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ARTICLE INFO ABSTRACT

Keywords: Two novel tetra-dansyl derivatives incorporating cyclen (1,4,7,10-tetraazacyclododecane) and cyclam (1,4,8,11-
Polymers tetraazacyclotetradecane) macrocycles have been synthesized, thoroughly characterized, and their photophysical
Dansyl derivatives properties examined, both in solution and in the solid state. These compounds exhibit fluorescence emission with
ISV'[;t:;rlsons quantum yields up to 40 %, varying significantly with different solvents. They also display positive solvato-
Solvatochromism fluorochromic behavior, with emissions ranging from green to yellow colours. Kamlet-Taft studies were con-
Temperature ducted to better understand solute-solvent interactions. Furthermore, aggregation-induced emission was

observed in solutions with high water content, confirmed via dynamic light scattering. Given the intrinsic
properties of these compounds, their potential for environmental remediation was explored through metal ion
sensing studies. Compounds L1 and L2 demonstrated high sensitivity to Cu>" and Hg?' ions, significantly
modulating their emission, with L2 capable of detecting and quantifying Hg?" concentrations as low as 2-3 uM.
Additionally, the solid-state emission of these compounds encouraged an investigation into their potential as
temperature sensors. Several doped polymer thin films were fabricated, establishing a linear relationship with
temperature beyond their melting point. These findings suggest that these tetra-chromophoric compounds hold
promise as molecular thermometers.

1. Introduction

Probes and sensors employing fluorescent dyes are highly beneficial
due to their exceptional optical features. Among this extensive group,
dansyl derivatives have consistently been used throughout the decades
amidst their consistent photophysical properties, namely large Stokes
shift, high fluorescence quantum yields and the well-known strong
dependence of the emission properties on the surrounding environment
[1-5]. The detection of heavy metals and transition metal ions is
extensively documented in the literature, given the wide range of ap-
plications to which dansyl derivatives have been put to use, especially

for Cu?* [1,2,4,6-10], Zn%* [11,12], Ag?t [13], Cd?t [14], Hg?" [1,4,
15-18] and Pb** [19].

Given the current efforts to develop new dyes, aza-crown com-
pounds, namely cyclen (1,4,7,10-Tetraazacyclododecane) and cyclam
(1,4,8,11-Tetraazacyclotetradecane) were employed as good candidates
to their versatility and wide range of applications including in the fields
of medicine [20,21], magnetic resonance imaging [22-24], catalysis
[25-27] and pollutant degradation [28]. Within this context, azama-
crocyclic tetramines can readily be functionalized and demonstrate
robust binding to a diverse array of cations [29]. An example of this was
demonstrated by Hava Ozay et al. where p(2-hydroxyethyl
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methacrylate-co-tetraacrylic cyclen) (p(HEMA-co-TACYC)) hydrogels
were synthesized with the intention to transfer the copper ion binding
ability of cyclen into the hydrogel structure. The designed hydrogels
showed selective colorimetric sensor behaviour towards Cu?t in all
aqueous media and when submitted to metal ion mixtures [30].

Functionalization of these macrocycles with fluorophores is sup-
ported by the literature, namely with anthracene, naphthalimide,
rhodamine and BODIPY [29,31,32]. Xiao Fang et al. have synthesized a
BODIPY-based fluorescent probe with a cyclen moiety that improved
water solubility, followed by Cu®* binding. The selective turn-on fluo-
rescent behaviour for HoS was elucidated with a LOD of 1.1 nM. Addi-
tionally, the complex was effectively utilized for imaging exogenous HaS
generated from NayS and GYY4137 in H9c2 and U87 cells [31].

Based on an extensive literature search, the dansylation of aza-crown
compounds is in its early stages with very early reports focused on mono
dansylated cyclen [33,34]. More recently, this compound was used for
the formation of metal complexes in various matrices [35-38]. The
presence of metal ions binding to the basic nitrogen atoms of this de-
rivative is crucial for the creation of a stable complex. Rivas et al.
demonstrated that coordination of metal ions with other heteroatoms
outside the aza-crown ring is also feasible [39]. Due to the negligible
cytotoxicity, good penetration and photostability, Yang et al. have been
successful in using this compound for specific lysosome labeling in
various cell lines [40]. To the best of our knowledge, only a few men-
tions of dansyl derivatives of cyclam are reported in the art [41-45]. In
this study, we successfully synthesized symmetric tetra dansyl derived
compounds of cyclam and cyclen for the first time. These newly devel-
oped fluorophores were then fully characterized according to their
photophysical properties. The Kamlet-Taft equation was used to explain
the solvatochromism behaviour of functionalizing the aza-crown with
four dansyl units. The tuning of the emission using water as co-solvent
led to an aggregation induced emission in high water fraction and was
confirmed by dynamic light scattering. The above-mentioned ligands
were designed in order to demonstrate good complexation ability to-
ward heavy metals and so efforts to elucidate their ability to sense
pollutant metal ions was put forth. Finally, incorporation into polymer
thin films KURARITY (L44285) and IROGRAN (A 92 P 4637) towards
the development of temperature-smart materials was carried out.

