39] (Fig. 3).
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Fig. 4. Emission spectra of L1, L2 and L3 in different solvents (black line: ACN; red line: DMSO; blue line: water (HEPES pH 7.4), green line: EtOH; magenta line:
EtOH + 10 % H,0). [L] = 1.0-107° mol/dm’g; Aex = 317 nm (ACN, EtOH, EtOH-H,0, H,O (HEPES pH 7.4)), 320 nm (DMSO); Aem: L1: 566 nm (ACN), 420 nm
(DMSO); L2: 552 nm (ACN), 420 nm (DMSO); L3: 561 nm (ACN), 569 nm (DMSO), 554 nm (H>0), 429 nm (EtOH), 557 nm (EtOH-H,0). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

The ESIPT emission could be greatly affected by the presence of polar
and H-bonding solvents, resulting in a restricted ESIPT process and lack
of keto (K*) emission due to unavailability of exchangeable protons
following H bond formation [40]. The addition of a variable amount of
water to a H-bonding solvent could however result in a shift towards the
keto form, due the H-bond between the solvent and HyO becoming
prominent over that between the solvent and the fluorophore, releasing
the latter from the hydrogen bonding and enabling the ESIPT process
[40] (Fig. 3). For this reason, as possible ESIPT-based fluorophores, the
free HNBO-containing ligands were analyzed by spectrophotometric and
spectrofluorimetric measurements in different solvents. Due to solubility
issues, L1 and L2 were only studied in DMSO and ACN, while L3 was
studied also in water (HEPES buffer pH 7.4), EtOH and a mixture EtOH-
10 % water (HEPES pH 7.4).

All ligands show in ACN (Aex = 317 nm) an intensity of the keto band
(lower energy) higher than the enol band (higher energy), suggesting

250 4 250

L1 (ACN) L2 (ACN)
2071 | acidic pH %91 | acidic pH

neutral pH neutral pH
150 R 150 R

basic pH basic pH

I(a.u.)
I(a.u.)

100 100

50 - 504

the occurrence of an ESIPT process (Fig. 4, black lines). Probably, the
—OH naphthol group is not stabilized by the formation of hydrogen bond
with the ACN molecules.

In DMSO (Aex = 320 nm), both L1 and L2 show the enol band higher
than the keto band (Fig. 4, red lines): this suggests that the ESIPT process
is prevented, probably due to a possible interaction between the -OH
naphthol group and the solvent molecules that make unavailable the
exchangeable proton. In other words, the employment of a more basic
solvent, also providing a higher number of donor atoms [41], makes the
intensity of the enol emission becoming stronger compared to the keto
form.

In the case of L3 in DMSO, similarly to ACN, the band attributed to
the keto form is more intense than that of the enol form (Fig. 4). An
ESIPT process thus occurs in this molecule in both aprotic solvents,
notwithstanding their different basicity [41]. A similar behavior is
notably observed also in water (HEPES pH 7.4; Aex = 317 nm) and in a

200+

L3 (ACN)
acidic pH
neutral pH
basic pH

150

100 -

I@u.)

50

T T T T T
400 500 600 700 500

400
Wavelength (nm)
350 250
s | L1(DMSO) L2 (DMSO)
0 acidic pH 2007 acidic pH
neutral pH neutral pH
204 basic pH ™1 basic pH

150 4

I(a.u.)
1(a.u.)

100 4

100 4
50

Wavelength (nm)

T T T
500 600 700

Wavelength (nm)

T T
600 400

250~
L3 (DMSO)
acidic pH
neutral pH
basic pH

2004

150

I(a.u.)

1004

50 -

T T T
500 600 500

Wavelength (nm)

T
400 400

Wavelength (nm)

500 600
Wavelength (nm)

T T T
600 700 400 700

Fig. 5. Emission spectra of L1, L2 and L3 in ACN (top) and DMSO (bottom) at different pH fields. [L] = 1.0-10° mol/dm—2 DMSO + 1.0 % H,0; I = 1.0-102 mol/
dm 3 NMe,4CL ey 318, 317, 322 nm (ACN, at acidic, neutral, basic pH field, respectively); 322, 320, 330 nm (DMSO, at acidic, neutral, basic pH field, respectively).
2em: 568, 566, 564 nm (L1, ACN, at acidic, neutral, basic pH field, respectively); 441 + 588, 426 + 565, 566 nm (L1, DMSO, at acidic, neutral, basic pH field,
respectively); 432, 559, 403 + 564 nm (L2, ACN, at acidic, neutral, basic pH field, respectively); 441 + 591, 423 + 557, 567 nm (L2, DMSO, at acidic, neutral, basic
pH field, respectively); 444, 562, 413 + 562 nm (L3, ACN, at acidic, neutral, basic pH field, respectively); 431 + 580, 429 + 569, 565 nm (L3, DMSO, at acidic,

