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Abstract: This study presents a comprehensive analysis of the synthesis and photophysical prop-
erties of thiazolidine-functionalized chiral ionic liquids (CILs) derived from L-cysteine. The syn-
thesis involves a four-step route, encompassing N-protection, coupling reactions with bromoalco-
hols, and ionic liquid formation. The optical properties of the compounds were evaluated using
UV-Vis absorption and fluorescence emission spectroscopies, revealing distinct behavior for dif-
ferent heterocycles and counter-ions. Notably, the investigation reveals that thiazolidine-based
CILs exhibit unconventional intrinsic luminescence characteristics. Building upon these photo-
physical properties, an interaction study was conducted between copper (II) and the CILs. The
findings exhibit a robust linear relationship between the optical response and the concentration
of the metal ion. Through the calculation of the Stern—-Volmer quenching constant, it was de-
termined that the 1:1 binding model is applicable. This research underscores the potential of
UV-Vis absorption spectroscopy as a highly sensitive method for detecting metal ions. By elu-
cidating the synthesis, photophysical behavior, and metal ion interaction of thiazolidine-based CILs,
this study contributes valuable insights into the field of functionalized ionic liquids and their potential
applications in various areas.
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1. Introduction

The thiazolidine moiety has emerged as a significant component in the field of biol-
ogy [1], finding extensive exploration in medicinal chemistry as a fundamental building
block for synthesizing various pharmaceutical compounds, including antibiotic drugs such
as penicillin [2], protease inhibitors, and antitumor agents [3]. It has also been employed in
the synthesis of pesticides and flavoring agents [4]. On the other hand, ionic liquids (ILs)
have found extensive application in material science and engineering, capitalizing on their
distinctive physical properties, such as their very low vapor pressure under ambient condi-
tions, a wide range of solubility for solids and gases, and low viscosity [5,6]. The notable
relevance of both thiazolidine and ILs has made them intriguing subjects for investigation,
aiming to discover compounds with new properties and applications. Recent studies have
primarily focused on the synthesis of novel IL architectures, aiming to modulate specific
properties, such as their photophysical characteristics, acidity, or thermal stability. These
efforts have targeted potential applications in the fields of chemistry, biology, and engineer-
ing [4,7]. Similarly, the optical properties of thiazolidine rings have received attention due
to their electronic characteristics [8-10].
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Therefore, constructing and investigating ionic liquids containing the thiazolidine
heterocycle have the potential to uncover compounds that combine the advantageous
properties of both classes. Our specific interest lies in chiral ILs and bio-ionic liquids among
the various structural classifications of ILs, which include chiral ILs, bio-ILs, polymeric ILs,
protic ILs, basic ILs, and metallic ILs [11]. Thiazolidine-functionalized ionic liquids can
be designed from cyclic derivatives of amino acids, providing a chiral center within the
IL's structure. These derivatives offer promising catalytic activity in asymmetric reactions,
chiral discrimination, and the sensing of biocompounds [12-15]. Additionally, the use of
bio-precursors improves environmental considerations concerning toxicity and biodegrad-
ability, expanding their potential applications [16-18]. The amino acid derivative can be
incorporated into either the cation or the anion component of the IL. The synthesis of ILs
incorporating the amino acid in the anion component can be achieved through acid-base
reactions. This approach enables the utilization of a wide range of amino acids, resulting in
various chiral ILs [19,20]. On the other hand, imparting chirality to the cation requires more
intricate synthetic routes. Recently, chiral ionic liquids derived from L-cysteine derivatives
have demonstrated high efficiency as catalysts in the enantioselective addition of diethylz-
inc to aldehydes [21]. Other derivatives derived from L-phenylalanine and L-tyrosine have
been reported, aiming to develop agents with antimicrobial activity [22], and sensors for
bovine serum albumin (BSA) were prepared from L-serine [23].

Within this context, the present work focuses on the synthesis of chiral ionic liquids and
their application for optical metal sensing. All chiral components in the ILs were derived
from L-cysteine, which is readily accessible, cost-effective, and abundantly available. The
chosen heterocycles bearing the positive charge (imidazolium and pyridinium) and selected
anions (Br- and N(Tf), ™) have been extensively studied in the literature and confer desirable
properties to ionic liquids [24]. Furthermore, previous investigations conducted by our
research group have revealed the presence of non-traditional intrinsic luminescence (NTIL)
in similar structures. Therefore, this study of experimental and theoretical photophysical
characteristics contributes to a better understanding of the phenomenon exhibited by
these derivatives.

2. Experimental Section
2.1. Materials and Methods

The commercially available reagents bis(trifluoromethanesulfonyl)imide lithium
salt (LiNTf,), L-cysteine, formaldehyde, tert-butyloxycarbonyl (Boc), 6-bromohexanol,
4-dimethylaminopyridine (DMAP), N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDCI), 1,2-dimethylimidazole, 1-methylimidazole, pyridine, and inorganic
salts were purchased from commercial suppliers and were used as received. The solvents
ethyl acetate, hexane, acetonitrile, toluene, methanol, and dichloromethane were either
used as received or were purified using standard procedures.

The hydrogen nuclear magnetic resonance (\H NMR) and carbon-13 nuclear magnetic
resonance (13C NMR) spectra were obtained using a Varian 400 MHz spectrometer, and
the measurements were conducted in deuterated chloroform (CDCl3) solutions. Chem-
ical shifts (8) are reported in parts per million relative to the peak of tetramethylsilane
(6 =0.00 ppm), which served as the internal standard for 'H NMR, or relative to the solvent
peak of CDClj3 (8 = 77.23 ppm) for 13C NMR. The data are presented as follows: chemical
shift (8), multiplicity, coupling constant (J) in Hertz, and integrated intensity. The original
spectra are presented as supplementary material (Figures S1-516). Optical rotations were
determined using a Jasco P-2000 polarimeter. High-resolution mass spectra (HMRS) were
recorded using a Micromass Q-Tof spectrometer with electrospray ionization (ESI). Col-
umn chromatography was performed on silica gel (230-400 mesh). For the photophysical
characterization, spectroscopic grade solvents were employed. UV-Vis absorption spectra
were acquired using a Shimadzu UV-2450 spectrophotometer at a concentration of 107> M,
and steady-state fluorescence spectra were measured on a Shimadzu spectrofluorometer,
model RF-5301PC. The maximum absorption wavelength (WL) was used as the excitation
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WL for fluorescence emission measurements. All measurements were conducted at room
temperature (25 °C).

