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Preface to ”Exclusive Feature Papers in Colorants”

Natural colorants have been used from ancient times to colour objects owing to their ability to

absorb light mainly within the visible window of the electromagnetic spectrum. Such organic and

inorganic dyes and pigments were extracted from flora and fauna resources. In the 19th century,

the first synthetic colorants were reported, being the beginning of a new industry related with

the development of commercial colorants in the 20th century. The recent advances in strategic

knowledge areas such as dyes and materials chemistry, computational resources and technological

advances have greatly contributed to the design not only of modern colorants with improved

photonic properties, but also to understand the involved photophysical processes via spectroscopic

and microscopic techniques. Actually, photoactivatable colorants able to display fluorescence are

involved in many light-driven devices and are the cornerstone of many ongoing research projects.

These multifunctional colorants are applied in many fields related with biophotonics (diagnosis and

therapy), optolectronics (lasers and sensing), photovoltaics (photosensitizers and solar cells) and

nanotechnology overall.

This Special Issue project entitled “Exclusive feature papers in colorants” was motivated by

such popularity and vast applications of colorants. Along with the following articles and reviews,

we intend to highlight some cutting-edge developments in this field through selected works. In

particular, the herein included works focus on the design and characterization of new nanomaterials

and dyes as pigments and fluorophores, sensors of surrounding physicochemical properties and

biomarkers for imaging. Finally, an overview of the state of the art of zinc cation-based complexes as

fluorophores is also included.

We hope that the launch of this book could be an inspiration for the readers and a forum to

share new ideas and finding around this exciting research topic. We would like to acknowledge Ms.

Rachael Zhang for her kind assistance and support during the Special Issue project.

Jorge Bañuelos Prieto, Ugo Caruso

Editors
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Abstract: Herein we report on a straightforward access method for boron dipyrromethene dyes
(BODIPYs)-coumarin hybrids linked through their respective 8- and 6- positions, with wide functionalization
of the coumarin fragment, using salicylaldehyde as a versatile building block. The computationally-assisted
photophysical study unveils broadband absorption upon proper functionalization of the coumarin, as well as
the key role of the conformational freedom of the coumarin appended at the meso position of the BODIPY.
Such free motion almost suppresses the fluorescence signal, but enables us to apply these dyads as molecular
rotors to monitor the surrounding microviscosity.

Keywords: molecular rotors; BODIPY; viscosity sensors; dye chemistry; energy-electron transfer

1. Introduction

The design of molecules featuring two or more chromophoric units is of great interest [1–4].
One can envisage new applications of such systems by taking advantage of the interactions that may
develop between the chromophoric units, i.e., energy transfer [5,6], or electron transfer pathways [7],
enabling the design of light harvesters with broadband absorption and high pseudo-Stokes shifts [8–11],
or photosensitizers for photovoltaic devices [12,13] mimicking the natural photosynthesis [14,15]. It is
crucial to the design of multichromophoric systems to have flexible functionalization methods at one’s
disposal that are able to tailor the targeted analogues. In this regard, both boron dipyrromethene dyes
(BODIPYs) [16] and coumarins [17] are in themselves two of the more widely used fluorophores (Figure 1),
and hence have optimal candidates to design multichromophore ongoing energy transfer processes.
Indeed, the former luminophores stand out due to their stability, chemical versatility and tunable
photophysical signatures [18,19], whereas the latter fluorophores can be also deeply functionalized
and display spectral bands at higher energies than the BODIPY core. Thus, both chromophores are
complementary from a spectral point of view, and hence are suitable building blocks to be combined in
a single molecular structure towards the promotion of intramolecular energy transfer hops.

Despite the fact that coumarin-BODIPY hybrids are known, and some examples of these dyads can
be found in the literature applied as chemosensors [20,21], energy transfer cassettes [22,23] or fluorescent
probes for bioimaging [24,25], the photonic performance, and hence the practical applicability of these
multifunctional molecular assemblies, can be still improved. Indeed, one of the main drawbacks of
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these multichromophores is the low absorbance of the coumarin core [26], which falls in the ultraviolet
(UV) region and it is usually masked (or at least overlapped) under the more energetic transitions of the
BODIPY unit. This feature hampers the application of these dyads, for instance as broadband energy
transfer cassettes since, while the energy transfer from the coumarin to the BODIPY is effective, the light
harvesting is not greatly improved by the presence of coumarin.

 

 

π

Figure 1. Structure of boron dipyrromethene dyes (BODIPYs) and coumarins.

From the synthetic point of view, the utilization of salicylaldehyde as a versatile building block
is well-documented [27]. Herein, we show that such an attractive starting material can be rendered
fluorescent by attaching it to a BODIPY fragment, thereby opening up new possibilities for the synthesis
of more complex products. In this first example, we used the BODIPY-containing salicylaldehyde
to prepare BODIPY-coumarin hybrids. Thanks to this methodology, we have been able to decorate
the chromene π-system of the coumarin with a battery of aromatic moieties (from functionalized aryl
groups with electron donors, i.e., methoxy, or acceptors, i.e., cyano, groups, to pyridine, naphthalene,
modified stilbenes, triphenylamine, or benzothiophene). The computationally-aided spectroscopic
analysis of this set of dyads allows the selection of the best structural modification at the coumarin
subunit to enhance the light harvesting ability along the UV-yellow spectral region towards applying
these dyads as energy transfer cassettes.

Furthermore, in view of the conformational flexibility of these dyads around the linking bond
between the 8-position of the BODIPY and the coumarin, we anticipated that they could behave as
molecular rotors [28–30]. Thus, we have conducted additional measurements at different temperatures
and controlled viscosities (increasing the amount of ethylene glycol in the medium) to test the viability
of these hybrids as fluorescent sensors to monitor the viscosity of the surrounding environment.

2. Results and Discussion

2.1. Synthesis

Salicyladehyde was attached to BODIPY via the Liebeskind-Srogl cross-coupling (LSCC)
reaction [31] between commercially available 8-methylthioBODIPY 1 and boronic acid 2 (Scheme 1).

 

π

 

Scheme 1. LSCC reaction conditions.
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Key boronic acid 2 was prepared by treating commercially available bromide 4 with diboronic
acid in the presence of Pd (Scheme 2) [32].

 

 

Scheme 2. Synthetic access to the boronic acid precursor.

Once we prepared 3, we turned our attention to the method reported by Phakhodee et al. for the
synthesis of coumarins starting from substituted salicylaldehydes (Scheme 3) [33].

 

 

Scheme 3. Synthetic route to access aryl-functionalized coumarins.

In this fashion, BODIPY 3 was reacted with 3-bromophenylacetic acid 5 (Scheme 4). The reaction
was operationally very simple and was performed between 0 ◦C and room temperature under air.
BODIPY-coumarin 6 precipitates and after filtration and crystallization, it was obtained with a 59% yield.

 

 
Scheme 4. Reaction between BODIPY and 3-bromophenylacetic acid.

Next, we studied the scope and limitations of the functionalization of 6, under the Suzuki
cross-coupling standard conditions (Table 1).
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Table 1. Scope and limitations of the Suzuki cross-coupling reaction of BODIPI-coumarin 6.a.

 
 

Entry Ar- Reaction time (h) % yield b cpd

1

 

 

21 75 7a

2

 

 

 
16 85 7b

3

 

 

 

19 85 7c

4

 

 

20 68 7d

5

 

 
20 76 7e

6

 

 

 
17 62 7f

7

 

 

 

18 68 7g

8

 

16 93 7h

9

 

 

6.5 82 7i

10

 

 

7 77 7j

11

 

 

 
- - c 7k

12

 

 

 
- - d 7l

a Conditions: 6 (1 equiv), boronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), S-Phos (15 mol%), Na2CO3 (2.0 equiv.) /H2O
(4:1) at 90 ◦C. b Isolated yield. c Inseparable complex mixture. d The expected product was not detected by NMR.

The yields of the reactions ranged from good to excellent. The Suzuki reaction works efficiently
regardless of whether electron-donating or electron-withdrawing boronic acids are used. Heteroarylboronic

4



Molecules 2020, 25, 781

acids cross-coupled efficiently (entries 5, 7, and 10). Reaction with p-chlorophenylboronic acid (entry 11)
gave a complex mixture without a major compound. Presumably, once the initial product is formed,
the chlorine atom reacts further under the reaction conditions. An attempt to prepare a dimeric analogue
using p-phenyldiboronic acid failed as well. No evidence for the formation of the desired product was
observed by NMR of the crude material. Tetraphenylethene derivative 7i was prepared in the hope that it
would display aggregation-induced emission (AIE) [34–36], however, disappointingly, it did not.

2.2. Photophysical Properties

The spectroscopic properties of the BODIPY-coumarin hybrids in the visible spectral region are
ruled by the spectral bands owned to the BODIPY subunit. Indeed, sharp absorption and fluorescence
bands were registered at around 500 nm and 520 nm, respectively, regardless of the kind of coumarin
appended at the meso position (Figure 2). Therefore, the coumarin subunit is electronically decoupled
with the dipyrromethene backbone and the profile of the visible spectral bands of the dyads fully
remained to those of the BODIPY alone. However, the presence of such moieties at the sterically
unconstrained meso position has a deep impact on the fluorescence response. In fact, the fluorescence
efficiency and lifetime harshly decreased due to the presence of the coumarin at an 8-position, yielding
values lower than 5% and faster than 500 ps for all the tested compounds (Table S1 in Supplementary
Materials). Such sudden enhancement of the non-radiative rate constants was attributed at first sight to
the deactivation channels afforded by the free rotation of the 8-coumarin fragment directly linked to the
BODIPY. Indeed, low fluorescence efficiencies have been reported for BODIPYs bearing unconstrained
aryls at the said key meso position [37–39], as supported by the theoretically conducted potential energy
curves, which highlight the key role on the photophysics of the conformational freedom around the
linkage bond between the BODIPY and the 8-aryls [40–43].

 

 

→ →

π

Figure 2. UV-Vis absorption and fluorescence (dashed line) of representative BODIPY-coumarin hybrids
in diluted solution of cyclohexane. The reference BODIPY not bearing 8-coumarin 3 is also included for
comparison. Note that the shape and position of the fluorescence spectra does not change nor with the
kind of tethered coumarin neither the excitation wavelength (UV or Vis) owing to the ongoing intra-EET.
The absorption spectra of the rest of the dyads are collected in Figure S1 in Supplementary Materials.

Whereas no change was detected in the visible absorption and fluorescence, the UV absorption
remarkably changed depending on the kind of coumarin placed at the meso position, in particular, on
the aromatic functionalization added to the chromene core at 3-position (Figure 2 and Figure S1 in
Supplementary Materials). The coumarin absorption band was detected at 325 nn, with its long-wavelength
tail overlapped with the more energetic transitions of the BODIPY (S0→S2 and S0→S3, energetically close,
and giving a broad and weak band placed at around 375 nm, see 3 in Figure 2). Nevertheless, in the
dyads where the coumarin is functionalized with electron-rich groups, like triphenylamine (7a), stilbene
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(7h and 7i) and benzothiophene (7j), a marked increase in the absorption within 275–375 nm was clearly
recorded (up to 2-fold regarding to 6, bearing the simplest coumarin unit, and up to 5 fold with respect to
the BODIPY in 3). Indeed, in these last dyads, the molar absorption of the band attributed to the modified
coumarin became almost equal to the Vis band of the BODIPY. It is likely that these functionalizations of
the chromene core with aromatic groups promote a more π-extended system of the coumarin. Strikingly,
such spanning of the conjugation was not reflected in the ensuing pronounced bathochromic shift, but led
to a marked enhancement of the absorption probability of the coumarin. It is noteworthy that the spectral
profiles of all the compounds remained the same after prolonged UV irradiation or long aging times,
evidencing their chemical stability and photostability.