neutral, basic pH field, respectively).
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Fig. 6. a) Emission spectra of L1-L3 upon the addition of 1 equiv. of A, AE and transition metal ions in DMSO. b) Color change (top) and enhancement of the
fluorescence under a 360 nm UV lamp (bottom) of L1, L2 and L3 DMSO solutions before and after the addition of 1 equiv. of Mg?*, Ca®*, Zn?*, Cd?*, Cu®". [L] =
1.2:107° mol/dm 3 DMSO + 1.0 % H,0; I = 1.2-10> mol/dm 3 NMe,Cl. A¢x = L1, L2: 440 nm; L3: 450 nm (except for Ni>™: 462 nm); Aen: L1 = 536 nm, + Mg®" =
540 nm, + A, AE = 536 nm, + Zn?>* = 570 nm, + Cd** = 566 nm, Pb>" = 561 nm; L2 = 534 nm, + Mg?" = 536 nm, + A, AE = 536 nm, + Zn?" = 562 nm, + Cd*" =
559 nm; L3 = 562 nm, + Mg>" = 532 nm, + A, AE = 552 nm, + Zn®** = 553 nm, + Cd*" = 548 nm, Pb*" = 553 nm.

mixture EtOH-10 % water (HEPES pH 7.4; Lex = 317 nm), while a much
higher enol band compared to the keto band is observed in EtOH (Aex =
317 nm) (Fig. 4): it can be hypothesized that in the case of L3 the H-bond
formation between the organic solvent and water is favored compared to
the interaction between the chemosensor and the organic solvent,
enabling the ESIPT process (vide supra).

Moreover, no significant variations in the UV-Vis absorption spectra
of L1, L2 and L3 were observed in the different solvents (Fig. S2), sug-
gesting the presence of only one form in the ground state for each ligand.

3.2.2. Acid-base spectrophotometric behavior of the ligands in different
solvents

The acid-base behavior of L1, L2 and L3 was spectrophotometrically
investigated in both ACN and DMSO, by adding 0.1 mol dm3 TMAOH
or HCI to the solutions.

The absorption spectra of L1-L3 in both ACN and DMSO in the
presence of a stoichiometric amount of TMAOH mainly show two
intense bands and a shoulder, as reported in Table S1.

UV-Vis absorption experiments at different field of pH showed quite
similar behaviors for all ligands in both tested solvents, while some
differences can be found in the emission spectra. Moving from an acidic
to a neutral environment, a small variation of the absorption in the
300-350 nm range was observed while, in a basic environment, a deep
modification of the 300-350 nm region along with the appearance of a
new absorption band at lower energy attributed to the deprotonation of
the naphthol group were observed (Fig. S3).

As for the emission spectra, in an acidic environment all ligands are
very low emissive in ACN (Aex 318 nm), with the enol band prevailing
over the keto band, in the case of L2 and L3, while the opposite is
observed in the case of L1 (Fig. 5, top; magenta lines). For all ligands a
TICT (twisted intramolecular charge transfer) mechanism could be hy-
pothesized to quench the emission of the enol or keto forms, since a PET
effect, with the amine functions being protonated in this pH field, can be
ruled out [33]. In DMSO a scarce but not negligible emission of the enol
form of all ligands is observed (Aex 322 nm): it can be hypothesized that,
notwithstanding the ESIPT suppression, the two aromatic systems lie on
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the same plane and a possible TICT quenching is prevented in this sol-
vent. As a consequence, the enol emission is observed, even if low
(Fig. 5, bottom; magenta lines).

In a neutral environment, in ACN (Aex 317 nm) L2 and L3 still showed
very low emission, however with the keto band prevailing on the enol
one (Fig. 5, top; black lines). On the contrary, the keto band of L1
considerably increased, this is probably due to the presence of a small
amount of the deprotonated HNBO form, as suggested by the UV-Vis
spectrum (Fig. S3, top; black line). In other words, the deprotonated
form seems to be responsible for the observed emission. In DMSO a low
emission is observed for L1 and L2, while L3 showed the emission of the
keto band (Aex 320 nm) (Fig. 5, bottom; black lines). Again, this
increased emission goes along with the growth of the band of the
deprotonated HNBO moiety observed in the absorption spectrum of L3
(Fig. S3, bottom; black line).