2.2. Synthesis of Thiazolidine Precursor (4)

A dry Schlenk tube under argon was charged with compound 3 (0.47 g, 2.0 mmol),
dry dichloromethane (CH,Cl,) (10 mL), EDCI (0.40 g; 2.0 mmol), and DMAP (catalytic).
The mixture was stirred at room temperature for 30 min. Then, 6-bromohexan-1-ol (0.36 g;
2.0 mmol) was added, and the reaction mixture was stirred at room temperature for
24 h. After, an additional amount of CH,Cl, was added. The organic layer was washed
three times with saturated sodium hydrogen carbonate (NaHCOj3) solution, dried with
magnesium sulfate (MgSQOy), filtered, and the solvent evaporated. The product was purified
via column chromatography using ethyl acetate/hexane (10:90) as eluent to provide a
yellow oil.

(4R)-(6-bromohexyl) 3-(tert-butyl) thiazolidine-3,4-dicarboxylate (4)

Yield: 46%. [(x]%)o = —70 (c 1, CH,Cl,). 'H NMR (400 MHz, CDCl;, mixture of
conformers) 6: [4.91-4.84 (m) and 4.71-4.65 (m), 1H], [4.65-4.61 (m), 4.60-4.54 (m),
4.50-4.44 (m) and 4.44-4.37 (m), 2H], 4.22-4.09 (m, 2H), 3.41 (t, ] = 6.4 Hz, 2H),
3.36-3.23 (m, 1H), 3.23-3.13 (m, 1H), 1.92-1.81 (m, 2H), 1.72-1.61 (m, 2H), 1.51-1.34 (m, 13H).
13C NMR (100 MHz, CDCl3) &: 170.8, 170.3, 153.2, 153.1, 81.0, 65.4, 61.6, 48.9, 48.1, 34.7, 33.6,
33.3,32.5,32.4, 28.4, 28.3, 27.7, 26.4, 25.0. HRMS: calcd. for [C15HysBrNO4S]* 395.0766;
found 395.0746.

2.3. General Procedure for Chiral lonic Liquids

Method A: In a mono-tubulated, round-bottomed flask equipped with a reflux con-
denser, compound 5, acetonitrile, and the respective N-heterocycle were added. The
reaction mixture was stirred at 65 °C for 66-72 h. Then, the solvent was removed, and
the material was solubilized in a small amount of water. The solution was washed with
dichloromethane, and the water was evaporated under a vacuum.

Method B: In a mono-tubulated, round-bottomed flask equipped with a reflux con-
denser, compound 5 and pyridine were added. The reaction mixture was stirred at 65 °C
for 24 h. Then, toluene was added to the mixture, leading to the segregation of the ionic
liquids in an oil phase. The supernatant was removed with a pipette. Methanol was then
added to the flask for solubilization of the ionic product, and toluene was added again. The
process was repeated three times.

(R)-1-(6-((3-(tert-butoxycarbonyl)thiazolidine-4-carbonyl)oxy)hexyl)-2,3-dimethylimi
-dazolium bromide (5a)

Prepared according to method A using compound 4 (0.10 g, 0.25 mmol), acetonitrile
(1.5 mL), and 1,2-dimethylimidazole (0.03 g; 0.30 mmol). The reaction mixture was heated
for 72 h. A yellow oil was obtained. Yield: 81%. [oc]%o = —12 (c 1, CH,Clp). 'H NMR
(400 MHz, CDCl3, mixture of conformers) 5: 7.64-7.60 (m, 1H), 7.51-7.45 (m, 1H), [4.85-4.77 (m)
and 4.70-4.62 (m), 4.62-4.49 (m) and 4.47-4.34 (m), 2H], 4.27-4.16 (m, 2H), 4.16-4.07 (m, 2H),
3.96 (s, 3H), 3.36-3.20 (m, 1H), 3.20-3.08 (m, 1H), 2.76 (s, 3H), 2.46 (Is), 1.87-1.73 (m, 2H),
1.69-1.57 (m, 2H), 1.51-1.30 (m, 13H). 3C NMR (100 MHz, CDCl3, mixture of conformers)
6:170.9,170.6,153.3,153.2, 143.8, 123.1, 123.0; 121.2, 121.2, 81.2, 65.3, 65.2, 61.6, 48.9, 48.2,
36.2, 36.1, 34.7, 33.4, 29.7, 29.7, 28.3, 25.9, 25.8, 25.4, 25.2, 10.9, 10.9. HRMS: calcd. for
[CooH34N304S]+ 412.2265; found 412.2203.

(R)-1-(6-((3-(tert-butoxycarbonyl)thiazolidine-4-carbonyl)oxy)hexyl)-3-methylimida
-zolium bromide (5b)

Prepared according to method A using compound 4 (0.10 g, 0.25 mmol), acetonitrile
(1.5 mL), and 1-methylimidazole (0.02 mL; 0.30 mmol). The reaction mixture was heated
for 66 h. A yellow oil was obtained. Yield: 75%. [a]% = —48 (c 1, CH,Clp). 'H NMR
(400 MHz, CDCl3, mixture of conformers) &: 10.24-10.07 (m, 1H), 7.56 (s, 1H), 7.50 (s, 1H),
4.72-4.66 (m), 1H], [4.66—4.60 (m), 5.60-4.54 (m) and 4.50-4.39 (m), 2H], 4.36 (t,] =7.2 Hz,
2H), 4.22-4.13 (m, 4H), 3.37-3.24 (m, 1H), 3.23-3.14 (m, 1H), 2.48 (s, 1H), 1.94 (q, ] = 7.2 Hz,
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2H), 1.71-1.60 (m, 2H), 1.52-1.32 (m, 13H). 13C NMR (100 MHz, CDCl3, mixture of con-
formers) 6: 170.9, 170.6, 153.3, 153.2, 137.3, 123.6, 123.6, 122.1, 122.1, 81.2, 65.5, 65.2, 61.6,
49.9, 48.9, 36.8, 36.8, 34.7, 32.5, 30.1, 30.1, 28.3, 25.7, 25.6, 25.3, 25.0. HRMS: calcd. for
[C19H3oN304S]* 398.2108; found 398.2134.