The computationally predicted absorption profiles matched the experimentally recorded ones and
support the aforementioned assignment of the spectral bands and their trends with the functionalization
of the coumarin (Figure 3 and Figure S2 in Supplementary Materials). The theoretical simulation of the
energy gap for the band placed at the UV region was much accurate than for that located in the visible
region. This is a typical drawback of the Time Dependent (TD-DFT) method; as the spectral band
is shifted to lower energies, the method overestimates the energy gap [44,45]. The predicted visible
absorption owned exclusively to the molecular orbitals of the BODIPY (HOMO→LUMO), whose
position remained invariant with the type of appended 8-coumarin. Additionally, a UV band was
predicted in the spectral region where the highest electronic transition of the BODIPY were placed
(Figure 3), but with growing intensity when the coumarin is decorated with electron-rich groups
(Figure 3 and Figure S2 in Supplementary Materials). The analysis of the molecular orbitals involved
in such transition revealed that it was the consequence of many configurations. For instance, in dye 6,
the occupied orbitals were located preferentially at the coumarin moiety (HOMO-1 and -2), but with
the electronic density shifted to the pendant phenyl (Figure 3), and eventually reaching the appended
aromatic functionalization of such a ring in more complex coumarins. The overlapping with the
highest transitions of the BODIPY can be clearly visualized in HOMO-3 (Figure 3), which is delocalized
through the whole molecule, although the dipyrrin and the coumarin are electronically decoupled in
the ground state. It is noticeable that the virtual orbitals involved in this UV transition are preferentially
placed at the BODIPY (LUMO).

Strikingly, just in those dyads bearing electron-rich groups (like the aforementioned triphenylamine,
stilbene and benzothiophene), the predicted energetic ordering of the molecular orbitals suggests that
they are able to switch on a reductive photoinduced electron transfer (PET) [46,47] pathway. In these
dyes, the HOMO is located at the coumarin (7a, bearing a strong electron donor like triphenyalmine)
rather than in the dipyrrin as expected. In other words, the energy of the highest occupied orbital
of the coumarin falls between the energy gap of the frontier orbitals of the BODIPY. In the rest of
dyads with less electron rich coumarins (like 6), the frontier orbitals of the coumarin are placed up
and down the orbitals responsible of the visible absorption of BODIPY, hence not interfering with
them (Figure 4). As a matter of fact, the presence of electron donor triplenylamine 7a at the coumarin
raises the energy of the highest occupied orbital placed at the coumarin around 1.6 eV, being the dyad
where the PET is more feasible (Figure 4). Thus, in dyads like 7a, 7i or 7j, after selective excitation of
the BODIPY (HOMO-1→LUMO in this case), the electron-rich moieties can inject an electron into the
BODIPY (a thermodynamically feasible hop), hampering the fluorescence deactivation. Such PET can
be also anticipated from the analysis of the molecular orbitals involved in the UV absorption, since
excitation implies transfer of electronic density from the coumarin to the dipyrrin core, supporting
the electron donor nature of the 8-appended coumarins (Figure 3). This quenching pathway adds
another non-radiative channel to the aforementioned internal conversion enhancement prompted
by the 8-aryl free motion, explaining the recorded extremely low fluorescence efficiencies for these
BODIPY-coumarin hybrids (Table S1 in Supplementary Materials).
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→

 

π

Figure 3. Predicted absorption spectrum (td wb97xd/6-311+g*) and main molecular orbitals and
energies (in eV) involved in the electronic transitions for dyad 6. The corresponding spectrum for
reference compound 3 (dashed line) is added for comparison. The predicted absorption spectra and
molecular orbitals for other representative dyads with π-extended coumarins are collected in Figure S2
in Supplementary Materials.

 

→

π

 

π
Figure 4. Main calculated molecular orbitals from the optimized geometries (wb97xd/6-311+g*) of the
dyads with π-extended coumarins 7a, 7i and 7j, compared with those computed for the dyad bearing
the simplest coumarin 6, to illustrate the viability of the electron transfer upon selective excitation of
the BODIPY in the former dyads.

Therefore, these dyads bearing π-extended coumarins (mainly 7a, 7h, 7i and 7j) improve the light
harvesting efficiency of the BODIPY-coumarin hybrids, guaranteeing a better and broader collection
of the incoming light to promote the ulterior energy transfer. Indeed, in all the dyads regardless of the

7
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excitation wavelength and the selectively excited subunit, just the visible emission from the BODIPY
was recorded, without any sign of the emission from the coumarin (Figure 2). Thus, the intramolecular
excitation energy transfer (intra-EET) from the donor coumarin to the acceptor BODIPY is highly efficient,
although the fluorescence output is low owing to the said non-radiative pathways (conformational free
rotation around the 8-position of the BODIPY and eventually PET).

Non-fluorescent dyes owing to the said conformational freedom (including dyads, such as
coumarin-rhodamine) [48,49], are being currently applied as molecular rotors to monitor the microviscosity
of the surrounding environment, even in the cellular media [50,51]. Accordingly, we hypothesized that,
in the herein reported BODIPY-coumarin dyads, as the viscosity of the media increases, the free rotation
of the 8-aryl should be hampered, and consequently the fluorescence quantum yield should increase
and the lifetime lengthen, with this last property being very sensitive to such environmental property
in view of the reported results in the bibliography. Therefore, we have tested the performance of dyad
6, as a representative compound of the herein reported BODIPY-coumarin dyads not undergoing PET,
as a molecular rotor to monitor the viscosity of the surrounding media. To this aim, firstly we have
measured its photophysics in a viscous solvent like ethylene glycol. Successfully, the fluorescence quantum
yield and lifetime in this viscous solvent were clearly higher and longer, respectively, (up to around 0.15
and 1 ns, in comparison with the rest of solvents in Table S1 in Supplementary Materials, with values lower
than 0.05 and 450 ps, respectively). Such improvement of the fluorescence emission is nicely supported
by the recorded fluorescence spectra and decay curves in media with controlled viscosity by means of
ethanol/ethylene glycol mixtures (Figure 5). As the viscosity of the media progressively increases the
emission spectra becomes more intense and the decay curves slower, suggesting that the free motion of the
8-aryl group is hampered and consequently the associated non-radiative relaxation is also hindered.

 

 

Figure 5. Evolution of the (a) fluorescence spectra (scaled by the fluorescence quantum yield) and (b)
decay curves of dyad 6 with the content of ethylene glycol in diluted ethanolic solutions.

Such key influence of the viscosity in the fluorescence response can be also visualized following the
evolution of the emission intensity with the temperature in ethylene glycol. Indeed, as the temperature
increases, there is more energy available to rotate the 8-aryl and to overcome the impediment afforded
by the environmental viscosity. Thus, a heating of the solution progressively decreased the emission
efficiency owing to the discussed enhancement of the internal conversion processes (Figure 6). In fact,
an activation energy of around 5.3 kcal/mol has been calculated from the evolution of the non-radiative
rate, constant with the temperature in ethylene glycol (Figure 6).
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−

Figure 6. Evolution of the fluorescence spectra of dyad 6 with the temperature in ethylene glycol.
The corresponding Arrhenius plot for the non-radiative rate (knr) constant is also enclosed. The knr data
at each temperature was calculated after checking that the absorption spectra are the same regardless of
the temperature, and assuming that the radiative rate constant (kfl) does not change with the temperature.
In other words, the loss of fluorescence signal upon heating is due solely to an increase of the internal
conversion related to the 8-aryl motion.

3. Materials and Methods

3.1. Materials

Starting 8-methylthioBODIPY, CuTC, tri(2-furyl)phosphine, and boronic acids are commercially
available. Solvents were dried and distilled before use.

3.2. General Procedure for the Suzuki Reaction

In a reaction tube under N2, we dissolved 6 (1.0 equiv), the corresponding boronic acid (2.0 equiv),
Pd(OAc)2 (5 mol%), S-Phos (15 mol%), Na2CO3 (2.0 equiv) in a mixture toluene/H2O (4:1, 2.5 mL).
The reaction was heated at 90 ◦C until the starting material was consumed as indicated by thin-layer
chromatography (TLC), cooled to room temperature, and then water was added. Then it was extracted
with ethyl acetate (3 × 10 mL), washed with brine, dried over MgSO4, filtered and evaporated to
dryness. The crude was filtered through a short silica gel column, and eluted with dichloromethane
(DCM). The product was crystalized using DCM/petroleum ether.

3.3. Synthesis and Characterization

1.H and 13C Nuclear magnetic Resonance (NMR) spectra (collected in the Supplementary Materials)
were recorded on a Bruker (Billerica, MA, US) Avance III HD 400 (1H, 400MHz; 13C 100 MHz) or
Bruker Ultrashield 500 (1H, 500 Mhz; 13C 125 MHZ) in deuteriochloroform (CDCl3), with either
tetramethylsilane (TMS) (0.00 ppm 1H, 0.00 ppm 13C), chloroform (7.26 ppm 1H, 77.00 ppm 13C). Data
are reported in the following order: chemical shift in ppm, multiplicities (br (broadened), s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), exch (exchangeable), app (apparent)), coupling
constants, J (Hz) and integration. Infrared spectra were recorded on a Perkin Elmer (Waltham, MA, US)
Spectrum 100 Fourier-transform infrared (FTIR) spectrophotometer. Peaks are reported (cm−1) with
the following relative intensities: s (strong, 67–100%), m (medium, 40–67%), and w (weak, 20–40%).
Melting points are not corrected. TLC was conducted in Silica gel on TLC Al foils. Detection was done
by UV light (254 or 365 nm). High-resolution mass spectrometry (HRMS) samples were determined on
a MaXis Impact ESI-QTOF-MS (Bruker Daltonics) by electrospray ionization in positive mode (ESI+)
and recorded via the time of fly (TOF) method.

9
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The corresponding reaction conditions for each compound as well as their characterization data
are detailed in the Supplementary Materials.

3.4. Spectroscopic Measurements

The photophysical properties were registered using quartz cuvettes with optical pathways of 1 cm
in diluted solutions (around 2 × 10−6 M), prepared by adding the corresponding solvent to the residue
from the adequate amount of a concentrated stock solution in acetone, after vacuum evaporation of this
solvent. Ultraviolet-visible (UV-vis) absorption and fluorescence spectra were recorded on a Varian
model CARY 4E spectrophotometer (Agilent Technologies, Santa Clara, CA, US), and an Edinburgh
Instruments (Livingston, England) spectrofluorimeter (model FLSP920), respectively. Fluorescence
quantum yields (φ) were obtained using PM546 as a reference (Exciton, φr = 0.85 in ethanol).
Radiative decay curves were registered with the time correlated single-photon counting technique,
as implemented in the aforementioned spectrofluorimeter. Fluorescence emission was monitored
at the maximum emission wavelength by using a microchannel plate detector (Hamamatsu C4878)
of picosecond time-resolution (20 ps), after excitation with a Fianium pulsed laser (time resolution
of around 150 picoseconds). The fluorescence lifetime (τ) was obtained after the deconvolution of
the instrumental response signal from the recorded decay curves by means of an iterative method.
The goodness of the exponential fit was controlled by statistical parameters (chi-square) and the analysis
of the residuals. Radiative (kfl) and non-radiative (knr) rate constants were calculated as follows:
kfl = φ/τ; knr = (1 − φ)/τ.