2. Experimental section
2.1. Materials

Spectroscopy grade solvents, such as acetonitrile (CH3CN), chloro-
form (CHCl3), dimethylsulfoxide (DMSO), ethanol (EtOH), and tetra-
hydrofuran (THF), were wused for spectrophotometric and
spectrofluorimetric measurements. All solvents used for the synthesis
and purification of the target compounds (dichloromethane (DCM) and
methyl-tert-butyl ether (MTBE)) were of analytical grade (p.a.) and dried
over molecular sieve (3 A). The starting fine chemicals (cyclam
(1,4,8,11-Tetraazacyclotetradecane), cyclen (1,4,7,10-Tetraazacyclo-
dodecane), diisopropylethylamine (DIPEA) and dansyl chloride) used
for the synthesis of the target fluorophores were purchased from Sigma
Aldrich, Tokyo Chemical Industry Co. Ltd., and BLDPharm. Silica gel
(high-purity grade, pore size 60 A, 230-400 mesh particle size, 40-63
pm particle size, for flash chromatography) employed for the column
chromatography was purchased from Sigma Aldrich. Tri-
fluoromethanesulfonate salts of Co(OTf),, Ni(OTf);, Cu(OTf);, Zn
(OTf)y, Ag(OTf), Cd(OTf)y, were provided from Solchemar, while Hg
(OTf); and Ca(BF4);H20 were purchased from Sigma Aldrich. KUR-
ARITY™ 1.A4285 Kurashiki, Okayama, Japan; the thermoplastic poly-
urethane TPU-A92 was offered by Huntsman (Germany). The
perfluoroalkoxy (PFA) supports for the fabrication of polymer films were
purchased to Bohlender, Gmbh, Germany. Mili-Q ultrapure water was
used in all experiments.
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2.2. Instrumentation

The chemical identities of the compounds under investigation were
confirmed through the utilization of various analytical techniques,
including 'H NMR, 'C NMR, DEPT-135, 2-D COSY, 2D-HSQC, and 2-D
HMBC NMR spectroscopic techniques. The 'H NMR and 3C NMR
spectra were acquired on a Bruker Avance 114600 spectrometer (Insti-
tute of Organic Chemistry with Centre of Phytochemistry - Bulgarian
Academy of Sciences/NMR Centre) using 5 mm tubes. The measure-
ments were performed in CDCl3 at 293K, with operating frequencies of
600.13 MHz and 150.92 MHz for the 'H- and '3C- nuclei, respectively.
The 'H- and '3C- nuclear magnetic resonance (NMR) spectra were
standardized using the reference signal of CDCl3 with a chemical shift
value (8) of 7.26 ppm for the H NMR and 77.16 ppm for the 3¢ NMR,
respectively. The precision of chemical changes is determined at a level
of 0.01 ppm. The coupling constants (J) are displayed with a precision of
0.1 and denoted in units of hertz (Hz). The spin multiplicity observed in
the 1H- nuclear magnetic resonance (NMR) spectroscopy was repre-
sented using the following abbreviations: s for singlet, d for doublet, t for
triplet, q for quartet, dd for doublet of doublets, dt for doublet of triplets,
td for triplet of doublets, and m for multiplet. MestreNova v. 14.1.1
(Mestrelab Research S.L.) was used for processing the spectra. High-
Resolution Mass Spectrometry analyses have been performed in the
Laboratory for Biological Mass Spectrometry-Isabel Moura (PROTEO-
MASS Scientific Society Facility), using UHR ESI-Qq-TOF IMPACT HD
(Bruker-Daltonics, Bremen, Germany). Samples of the corresponding
compounds were prepared by dissolution in 50 % (v/v) Acetonitrile
containing 0.1 % (v/v) aqueous formic acid to obtain a working solution
of 0.1 pg/mL. Mass spectrometry analysis was carried out by the direct
infusion of the compound solutions into the ESI source. MS data were
acquired in positive polarity over the mass range of 80-1300 m/z.
(Capillary voltage: 4500 V, End plate offset: —500 V, Charging voltage:
2000 V, Corona: 4000 nA, Nebulizer gas: 0.4 Bar, Dry Heater: 180 °C,
Dry gas: 4.0 L/min).