(R)-1-(6-((3-(tert-butoxycarbonyl)thiazolidine-4-carbonyl)oxy)hexyl)pyridinium
bromide (5¢)

Prepared according to method B using compound 4 (0.30 g, 0.75 mmol) and pyridine
(2 mL). The reaction mixture was heated for 24 h. A yellow oil was obtained. Yield:
83%. [oc]%)o = —5 (c 1, CH,Cly). 'H NMR (400 MHz, CDCl3, mixture of conformers)
5: 9.60-9.51 (m, 2H), 8.58 (t, ] = 8.0 Hz, 2H), 8.19 (t, ] = 7.2 Hz, 2H), 5.07-4.94 (m,
2H), [4.87-4.79 (m) and 4.73-4.65 (m), 1H], [4.65—4.52 (m) and 4.49-4.37 (m), 2H], 4.13 (t,
J = 6.4 Hz, 2H), 3.40-3.26 (m, 1H), 3.24-3.13 (m, 1H), 2.61 (sl, 1H), 2.15-2.01 (m, 2H),
1.72-1.58 (2H), 1.51-1.32 (m, 13H). 13C NMR (100 MHz, CDCl;, mixture of conformers) 5:
170.8,170.5, 153.3, 153.2, 145.3, 145.2; 128.5, 81.2, 65.3, 65.2, 61.6, 61.6, 48.9, 48.2, 34.7, 33.3,
31.8, 31.7,28.3, 25.3, 25.0. HRMS: calcd. for [CyoH31N,04S]* 395.1999; found 395.2036.

2.4. General Procedure for Anion Exchange

The respective bromide was solubilized in distilled water and LiNTf, was added. The
reaction mixture was kept under stirring at room temperature for 12h. At the end of the
reaction time, the precipitation of the product as an oil was observed. Then, six extractions
were carried out with dichloromethane. The organic layers were combined, dried over
MgSOy, and the solvent was evaporated. The product was dried under a vacuum.

(R)-1-(6-((3-(tert-butoxycarbonyl)thiazolidine-4-carbonyl)oxy)hexyl)-2,3-dimethylimi
-dazolium bis((trifluoromethyl)sulfonyl)amide (6a)

Reagents and amounts used: compound 5a, (0.05 g, 0.10 mmol), LiNTf, (0.06 g,
0.20 mmol), distilled water (0.5 mL). A yellow oil was obtained. Yield: 97%. [zx]%? =-7(c1,
CH,Cl,). 'THNMR (400 MHz, CDCl3, mixture of conformers) &: 7.22-7.20 (m, 2H), [4.87—4.81 (m)
and 4.72-4.66 (m), 1H], [4.66-4.54 (m) and 4.48-4.39 (m), 1H], 4.18-4.10 (m, 2H), 4.184.10 (m, 2H),
3.80 (s, 3H), 3.39-3.24 (m, 1H), 3.22-3.13 (m, 1H), 2.61 (s, 3H), 1.80 (q, ] = 6.8 Hz, 2H),
1.66 (t, ] = 6.8 Hz, 2H), 1.51-1.32 (m, 13H). 13C NMR (100 MHz, CDCl3, mixture of con-
formers) &: 170.8, 170.6, 153.3, 153.2, 143.7, 122.6, 122.5, 120.9, 120.8, 119.7 (q, ] = 310.7 Hz,
CF3), 81.2, 65.1, 61.6, 61.6, 48.6, 48.2, 35.3, 35.3, 34.6, 33.3, 29.3, 28.2, 25.8, 25.6, 25.2, 25.0,
9.6, 9.5. HRMS: calcd. for [CyoHz4N304S]t 412.2265; found 412.2278. HRMS: calcd. for
[CoF¢NO4S,]~ 279.9178; found 279.9188.

(R)-1-(6-((3-(tert-butoxycarbonyl)thiazolidine-4-carbonyl)oxy)hexyl)-3-methylimidazolium
bis((trifluoromethyl)sulfonyl)amide (6b)

Reagents and amounts used: compound 5b, (0.65 g, 0.31 mmol), LiNTf, (0.18 g,
0.62 mmol), distilled water (1 mL). A yellow oil was obtained. Yield: 46%. [04]23) =—7(c1l
CH,Cl,). "H NMR (400 MHz, CDCl3, mixture of conformers) &: 8.74 (s, 1H), 7.40-7.36 (m, 1H),
7.36-7.33 (m, 1H), [4.91-4.79 (m) and 4.72-4.65 (m), 1H], [4.65-4.54 (m) and 4.49-4.38 (m),
2H], 4.25-4.06 (m, 4H), 3.94 (s, 3H), 3.39-3.24 (m, 1H), 3.23-3.13 (m, 1H), 1.93-1.82 (m, 2H),
1.72-1.61 (m, 2H), 1.56-1.29 (m, 13H). 13C RMN (100 MHz, CDCl3, mixture of conformers)
5:170.9,170.7, 153.4, 153.3, 136.0, 123.8, 122.4, 119.8 (q, ] = 319.5 Hz, CFj3), 81.2, 65.5, 65.3,
61.6,49.9,48.9,48.2, 36.3, 34.7, 33.3, 29.8, 29.8, 28.3, 28.2, 25.6, 25.4, 25.1, 24.9. HRMS: calcd.
for [C19H3>N304S]* 398.2108; found 398.2160. HRMS: caled. for [CoFgNO4S,]~ 279.9178;
found 279.9107.