3.5. Computational Simulations

Ground state energy minimizations were performed using a functional range-separated hybrid
wb97xd within the Density Functional Theory (DFT), using the triple valence basis set with a polarization
and a diffuse function (6-311+g*). The optimized geometries were taken as a true energy minimum
using frequency calculations (no negative frequencies). The conformational search around the linkage
bond between the coumarin fragment and the BODIPY at 8-positions suggests that the aforementioned
geometry corresponds to the most stable conformer. The absorption profile was simulated with the
Time Dependent (TD-DFT) method using the same calculation level and basis set. The Polarizable
Continuum Model (PCM) was considered to have a solvent effect (cyclohexane) in all the calculations.
All the calculations were performed in Gaussian 16, using the “arina” computational resources provided
by the UPV-EHU.

4. Conclusions

Salicylaldehyde was efficiently functionalized with a BODIPY unit via a Liebeskind-Srogl
cross-coupling reaction. In a first example of the application of 3 as a building block, a meta-bromophenyl
BODIPY-coumarin was prepared from which 10 novel analogues were attained using the Suzuki
reaction. The addition of coumarins, functionalized with aromatic moieties, to the meso position
of BODIPYs is a suitable synthetically accessible strategy to ameliorate the light harvesting ability
of BODIPY-coumarin hybrids. The proper selection of the functional aromatic groups to extend the
π-system of the chromene core, enables the enhancement of the absorption probability at the UV-blue
region, providing a more efficient and broader light collection for the subsequent excitation energy
transfer to the BODIPY. The low fluorescence response of the herein reported dyads is attributed to the
conformational freedom of the coumarin around the key meso position and the activation of electron
transfer processes when electron-rich groups are tethered at the coumarin subunit.

However, the detrimental impact of the conformational flexibility on the fluorescence response of
the BODIPY-coumarin hybrids paves the way to apply them as molecular rotors for the monitorization
of the environmental microviscosity. In fact, in those dyads not undergoing PET, the fluorescence
efficiency and lifetime progressively increases and lengthens, respectively, with the viscosity of the
media. Therefore, these BODIPY-coumarin dyads behave as versatile molecular rotors to quantify the
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viscosity following the changes of the fluorescence signatures upon excitation almost along the whole
UV-yellow spectral region, owing to their broadband light harvesting and ensuing energy transfer.

Supplementary Materials: The following are available online; synthetic details and characterization data (IR,
NMR, HRMS) of each compound, 1H and 13C-NMR spectra, photophysical data (Table S1), absorption spectra
(Figure S1) and computed absorption spectra (Figure S2).
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Abstract: Two novel symmetrical bis-azobenzene red dyes ending with electron-withdrawing or
donor groups were synthesized. Both chromophores display good solubility, excellent chemical, and
thermal stability. The two dyes are fluorescent in solution and in the solid-state. The spectroscopic
properties of the neat crystalline solids were compared with those of doped blends of different
amorphous matrixes. Blends of non-conductive and of emissive and conductive host polymers were
formed to evaluate the potential of the azo dyes as pigments and as fluorophores. Both in absorbance
and emission, the doped thin layers have CIE coordinates in the spectral region from yellow to red.
The fluorescence quantum yield measured for the brightest emissive blend reaches 57%, a remarkable
performance for a steadily fluorescent azo dye. A DFT approach was employed to examine the
frontier orbitals of the two dyes.

Keywords: azobenzene; dye; fluorophore; colorant; polymeric blend

1. Introduction

Azobenzene derivatives are π-conjugated molecules that have aroused enormous research interest
owing to their fascinating characteristics. First, the unique broad UV/Vis absorbance spectra related to
the considerable number of vibronic states in each energy level. The color is due to the presence of the
N=N chromophore chemical group absorbing light in the visible spectrum. Suitable substituents can
achieve the tuning of the color to cover the entire visible spectrum.

For this reason, from the past until today, azo compounds have been widely used as dyes and
pigments. A significant amount of azo dyes is used in manufacturing processes of textile, paper,
packaging pharmaceutical, and even food industries [1]. Excellent compatibility with the matrix and
chemical and thermal stability are the main requirements. Despite this, photo-catalyzed degradation
through illumination by solar light was found in most of the azo pigments, with the resulting
discoloration of the dyed substrate.

On the other hand, the ability of azobenzene compounds to reversibly change from the stable
trans-isomer to cis form upon photoirradiation (photoisomerization) causes nonradiative deactivation
and very small/negligible fluorescence. The rapid photoisomerization of the azo bridge finds
applications in on-off photoswitching techniques, such as in optical data storage, dye-sensitized
solar cells, pharmaceuticals, and non-linear optics [2–8]. Azo-containing molecules can play the
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role of energy dissipator (quencher) associated with other emitting chromophores, through rapid
nonradiative pathways, while the donor is excited for the occurrence of a Förster resonance energy
transfer (FRET) [9]. Unlike many chromophores commonly utilized as fluorescent materials, there are
a limited number of examples of steadily fluorescent azobenzene compounds.

The structural versatility and the tunable spectroscopic properties of the azobenzene derivatives
could be exploited if they are themselves fluorescent. Attempts to increase and to modulate the
fluorescence performance of azobenzene compounds are quite recent [10–15] and based on preventing
fast photoisomerization. This is possible with bulky substituents close to the N=N group [16–21]
or intramolecular hydrogen bonding preventing the rotation around the nitrogen–carbon bond [19].
The influence of hydrogen-bond interactions on the excited-state dynamics of azo dyes has been
examined [22,23]. It appeared that by restricting rotation and isomerization, the excited-state
intramolecular proton-transfer (ESIPT) [21,24] lead to emissive azo dyes in solution [10,16,24–29].
Conversely, examples of solid-state azo fluorophores are rare in the scientific literature. Those few
are typically red emitters [30–33], particularly advantageous in the context of biological and medical
measurements [34–37].

In previous contributions [10,13], we studied azobenzene scaffolds for their unique structural
pattern related to their photophysical properties. In this work, two novel azobenzene dyes, A1 and A2
in Scheme 1, were explored. To fulfill the criteria as fluorescent dyes, we have sought stable, processable,
and sterically encumbered structures. Based on the same symmetrical bis-azobenzene skeleton (AB in
Scheme 1), the two chromophores differ for the terminal substituents, both electron-donor (NEt2)
or electron-acceptor (NO2) groups. DFT computational study was employed to get information on
HOMO-LUMO localization at the different conjugated patterns. To impede photoisomerization, we
added methoxy substituents on the AB moiety and two terminal Schiff bases ESIPT undergoing sites to
restrict molecular rotations.

 

 

λ ε − − λ λ

Scheme 1. Synthesis and structure of the dyes A1 and A2.

Under sunlight, the dyes are stable over three months both in solution and in the solid-state,
retaining their orange-red color (see CIE: coordinates, International Commission on Illumination,
in Tables 1 and 2). As fluorophores, a significant emission in solution and the crystalline phase was
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recorded. Different host matrixes were employed to produce polymeric blends from A1 and A2. In
addition to classical non-conductive hosts such as polyvinyl chloride (PVC) and poly (styrene) (PS),
we also checked conductive, poly (vinylcarbazole) (PVK), and even emissive, poly (9,9-dioctylfluorene)
(PFO), polymers. Their coloring ability was examined dissolved in PVC, a white matrix used in many
industrial processes. The emission in the solid-state was evaluated in PS, PVK, and PF blends. The
last one recently emerged as a useful polymeric matrix for optoelectronic devices [38]. In PFO, the
photoluminescence quantum yield (PLQY) of the A1 orange-red blend increases up to an outstanding
57% value.

Table 1. Optical data for A1 and A2 in solution and for polyvinyl chloride (PVC) blends.

Sample λabs (nm) a ε (105

cm−1M−1) b λem (nm) c PLQY% d λabs (nm) e CIE f

A1 448 6.29 511 (542) 3.0 ± 0.1 444 0.57; 0.39

A2 (348) 453 9.57 619 1.2 ± 0.1 435 0.52; 0.40

A1-PVC(10%) - - - - 455 0.51; 0.44

A2-PVC(10%) - - - - 455 0.60; 0.37

A1-PVC(30%) - - - - 426 0.51; 0.44

A2-PVC(30%) - - - - 425 0.60; 0.37
a Wavelength of UV-Visible absorbance maxima in THF solution. b Molar absorption coefficient. c Wavelength
of emission maxima in THF solution. d PLQYs in THF solution. e Wavelength of UV-Visible absorbance maxima
measured on the spin-coated film. f Absorption CIE coordinates on the spin-coated film.

Table 2. Optical data for A1 and A2 as neat solid samples and in 10 wt%. poly (styrene) (PS), poly
(vinylcarbazole) (PVK), and poly (9,9-dioctylfluorene) (PFO) film blends.

Blend λabs (nm) a λem (nm) b PLQY% c CIE d

A1 444 585 3.4 ± 0.1 0.48; 0.50

A2 435 578 0.7 ± 0.1 0.50; 0.49

A1-PS 439 523–551 22.0 ± 0.1 0.35; 0.60

A2-PS 415 578 11.0 ± 0.1 0.47; 0.49

A1-PVK 440 536 40.0 ± 0.4 0.41; 0.56

A2-PVK 444 605 10.0 ± 0.1 0.55; 0.44

A1-PFO 390 551 57.0 ± 0.5 0.43; 0.50

A2-PFO 390 434, 452, (571) 63.0 ± 0.7 0.23; 0.19

PS e 290 - - -

PVK e 295, 340 388 7.6 ± 0.5 0.20; 0.16

PFO e 365 459 68.0 ± 0.4 0.20; 0.24
a Wavelength of UV-Visible absorbance maxima; b Wavelength of emission maxima; c Photoluminescent quantum
yield; d Emission CIE coordinates; e Optical data for films of PS, PVK, and PFO, obtained in the same conditions as
the blends.

2. Results and Discussion

2.1. Synthesis and Optical Behavior of the Dyes and Their PVC Blends

As summarized in Scheme 1, the dyes A1 and A2 were obtained by condensation
of the diamino derivative AB-NH2 [39] with 4-(diethylamino)-2-hydroxybenzaldehyde and
2-hydroxy-4-nitrobenzaldehyde, respectively. Though structurally similar, a different conjugation
pattern is recognizable, D-π-D-π-D respectively for A1 and A-π-D-π-A for A2 (where D = electron
donor moiety, A = electron acceptor moiety, and π = conjugated system).
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Two ESIPT undergoing sites are generated by the condensation of the amino-terminal groups of
the precursor AB-NH2 with the salicylic aldehydes, guaranteeing emission in solution. According to a
recent approach [26,39,40], it was found that the fast proton transfer in ESIPT sterically encumbered
probes are impeded due to restriction of intramolecular rotation (RIR effect), also providing solid-state
emission. The central methoxy groups cause steric hindrance on the conjugated skeleton without too
much lowering solubility.