The dependence of the emission from the presence of the deproto-
nated HNBO group is confirmed by the spectra of all ligands in both
solvents in a basic environment (Fig. 5; violet lines), where a pro-
nounced emission band (ACN: Aex 322 nm; DMSO: Ay 330 nm) is
observed; this latter parallels the growth of the absorption band as-
cribable to the naphtholate moiety. It can be hypothesized that the
deprotonation of the naphthol group allows for the delocalization of the
negative charge on the whole HNBO system, increasing the electron
density on the aromatic rings as well as the conjugation-induced
coplanarity. These facts would, on one hand, prevent a possible PET
effect from the amine functions, since an electron transfer from an amine
lone pair towards an anionic emissive excited fluorophore is disfavored
and, on the other hand, strengthen the coplanarity via an increased
conjugation, causing the increase of the fluorescence emission.

The higher solubility of L3 than L1 and L2 in aqueous solution
allowed to investigate its acid-base behavior also in pure water (Aex at
317 nm) in the pH range 2-12, revealing different fluorescence prop-
erties at acidic pH values compared to ACN and DMSO but a similar
behavior by moving towards basic pH values. From Fig. S4 it can be
observed that, contrarily to what observed in organic solvents, at acidic
pH values the equilibrium between keto and enol form is shifted towards
the former, being the band of the keto form (Aem, at 555 nm) much higher
than that of the enol form (Aep at 425 nm), suggesting the occurrence of
an ESIPT process in water. The emission of the keto form is then
observed, possibly as a consequence of the formation of an intra-
molecular H bond that keeps the aromatic systems coplanar and thus
prevents a possible TICT quenching. The emission of the ligand is sub-
stantially preserved up to pH 9 then, an increase of the emission and a

blue-shift of the band from 555 to 540 nm is observed. The switching-ON
of the fluorescence can be attributed to the deprotonation of the naph-
thol group as above discussed (vide supra).

3.3. Metal ions binding selectivity in DMSO

3.3.1. UV-Vis absorption and fluorescence behavior

The binding properties of L1-L3 in DMSO solution towards A (LiT,
Na®, KT, Nat, Cs1), AE (Mg?*, Ca®", Sr?*, Ba®") as well as selected
transition M2+ metal ions (Zn?*, Cd%*, Pb®*, Cu?*, Ni®") were investi-
gated. UV-Vis (Fig. S5) and fluorescence (Fig. 6a) spectra of DMSO so-
lutions containing 1.2-10~° mol/dm > L1-L3 in the presence or absence
of 1 equiv. of the metal ions were acquired. Moreover, the obtained
maximum emission are reported as bar plots in Figs. 7 and Fig. S6.

Notably, among all tested cations, for all ligands the addition of 1
equiv. of Mg?" induced the highest increase of the fluorescence emis-
sion; all other A and AE ions did not exhibit any significant variation of
the emission of the ligand. In all cases, an enhancement of the fluores-
cence is observed also upon the addition of Zn?>* and Cd?*: moreover, in
these cases a quite different emission wavelength was observed (see
fluorescence emission spectra and color of the solutions under a 360 nm
UV lamp, Fig. 6), due to the different metal ions coordinated to the
chemosensor compared to Mg?*. Ni>* and Cu?" induced instead a
quenching of the emission, as expected by the binding of these para-
magnetic metal ions (Figs. 7 and Fig. S6).

The emission under a 360 nm laboratory UV lamp of the DMSO so-
lutions of the ligands in the presence of some of the tested metal ions is
depicted in Fig. 6b. The Mg?*-containing solutions look clearly different
from those containing Zn?* and Cd?".

In other words, L1-L3 show an interesting selectivity for Mg+ in
DMSO: in all cases, the whole UV-Vis spectrum of the free ligands un-
dergoes a radical modification upon the addition of the metal ion sug-
gesting the coordination of Mg and the consequent deprotonation of
the naphthol unit of the HNBO moiety (Fig. S5). The chromophore
transition states are thus affected by the coordination of the cation and
the fluorescence emission switches ON, with a new emission band
resulting blue-shifted with respect to that of the keto band (Fig. S7). By
using ESIPT-based chemosensors, a fluorescent ratiometric sensing may
be possibly achieved, based on the ESIPT prevention upon metal ion
coordination, resulting in enol fluorescence [35]. In the present case, no
ratiometric response was observed (Fig. S7), so the fluorescence switch-
ON must depend on other mechanisms. It can be suggested that the
coordination of the metal ion on one hand prevents a possible PET effect
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from the nitrogen lone-pair and, on the other hand, forces the aromatic
systems to be co-planar, inhibiting a possible TICT quenching.