(R)-1-(6-((3-(tert-butoxycarbonyl)thiazolidine-4-carbonyl)oxy)hexyl)pyridinium
bis((trifluoromethyl)sulfonyl)amide (6¢)

Reagents and amounts used: compound 5¢, (0.06 g, 0.12 mmol), LiNTf, (0.07 g,
0.24 mmol), distilled water (1 mL). A yellow oil was obtained. Yield: 60%. [Dé]2DO =—14(c1,
CH,Cl,). 'H NMR (400 MHz, CDCl;, mixture of conformers) &: 8.90-8.78 (m, 2H),
8.47 (t, ] = 8.0 Hz, 1H), 8.04 (t, ] = 6.4 Hz, 2H), [8.34-8.74 (m) and 4.70-4.63 (m), 1H],
4.62-4.50 (m, 3H), 4.45-4.34 (m, 1H), 4.18-4.05 (m, 2H), 3.39-3.21 (m, 1H), 3.19-3.08 (m, 1H),
2.07-1.94 (m, 2H), 1.68-1.55 (m, 2H), 1.51-1.29 (m, 13H). 13C NMR (100 MHz, CDCls,
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mixture of conformers) &: 170.8, 170.6, 153.4, 153.3, 145.5, 144.4, 128.7,119.8 (q, ] = 319.3 Hz,
CF3), 81.2,65.2, 65.1, 62.3, 61.6,48.9, 48.2, 34.6, 33.3, 31.4, 31.3, 28.3, 28.1, 25.5, 25.3, 25.1,
24.9. HRMS: calcd. for [CooH3z1N,O4S]* 395.1999; found 395.2060. HRMS: calcd. for
[CoFgNO4S,]~ 279.9178; found 279.9125.

2.5. Metal Sensing Investigation

The candidate selection for the optical sensing investigation was determined by con-
sidering the findings from the previous photophysical study and evaluating the optical
properties of each compound. The metal sensing experiments were conducted in ace-
tonitrile, and no significant alterations were detected in the optical properties concerning
the impact of the heterocycles and counter-ions. Hence, compound 5a was chosen as
the primary candidate to validate the potential of chiral ionic liquids as sensors. In this
way, a stock solution of 5a [ca. 1.0 x 10~* M] in acetonitrile was prepared. Stock metal
ion solutions of nitrate salts [ca. 1.0 X 103 M] of silver, lithium, zinc, cadmium, copper
(II), cobalt (II), and iron (III) were prepared in deionized water. An initial exploratory
study was performed by adding 2.0 mL (20 equivalents) of metal ion solution to 1.0 mL
of the ionic liquid solution. Titration experiments were performed by adding 10 to 100 uL
(0.1 to 1 equivalent) of the metal ion solution to 1.0 mL of the ionic liquid solution. The
final volume was adjusted to 3.0 mL by adding acetonitrile. The final solutions were mixed
for 5 min before recording the absorption and emission spectra. This study was conducted
in triplicate, and the average of three readings was taken into consideration.

The limits of detection (LD) and quantification (LQ) were calculated based on /1 vs. [Cu?‘]
and F/Fj vs. [Cu?*] plots from the data in absorption and emission spectra of the titration
experiment according to Equations (1) and (2) [25]:

_33x o0

LD S 1)
10x o
LQ = 3 )

where o is the standard deviation of the curve linear coefficient, and S is the angular coefficient.

2.6. Theoretical Calculations

The main techniques employed in this study were density functional theory (DFT)
and ab initio calculations, which were primarily conducted using version 5.0.3 of the
ORCA quantum chemistry package [26-28]. Initial molecular geometries for molecules
6a to 6¢c were obtained through conformational sampling performed by the semiempirical
CREST software (version 2.12) [29]. Subsequently, the most stable conformers underwent
further optimization to determine their ground (Sp) and first excited (S1) states using the
wB97X-D3 [30]/Def2-TZVP [31] level of theory, employing tight convergence criteria and
the DefGrid3 integration grid. The resulting ground-state relaxed geometries exhibited
no imaginary vibrational modes, indicating the achievement of a true energy minimum.
To study electronic transitions, we primarily utilized the domain-based local pair natural
orbitals—similarity transformed equation-of-motion coupled-cluster singles and doubles
(DLPNO-STEOM-CCSD) method [32]. For the first 5 electronic transitions, we employed
the Def2-TZVPP diffuse triple-( basis set. This method offers an efficient and highly ac-
curate approach for calculating excited state properties. To enhance interpretability and
computational efficiency, our analysis of electronic transitions incorporated natural transi-
tion orbitals (NTOs) [33]. The visualization of charge transfer via hole—particle formalism
was achieved through the electronic density difference (EDD) method. Furthermore, we
investigated the orbital properties within the DLPNO-STEOM-CCSD method by applying
natural bond orbitals (NBOs) [34]. To confirm the obtained results, we performed a valida-
tion using the MOPAC 2022 software [35]. The validation involved employing a complete
active space (CAS) procedure with the ZINDO Hamiltonian, considering 500 CI states,
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and utilizing an active space comprising 30 electrons and 15 orbitals. Time-dependent
density functional theory (TD-DFT) absorption spectra using CPCM implicit solvation
calculated using the same wB97X-D3/Def2-TZVP level of theory for the first 120 electronic
transitions with the Tamm-Dancoff approximation [36] active served as a comparison to
the DLPNO-STEOM-CCSD method. The nature of the intermolecular interactions with
bromine was examined using the second order symmetry-adapted perturbation theory
(SAPT?2) [37] method available on the Psi4 software version 1.8 [38] and the aug-cc-pVDZ
basis sets [39]. This method is known for its ability to provide insight into the physical
nature of intermolecular interactions.