Identification and purity degree evaluation were assessed by mass spectrometry and 1H NMR.
Phase behavior was examined by optical observation and DSC/TGA analysis. All materials are
thermally stable up to 330 ◦C under nitrogen flow with high melting points. The two dyes are soluble in
most organic solvents, such as acetone, tetrahydrofuran (THF), methylene chloride, tetrachloroethane
(TCE), dimetilformammide (DMF), 1-metil-2-pirrolidone (NMP), and dimethyl sulfoxide (DMSO).
Their absorption and emission maxima, in solution and the solid films, are reported in Table 1.

In Figure 1, absorption and emission curves of A1 and A2 in THF solution and a picture of the
related samples (inset) in natural light and under UV lamp at 365 nm are shown. The yellow THF
solutions emit in the lime-yellow and the red region, respectively, with a negligible solvatochromic
effect depending on the solvent polarity. PLQYs (see Table 1) have been measured in THF solution by
relative methods using as standard quinine sulfate for A1 [41] and zinc phthalocyanine for A2 [42].
The solutions are stable and retain their optical characteristics up to three months under natural light
at room temperature.

 

 

Figure 1. Absorption (above) and emission (below) curves of A1 (black curves) and A2 (red curves) in
THF solution. The same samples in natural light (above) and under UV lamp at 365 nm (below) in
the insets.

The spin-coated thin films (obtained as described in the Materials and Methods section) of
crystalline A1 and A2 have a red and yellow-orange color, respectively (see CIE in Table 1). Images of
the spin-coated crystalline films of neat A1 and A2 under polarized microscope are reported in the
Supplementary Materials, in Figure S3. The absorption spectra are reported in Figure 2, compared
with the spectra of PVC blends at different dopant percentage. PVC as an economical and versatile
thermoplastic colorable polymer is an excellent candidate to test the two compounds as dyes. It is
the world’s third largest thermoplastic material widely used in construction, packaging, devices, and

18



Molecules 2020, 25, 1368

the textile industry. The demand for stable dyes for this white material is still high. The doped PVC
homogeneous amorphous blends are an example of stable dyed blends with pigments at 10% and 30%
by weight. In both cases, the dyes are soluble up to 30%. The diethylamino terminal groups make
compound A1 more soluble than the dinitro derivative; hence A1 has a higher solubility limit (40%) in
PVC. The PVC films have CIE coordinates in the orange-red region (see Figure 2), more red-shifted for
A2-PVC, the same behavior recorded for THF solutions. The PVC films of blended A1 and A2 kept
over three months in the air under natural light at room temperature perfectly retain transparency and
optical characteristics. No swelling nor release of the same films were detected on samples kept in
distilled water for 30 days at room temperature.

 

Figure 2. On the left: absorption curves of A1 (black curves), A1-PVC 10% (red curve) and A1-PVC
40% films (blue curve) above; absorption curves of A2 (black curves), A2-PVC 10% (red curve) and
A2-PVC 30% films (blue curve) below. In the insets: 30% A1-PVC (above) and 30% A2-PVC (below)
thin films. On the right: CIE diagram of A1 (triangle) and both its PVC blends (square) above; CIE
diagram of A2 (triangle) and both its PVC blends (square) below.

In Figure 3, an SEM image of 30% A1-PVC film deposed onto quartz slide is reported. The SEM
analysis confirms that there is no visible structuring in the spin-coated film, also after three months
under natural light at room temperature. All PVC blended samples of A1 and A2 exhibit similar
morphological characteristics.

As for PL performance of neat A1 and A2, the crystalline dyes emit in the orange-red region with
very similar maxima, see Table 2. The Stokes Shifts are about 140 nm. Appreciable PLQYs (see Table 2)
measured on the crystalline samples spin-coated on quartz slides are a good result for azobenzene dyes.
The PL response for A1 is higher than the nitro derivative A2 as a result of the different conjugation
patterns, as discussed in the DFT analysis section. In Figure 4a, the emission spectra of the crystalline
dyes are reported, and their PL behavior will be discussed in the next section.
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Figure 3. SEM image (2000x magnitude) of 30% A1-PVC film deposed onto quartz slide and metalized
by Au-Pd sputtering (about 5 nm) (on the left). The same sample scanned after three months, on the right.

 

π

Figure 4. Emission spectra of the neat A1 (black curves) and A2 (red curves) samples (a), of their PS
blends (b), PVK blends (c), and PFO blends (d). In the inset, the same spin-coated samples used for the
measurements (A1 on the left and A2 on the right).

2.2. PL Properties of PS, PVK, and PFO Blends

Polymeric blends are a well-known approach leading to an increase in the emission ability.
Blended active layers have been demonstrated to be advantageous to fabricate optoelectronic devices
such as efficient pure-color LEDs [43–45], guaranteeing easiness of fabrication, high processability, and
low-cost. This situation resembles a diluted solid solution of the emitters into amorphous domains
preventing aggregation caused quenching (ACQ) effect [46,47]. Different doped films were spin-coated
by dissolving the dyes in a non-emissive and non-conductive (PS) or an emissive and conductive
(PVK and mostly PFO) amorphous polymeric matrix. These polymers are typically employed in the
construction of emissive layers. In natural light, the doped layers are homogeneous and transparent
films except for A2-PFO. They display various shades of color, from yellow to red. Different dye
percentages were tested in order to get better PL performance. As expected on the base of our previous
study [48–51], the best emission for both samples was recorded on the more diluted blends (10 wt%),
where the ACQ effect is attenuated.
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The films turned out to be stable in air for three months at room temperature under natural light,
showing identical optical properties both in absorption and emission. In fluorescence, broad emission
bands peaked between orange and orange-red are recorded, with Stokes Shift values ranging from 83
to 183 nm. The maximum of the absorption and emission bands of the blends are reported in Table 2.

In Figure 4, the emission spectra of the blend samples are compared with the crystalline ones. The
emission spectra of pure PVK and PFO are reported, for comparison, in Figure S4 of Supplementary
Materials section.

A2-PVK blend is the most red-shifted emitter with CIE (0.55; 0.44) (see Table 2). Quantitatively, all
A1 blends show higher PLQYs respect to A2 blends but in the case of PFO samples, clearly highlighting
the difference in the electronic pattern of the two chromophores. In both cases, PLQYs of the PS blends
are lower respect to the analogous PVK blends. For an azobenzene material, the PL performance
of A1-PVK is a remarkable achievement. As PVK is poorly fluorescent, 40% PLQY is due mostly to
the chromophore itself as the ACQ effect is suppressed. The PL performance of the A1-PFO blend
is particularly interesting. Polyfluorene and its derivatives (PFs) have recently emerged as the most
promising polymeric matrixes due to their PL and electroluminescence efficiencies, good thermal and
chemical stability [52]. Poly (9-octylfluorene) itself emits blue light with a large bandgap. The typical
approach to realize tuned emission from polyfluorene derivatives is based on the copolymerization of
low-bandgap π-conjugated moieties with PFO monomers. Unfortunately, polyfluorides often show
both excimer and aggregate formation during thermal annealing. The formation of excimers involves
the generation of dimerized units of the polymer that emit light at energies lower than those of the
polymer itself. This effect hinders the use of polyfluorenes for most applications [53].

In our case, the simple approach to dissolve a red/orange dopant in PFO produced an efficient
(57% PLQY) bright orange/red (see CIE coordinates in Table 2) luminescent blend. The outstanding PL
performance of A1-PFO is due to the excellent match between the chromophore and the polymeric
matrix, as rationalized by DFT calculations in the Supplementary Materials part. On the contrary,
the attempt to homogeneously dissolve A2 in PFO failed. Only in that case, the film was not
perfectly homogeneous and transparent, and the emission of the chromophore in the red region is
negligible compared to the much higher blue emission of PFO itself (see Figure 4d and Figure S4 in
Supplementary Materials).

2.3. DFT Analysis

TDDFT approach at DFT level, using adiabatic local density approximation and ethanol as the
simulated solvent, was used to run excitation energies calculations. Table 3 shows the most relevant
optoelectronic properties calculated for the compounds A1 and A2. For A1, HOMO delocalization
covers the entire conjugated backbone, extending to the terminal groups. LUMO is delocalized over
the central rings and diazo groups. The main transition for both compounds is HOMO→ LUMO, at
425 nm for A1 and 419 nm for A2. For A2, HOMO is mainly delocalized over the central ring and
the oxygen atoms (Figure 5). A2 LUMO shows the electron-withdrawing effect of the nitro groups,
with a higher delocalization of the orbitals over the terminal groups compared to the diethylamino
derivative A1. The HOMO-LUMO gap is also higher for A2 than for A1 (Table 3). Because of the
electron-withdrawing effect of the nitro groups, A2 shows a higher oxidation potential compared to
A1, whereas the hole and electron reorganization energies (HRE and ERE) are typical for these class of
compounds. A2 shows a decrease in the ERE due to the presence of the nitro groups. Reorganization
energy (RE) is one of the parameters involved in the hopping rate, and HRE and ERE are strongly
correlated to cation and anion geometries. A compound with a small RE usually shows high carrier
mobility, and the energies are proportional to the deformation of the geometry during the process of
charge transfer. Both derivatives show an ERE higher than their HRE, which means that there is less
deformation upon electron injection compared to hole injection. Furthermore, the nitro derivative
shows a smaller electron extraction potential, meaning that electron injection into A2 is easier than into
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A1. The electron-withdrawing effect of the nitro groups affects the electron-transporting features of
the system.

Table 3. Electro-optical properties calculated on A1 and A2 in vacuum.

Properties A1 A2

Oxidation Potential (eV) 0.53 1.01

Reduction Potential (eV) −1.08 −0.76

Hole Reorganization Energy (eV) 0.31 0.33

Electron Reorganization Energy
(eV)

0.40 0.35

λmax (nm) 425 419

Emax (nm) 540 538

Scaled HOMO (eV) −4.98 −5.45

Scaled LUMO (eV) −2.26 −2.69

HOMO-LUMO (eV) 2.72 2.76

 

→

 

(a) 

 

 

 

− −

λ

− −
− −

−
− −

(b) 
Figure 5. Frontiers orbitals HOMO and LUMO calculated for A1 (a) and A2 (b).