UV-Vis absorption spectra were recorded on a JASCO V-650 spec-
trophotometer and the fluorescence emission spectrum on a HORIBA
Scientific FLUOROMAX-4 spectrofluorometer from BIOSCOPE-
PROTEOMASS facilities. Otherwise stated, all photophysical experi-
ments were carried out at 293 K using a quartz cell with 10 mm of optical
path.

2.3. Synthetic procedures

2.3.1. General procedure (GP) for the synthesis of L1 and L2

Cyclic tetramine (1.0 eq. of 2 or 3) and dry DIPEA (8.0 eq.) were
dissolved in 50 mL dry DCM, and the formed clear solution was cooled
down to 5 °C with ice-water. Dansyl chloride (4.5 eq.) was added in one
portion and stirring was maintained for 30 min at this temperature.
Subsequently, the reaction mixture was stirred for 4 days at r.t. The
reaction outcome was monitored by TLC (mobile phase - DCM:MTBE =
100:1 v/v). Workup: the reaction mixture was diluted with DCM and
washed consequently with aq. citric acid (x1), aq. KoCOs (x1) and
distilled water (x1). The organic phase was dried over anhydr. NaySO4
and the solvent was evaporated to dryness. The crude product was pu-
rified by silica gel column chromatography affording compounds L1 or
L2, respectively.

2.3.2. Data for 5,5,5",5"-(1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetrasulfonyltetrakis(N,N-dimethylnaphthalen-1-amine) (L1)

This compound was prepared according to the general synthetic
procedure described above using cyclen (2) (1.00 mmol, 0.172 g, 1 eq.),
DIPEA (8.00 mmol, 1.39 mL, 1.39 mL) and dansyl chloride (4.50 mmol,
1.214 g, 4.5 eq.) (1). Column chromatography: stationary phase - 75 g
silica gel; Mobile phase - DCM:MTBE = 75:1v/v. The target product L1
was obtained in 0.984 g (89 %) as a light-yellow powder. m.p.
178-179 °C. 'H NMR (600 MHz, CDCl3) 6 8.57 (d, J = 8.5 Hz, 4H), 8.49
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(d, J = 8.7 Hz, 4H), 8.01 (dd, J = 7.4, 1.2 Hz, 4H), 7.53 (td, J = 9.0, 7.5
Hz, 8H), 7.18 (d, J = 7.1 Hz, 1H), 3.67 (s, 16H), 2.89 (s, 24H). '3C NMR
(151 MHz, CDCl3) 6 151.83, 133.19, 130.79, 130.74, 130.44, 129.63,
128.57, 123.35, 119.82, 115.50, 51.34, 45.56, 0.14. ESI-MS: [M+H]"
for Cs¢Hg4NgOgSs = 1105.3758 m/z (—4 ppm), calculated [M+H]™" for
C56H64N808S4 = 1105.3803 m/z; [1VI-|-2H]Jr for C56H64N30354 =
533.1937 m/z (—0.1 ppm), calculated [M+2H]" for Cs¢Hg4NgOgSy =
533.1938 m/z. EA Found C: 60,21; H: 5.95; N: 9.22 and S: 10.95 %.
Cs6HgaNgOgS4 requires C: 60.85; H: 5.84; N: 10.14 and S: 11.60 %.

2.3.3. Data for 5,5,5",5"-(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-
tetrasulfonyDtetrakis(N,N-dimethylnaphthalen-1-amine) (L2)

L2 compound was prepared according to the general synthetic pro-
cedure described above, employing cyclam (1.00 mmol, 0.200 g, 1 eq.)
(3), DIPEA (8.00 mmol, 1.39 mL, 1.39 ml) and dansyl chloride (4.50
mmol, 1.214 g, 4.5 eq.) (1). Column chromatography: stationary phase -
75 g silica gel; Mobile phase - DCM:MTBE = 25:1 v/v. The target product
L2 was obtained in 1.025 g (90 %) as a light-yellow powder. m.p.
227-228 °C. 'H NMR (600 MHz, CDCl3) 6 8.55 (d, J = 8.5 Hz, 4H), 8.33
(d, J = 8.7 Hz, 4H), 8.04 (dd, J = 7.3, 1.2 Hz, 4H), 7.52 (ddd, J = 8.5,
7.5, 1.2 Hz, 8H), 7.17 (d, J = 7.3 Hz, 4H), 3.37 (s, 8H), 3.31 (t, J = 7.0
Hz, 8H), 2.88 (s, 24H), 1.95 (p, J = 7.1 Hz, 4H). 13C NMR (151 MHz,
CDCl3) & 151.89, 133.62, 130.75, 130.33, 130.28, 129.91, 128.50,
123.35, 119.55, 115.48, 48.14, 47.21, 45.55, 27.65, 0.13. ESI-MS:
[M+H]" for CsgHggNgOgSs = 1133.4077 m/z (—3.4 ppm), calculated
[M-Q—H]+ for C58H68N80854 = 1133.4116 m/z; [1\/[—‘4-2[‘[]Jr for
CsgHpgNg0gSs = 567.2103 m/z (1.6 ppm), calculated [M+2H]" for
CsgHegNgOgS4 = 567.2094 m/z. EA Found C: 61,13; H: 6.24; N: 9.67 and
S: 11.30. CsgHggNgOgS4 requires C: 61.46; H: 6.05; N: 9.89 and S: 11.32
%.