All other A and AE cations did not significantly affect either the
UV-Vis absorption or the emission spectra of the ligands, suggesting the

absence of guest coordination (Figs. S5, 6a). On the contrary, transition
metal ions such as Zn?* and Cd?* induced great variations in the UV-vis
absorption spectra, suggesting the formation of coordination species
with L1-L3 (Fig. S5); the fluorescence response to these cations is
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however lower than that observed to Mg2+ (Figs. 6, 7). A different DMSO
solvation degree for Mg?* and Zn?*/Cd?* could be the reason for this
different behavior, so that notwithstanding the coordination of Zn?>* and
Cd?* to L1-L3, the binding is less efficient and a possible partial PET
effect from the nitrogen lone pair could affect the emission. In the case of
paramagnetic ions such as Cu®>" and Ni?*, a deep modification of the
UV-Vis absorption spectra is observed in all cases (Fig. S5), together
with an expected quenching of the fluorescence (Figs. 6, 7).

3.3.2. UV-Vis, fluorescence and 'H NMR titrations with Mg®+

Due to the marked CHEF effect observed for all ligands in the pres-
ence of Mg?*, the binding behavior towards this metal ion in DMSO was
investigated more in depth by UV-Vis, fluorescence and 'H NMR
titrations.

The UV-vis absorption titrations of L1, L2 and L3 with Mg?" in
DMSO showed the growth of a new band at 444 nm (L1, L2) or the

increase of the existing small band at 462 nm and its blue-shift to 450 nm
(L3), attributable to the involvement of the naphthol oxygen atom in the
Mg?" coordination inducing the naphthol deprotonation (Fig. S8a,
Fig. S9a, 8a for L1, L2 and L3, respectively). The emission intensity
following the addition of Mg?" also increased (see Table S2 and Fig. S8b,
Fig. S9b, 8b for L1, L2 and L3, respectively). In all cases, the results of
both absorption and emission titrations are in good agreement. In the
case of L1 and L2, firstly the formation of a species with a 2:1 ligand to
Mg?* molar ratio can be suggested, until a deficiency of Mg?* is present
in the solution, secondly a species with a 1:1 ligand to Mg?* molar ratio
formed in solution (Figs. S8, S9). In the case of L3, the formation of a 1:1
species is observed in solution (Fig. 8).

TH NMR titrations of the ligands with MgZJr in DMSO-dg (Figs. 9, S10,
S11 for L1, L2 and L3, respectively) confirmed in all cases both the
formation of Mg?"-complexes as well as the stoichiometries observed
from UV-vis measurements. All ligand solutions were added of an
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Fig. 11. a) Emission spectra of L1-L3 upon the addition of 1 equiv. of A, AE and transition metal ions in ACN. b) Color change (top) and enhancement of the
fluorescence under a 360 nm UV lamp (bottom) of L1, L2 and L3 ACN solutions before and after the addition of 1 equiv. of Mg?*, Ca®*, zn?*, Cd?*, cu®*. [L] =
1.2:107° mol/dm 3 ACN + 1.0 % H,0; I = 1.2-:10~° mol/dm > NMe,Cl. Aey: 440 nm (L1-L2), 445 nm (L3); Aem: 546 nm (L1-L2), 548 nm (L3); + Mg?" = 535 nm (L1-
L2), 531 nm (L3); + Zn?t = 565 nm (L1-L2), 554 nm (L3); + Cd%** = 560 nm (L1-L2), 554 nm (L3); + Ca’* = 534 nm (L1-L3).
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equimolar amount of TMAOH (1 eq. for L1; 3 eq. for L2-2HCI; 4 eq. for
L3-3HCD).

In all cases, upon the addition of Mg?" firstly the broadening of all
the resonances is observed, suggesting the presence of two species
slowly exchanging on the NMR time scale, with most signals shifting
down-field, highlighting the binding of Mg?*. When the addition of 1
equiv. of Mg?" is reached, only one species featuring sharp peaks is
present in solution and no changes were observed upon the addition of
further metal ion.

These results suggest the formation of a 1:1 ligand to metal ion
complex species for all ligands. In the case of L1 and L2, the formation of
an intermediate 2:1 ligand to metal ion species can be suggested until an
excess of ligand compared to metal cation is present in solution (Figs. 9,
$10), confirming the UV-Vis and fluorescence results.