3. Results and Discussion
3.1. Synthesis

The synthesis of thiazolidine-functionalized chiral ionic liquids was carried out using a
four-step route, as illustrated in Scheme 1. Initially, L-cysteine (1) underwent a reaction with
formaldehyde to yield compound 2 (80% yield), which was then subjected to N-protection
using a tert-butyloxycarbonyl (Boc) group (90% yield) [40,41], resulting in the formation
of cyclic derivative 3. Subsequently, a coupling reaction between compound 3 and the
bromoalcohols facilitated the insertion of a linker into the cyclic amino acid, enabling nucle-
ophilic substitution and attachment of various N-heterocycles. For the esterification step,
compound 3 was reacted with 6-bromohexanol using 4-dimethylaminopyridine (DMAP) as
a catalyst and N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) as
a coupling agent, resulting in the formation of compound 4 with a yield of 46%. The prepa-
ration of chiral ionic liquids involved reacting compound 4 with 1,2-dimethylimidazole,
1-methylimidazole, or pyridines in acetonitrile at 65 °C. This reaction led to the formation of
compounds 5a-5¢ with respective yields of 81%, 75%, and 83%. Finally, the anion exchange
of the chiral ionic liquids 5a-5¢ from bromide (Br) to bis(trifluoromethanesulfonyl)imide
(N(Tf), ™) was achieved by treating them with LiN(Tf), in water, resulting in the formation
of compounds 6a (97%), 6b (46%), and 6c (60%).

o]

o o]
A‘)k 37% HCHO /YL Boc,0 s OH
HS OH H,0 s 1IMNaOH (ag) N,
NH, HCl NH 1,4-dioxane/H,0 Boc
1 2,80% 3,90%

Br | EDCI, DMAP
HO b CH,Cl,

. LiNTF, ./ N-heterocycle r
S/\‘)J\O/\é/ys _LiNTR S/ﬁ)ko/\e,ys _Nheterooydle O/\é,fs
N, © H,O N, €] MeCN, 65°C \-N_
Boc NTf, Boc Br Boc
6a-6¢, 46-97% 5a-5c¢, 75-83% 4, 46%
ol i = @Nﬁ\ _ @Nf\,\,\ of
N U e
(a) (b) (c)

Scheme 1. Synthetic route for thiazolidine containing chiral ionic liquids 6a—6c.

3.2. Photophysics

With the emergence of the concept of non-traditional intrinsic luminescence, there has
been increasing interest in understanding the optical properties of various chemical systems
that exhibit fluorescence even in the absence of traditional luminophores [42-44]. These fea-
tures are reported for simple molecules with heteroatoms, macromolecules, supramolecular
assemblies, as well as nonaromatic amino acids [45-47]. Additionally, it has been reported
that electron-rich compositions and/or functional groups containing heteroatoms, such as
nitriles [48], maleimides [49,50], aliphatic tertiary amines [51-53], double-bonding contain-
ing compounds [54,55], and various heteroatoms (N, O, P, and S) [56-58], can contribute to
the photophysical behavior of these systems. Consequently, several studies have begun
to explore the photophysical behavior of these unconventional compounds, focusing on
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specific structural characteristics. The NTIL phenomenon is primarily associated with the
presence of electron-rich functional groups and the capacity for molecular organization in
aggregates or clusters. Remarkably, all these criteria are observed in the thiazolidine-based
ionic liquids synthesized in our study. In this way, the optical properties of compounds
5a-5c and 6a—-6¢ were investigated through a photophysical study using UV-Vis absorption
and steady-state fluorescence spectroscopies. This analysis aimed to evaluate the impact of
different positively charged heterocycles, counter-ions, and structural modifications in com-
parison to the previously studied CIL derivatives [23]. The photophysical characterization
was conducted using diluted solutions (1072 M) in ethanol and acetonitrile as the solvents.
Detailed information regarding the electronic ground and excited states can be found in
Table 1. Figure 1 presents the UV-Vis absorption spectra of the thiazolidine-containing
ionic liquids 5a-5¢ and 6a—6c in both ethanol and acetonitrile.

Table 1. Photophysical data of ethanol and acetonitrile [ca. 105 M] of the bromide 5a-5¢c and triflate
6a—6c¢ chiral ionic liquids where ¢ is the molar extinction coefficient, A, is the absorption band, and
Aem is the emission maxima, respectively.

e x 103

Compound Solvent Aabs (nm) (M-1.cm-1) Aem (nm) !

5a Ethanol 204 6.2 327
Acetonitrile 208/241 7.4/0.6 334

5b Ethanol 204 8.4 329
Acetonitrile 207 24.3 329

5¢ Ethanol 204/259 9.1/14 354/456
Acetonitrile 207 /257 274/4.1 -2

6a Ethanol 207 13.8 330
Acetonitrile 206 20.1 331

6b Ethanol 206 9.9 339
Acetonitrile 208 36.2 329

6¢ Ethanol 208/258 14.4/3.4 -2
Acetonitrile 207/257 11.4/4.1 -2

1 Emission maxima (Aem) were recorded exciting the molecules in the wavelengths observed in excitation
spectra (see supporting information). Absorptions around 210 nm do not afford any fluorescence emission.
2 Monotonic profile.
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Figure 1. UV-Vis absorption spectra in (a,b) ethanol and (c,d) acetonitrile solutions [ca. 10~3 M] of
thiazolidine-based CILs 5a-5c (left) and 6a—6c (right).
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These compounds exhibit transparency to visible light, as previously observed in
other ILs containing imidazolium and pyridinium moieties [59,60]. Interestingly, these
ILs displayed very low molar extinction coefficients in this spectral region. The optical
properties of the imidazolium-based ILs exhibited distinct behavior depending on the
anion and solvent parameters. In particular, compounds 6a—6b, which contain N(Tf),
as the anion, demonstrated a similar absorption profile with a single band centered at
211 nm in both solvents (see supporting information). In contrast, compound 5a, when
solubilized in acetonitrile, displayed an additional well-defined absorption band with a
slightly lower intensity centered at 241 nm in addition to the band around 210 nm. The
appearance of this redshifted band can be attributed to the formation of a charge transfer
complex, indicating a strong interaction between the positive and negative components of
the compound. Similarly, compound 5b, when solubilized in ethanol, exhibited a distinct
absorption band with a redshifted shoulder, suggesting an additional, low-intensity band
also associated with charge transfer. This observed profile may also be indicative of the
presence of various assembled species with differing energy levels. The pyridinium-based
ILs, namely compounds 5¢ and 6¢, exhibited similar behavior regardless of the solvent or
anion used. As depicted in Figure 1, a well-defined absorption band centered at 258 nm was
observed, corresponding to the S; (7r7t*)<—Sy electronic transition of the pyridinium cation.
Additionally, both compounds 5¢ and 6c¢ displayed an additional absorption peak around
210 nm in both ethanol and acetonitrile. This phenomenon has been previously observed
in other pyridinium-based ILs and is attributed to the charge transfer to the solvent [61].