2.4. Spectrophotometric and spectrofluorimetric measurements

2.4.1. Photophysical characterization and titrations

Photophysical measurements began with the preparation of stock
solutions of compounds L1 and L2 (ca. 103 M) in various solvents
(CH3CN, DMSO, CHClg, and THF), by dissolving each ligand in a 10 mL
volumetric flask and diluting with the corresponding solvent. The
working solutions in the range of 107> — 107® M were then prepared by
dilution of the stock solutions.

Titrations of L1 and L2 were performed by successive additions of
microliter aliquots of standard solutions of Ca*, Co?*, Ni2*, Cu®*, Zn2*,
Ag*, Cd**, Hg?" ions prepared in acetonitrile. A correction for the
absorbed light was performed when necessary. The temperature
dependent emission spectra were recorded by encapsulating the mate-
rial between quartz plates, and over a hotplate with temperature control
for measurements at variable temperature. Additionally, mixtures con-
taining different water fractions (fy), (f, = 0 %, 17 %, 33 %, 55 %, 67 %
and 83 %) with a final concentration of 10 pM were prepared and
characterized by absorption and emission spectroscopy. Luminescence
spectra of the compounds in the solid state and of doped polymer thin
films were recorded using a fiber-optics device connected to the spec-
trofluorometer while exciting the samples at appropriated wavelength.

2.4.2. Fluorescence quantum Yield and lifetime

The evaluation of the relative photoluminescence quantum yields
was performed by preparing a solution of dansylamide in DMSO (¢ =
0.47) as reference standard for quantifying the relative QY of L1 and L2
in all studied solvents [46]. Lifetime measurements were recorded on a
Tempro Fluorescence Lifetime System with a Horiba Jobin-Yvon
NanoLed pulsed diode controller. All measurements were carried out
at 293 K.
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2.5. Determination of the detection and quantification limits (LOD and
LOQ)

Determination of the detection limit (LOD) and quantification limit
(LOQ) began by collecting ten independent measurements of a solution
containing the selected probe and no addition of any metal ion (¥pjank)-
Final determination of the LOD and LOQ values followed the subsequent
formulas [47,48].

LOD = yd1 = Yplank + 3std, where yq; = signal detection limit and std
= standard deviation.

LOQ = yd1 = Yblank + 10std, where yq4; = signal detection limit and std
= standard deviation.

The final step involved the determination of the minimal detectable
and quantified concentration of metal ion by titration with the ligands.

2.6. Preparation of polymer dye-doped thin films
- KURARITY L44285 film

Production began by weighting 100 mg of polymer in a vial and was
dissolved in 5 mL of chloroform whereas 1 mg of the compound (L1 or
L2) was weighted in a separate vial and dissolved in 1 mL of chloroform.
Then, the polymer solution was stirred aided by heating at 70 °C and
when the polymer was completely dissolved, the compound solution
was added, and they were mixed.

- IROGRAN A 92 P 4637

TPU’s solution was prepared by weighting 100 mg of this polymeric
material in a vial and in another vial was weighed 1 mg of the com-
pound. The amount of TPU weighted was dissolved in 10 mL of THF over
stirring at room temperature until it was totally dissolved. The dye so-
lution was prepared in THF for L1-2 and then added to the polymer
solution.

The resulting solution from the mixture of the compound solution
and the polymer solution was poured into a perfluoro alkoxy alkane,
PFA, support with 5 cm of diameter and left it to slow evaporation at
room temperature during ca. 24h.

3. Results and discussion
3.1. Synthesis

The synthesis of both compounds L1 and L2 was accomplished under
classical conditions for the preparation of sulfonamides from amines and
sulphochlorides (Scheme 1). Both cyclen (2) and cyclam (3) were dis-
solved in dry DCM and reacted with an excess of dansyl chloride (1) in
the presence of dry DIPEA. Analytical samples of L1 and L2 were ob-
tained after column chromatography on silica gel and were fully char-
acterized by 1D and 2D-NMR spectroscopic techniques, HRMS and
melting point temperatures.