The significant PL performance of A1 blended in PFO with 57% PLQY must be underlined.
This result appears striking, keeping in mind that PFO itself is a blue emitter and A1-PFO blend

22



Molecules 2020, 25, 1368

emit in the orange-red region. Moreover, this solid-state emission is due to an azobenzene dye. For
this reason, we analyzed the behavior of A1 in the PFO blend, the entire discussion reported in the
Supplementary Material section. The formation of stacked dimers of the azo dye and PFO resulted in
modifying the electro-optical properties significantly with the lowering of HOMO and LUMO values
for both systems. The new HOMO energy values are even closer to the HOMO values of the PFO
(Figure S1). Overall, stacking the dyes with PFO provides a shortcut for electronic transitions and is
responsible for some degree of PFO distortion. Therefore, it must be underlined the ability of the azo
dyes to modulate the optoelectronic characteristics of the PFO through two effects: the steric hindrance
operated by the octyl chains, and the stacking between the dyes and the polymer. Especially in the case
of A1-PFO, the calculations show a significant reduction of the electronic hopping energy barrier and
justify the high quantum yield observed. Analysis of the oxidation potentials of the substituted dyes
revealed that the oxidation potential of A1 dyes was about 460 mV easier to oxidize (more negative
potentials) than the A2. Analysis of the reduction potentials revealed that A2 was about 400 mV
easier to reduce (more positive potentials) than A1 dye. The diminished ability to reduce A1 dye
is attributed to the presence of electron-withdrawing groups. Compared with other azo dyes like
the 4-methoxylazobenzene [54] with a Ered of −1.44 V, or diarylaminoazobenzenes with a reduction
potential between −1.36 V and −1.50V [55], both A1 and A2 have a lower reduction tendency and
higher stability (see Tables S1 and S2 in Supplementary Material).

3. Materials and Methods

Commercially available starting products were supplied by Sigma Aldrich (Sigma-Aldrich
Corporation, St. Louis, MO, USA). 2-hydroxy-4-nitrobenzaldehyde was obtained as described in [56].
4,4′-((1,1′)-(2,5-dimethoxy-1,4-phenylene)bis(diazene-2,1-diyl))dianiline (AB-NH2) was obtained as
described in [13]. 1H NMR spectra were recorded in DMSO-d6, with a Bruker Advance II 400 MHz
apparatus (Bruker Corporation, Billerica, MA, USA). Mass spectrometry measurements were performed
using a Q-TOF premier instrument (Waters, Milford, MA, USA) equipped by an electrospray ion source
and a hybrid quadrupole-time of flight analyzer.

Zeiss Axioscope polarizing microscope (Carl Zeiss, Oberkochen, Germany) equipped with an
FP90 Mettler hot stage (Mettler-Toledo, LLC-Columbus, OH, USA). DSC/TGA Perkin Elmer TGA
4000 (PerkinElmer, Inc., Waltham, MA, USA), scanning rate 10 ◦C/min, provided phase transition
temperatures and enthalpies. The decomposition temperatures (the temperature at 5 wt.% weight loss,
Td) were measured under nitrogen flow. UV-Visible and fluorescence spectra were recorded by JASCO
F-530 and FP-750 spectrometers (JASCO Inc., Mary’s Court, Easton, MD, USA). Thin films of the neat
samples and the polymeric blends were obtained using an SCS P6700 spin coater (Specialty Coating
Systems Inc., Indianapolis, IN 46278, USA) operating at 600 rpm for 1 min (first step) and at 1200 rpm
for 1 min (second step). 10 wt% NMP solution of the chromophores in commercially available
PS (molecular weight 18,700 Da), in PVK (molecular weight 1100 Da) or PFO (molecular weight
≥20,000 Da), were employed.

Photoluminescence quantum yield (PLQY) measurements were conducted with a setup similar to
that of de Mello et al. [57]. It considers not only the excitation laser and direct photoluminescence but
also the scattering of the integrating sphere that is part of the setup. The setup consists of a 405 nm
laser, whose emission does not overlap with the photoluminescence spectrum, an integrating sphere
(Stellarnet Inc, Tampa, FL, USA) and a photo spectrometer (BLACK Comet Stellarnet Inc, Tampa, FL,
USA). The emission was measured at five different points on the sample.

Field emission scanning electron microscopy (FESEM) images were obtained with a FEI Nova
NanoSEM 450 emission SEM (Thermo Fisher Scientific Inc., Waltham, MA, USA) at an accelerating
voltage of 10 kV (range of acceleration voltage: 50 V–30 kV) equipped with an Everhart Thornley
detector (ETD) and a Through Lens Detector (TLD). Samples were mounted on Al specimen mounts
and coated with a thin layer of Au-Pd in order to eliminate any undesirable charge effects during the
SEM observations.
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3.1. Synthesis of A1 and A2

The same general procedure was employed for the synthesis of A1 and A2. The synthesis of
A1 is described as an example. To 3.76 g (0.01 mmol) of AB-NH2 [39] dissolved at 70 ◦C in 30 mL of
dry THF 3.87 g (0.02 mmol) of 4-(diethylamino)-2-hydroxybenzaldehyde was added under stirring.
After 1 h, the crude product precipitated at room temperature. The compound was crystallized by
dichloromethane/hexane and furtherly purified by washing with hot acetone. Tm = 280 ◦C; Td = 330 ◦C.
1H NMR (400 MHz, DMSO d6, 25 ◦C, ppm): 1.12 (t, 12H), 3.46 (m, 8H), 4.00 (s, 6H), 6.21 (d, 4H), 6.44
(d, 2H), 7.46 (m, 8H), 7.65 (m, 2H), 8.89 (s, 2H), 10.65 (s, 2H). Elemental analysis calculated (%) for
C42H46N8O4: C, 69.40; H, 6.38; N, 15.42; found: C, 69.60; H, 6.88; N, 15.88. MALDI-TOF of A1 m/z:
727.39 (M + H).

Chromophore A2 was obtained using 1,1,2,2-tetrachloroethane as the solvent and furtherly
purified by washing with hot acetone and then hot dioxane: Tm = 327 ◦C; Td = 330 ◦C. 1H NMR
(400 MHz, DMSO-d6, 25 ◦C, ppm): 4.14 (s, 6H), 6.65 (m, 4H), 7.20–8.80 (m, 12 H), 9.20 (s, 2H), 12.55
(s, 2H). Elemental analysis calculated (%) for C34H26N8O8: C, 60.53; H, 3.88; N, 16.61; found: C, 60.50;
H, 3.09; N, 16.80. MALDI-TOF of A2 m/z: 675.16 (M + H).

3.2. Theoretical Calculations

Quantum-mechanical calculations were performed with the Jaguar package, Schrödinger
Release 2017-4 [58], on the theoretical level DFT/B3LYP, and the molecular geometry was
optimized with functional B97-D3 [59]. Charges were determined using the NBO approach.
Dunning’s correlation-consistent triple-ζ basis set cc-pVTZ (-f), which includes a double set of
polarization functions, was used for single-point calculations on optimized geometries. TD-DFT and
Tamm-Dancoff [60] approximations were used to perform calculations at neutral compound geometry
to extract absorption values from vertical excitation energies. The solvent was simulated using Poisson
Boltzmann Solver (PBF) [61]. The stacked dimers shown in Figure S2 were constructed with the Jaguar
package from the minimized structures. Each dimer was initially minimized by simulated annealing
using AMBER15FB [62] forcefield and then optimized at the B3LYP level, maintaining the dimer
starting structure.

Computed redox data was used to calculate “scaled” HOMO and LUMO energies, through the
following equations:

Absolute Electrode Potential = Electrode Potential + NHE Energy (1)

Orbital Energy = Redox Potential + Absolute Electrode Potential (2)

where “NHE Energy” represents the energy of the NHE electrode in water (−4.28 V) and
“Electrode Potential” represents the potential of the chosen electrode relative to NHE.

4. Conclusions

The spectroscopic behavior of two novel azobenzene chromophores with a symmetrical skeleton
was systematically examined. Their coloring ability was tested in solution as neat crystalline samples
and dissolved in a polymeric amorphous matrix. The doped PVC blends are an example of stable
dyed polymers. In both cases, the dyes A1 and A2 are soluble up to 30 wt% in PVC matrix with CIE
coordinates in the orange to red region. The films of both neat and blended dyes kept over three months
under natural light at room temperature in the air perfectly retain structural and optical characteristics.
No swelling nor release was detected in distilled water for 30 days.

On the other hand, the effort to obtain good steady PL response from azobenzene scaffolds is
justified by the poor scientific documentation about this versatile and tunable functional group. A
systematic study of the optical performance of the two differently substituted azobenzene dyes was
performed, and DFT computational study gave information on HOMO-LUMO localization. The
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azo-based chromophores are emissive in solution and the solid-state, claiming a role as dye-dopants
for emissive layers. Low-doped blends were obtained in PS, PVK, and PFO. PLQYs measured on the
emissive blends are above 10% in all cases. In particular, PLQY of the orange-red A1-PFO blend (57%)
represents a remarkable result for azobenzene based material, able to modulate the optoelectronic
characteristics of the blue emissive PFO. The simple synthetic procedure, the affordability, solubility
and processability of the dyes and the doped blends make the azo-dyes rare examples of azobenzene
based materials potentially employable both as dyes and as fluorophores.

Supplementary Materials: Table S1. Electro-optical properties calculated on A1 and A2 in vacuum and associated
with PFO. Table S2. Reduction potential of similar azobenzenes [2,3]. Figure S1. Energies of orbital levels of PFO,
A1 and A2. The arrows show possible electronic transitions. Figure S2. Frontiers orbitals HOMO and LUMO
calculated for the dimers PFO-A1 (above) and PFO-A2 (below). Figure S3. Pictures of A1 and A2 crystalline films
under polarized light. Figure S4. Emission spectra of PVK (orange line) and PFO (blue line) films, excited on the
absorption maxima.
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Abstract: Three series of azo dyes derived from 2-amino-5-aryl-1,3,4-thiadiazoles and
aniline, N,N-dimethylaniline and phenol were synthesized in high yields by a conventional
diazotization-coupling sequence. The chemical structures of the prepared compounds were
confirmed by 1H-NMR, 13C-NMR, IR, UV-Vis spectroscopy, mass spectrometry and elemental
analysis. In addition, the X-ray single crystal structure of a representative azo dye was presented.
For explicit determination of the influence of a substituent on radiation absorption in UV-Vis range,
time-dependent density functional theory calculations were performed.

Keywords: heterocycles; 2-arylazo-5-aryl-1,3,4-thiadiazoles; azo-coupling reactions; crystal structure

1. Introduction

Thiadiazoles are five-membered heterocyclic arrangements which are rarely found in nature.
Nitrogen, sulfur and carbon atoms can be arranged in several different ways in such a ring, which gives
rise to several isomers: 1,2,3-thiadiazole, 1,2,4-thiadiazole, 1,2,5-thiadiazole and 1,3,4-thiadiazole [1,2].
Of these four isomers, derivatives of 1,3,4-thiadiazole seem to be the most popular among scientists.
Many compounds containing such a scaffold exhibit a broad spectrum of biologic interactions and
have been shown to have antifungal [3,4], antimicrobial [5], anti-inflammatory [6] and anticancer
activities [7]. As well as other industrial applications, it is worth mentioning their use as viscosity
stabilizers in rubber processing [8], additives for the production of lithium battery electrodes [9],
dyes [10] and optoelectronic materials [11]. There are also reports of the applications of 1,3,4-thiadiazole
derivatives, in particular 2,5-dimercapto-1,3,4-thiadiazoles, as lubricants [12].