Figure 2 illustrates the emission spectra of compounds 5a—-5¢ and 6a—6c in ethanol
and acetonitrile. In general, these compounds do not exhibit fluorescence emission when
excited at the wavelengths observed in the UV-Vis absorption spectra except for com-
pounds 5¢ and 6c¢. For these 2 compounds, excitation at 258 nm resulted in emission in the
UV to violet region. It is worth noting that non-traditional emission, as described in the
literature, is typically associated with high-energy transitions corresponding to excitation
wavelengths ranging from 225 to 400 nm. Therefore, various excitation wavelengths within
this energy range were tested to investigate their optical response, as already reported in
the literature [53]. In this sense, steady-state emission spectra were acquired using 220 nm,
250 nm, 280 nm, 310 nm, and 340 nm as excitation wavelengths (Figures 517 and S18). The
investigation unveiled that all compounds exhibited greater intensities when excited at
higher energies, with the highest emission intensity recorded at an excitation wavelength of
280 nm. These results are consistent with what was observed in the excitation spectra of the
studied compounds, which exhibit maximum values around 280 nm (Figures 519 and S20).
Furthermore, the location of the emission maxima (Aem = 290-390 nm) exhibits changes
depending on the excitation wavelength (Aex = 250-340 nm). As the excitation wavelength
is shifted towards longer wavelengths, corresponding to the tail portion of the absorption
band, the fluorescence maximum gradually shifts towards longer wavelengths, accompa-
nied by a progressive decrease in overall intensity. Interestingly, the effect of the positively
charged heterocycles, counter-ions, and solvent does not seem to influence the excited state
properties significantly. The compounds predominantly emit in the UV region with a peak
around 330 nm. However, compound 5c¢ in ethanol displays a distinct behavior, exhibiting
a dual emission in the UV to blue region with maxima at 353 nm and 453 nm. Considering
the photophysical behavior exhibited by these ionic liquids with their structural character-
istics, it is evident that these compounds belong to the category of molecules that display
non-traditional luminescence. The noteworthy characteristics include the ability to tune
the emission of the system based on the excitation wavelength, as well as the fluorescence
response within an excitation region where the compounds exhibit minimal absorption.
However, it should be noted that fluorescence emission is suppressed at concentrations
exceeding 1073 M (see supporting information). Based on these observations, it would not
be surprising that the studied compounds formed a non-emissive complex since the NTILs
exhibited numerous distinct properties that set them apart from traditional fluorescent
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materials, such as concentration-increasing emission, excitation-dependent fluorescence
(EDF) or even excitation-independent fluorescence (EIF) [62].
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Figure 2. Steady-state fluorescence emission spectra in (a,b) ethanol and (c,d) acetonitrile solutions
[ca. 10~° M] of thiazolidine-based CILs 5a-5c¢ (left) and 6a—6c¢ (right). The asterisk indicates the
Raman signal.

3.3. Theoretical Calculations
3.3.1. Molecular Geometries and Electronic Properties

Given the flexibility of the initial molecules used for the conformational sampling,
as depicted in Figure 3, the resulting conformational space is extensive. For instance,
molecule 6a yields 1968 conformers, 641 of which are considered non-degenerate, and
41 configurations lie below the thermodynamic threshold of 2.5 kcal. The conformer
with the lowest energy for 6a is deemed the most statistically significant, accounting for
94.1% of the Boltzmann population distribution. Molecule 6b is even more complex, with
3218 potential conformers, 1465 of which are non-degenerate, and 147 fall below the
2.5 kcal threshold. The conformer with the lowest energy for 6b also carries a sub-
stantial Boltzmann weight, constituting 59% of the distribution. Finally, molecule 6¢
exhibits 2673 unique conformers, 1587 of which are non-degenerate, and 100 fall below the
2.5 kcal threshold. The conformer with the lowest energy for 6¢ holds a 47.8% weight in
the Boltzmann distribution. Due to the greater statistical significance of the lowest energy
conformer and to manage the high computational costs, only the lowest conformer was
used for subsequent computational calculations for each molecule.

Figure 3. Initial molecules used for conformational sampling.

After DFT re-optimization of the lowest conformer to the ground and first excited
states, it becomes clear that, due to their flexibility, molecules 6a—6c tend to curl upon
themselves, reaching greater stability due to the formation of intramolecular interactions.
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The bromine anion is electrostatically bound to the positively charged imidazolium or
pyridinium moieties, and the second-order symmetry adapted perturbation theory (SAPT2)
confirms that electrostatics is the main intermolecular interaction active on the molecule—
bromine system (see Table S1 for the full energy decomposition). For the three molecules,
6a—6¢, the highest occupied molecular orbital (HOMO) is the lone electron pair strongly
localized over the bromine anion, and the lowest unoccupied molecular orbital (LUMO)
is an easily identifiable 7* orbital over the charged imidazolium or pyridinium moieties
(Figure 4). The HOMO-LUMO gaps for the ground-states are quite similar and relatively
large for 6a and 6b, which indicates that the molecules are more kinetically stable. On the
other hand, molecule 6¢c appears with a HOMO-LUMO gap that is almost 2 eV smaller
than its counterparts. When optimized to the first excited state, all molecules experienced a
HOMO-LUMO gap reduction of about 2 eV, and despite being considerably large molecules,
the geometric displacements upon excitation remained small, with RMSDs in the 0.548-
0.866 A range, as depicted in Figure 4. The Sy calculated dipole moments for molecules
6a—6¢ are, respectively, 9.743, 9.269, and 9.660 Debye and suffered a significant change upon
optimization to the first excited state, reducing to 3.972, 3.729, and 4.276 Debye, as can be
seen in Table S2.