3.2. Photophysical characterization

The tetradansylated derived compounds of cyclen and cyclam
exhibit photoluminescent properties both in solution and in the solid
state. Fig. 2 shows the molecular representation side by side with pho-
tophysical data of compound L1 and L2 in chloroform recorded at 293 K
as a representative example (Figs. S5-56) while the data in all solvents
are summarized in Table 2.

Considering the UV-Vis spectra, L1 and L2, show a maximum at ca.
344 nm which is assigned to the n - t* transition of dansyl chromophore
contributing to the absence of any colour visible to the naked eye. Upon
excitation at the appropriate wavelength, the samples emit a greenish
light with a maximum centered around 502 nm and 499 nm, charac-
teristic for the dansyl moiety due to the intramolecular charge-transfer
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dry DCM, DIPEA

\
N \
/ 0=5=0
L1 (89%) ! l
/N\

5°C tor.t., 4 days

Scheme 1. Synthetic approach to the preparation of the target compounds L1 and L2.

100 mg polymer

a) KURARITY L44285;
CHCI3; Stir (70°C)
b) IROGRAN A 92 P
4637; THF, Stir (r.t.)

+ 1 mgcompound

b) THF, Stir (r.t.)

a) CHCIL3; Stir (70°C)

a)& b)Slow

evaporation;
24h(rt)

Fig. 1. The method of synthesis of a) KURARITY L44285 and b) IROGRAN 4 92 P 4637 films.

(ICT) band between the N,N'-dimethylamine (donor) and the sulfon-
amide (acceptor) functions, resulting in a Stokes shift of 9149 and 9029
cm™L. On a relatable note, significant disparities can be noted regarding
the solid-state emission spectra on both compounds where a wide band
centered at 508 nm is recorded for L1 much similar to the one in chlo-
roform solution, while for L2, a clear, blue-shifted emission is evident
accompanied by an emission maximum at 487 nm.

The fluorescence quantum yield has been determined using dansyl
amide as a standard for both dansyl derivatives. Significantly higher
values of 35 % and 41 % have been attained for L1 and L2 in chloroform,
while for the remaining solvents, values were in the range of 24-34 %.
Double digit nanosecond times were observed from time-resolved fluo-
rescence decay curves for all solvents sitting in the range of 12.4-15.2
ns, however, no relevant association can be determined between the
characteristics of the solvent and compounds studied.

However, the presence of a solvent environment significantly affects
the stabilization of the ligand’s excited state due to the alteration of the
fluorophore’s dipole moment. Based on the information presented in
Table 1, the increase in solvent polarity is accompanied by an increase of
the energy gap and, consequently, an increase in Stoke’s shift, which
translate into a bathochromic shift. The shift presented can be related to
a positive solvatofluorochromic effect due to the capacity of the
environment-sensitive dyes to change their fluorescence maximum

wavelength aligned with the solvent polarity, behaviour well noticed in
Fig. 2.

Aligned with these observations, efforts have been made to thor-
oughly characterize the interactions between the solvent and the com-
pound. To achieve this, three solute-dependent parameters (vg, a, b and
p) have been determined through the multiparametric fitting of the
Kamlet-Taft equation (Equation (1)).

v=vo +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
behaviour to solvent polarity; a: hydrogen bond donor acidity (HBD); B:
hydrogen bond acceptor basicity (HBA); n*: stabilization of a charge or
dipole without a specific dielectric interaction (Table 1) [49,50].

Table 3 presents the reference wavenumber value vy, the fitted pa-
rameters (a, b and p) alongside the slopes and correlation coefficients
obtained through the fitting of a linear plot of veyp Versus veae, by
applying the Kamler-Taft model. It is perceptible for both compounds
extended negative values of a and b parameters, where some relevant
differences are present in the predisposition towards hydrogen bond
donor sensitivity being L2 more slightly prone to be influenced by protic
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Fig. 2. (a) Molecular structure of tetradansylated cyclen and cyclam derived compounds L1 and L2. Photophysical characterization of derivatives L1 (b) and L2 (c) in
chloroform ([L1] = [L2] = 5 uM). Images under UV light for (d) L1 (left) and L2 (right) in different solvents.

Table 1

Spectroscopic polarity parameters, physical properties of the different solvents.
¢, relative permittivity; n: refractive index; o: the solvent’s HBD acidity; f: the
solvent’s HBA basicity; n*: the solvent’s dipolarity/polarizability.

Solvent & o B * n

DMSO 47.24 0 0.76 1.00 1.47
ACN 35.94 0.19 0.40 0.66 1.34
THF 7.58 0 0.55 0.58 1.40
CHCl3 4.89 0.20 0.10 0.69 1.44

solvents. Finally, large negative p value observed for L2 indicate a more
instability towards highly polarizable solvents presumably due to the
increase in size with less rigidity due to the introduction of two carbons

Table 2

in the macrocycle.