In all cases, the aromatic fluorophore moiety results to be involved in
the coordination of Mg, due to both the observed resonances shifts and
the changes in the absorption and emission spectra of all three chemo-
sensors upon the addition in solution of the metal cation. Also, the
polyamine fragment of all ligands seems to be involved in the coordi-
nation of Mg?*, due to the shifts and/or splitting of the aliphatic reso-
nances in the 'H NMR spectra. Featuring the simplest structure among
the three compounds, L1 does not show any splitting of the aliphatic
signals, as it is instead observed for L2, that possesses a longer poly-
amine chain: the singlet attributed to the H11 resonance of L2 splitted

indeed into a characteristic AB system due to two nonequivalent protons
of the benzylic -CHy group (Fig. 5S10), suggesting the stiffening of the
system upon Mg>" ion complexation as well as the involvement of the
aliphatic polyamine in the coordination.

3.3.3. Ion competition studies

Ion competition studies in DMSO were performed by UV-Vis and
fluorescence measurements by adding 1 equiv. of Mg?" to solutions of
L1, L2 and L3 containing A, AE or transition metal ions in equimolar
amounts (Figs. 7, S6).

In the case of L1, the addition of Mg?" in the presence of A and AE
revealed a partial interference of these cations in the coordination of
Mg?*, since the emission obtained upon the addition of Mg did not
reach the same emission of the magnesium complex (Fig. S6). On the
contrary, the addition of A and AE did not seem to influence the fluo-
rescence response to Mg?" of both L2 and L3 (Fig. S6, 7).

In all cases, Zn2+, Cd?* and Pb?* showed to compete with Mg2+ for
the coordination to the ligands, since the addition of Mg?* caused no to
slight variation of the emission of the complexes. Finally, in the presence
of Ni2* and Cu?*, the addition of Mg?* did not cause, as expected, the
switch-ON of the chemosensors, suggesting total interference of the
paramagnetic ions in the response of L1-L3 to Mg2+ (Figs. 7, S6).
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Fig. 13. Paper strip test: filter papers immersed in L1-L3 solutions in ACN on which 1 pl of metal ion solution at growing concentrations (from top to bottom: 5-10~>,
2.5.107%,5:107% 1.107%, 5.1073, 1-1072, 5.102 mol/dm~>) was deposited. All paper strips were observed under a UV lamp at 360 nm.

3.4. Metal ions selectivity in ACN

The fluorescence selectivity of L1-L3 towards selected metal ions
was also verified in ACN. In Fig. 10 are depicted the enhancements in
fluorescence intensity of the three ligands in ACN upon the addition of
Mg%", Ca?t, Zn?t, Cd*" and Cu®", while in Fig. 11a are shown the
corresponding emission spectra. Interestingly, compared to DMSO, the
selectivity of L1 and L2 in ACN is shifted towards Zn?>" and Cd?" rather
than Mg?*. On the other hand, L3 maintained the selectivity towards
Mg?* also in ACN, and, notably, again its response to Mg?* is higher
than that to Zn®" and Cd?*. In Fig. 11b the emission under a 360 nm
laboratory UV lamp of the ACN solutions of the ligands in the presence of
the tested metal ions is also shown: clearly, L1 is selective for Zn?>* and
Cd?*, while L2 and L3 can signal both Mg?" and Zn?* and Cd*, but the
solutions containing Mg?" are quite recognizable from the different
color emission.

The addition of Mg?* did not perturb the UV-Vis absorption spec-
trum of L1 in ACN while spectral changes were observed upon the
addition of Mg?" to L2 and L3 (Fig. S12). The addition of Zn>" affected
the absorption of both L2 and L3 and, to a lesser extent, L1, while the
addition of Cd?* and Cu®" always induced a deep change of all spectra
(Fig. S12). These results suggest that all ligands form complexes with
transition metal ions, while only L2 and L3 are able to bind Mg?*.
However, the fluorescence response to Mg>" of L3 is higher than that of
L2: it can be hypothesized that the complexation of Mg?* by L3 over-
comes the solvation energies that probably totally or partially impair the
complex formation in the case of L1 and L2.

3.5. Metal ions selectivity in other solvents

Besides ACN and DMSO, the binding ability of L3 towards Mg,
Ca?*, Zn?*, Cd®*" and Cu®" was studied also in water (HEPES buffer pH
7.4), dioxane, THF, methanol (MeOH) and ethanol (EtOH) (Figs. 12,
S13, S14).