(6¢c)

2 .
)
HL S,=6.26 eV - S,=4.94eV
gaps S,=8.96 eV S,=6.95 eV
®s
@ s
RMSDq 0.696 A 0.548 A 0.866 A

Figure 4. Highest occupied molecular orbitals color-coded in red and blue phases and lowest
unoccupied molecular orbitals color-coded in pink and yellow phases with p = 0.05 e/AS (top).
Ground-state geometries are in blue, and the first excited state geometries, are in red (bottom).

3.3.2. Electronic Excitations

In comparison with experimental UV-Vis spectra, the computational absorption spec-
tra offer interesting insights and confirmations. As noted in the experimental measurements,
the solvents—ethanol and acetonitrile—exhibit similar effects on the absorption profile.
A similar trend is observed for the computational spectra with implicit CPCM solvation
in stark contrast to the absorptions calculated in a vacuum where solvation effects are
deactivated (Figure 521). This suggests that the absorption profile is not solely dictated
by molecular properties but is significantly influenced by the solvation environment. All
employed methods used for absorption simulations showed good accuracy compared to
the experimental results. More advanced procedures, such as STEOM and large MOPAC
CASSCE calculations, revealed, as seen in Figure 522, the existence of absorption bands at
much larger wavelengths in addition to the experimentally plotted UV-Vis 200-260 nm
range. The absence of such lower energy bands in the experimental results is likely due to
the large emission-active range observed for the compounds.

In compounds 6a-6¢, the excited states comprise rather complex canonical electronic
transitions. For molecule 6a, STEOM predicts an excited state with an oscillator strength
(fosc) of 0.002 appearing at ~210 nm, remarkably close to the experimental 207 nm in ethanol.
This state consists of 15 simultaneous electronic transitions. The complex nature of this
electronic state is more conveniently interpreted in the natural transition orbital (NTO)
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framework as a 99% HOMO—LUMO and 1% HOMO-1—LUMO+1 transition. As shown in
Figure 5, this transition corresponds to an intermolecular charge transfer from the bromine
anion to the imidazolium moiety. Similarly, molecule 6b exhibits a transition with fus. equal
to 0.006 at 211 nm, which is described in the NTO framework as 97.5% HOMO—LUMO.
This transition also corresponds to an intermolecular charge transfer from the bromine
anion to the imidazolium moiety (Figure 5). Molecule 6c features a transition with fi
of 0.094 at ~214 nm (experimental 208 nm) and another transition with a fosc of 0.036 at
~277 nm (experimental 258 nm). The 214 nm excited state is described by NTO as 87%
HOMO—LUMO and 11% HOMO-1—LUMO+1, with several minor contributions involv-
ing transitions from HOMO-2 to HOMO-6 and LUMO+2 through LUMO+6. Additionally,
the 277 nm transition appears as 99% HOMO—LUMO. The EDDs for 6c suggest that the
electronic transitions occurring at 277 nm, similar to those for molecules 6a and 6b, account
for an intermolecular bromine—pyridinium charge transfer. Meanwhile, the transitions at
214 nm are largely localized over the pyridinium moiety (Figure 5).

(6c)

Figure 5. Electronic density differences (EDD) for the relevant excited states on molecules 6a-6c.
Light yellow depicts electronic density lost (hole) and dark blue electronic density gained (particle).
P =0.005e/A3.

3.4. Optical Sensing

Based on the chemical structure of the studied CILs, as well as their optical properties,
it was decided to explore their ability for metal sensing. In this context, their UV-Vis
absorption and fluorescence emission properties were examined in response to a range of
metal ions, including Ag*, Li*, Zn?*, Cd?*, Cu?*, Co?*, and Fe3*. Initially, the experiments
were conducted at room temperature by adding 20 equivalents of the metal ions as aqueous
solutions of their nitrate salts. Since the photophysical behavior of compounds 5a-5¢
and 6a—6¢ exhibited similar characteristics irrespective of the anions or positively charged
heterocycles present, our focus for further investigation was solely on compound 5a,
considering its potential application as a metal sensor. The presence of Zn?*, Co?*, and
Cu?* ions resulted in changes to the photophysical properties of compound 5a, while
no significant alterations were observed with other metal ions. The interaction with
zing, cobalt, and copper ions induced a redshift in the absorption band at 210 nm, and
an additional absorption band at 312 nm was observed only in the presence of Cu®*.
Furthermore, a similar trend was observed in all three cases where the fluorescence emission
was suppressed. These preliminary investigations demonstrated the response of ionic
liquid 5a towards Zn?*, Co?*, and Cu?* ions. Based on the structural characteristics of
the studied CILs, the acid—-base complex formation in ion sensing primarily depends on
the hardness of the species involved, the ion size, and the hindrance at the interaction
site. [63,64] Our observations reveal that the studied CIL exhibits a higher affinity for
species with intermediate hardness parameter values [65]. While the binding constant
indicates the formation of the CIL-Cu®* complex, the specific mechanism by which the
metal ion interacts with the ligand remains unknown. In this context, we hypothesize that
both nitrogen and sulfur atoms of the thiazolidine ring are involved in the complexation
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process. If the interaction was solely mediated by the sulfide or tertiary amine moiety, we
would expect selectivity towards soft acids (lower hardness parameter values) or hard
acids (higher hardness parameter values), respectively. Thus, the participation of both
nitrogen and sulfur atoms suggests a combined effect in the complexation. Furthermore,
the variance in optical response among Co?*, Cu?*, and Zn?* ions (with d’, d°, and d'°
configurations, respectively) can be attributed to the magnitude of charge transfer, leading
to either a gradual or complete fluorescence deactivation [66,67].

To gain insights into quantitative detection parameters, titrations were performed us-
ing a mixture of varying amounts of the aqueous solution of each respective ion
(1073 M) with a solution of 5a in acetonitrile (10~ M). The evaluation was conducted
using both UV-Vis absorption and fluorescence emission spectra. Figure 6 presents the
results of the Cu?* titration, while the spectra for 7Zn%* and Co?* can be found in the
supporting information (Figures 523 and 524, respectively).
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Figure 6. (a) UV-Vis absorption spectra of compound 5a [ca. 10~# M] at different amounts of Cu®*
in a CH3CN/H,O solution and (b) the respective linear response with increasing concentration of
Cu?*@310 nm.