3.3. Exploring the behavior in aqueous media

Solutions with different ratios of water in THF were prepared and
measured by absorption and fluorescence emission spectroscopy in

Table 3
Independent fluorescence wavenumber (v0), solvent polarity (p), HBD (a), HBA
(b), slope and coefficient (R?) of the linear fitting plot Dexp. VETISus eac.

0o a b p Slope R?
L1 21795 —6245 —-3399 —415 1.00 1
L2 22197 —6548 —3357 -741 1.00 1

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

quantum yields (¢), emission maximum in the solid state (Xﬁ‘&“d), brightness (¢ x ¢), fluorescence lifetimes (1) for compounds L1 and L2 in various solvents.
Cpd. Solv. abs [nm] Aem [nm] £ (10" [em™' M™'] Stokes shift [cm '] & (%) A3l [nm] (ex¢) (10%) [em ' M™] t[ns]
L1 DMSO 347 532 2.23 10021 28 508 6.24 13.6
CH3CN 344 527 2.38 10094 24 5.71 12.4
THF 340 508 2.25 9726 30 6.75 15.1
CHCl3 344 502 2.01 9149 35 7.04 14.8
L2 DMSO 345 529 1.95 10081 34 487 6.63 15.2
CH3CN 342 523 2.26 10119 28 6.33 13.4
THF 340 502 2.09 9491 27 5.64 13.9
CHCl3 344 499 2.33 9029 41 7.04 15.2
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order to evaluate the optical properties of the ligands when exposed to
water. Fig. 3 shows that the increase of water content is responsible for a
decrease in the emission intensity to 67 % following a bathochromic
shift, while at 83 % of water content, an increase on luminescence in-
tensity (ca. 40 %) is evident without a shift when comparing to the initial
solution. This increase of emission intensity with water fraction of 83 %
translates on a fluorescence quantum yield values increase (pL1 = 49,7
%; @L2 = 50,4 %) than in the absence of water (¢pL1 = 30 %; ¢L2 = 27
%), which suggest an aggregation induced emission (AIE) effect, i.e.,
when in the vast majority of water medium, the ligand molecules tend to
aggregate and restrict the intramolecular rotation blocking the non-
radiative relaxation [51,52]. While in the presence of 67 % of water,
both ligands reveal some solubility issues as shown in Fig. 3, where some
precipitate is observed which contributes also to the decrease of the
emission signal and clarifies the decrease in the absorption profile.
Initially, when the water content is increased, there is a notable rise
in the baseline as seen in the absorption spectra of the solution
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containing 83 % water. The observed rise in the absorbance measure-
ment can be attributed to a light scattering artifact caused by the pres-
ence of aggregates, which adds to the inherent heterogeneity. Through
dynamic light scattering, the solutions were measured resulting on
different polydispersity index, PDI;; = 0,127; PDI;, = 0.049 with hy-
drodynamic sizes of 134 + 3 nm (L1) and 98 + 1 nm (L2), and zeta
potential of —18 + 1 mV (L1) and —22 + 2 mV (L2). The PDI obtained
reflect the presence of monodisperse aggregates for the two compounds,
with slightly differences on the size and zeta potential due to the mo-
lecular organization in aggregates.

3.4. Metal ions sensing

Considering the possible use of dansyl derivatives for detecting metal
ions, we evaluated the capacity of L1 and L2 to sense metal ions,
including, Ca?*, Co?*, Ni2t, cu?*, zn?*, Ag*, Ccd?*, Hg?", which were
evaluated in acetonitrile. Fig. 4 illustrates the impact on the emission
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Fig. 3. Absorption (a,d) and emission spectra (b,e) of L1 (a,b) and L2 (d,e) in THF with different water fractions f,, (0 %, 17 %, 33 %, 55 %, 67 %, 83 %), [L1] = [L2]
=10 pM. Images of L1 (c) and L2 (f) in THF with different water fractions. Hydrodynamic diameter of L1 (g) and L2 (h) aggregates according to number, volume, and
intensity distributions and zeta potential (i) of a solution of THF/water with f,, = 83 %.
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intensity when 1, 5, and 10 equivalents of the aforementioned metal ions
are added. It is evident that the absorption and emission spectra only
exhibited significant spectrum alterations in the presence of mercury(Il)
and copper(Il) ions. By adding only 1 equivalent of both metal ions, the
emission signal is significantly reduced. Subsequently, adding 5 equiv-
alents completely suppresses the fluorescence intensity. Thus, both
compounds exhibit strong selectivity for the specified metal ions.

Thereby, Fig. 5 displays the titrations of L1 and L2, in acetonitrile,
upon successive addition of Cu?* (a, ¢) and Hg?" (b, d) microliter ali-
quots, respectively, conducted through spectrophoto- and spectro-
fluorimetric devices.