Azo dyes, characterized by the presence of azo moiety (N=N) in their structure, are the most
essential group of disperse dyes [13]. They have found a broad application mainly in dyestuff industry,
but also in food, cosmetics and pharmaceuticals production. Generally azo dyes exhibit excellent
coloring properties and offer vivid colors, starting from yellows, through oranges, reds and ending
up in blues. One of the subgroups of this family are conjugated 1,3,4-thiadiazoles containing an
azo group (N=N) in their structure. Such heterocyclic azo disperse dyes have received attention
from the scientific community due to their brightness, clarity and affinity to various fibers [14,15].
The most common methodology to introduce this type of group into a final azo compound is a
two-step transformation through appropriate diazonium salts [16]. The latter are usually produced
from the reaction of primary aromatic amines with nitrites in the presence of strong mineral acids at
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low temperatures. Due to the extreme instability of diazonium salts [17], they are used immediately
after their formation in coupling reactions with phenols or amines, substituted with electron-donating
groups. Other methods used to prepare azo dyes include the condensation of nitro compounds
with amines [18], reduction of nitro compounds [19,20], oxidation of amines [21,22] or condensation
of nitroso compounds with amines [23]. In contrast to typical aromatic amines, diazotization and
subsequent coupling of 1,3,4-thiadiazole-2-amine derivatives is rarely described in the literature [24–26],
although thiadiazoles contain an important thiazole chromophoric core in their structure. This may be
due to the presence of an additional electronegative nitrogen atom, which decreases the basicity of the
external amino group and reduces its reactivity.

In continuation of our study on the synthesis and versatile applications of conjugated
1,3,4-thiadiazole derivatives [27–29], we attempted to synthesize and characterize the structural
features of a new series of 2-phenylazo-1,3,4-thiadiazoles, functionalized with aryl substituents directly
on the heterocyclic ring. Such systems combining the 1,3,4-thiadiazole ring with other aromatic
compounds through an azo linker may find potential industrial applications, not only as classical
synthetic dyes and pigments, laser dyes and monomers for the production of OLEDs, but also in
medicine and agriculture due to the presence of a toxophoric N–C–S moiety [30].

2. Results and Discussion

2.1. Synthesis

The starting reagents in the synthesis of 1,3,4-thiadiazole-containing azo dyes were commercially
available aromatic carboxylic acids substituted at position 4 with electron-donating or withdrawing
groups (1a–e, Scheme 1). They were heated with thionyl chloride SOCl2 and the resulting crude
acid chlorides were transformed into derivatives of 2-benzoylhydrazinecarbothioamide (2a–e) in
a two-phase water–toluene solvent system in the presence of base (NaHCO3). The resulting
acyclic intermediates underwent cyclization in concentrated sulfuric acid to give the desired
2-amino-5-aryl-1,3,4-thiadiazoles (3a–e). The next stages in the few-step reaction sequence were
the diazotization of 2-amino-1,3,4-thiadiazole derivatives (3a–e) and the subsequent coupling
of the diazonium salts formed from aniline, N,N-dimethylaniline and phenol (Scheme 1).
Diazotization involved the reaction of a primary heteroaromatic amine (3a–e) with a nitrosating
agent (nitrosyl cation) generated in situ from sodium nitrite and concentrated sulfuric acid at low
temperatures. Reactions were performed in a mixture of glacial acetic acid and propionic acid
in order to improve the solubility of the starting thiadiazoles. An excess of nitrous acid in the
post-reaction mixture was detected with potassium iodide–starch study and eliminated by adding urea.
The resulting colored diazonium salts were then used directly without purification in the coupling
sequence with aromatic amines: aniline (G=NH2) and N,N-dimethylaniline (G=NMe2) and with
phenol (G=OH). Due to the limited stability of diazonium salts, the transformations were carried
out at low temperatures (0–5 ◦C) and the final products were precipitated from solution by adding
base (Na2CO3) after reagents were combined. The reactions resulted in the formation of three series
of 2-arylazo-5-aryl-1,3,4-thiadiazole dyes in various yields (4a–e, 5a–e, 6a–e, Scheme 1). The highest
yields were obtained from the transformations involving phenol (6a–e, 75–91%, Scheme 1), while the
reactions using N,N-dimethylaniline (5a–e, 56–69%, Scheme 1) and aniline (4a–e, 51–81%, Scheme 1)
produced lower yields. Such situation may be caused by partial deactivation of anilines in acidic
media. Generally, 1,3,4-thiadiazole-containing azo dyes are high-melting solids (melting point range
169–293 ◦C) and are insoluble in both water and hydrocarbons (hexane, toluene). They are highly
soluble in DMSO, acetone and methanol. It is worth noting that among the synthesized derivatives,
12 are new compounds not yet described in the literature.
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Scheme 1. Preparation of 2-amino-1,3,4-thiadiazole precursors (3a–e) and synthesis of
2-arylazo-5-aryl-1,3,4-thiadiazole dyes (4a–e, 5a–e, 6a–e). Reaction conditions: (i) toluene, reflux,
5–15 h; (ii) toluene, NaHCO3, H2O, rt, 24 h; (iii) conc. H2SO4, 24 h and then aqueous NH3; (iv) NaNO2,
conc. H2SO4, AcOH/EtCOOH, 0–5 ◦C; (v) H2O, 0–5 ◦C and then Na2CO3.

2.2. Spectral Characterization

The structures of the final diazotization products of 2-amino-5-aryl-1,3,4-thiadiazole and their
subsequent coupling with aniline, N,N-dimethylaniline and phenol were confirmed by typical
spectroscopic methods (1H-NMR, 13C-NMR, UV-Vis, FT-IR and HRMS). In the 1H-NMR spectra
of 2-arylazo-5-aryl-1,3,4-thiadiazoles (4a–e, 5a–e, 6a–e), the characteristic signals become from protons
located in the benzene rings associated with the 1,3,4-thiadiazole core and appeared in the range
between 6.74–8.40 ppm. Signals of the characteristic amino group (7.06–7.18 ppm), N,N-dimethylamino
group (~3.18 ppm), t-butyl (~1.33 ppm) and methoxy (~3.86 ppm) were also observed. In the 13C-NMR
spectra the characteristic peaks from 1,3,4-thiadiazole carbon atoms C-2 and C-5 were observed at
164–166 ppm and 178–181 ppm, respectively. Signals due to methoxy group (~55.5 ppm), t-butyl group
(30.8–34.8 ppm) and N,N-dimethylamino group (40.0–40.2 ppm) were observed upfield in the spectra.
The formation of azo dyes 4a–e, 5a–e, 6a–e was further shown by HRMS and elemental analyses.

The IR spectra of all prepared dyes were recorded from 4000 and 650 cm−1. For the dyes 4a–e,
two bands, respectively at 3400–3310 cm−1 and 3201–3190 cm−1, were visible, which were attributed
to the presence of a free amino group. Such bands were not observed in the case of derivatives 5a–e,
representing a group of tertiary amines. In series 6a–e, a broad band appeared from 3500–3100 cm−1,
which confirms the presence of a hydroxyl group. All dyes showed a weak band at 1505–1525 cm−1 for
an azo group (N=N).

The UV-Vis spectra of three series of 2-arylazo-5-aryl-1,3,4-thiadiazole dyes (4a–e, 5a–e, 6a–e)
measured in MeOH exhibit several (four in most cases) absorption maxima (Figure 1, Table 1).
The same is observed for calculated spectra (Figure 1, Table 1) which are in good comparison with
those measured. All maxima result from multiple different transitions and include both n→π* and
π→π* transitions. For series 5 and 6 with compounds possessing a t-butyl group, additionally the
σ→π* transitions are observed. Due to complexity of electronic transition creating each absorption
maximum, there is no one evident dependence between the substituents and absorption maximum
position/absorption coefficient (Figure S1). Nevertheless, some dependences exist within groups with
one kind of R or G substituent. The change of the G substituent causes the red shift of the most
intense absorption maximum (appearing in the visible regions of 490–507 nm for 4a–e, 515–530 nm
for 5a–e and 405–415 nm for 6a–e) in order of G substituents: OH, NH2, NMe2. This sequence is in
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agreement with electron donating properties of the studied substituents. These red shifts are well
reproduced in calculated spectra (Table 1). For the compounds with amino substituents (G=NH2,
NMe2) this maximum is the most red-shifting for a compound possessing a nitro group (Table 1).
For the compounds with hydroxy group (G=OH) the red shift forced by the presence of a nitro group
(6c) is between some other red shifted compounds, and it is smaller than that shift observed for the
compound 6b. This effect is also reflected in the calculated spectra (Table 1). The simultaneous presence
of a hydroxy group (G=OH) and methoxy one (R=MeO) in 6b is an explanation of this phenomenon.
For each series, the methoxy moiety induces red-shift effect (toward most of the compounds), but for
amino substituents G=NH2, NMe2 it was smaller than for their hydroxy counterpart G=OH (influence
of this group could only be noticed for calculated spectra). Increase of the red shift for stronger
electron donating EDG substituents (G=NMe2 and NH2) is larger than caused by methoxy moiety
and overrule strong electron withdrawing properties of nitro substituent. In case of the weaker EDG
substituent (G=OH) with electron donating properties close to the methoxy substituent, the electron
withdrawing properties of nitro substituent dominate at some point, and cause above described
difference in red shifts. For each compound, the most intense (global) maximum is attributed to
HOMO–LUMO (H→L) transitions (Table 1, Supplementary Materials, Figures S2–S4). For compounds
possessing the nitro substituent these experimentally observed absorption maxima result also from
other than H→L transitions, possessing relatively large oscillator strengths (Table 1, Figures S2–S4).
In all cases, these transitions do not engage the antibonding orbitals of the nitro group (Table 1).
For the second most intense absorption maximum (experimentally observed at lower wavelengths),
the changes of its shift between the corresponding compounds (e.g., 4a vs. 5a vs. 6a) are not as high
as those observed for the most intense maxima. Those maxima appear in the ultraviolet regions of
237–267 nm for 4a–e, 243–256 nm for 5a–e and 243–260 nm for 6a–e and they results from multiple
π→ π* and n→ π* transitions involving antibonding orbitals of all substituents (i.e., NH2, NMe2, OH,
MeO, NO2 and Br, Table 1). The experimental and calculated spectra show some minor differences.
For compounds with amino groups (G=NH2, NMe2), the calculated spectra do not contain absorption
maxima observed experimentally in the range of 284–299 nm. This may result from the interaction
of compound molecules with the solvent (i.e., formation of specific hydrogen bonds) defectively
reproduced in continuous model of solvation.

−

–
–

–

Figure 1. UV-Vis absorption spectra of the studied azo dyes in MeOH at a concentration
of 4.0 × 10−5-mol/L at room temperature: (Series 4) Absorption spectra of azo dyes 4a–e
containing 4-aminophenylazo group; (Series 5) absorption spectra of azo dyes 5a–e containing
4-(N,N-dimethylamino)phenylazo group; (Series 6) absorption spectra of azo dyes 6a–e containing
4-hydroxyphenylazo group. Respective calculated spectra are shown as well.
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Table 1. Most important electronic transitions. H letter indicates Highest Occupied Molecular Orbital HOMO, L indicates Lowest Unoccupied Molecular Orbital
LUMO and +/− (number) represent subsequent orbitals above HOMO and LUMO, respectively. The logarithm of molar absorption coefficients log ε and oscillator
strengths are given in parenthesis under the wavelengths, respectively for experimental and calculated maxima. The letters a–e stand for the particular compound in a
given series (4, 5 or 6).