L3 proved able to give a fluorescence response to Mg>' in several
solvents among those tested. As already discussed, in DMSO (Fig. 7) and
ACN (Fig. 10) the response to Mg?" is quite selective, being higher than
that to any other cation, while in THF and dioxane the response to MgZ*
is lower than that to Zn®" (Fig. 12, top).

10

In the protic solvents (water, MeOH and EtOH) L3 did not show any
fluorescence response to Mg2", in line with a strong solvation of Mg2*
those conditions. In such solvents the selectivity is instead shifted to-
wards Zn?* and Cd?", being totally selective for Zn?* in EtOH (Fig. 12,
bottom).

3.6. Metal detection on a solid support

The development of a green, easy and rapid qualitative procedure to
assess the presence of metal cations in a solution sample could be of
interest. To this purpose, the sensing procedure was moved from the
solution environment to a solid support by performing a paper strip test,
which could possibly allow for the fast qualitative detection of the guests
in a sample via a fluorescence signal by using a common UV laboratory
lamp.

To assess the system, simple filter paper strips were immersed in an
ACN solution of each ligand ([L] = 1-10"* mol/dm™3) for a few minutes;
after complete drying, guest solutions with increasing concentrations
were deposited as small drops on the paper, and, finally, the paper strips
were observed under a UV lamp (Aex 360 nm).

As can be observed in Fig. 13, the ability to detect metal ions moving
from the solution studies to the paper support changes among the series
of ligands. L2 is the worst performing sensor on the solid support, while
L1 and L3 showed good results. In particular, L1 is able to detect Zn%*
while L3 responds to Zn?*, Cd** and Mg?*, confirming the signaling
properties of the two ligands observed in ACN solutions. In all cases,
Cu?* quenches the emission of the ligand even on the paper support.

4. Conclusion

In this paper, a family of three HNBO-based fluorescent chemo-
sensors has been designed and synthesized with a growing structural
complexity by changing the aliphatic polyamine scaffold linked to a
HNBO moiety.

As possible ESIPT-based chemosensors, the three ligands were
studied in different solvents by UV-Vis and fluorescence spectroscopies,
revealing the occurrence of the ESIPT process in ACN and the prevention
of the ESIPT process in DMSO, that, being more basic and containing a
higher number of donor atoms, could better interact with the -OH
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naphthol group enabling the enol emission. L3 represents an exception,
featuring an ESIPT process in both aprotic solvents. Notably, the ESIPT
process in L3 also occurs in protic solvents (water and EtOH-10 % water
mixture), while it is prevented in EtOH: the H-bond formation between
the organic solvent and water, or between water molecules, seems thus
to be favored compared to the interaction between the chemosensor and
the solvent, enabling the ESIPT process.

The study of the acid-base behavior revealed that in an acidic envi-
ronment all ligands are very low emissive in ACN (TICT quenching)
while a low enol emission is observed in DMSO (TICT prevention). In a
neutral environment, only L1 is emissive in ACN, while only L3 is
emissive in DMSO: in both cases, the emission is relative to the depro-
tonated form of the ligand. This last statement is confirmed by both the
fact that in a basic environment the emission of all ligands is switched-
ON in both solvents as well as a strong emission is also observed for L3 in
aqueous solution above pH 9 (PET and TICT prevention).

Notwithstanding the ESIPT-allowing structure, all chemosensors did
not feature an ESIPT-based signaling ability towards A, AE and some
transition metal ions, neither in ACN nor in DMSO. The prevention of
both a PET effect and a TICT quenching could be suggested as a possible
mechanism for the observed switch-ON.

UV-vis spectrophotometric and spectrofluorimetric measurements
revealed that L1-L3 show an interesting selectivity for Mgt in DMSO,
with the formation of emissive Mg2"-complexes with 2:1 (in excess of L1
and L2) and 1:1 ligand to metal ion stoichiometries, confirmed by NMR
titrations. In ACN the selectivity shifts towards Zn>" and Cd?*, except
for L3, that still shows the highest fluorescence response to Mg?". L3 is
also able to respond to Mg?" in other aprotic solvents (THF and
dioxane), but with a lower selectivity, while it only responds to Zn?>" and
cd?*t in protic solvents (water, MeOH and EtOH).

Finally, a paper strip test revealed that L1 can detect Zn?>* while L3
can detect Zn**, Cd%* and Mg?* even on a paper support. Interestigly,
L3 revealed able to signal the presence of Mg?" both in solution, in
different solvents, as well as on a paper support.
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