The progressive addition of Cu" ions results, generally, in a decrease
on both the absorption and the emission spectra. The absorption spectra
display a decrease of the main band centered at 345 nm and 342 nm for
L1 and L2, respectively. A remarkable decrease in luminescence in-
tensity is also observed without noticing any particular shift of the
maxima (530 nm and 522 nm for L1 and L2, respectively). Copper ion is
a paramagnetic transition metal with an unfilled d orbital that can
induce mechanisms like electron transfer or energy transfer caused
quenching, consequently, the quenching in luminescence is observed.

Similarly, as Hg?" solution is gradually added, a decrease is noted on
the main absorption band at 344 nm without any shift. Looking to the
spectrofluorimetric data, at 525 nm for L1, a quenching of the emission’s
intensity occurs, causing an almost complete suppression upon added 2
equivalents of the metal ion and, consequently, the formation of a
plateau. Attending to Fig. 5 (c and d), an analogous behaviour is verified
for L2. Hg?* ions exhibit diamagnetic properties with a d'° configura-
tion and large atomic number, in that case, the formation of heavy atom
complexes can lead to non-radiative deactivation explaining the
observations.
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Therefore, considering that in the presence of Cu?>* and Hg?", both
ligands show an absorption and a fluorescence decay, while a chelation
enhanced quenching effect (CHEQ) phenomenon is suggested, where L1
and L2 coordinate to the metal ion resulting in the corresponding
complexes evidenced by Fig. 6 [53-61].

In order to completely assess the sensing ability towards Hg?* and
Cu2+, the HypSpec software [62] was used for the calculation of the
interaction constants of all complexes. Furthermore, the determination
of the detection and quantification limit parameters of both compounds
towards both has been fulfilled. The association constants, LOD and LOQ
are included in Table 4.

The stability constants were evaluated based on the stoichiometry
1:1 (L:M) by keeping in mind the complex centers evidenced by the
ligand structures. The stability constants values for L1 and L2 towards
both metal ions clarify the high affinity between both species being the
highest constant found for L2 towards Cu?®* with a value of LogKass. =
5.870 + 0.003. Thus, detectable differences rise while considering the
two macrocycles specially for Cu>" sensing in the observed values since
the presence of two more carbons provide the flexibility to better
accommodate the metal ion.

The lowest detectable and quantifiable amounts were determined for
L2 (2.0 pM and 3.0 uM), having the potential to be useful in applications
such as environmental monitoring, where the presence of Hg>" needs to
be detected and quantified at low concentrations.

3.5. Designing Temperature-Responsive materials using dansyl derivative
emission

Since L1 and L2 have shown solid-state emission and exhibit sol-
vatofluorochromism due to the varying properties of different solvents,
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Fig. 4. Normalized emission intensity of L1 (a) and L2 (b) upon addition of 1, 5, and 10 equivalents of Ca®*, Co?*, Ni®*, Cu®*, Zn*, Ag*, Cd®", and Hg?" metal ions

in acetonitrile. ([L1] = [L2] = 5 pM, T = 298K).
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Fig. 6. General representation of the chelation enhanced quenching effect after complexation with Cu®>* and Hg*" metal ions.
the next step is to modulate the emission of these ligands in solid- quenching in the fluorescence emission, linear at certain ranges, in the
supported materials to develop molecular thermometers based on case of L1, with no visible shift with respect to the maxima band. Be-
their emission properties. Initially, these compounds have been studied tween ca. 40 °C-110 °C a linear behaviour is evident, therefore, within
without the use of solid supports. To this end, the emission of each probe this range, this ligand can function as a probe in optical sensing due to its
was recorded as the temperature increased in the solid state. Fig. 7 photochemical stability. However, around 120 °C, a sudden decrease in
presents the emission spectra and the plot of I,y versus temperature for intensity was observed compromising the recovery of luminescence
compound both compounds. While heating, both compounds display a (only ca. 20 %, Fig. S7). The decrease in the fluorescence intensity with
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Table 4

Association constants using HypSpec software for compounds L1 and L2 towards
Hg?" and Cu®" ions with included stoichiometry in acetonitrile. Respective
values for the detection limit (LOD) and quantification limit (LOQ) amounts
(uM) were measured by the emission at 509 and 513 nm for L1 and L2,
respectively.

Compounds ~ Metal Association constants LOD LOQ
o (LogKass.), LM (M) (HM)

L1 Ccu** 5.613 + 0.002 2.9 3.4
Hg2+ 5.104 + 0.002 3.5 3.8

L2 cu?* 5.870 + 0.003 2.8 4.4
Hg>" 5.047 + 0.002 2.0 3.0

increasing temperature is caused by the loss of intermolecular in-
teractions that leads to the melting point observed at 178 °C in the case
of L1.