λmax (nm)
The Most Important
Orbitals Involved in

Electronic Transitions
Character of Transition

Experimental Calculated

4 (G=NH2)

a b c d e a b c d e

237
(3.95)

256
(4.05)

267
(4.07)

249
(3.90)

248
(4.02)

261.44
(0.0909)

276.70
(0.1045)

237.50
(0.0536)

256.39
(0.0432)

270.17
(0.2800)

(a, e)H-2→L+1
(b)H→L+2
(c)H-2→L+2
(d)H-8→L

(a, e)n(NH2)/π→π*
(b)n(NH2)/n(MeO)/π→π*(C6-rings)
(c)n(NH2)/n(NO2)/π→π*
(d)n(Br)/π(S-ring)→π*

262.74
(0.0776)

280.67
(0.2599)

253.28
(0.0806)

274.45
(0.3976)

273.29
(0.1360)

(a)H-6→L
(b)H-1→L+1
(c)H-6→L+1
(d)H-2→L+1
(e) H→L+2

(a)n(NH2)/π→π*
(b)n(NH2)/n(MeO)/π→π*
(c)π→π*
(d)n(Br)/n(NH2)/π→π*
(e)n(NH2)/π→π*(C6-rings)

266.87
(0.1051)

268.23
(0.0893)

(a)H→L+3
(c)H→L+4 (a, c)n(NH2)/π→π*(C6-rings)

272.57
(0.1083) (a)H→L+2 (a)n(NH2)/π→π*(C6-rings)

285
(3.72)

286
(3.88)

286
(3.63)

284
(3.79)

316
(3.56)

319
(3.78)

321
(4.03)

318
(3.56)

319
(3.68)

325.66
(0.0203)

322.13
(0.0500)

312.40
(0.0522)

333.77
(0.0204)

324.73
(0.0294)

(a, b, d, e)H→L+1
(c)H-2→L+1

(a, c, e)n(NH2)/π→π*
(b)n(NH2)/n(MeO)/π→π*
(d)n(Br)/n(NH2)/π→π*

344.08
(0.1372) (c)H-2→L (c)n(NH2)/π→π*

491
(4.52)

491
(4.46)

507
(4.35)

496
(4.41)

492
(4.47)

383.91
(0.1281)

428.57
(0.7203)

(b)H-1→L
(c)H→L+1

(b)n(NH2)/n(MeO)/π→π*
(c)n(NH2)/π→π*

459.54
(1.4831)

478.70
(1.3233)

529.34
(0.8884)

464.44
(1.4918)

464.82
(1.4522) H→L

(a, c, e)n(NH2)/π→π*
(b) n(NH2)/n(MeO)/π→π*
(d)n(Br)/n(NH2)/π→π*
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Table 1. Cont.

λmax (nm)
The Most Important
Orbitals Involved in

Electronic Transitions
Character of Transition

Experimental Calculated

5 (G=NMe2)

a b c d e a b c d e

243
(3.96)

256
(3.83)

249
(3.73)

251
(3.80)

245
(4.06)

264.95
(0.1359)

278.83
(0.0592)

241.40
(0.0442)

256.30
(0.0430)

270.21
(0.0655)

(a)H-2→L+1
(b, e) H-1→L+1
(c)H-2→L+2
(d)H-8→L

(a)π→π*
(b) n(MeO)/n(NMe2)/π→π*
(c)n(NO2)/π→π*
(d)n(Br)/π→π*
(e)σ(t-Bu)/n(Me2)/π→π*

275.87
(0.1374)

283.75
(0.1408)

261.09
(0.0967)

274.64
(0.1508)

270.38
(0.0853)

(a)H-6→L
(b)H→L+2
(c)H-6→L+1
(d)H-2→L+1
(e)H-1→L+1

(a, c)π→π*
(b)n(MeO)/n(NMe2)/π→π*(C6-ring near MeO)
(d)n(Br)/n(NMe2)/π→π*
(e)σ(t-Bu)/n(Me2)/π→π*

281.40
(0.0925)

287.77
(0.2354)

277.34
(0.1087)

282.30
(0.2530)

279.49
(0.2116)

(a)H→L+3
(b, d)H-5→L
(c)H→L+4
(e)H-6→L

(a)n(NMe2)/π→π*
(b)n(MeO)/π→π*
(c)n(NMe2)/π→π*(C6-ring near NMe2)
(d)n(Br)/π→π*
(e)σ(t-Bu)/π→π*

281.87
(0.0869) (e)H→L+2 (e)n(NMe2)/π→π*(C6-rings)

293
(3.79)

293
(3.73)

299
(3.85)

290
(3.61)

295
(3.92)

320
(3.68)

334
(3.46)

325
(3.49)

323
(3.80)

337.91
(0.0197)

333.19
(0.0329)

353.80
(0.1689)

346.81
(0.0206)

336.73
(0.0263)

(a, b, d, e)H→L+1
(c)H-2→L

(a, d, e)n(NMe2)/π→π*
(b)n(MeO)/n(NMe2)/π→π*
(c)n(NO2)/π→π*

515
(4.50)

515
(4.25)

530
(3.95)

520
(4.30)

515
(4.41)

393.91
(0.0395)

453.15
(0.8353)

(b)H-1→L
(c)H→L+1

(b)n(MeO)/n(NMe2)/π→π*
(c)n(NMe2)/π→π*

483.86
(1.4831)

497.00
(1.1993)

568.89
(0.8657)

488.69
(1.5864)

487.35
(1.5439) H→L (a, c, d, e)n(NMe2)/π→π*

(b)n(MeO)/n(NMe2)/π→π*
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Table 1. Cont.

λmax (nm)
The Most Important
Orbitals Involved in

Electronic Transitions
Character of Transition

Experimental Calculated

6 (G=OH)

a b c d e a b c d e

220.52
(0.0983) (b)H-4→L+1 (b)π(C6-ring near OH)→π*

236
(4.00)

231
(3.68)

234.73
(0.0439)

232.01
(0.0382)

(a)H→L+3
(c)H-2→L+2

(a)n(OH)/π→π*(C6-ring near S-ring)
(c)n(NO2)/(OH)/π→π*

256
(3.90)

254
(4.04)

260
(3.72)

245
(4.04)

243
(4.10)

251.23
(0.0758)

234.51
(0.0525)

249.20
(0.0821)

238.98
(0.0306)

234.61
(0.0464)

(a, e)H→L+2
(b)H-3→L+1
(c)H-8→L
(d)H-4→L+1

(a)n(OH)/π→π*(C6-ring near OH)
(b)π(C6-ring near MeO)→π*
(c)n(NO2)/(OH)/π→π*
(d)π(C6-rings)→π*
(e)σ(t-Bu)/n(OH)/π→π*(C6-ring near t-Bu)

254.98
(0.1078)

271.99
(0.1002)

264.75
(0.0369)

251.23
(0.0556)

265.07
(0.2413)

(a)H-2→L+1
(b, c, e)H-6→L
(d)H→L+3

(a, c)n(OH)/π→π*
(b)n(MeO)/n(OH)/π→π*
(d)n(Br)/n(OH)/π→π*(C6-ring near OH)
(e)σ(t-Bu)/n(OH)/π→π*

262.06
(0.1766)

266.81
(0.1192)

(a)H-6→L+1
(d)H-2→L+1

(a)n(OH)/π→π*
(d)n(Br)/n(OH)/π→π*

270.78
(0.1692) (d)H-6→L (d)n(Br)/n(OH)/π→π*

298
(3.54)

291
(3.74)

290
(3.76)

290
(3.64)

297.41
(0.0427)

302.67
(0.1542)

304.17
(0.0596)

298.30
(0.0985) (a, b, c, e)H→L+1

(a)n(OH)/π→π*
(b)n(MeO)/n(OH)/π→π*
(d)n(Br)/n(OH)/π→π*
(e)σ(t-Bu)/n(OH)/π→π*

325.44
(0.0438) (a)H-4→L (a)π(C6-ring near OH)→π*

310
(3.74)

305.19
(0.1361) (c)H-2→L+1 (c)n(NO2)/(OH)/π→π*
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Table 1. Cont.

λmax (nm)
The Most Important
Orbitals Involved in

Electronic Transitions
Character of Transition

Experimental Calculated

405
(4.46)

415
(4.35)

410
(4.13)

409
(4.28)

409
(3.96)

341.08
(0.0630) (c)H-3→L (c)π(C6-ring near OH)→π*

345.44
(0.0461)

370.43
(0.3618)

385.35
(0.2630)

355.56
(0.0770)

355.42
(0.1288)

(a, d, e)H-2→L
(b)H-1→L
(c)H-1→L+1

(a, c)n(OH)/π→π*
(b)n(MeO)/n(OH)/π→π*
(d)n(Br)/n(OH)/π→π*
(e)σ(t-Bu)/n(OH)/π→π*

432.77
(1.1904)

471.46
(0.9677)

458.02
(1.1983)

439.27
(1.2728)

444.00
(1.1983) H→L

(a, c)n(OH)/π→π*
(b)n(MeO)/n(OH)/π→π*
(d)n(Br)/n(OH)/π→π*
(e)σ(t-Bu)/n(OH)/π→π*

Used abbreviations: n—non-bonding orbital; S-ring—thiadiazole ring; C6-ring—benzene ring; *—antibonding orbital.
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2.3. Molecular Structure

The structure of one of the obtained azo dyes was confirmed by X-ray crystal structure analysis
(CCDC1946289). All atoms of the studied 2-[4-(N,N-dimethylamino)phenylazo]-5-(4-methoxyphenyl)
-1,3,4-thiadiazole (5b) occupied general positions (Figure 2).

– –
– –

–

–
– –

–
••• 

π•••π

— — —  — — 

— — — — —
— — — — —
— — — — —
— — — — —
— — — — —
— — — — —
— — — — —
— — — — —
— — — — —

Figure 2. Molecular structure of compound 5b plotted with 50% probability of displacement ellipsoids.
Hydrogen atoms are drawn as spheres with arbitrary radii.

The five- and six- membered rings were practically planar (the largest deviating atom C2, C7, C14
stuck out 0.0060(8), 0.0079(9), 0.0073(9) Å from the weighted least squares plane containing the respective
atom), but the whole molecule is considerably bent. The benzene rings containing C3 and C11 atoms
were inclined at 10.11(7) and 24.90(6)◦ to the central 1,3,4-thiadiazole ring, respectively and mutually at
26.85(6)◦. The N,N-dimethylamino group was inclined at 11.53(14)◦ to the neighboring benzene ring,
which is a larger value than is typically observed for similar systems (4.6%–5.8◦) [30]. However, it still
falls within the range of 2.3%–18.8◦ (the angle values of median population). The C–S bonds (Table 2)
were shorter than typical single C–S bonds (i.e., a mean value of 1.819 Å for a bond between an sp3

carbon atom and a divalent sulfur) and similar to the values observed for slightly delocalized systems
containing sp2 carbon atoms (i.e., a mean value of 1.741 Å) [31]. A similar effect exists for an N–N
bond (a formal bond length of 1.454 Å) and opposite effects were observed for slightly longer C=N
bonds (Table 2) and double C=N bonds (i.e., a mean value of 1.279 Å [32]). Combined, these effects
demonstrate small, but observable delocalization of electron density within the 1,3,4-thiadiazole ring.
The azo N=N bond (Table 2) shows a transitional character between a well-localized and a completely
delocalized system (mean values of 1.245 and 1.304 Å) [33]. This, along with the shortening of the
neighboring C–N bonds, also demonstrates the considerable degree of delocalization of electron density
within the C–N=N–C moiety. Due to the absence of classical hydrogen bond donors, the studied
compounds are connected only by weak C–H•••A non-classic hydrogen bonds (where A denotes the
following acceptors: N, O, S and π electrons) [34] and π•••π stacking interactions (Table 3, Table 4) [35].