In each of the three cases, the intensity of the absorption band at 210 nm exhibited a
gradual increase accompanied by a redshift as the ion concentration increased from 0.1 to
1.0 equiv. Figure 3 shows the arising of an additional absorption band at 310 nm upon the
addition of Cu?*, which was not observed for the other ions. Conversely, the fluorescence
emission exhibited an inverse trend with quenching observed as the ion concentration
increased (Figure 525). It is worth noting that the behavior observed for the interaction of 5a
with Cu?* differs from that of Zn?* and Co%*. For Zn?* and Co?*, the fluorescence emission
significantly decreased with the addition of initial amounts of the ions and then remained
stable (Figures 523 and 524), whereas a linear response was observed for Cu?* (Figure S25).
Both the UV absorption and emission spectra demonstrated a good linear relationship
between the optical response and the concentration of Cu?*. By employing linear regression
to model the relationship between 1/Iy and [Cu?*] for the absorption spectra, the LOD and
LOQ were calculated. The absorption spectra data yielded the equation y = 18910x — 3.31
(RZ=0.995 and o = 0.29), resulting in an LOD of 50 pM or 3.2 ppm and an LOQ of 153 uM or
9.7 ppm. Similarly, the analysis conducted on the fluorescence spectra yielded the equation
y = —857.2x + 1.02 (R = 0.915 and ¢ = 0.0627). The corresponding values for the LOD and
LOQ were determined as 241 uM (15.3 ppm) and 731 uM (46.5 ppm), respectively. These
results indicate that higher sensitivity is achieved when detection is performed using UV-
Vis absorption spectroscopy. In light of the obtained results concerning the LOD and LOQ,
the ionic liquids' biological activity and physical properties, such as water solubility and
high stability, have demonstrated significant potential. Moreover, recent investigations into
their photophysical properties have unveiled new avenues for the advancement of sensors
in biological environments. The literature reports that conventional organic sensors face a
low bioavailability disadvantage related to the low sensor biopermeability and poor water
solubility [68-70], making their application as sensors in biological media unfeasible. To
deepen our comprehension of the interplay between metal ions and the chiral ionic liquid,
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we conducted titration experiments with a metal ion and calculated the Stern—Volmer
quenching constant (Kgy). This calculation allows us to assess the extent of quenching
and gain additional insights into the interaction dynamics between the metal ions and
the ionic liquid [71]. The Kgy was determined from the slope of the linear Stern—Volmer
plot, which was found to be 2615 M~! (Table S3). The linear fitting observed with Cu?*
suggests a static quenching mechanism, indicating that the binding between the metal ion
and the ionic liquid leads to the formation of a nonfluorescent complex in the ground state.
The emergence of a new absorption band in the UV-Vis spectrum provides evidence for
the formation of the CIL-Cu?* complex. The obtained Kgy aligns with values reported in
previous studies on static metal ion interactions with ionic liquids [72,73]. Furthermore, the
fluorescence titration data were subjected to analysis using the BindFit v0.5 open-access
program available at supramolecular.org [74-76]. Two binding models were considered
based on the ratio of the ionic liquid to metal ion (1:1 and 2:1). The covariance of the fit and
residues indicated that the 1:1 model provided a better fit, yielding a calculated binding
constant of 3565 M~ 1.

4. Conclusions

In this study, we have presented a synthesis and photophysical investigation of
thiazolidine-functionalized chiral ionic liquids derived from L-cysteine. A four-step syn-
thetic route was employed, involving N-protection, coupling reactions with bromoalcohols,
and formation of an ionic liquid. The optical properties of the chiral ionic liquids were
examined using UV-Vis and fluorescence spectroscopies. It was observed that the com-
pounds exhibited transparency to visible light with low molar extinction coefficients in
this range. The UV-Vis spectra exhibited distinct characteristics based on the heterocycles
and counter-ions used, and the presence of charge transfer complexes was detected in
some cases. The emission spectra of the compounds were observed in the UV to violet
region. These findings suggest that the thiazolidine-based chiral ionic liquids possess
non-traditional intrinsic luminescence properties, which can be attributed to the presence
of electron-rich functional groups. Furthermore, the interaction between copper ions and
the chiral ionic liquids was investigated using UV-Vis absorption and fluorescence spectro-
scopies. The results demonstrated a linear correlation between the optical response and
the concentration of the copper ion. The limits of detection and quantification were calcu-
lated, revealing that UV-Vis absorption spectroscopy provided lower values compared to
fluorescence. Additionally, the Stern—Volmer quenching constant was determined, and the
obtained value aligned with the static binding mechanism reported in previous studies on
metal ion—ionic liquid interactions. Overall, these experimental findings shed light on the
nature of the interaction between copper (II) ions and chiral ionic liquids, highlighting their
potential as optical sensors for metal ions. The computational calculations revealed that the
studied molecules, due to their flexibility, span a large conformational space despite the
lowest conformer having most of the Boltzmann population weight. Ab initio and DFT
calculations revealed that the electronic transitions are remarkably complex but always
involve a clear charge transfer from the bromine anion to the positively charged molecular
moiety. Additionally, the comparison between the vacuum and CPCM-active absorption
spectra showed that solvation effects have a huge impact on their electronic excitations.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /compounds3030032/s1, additional experimental proce-
dures; Figures S1-516: original nmr spectra from the spectroscopic characterization; Figures S17-520:
additional emission and excitation spectra from the CILs; Figures S21-522: theoretical absorption
spectra; Figures 523-S25: additional photophysical data from the titrations; Table S1: SAPT2 energy
decomposition for a two-body system molecule-bromine; Table S2: Dipole moments comparison for
the fully optimized Sp and S; geometries; Table S3: Binding models for investigation of the interaction
between ionic liquid and copper ion.
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