In another way, L2 can maintain a steady emission and there is no
observation of a sharp quenching on the fluorescence intensity until
200 °C due to the higher melting point observed for this compound at
227 °C, characteristic that provides the recovery of ca. 90 % of the
emission (Fig. S7).

Building on previous findings, several doped polymer thin films have
been developed to enhance sensing applications. Following the synthesis
procedure of Fig. 1, compounds L1 and L2 were doped into Kurarity and
TPU. Fig. 8 compares the emission spectra of these compounds in their
solid state with their emission in the various polymer thin films.
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In summary, polymer thin films were effectively created, and their
emission characteristics were examined. Fig. 8 clearly shows that the
Kurarity of the polymer matrix can adjust the final emission of the film
by interacting with the probe, causing a blue shift in the emission to 480
nm for both compounds. On another hand, the Irogran films maintain
the emission maximum wavelength observed in the solid state. Similar
behaviours have been observed in a previous work demonstrating the
modulation of the emission using polymer matrix of dansyl derivatives
[11.

Considering the previous results, the polymer-doped films were
studied under varying temperatures to determine if the constraints
found in the solid state for L1 and L2 could be mitigated. Fig. 9 presents
the temperature dependent emission spectra of L1 doped in both Kur-
arity and Irogran polymer matrixes as a representative example. The
emission spectra for polymer-doped films of L2 can be found in Fig. S8.

An attenuation of the emission is observed in both polymer-doped
films as the temperature increases, up to a maximum of 200 °C.
Intriguingly, the behavior of L1 in its solid state, as influenced by its
melting point, does not have an impact on the emission profile in Kur-
arity. In this case, the polymer matrix functions as a medium to maintain
emission at higher temperatures by offering adequate conductivity,
thereby reducing the thermally activated non-radiative processes dis-
played by the compounds and prevent the melting. During the temper-
ature variation cycle, it is possible to perceive linearity from 40 °C to
200 °C and a recovering to 80 % of the initial fluorescence is observed
after cooling. Regarding the Irogran doped material, it exhibited the
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Fig. 7. Temperature-dependent emission spectra of L1 in the solid state (a) collected through a warming cycle between 25 °C to 200 °C. Iorm. vs. T plot recorded in
the emission maximum at 504 nm upon heating (b) [40 to 110 °C (Y = 1.0529 - 0.0016231x), yielding R = 0.99139]. Temperature-dependent emission spectra of L2
(d) collected through a warming cycle between 24 °C to 200 °C. Iyorm. Vs. T plot recorded in the emission maximum at 487 nm upon heating (d).
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same behavior as in its solid state, which hindered the restoration of the
emission at the end of the cycle.

In the case of L2 doped materials (Fig. S8) similar ranges of linearity
have been found when doped in Kurarity with also almost complete
recovery of the emission while for Irogran the fast quenching at 150 °C
hampered the emission rise at 25 °C to reach past 25 %. These data show
that by attaching the probe to a solid substrate, it can be used as a
molecular thermometer without being limited by its physical properties.

4. Conclusions

Two fluorophores, based on tetradansylated cyclen and cyclam, were
synthesized and their photoluminescent characteristics were investi-
gated. Efforts were undertaken to study the photophysical features of
dansyl compounds in various solvents to fully understand the impact of
each solvent’s intrinsic properties on the emission of the probes,
considering that dansyl compounds commonly display solvato-
fluorochromism. Implementation of the Kamlet-Taft equation expressed
in detail the solute-solvent interactions with a positive solvato-
fluorochromism behaviour is present for both compounds. Furthermore,
the compounds were found to modulate their emission in the presence of
water expressing aggregation induced emission at high water content
that was confirmed by dynamic light scattering experiments with hy-
drodynamic sizes of 134 + 3 nm (L1) and 98 + 1 nm (L2). From an
environmental remediation perspective, L1 and L2 were found to
quench their emission in the presence of Hg2+ and Cu?' ions. Mono-
nuclear species were proposed with Cu?>* and Hg?* and that L2 has the
highest association constant with cu?t (Log Kgss. = 5.87) while the
lowest LOD and LOQ was found for Hg?" of 2 pM and 3 pM, respectively.
Finally, the probes were characterized in the solid state and incorpo-
rated into solid supports to develop molecular thermometers. Polymers
such as Kurarity and TPU were doped with the compounds, and their
luminescence properties were studied. The polymer matrix Kurarity was
discovered to regulate the emission maxima for both compounds. The
probes demonstrated excellent linearity throughout the heating cycle,
rendering them highly appropriate for utilization as temperature sensors
in industrial applications.
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