Table 2. Selected structural data of studied compound 5b.

i—j dij [Å] i—j—k αijk [◦] i—j—k αijk [◦]

S1—C1 1.7462(14) C1—S1—C2 86.22(7) C2—C11—C16 122.25(13)
S1—C2 1.7366(14) S1—C2—N2 114.29(11) C5—C6—N5 121.16(12)
C1—N1 1.3092(18) C2—N2—N1 112.80(12) C7—C6—N5 121.27(12)
C2—N2 1.3124(18) N2—N1—C1 112.25(12) C6—N5—C9 120.76(12)
N1—N2 1.3757(17) N1—C1—S1 114.42(11) C6—N5—C10 120.34(12)
C1—N3 1.3821(18) N1—C1—N3 120.62(13) C9—N5—C10 118.16(12)
N3—N4 1.2907(16) S1—C1—N3 124.91(10) C13—C14—O1 115.86(12)
N4—C3 1.3851(18) C1—N3—N4 111.67(11) C15—C14—O1 124.38(13)
C2—C11 1.4651(19) N3—N4—C3 115.29(11) C14—O1—C17 117.14(11)
N5—C6 1.3520(18) N4—C3—C4 125.47(12)
N5—C9 1.4635(18) N4—C3—C8 116.30(12)
N5—C10 1.4606(18) S1—C2—C11 122.98(10)
O1—C14 1.3610(17) N2—C2—C11 122.55(13)
O1—C17 1.4346(17) C2—C11—C12 118.81(13)
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Table 3. Non-classic hydrogen bonds and the first level graph motifs in the studied compound. Cg(C3)
indicates centroid of ring containing C3 atom.

D-H•••A d(D-H) [Å] d(H•••A) [Å] d(D•••A) [Å] <(DHA) [◦] Gd
a(n)

C9—H9A•••N1 i 0.98 2.58 3.5351(1) 165.4 R2
2(22)

C10—H10B•••O1 ii 0.98 2.54 3.5031(1) 166.3 C(17)
C16—H16•••S1 0.95 2.86 3.2088(1) 102.7 S(5)
C7—H7•••Cg(C3) iii 0.95 2.97 3.8190(1) 148.8 C(2)

Symmetry transformations used to generate equivalent atoms: (i) −x + 1, −y + 1, −z − 2; (ii) x + 1, y, z;
(iii) x, −y + 1.5, z − 0.5.

The unitary graph set is composed of R2
2(22)C(17)S(5)C(2) motifs of the lowest degree. The ring

motif assembles the molecules into supramolecular dimers (Figure 3), and the C(17) chain motif
extends these dimers to a supramolecular ribbon extending along the crystallographic axis (Figure 4).
This ribbon is constructed from alternating R2

2(22)R4
4(26) ring motifs of a binary graph set of the

lowest degree. The neighboring ribbons are interconnected by C–H•••π and π•••π interactions
(Table 3, Table 4) and form a three-dimensional network assembled by non-covalent interactions.

— — —  — — 

— — —
— — —
— — —
— — —
— — —

••• ••• •••

— •••
— •••
— •••

— •••

− −
x, − −

– •••π π•••π

α β

••• ••• α β d [Å
•••
•••

enerate equivalent atoms: (iv) − , −y+1, −z+1;(v) −x, −y+1, −

Figure 3. Supramolecular dimers forming a R2
2(22) motif of a unitary graph set. Symmetry codes as in

Table 3. Non-classic hydrogen bonds are indicated by dotted lines.

Table 4. Interactions in the studied compound. Each ring is indicated by one atom, which belongs
solely to this ring. α is a dihedral angle between planes I and J, β is an angle between Cg(I)-Cg(J) vector
and normal to plane I and dp is the perpendicular distance of Cg(I) on ring J plane.

R(I)•••R(J) d(Cg•••Cg) [Å] α [◦] β [◦] dp [Å]

C3•••C3 iv 3.6217(1) 0 15.5 3.4908
C11•••C11 v 3.5355(1) 0 22.3 3.2703

Symmetry transformations used to generate equivalent atoms: (iv) −x+1, −y+1,
−z+1;(v) −x, −y+1, −z+1.
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−

−

–

D3 version of Grimme’s dispersion with Becke–
–

–

–
–

–
–

Figure 4. Part of molecular packing showing a supramolecular ribbon extending along the
crystallographic axis. Hydrogen bonds indicated by dotted lines.

3. Experimental

3.1. General Information

All reagents were purchased from commercial sources and used without further purification.
Melting points were measured on a Stuart SMP3 melting point apparatus. The 1H-NMR and 13C-NMR
spectra were recorded on an Agilent 400-NMR spectrometer in DMSO-d6 solution using TMS as the
internal standard. FT-IR spectra were recorded between 4000 and 650 cm−1 using a FT-IR Nicolet
6700 apparatus with a Smart iTR accessory. UV-Vis spectra were recorded at room temperature
in MeOH solutions (c = 4.0 × 10−5 mol/L) on a Jasco V-660 spectrophotometer. High-resolution
mass spectra were recorded on a Waters ACQUITY UPLC/Xevo G2QT instrument. Thin-layer
chromatography was performed on silica gel 60 F254 (Merck) TLC plates using CHCl3/EtOAc (5:1 v/v)
as the mobile phase. Elemental analyses were performed with a VarioEL analyzer. The excited
states of the obtained compounds were calculated using TD–DFT method. All calculations (including
geometry optimization) were performed utilizing Gaussian09 rev. D.01 [36] with B3LYP functional and
employing 6.31 g++(2d, 2p) basis set. The geometry of all compounds was optimized and during this
calculation D3 version of Grimme’s dispersion with Becke–Johnson damping [37] was used. In both,
the optimization process and TD–DFT calculations, the polarizable continuum model [38] was used to
include overall solvation effects (with methanol selected as a solvent). The assignment of the calculated
excited states to the observed experimental maxima was based on the comparison of excitation energies
and the oscillator strengths/intensities of the corresponding maxima. The analysis of the character of
respective orbital excitations was based on orbital contour plots.

3.2. Synthesis and Characterization

3.2.1. General Procedure for the Synthesis of 2-Benzoylhydrazinecarbothioamide Derivatives (2a–e)

A carboxylic acid (1a–e, 0.10 mol) and thionyl chloride SOCl2 (22 mL, 0.30 mol) were refluxed in
dry toluene (10 mL) until the acid was fully consumed (TLC; 5–15 h). After cooling, the mixture was
concentrated on a rotary evaporator, washed with additional dry toluene (10 mL) and concentrated
again. The crude acid chloride was then dissolved in 50 mL of dry toluene and added dropwise to a
mixture of thiosemicarbazide (9.11 g, 0.10 mol), NaHCO3 (8.40 g, 0.10 mol) and H2O (150 mL). The whole
solution was agitated at room temperature overnight. The precipitated solid was filtered off, dried in
air and recrystallized from a mixture of EtOH–H2O to obtain pure 2-benzoylhydrazinecarbothioamide
derivatives (2a–e).

2-Benzoylhydrazinecarbothioamide (2a). The product was obtained as a white solid (8.60 g, 44%);
mp 197–198 ◦C (196–198 ◦C [39]).

2-(4-Methoxybenzoylhydrazinecarbothioamide (2b). The product was obtained as a white solid
(15.32 g, 68%); mp 225–227 ◦C (226 ◦C [40]).
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2-(4-Nitrobenzoylhydrazinecarbothioamide (2c). The product was obtained as a yellow solid (18.02 g,
75%); mp 212–214 ◦C (214 ◦C [41]).

2-(4-Bromobenzoylhydrazinecarbothioamide (2d). The product was obtained as a white solid
(16.72 g, 75%); mp 216–218 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 7.68–7.72 (m, 3H, Ar: H-3, H-5, NH),
7.82–7.88 (m, 3H, Ar: H-2, H-6, NH), 9.34 (s, 1H, NH), 10.45 (s, 1H, NH); 13C-NMR (100 MHz,
DMSO-d6): δ 125.5, 129.5, 129.9, 131.1, 131.7, 164.9 (C=O), 182.0 (C=S); Anal. Calcd for C8H8BrN3OS:
C, 35.05; H, 2.94; N, 15.33. Found: C, 34.95; H, 2.89; N, 15.40.

2-(4-t-Butylbenzoylhydrazinecarbothioamide (2e). The product was obtained as a beige solid (12.06 g,
48%); mp 210–211 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.33 (s, 9H, C(CH3)3), 7.48 (d, 2H, J = 8.4 Hz,
Ar: H-3, H-5), 7.52–7.60 (m, 2H, NH2), 7.84 (d, 2H, J = 8.4 Hz, Ar: H-2, H-6), 9.31 (s, 1H, NH),
10.39 (s, 1H, NH); 13C-NMR (100 MHz, DMSO-d6): δ 30.8, 34.8, 124.9, 126.1, 128.3, 154.6, 165.6 (C=O),
182.0 (C=S); Anal. Calcd for C12H17N3OS: C, 57.34; H, 6.82; N, 16.72. Found: C, 57.21; H, 6.88; N, 16.63.

3.2.2. General Procedure for the Synthesis of 2-Amino-1,3,4-thiadiazole Derivatives (3a–e)

Derivatives of 2-benzoylhydrazinecarbothioamide 2a–e (0.05 mol) were dissolved in 50 mL of
concentrated H2SO4 and agitated at room temperature overnight. Then, the mixture was alkalized
with 25% ammonia and the precipitated product was filtered off, dried in air and recrystallized from a
mixture of EtOH–H2O to yield the corresponding 2-amino-1,3,4-thiadiazoles 3a–e.

2-Amino-5-phenyl-1,3,4-thiadiazole (3a). The product was obtained as a white solid (3.89 g, 45%);
mp 232–233 ◦C (230 ◦C [42]).

2-Amino-5-(4-methoxyphenyl)-1,3,4-thiadiazole (3b). The product was obtained as a white solid
(3.42 g, 33%); mp 184–185 ◦C (185–187 ◦C [43]).

2-Amino-5-(4-nitrophenyl)-1,3,4-thiadiazole (3c). The product was obtained as a yellow solid (8.33 g,
75%); mp 254–256 ◦C (250–252 ◦C [44]).

2-Amino-5-(4-bromophenyl)-1,3,4-thiadiazole (3d). The product was obtained as a white solid (8.96 g,
70%); mp 226 ◦C (222–224 ◦C [41]).

2-Amino-5-(4-t-butylphenyl)-1,3,4-thiadiazole (3e). The product was obtained as a white solid
(4.78 g, 41%); mp 251–253 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.29 (s, 9H, C(CH3)3), 7.35 (s, 2H,
NH2), 7.48 (d, 2H, J = 8.4 Hz, Ar: H-3, H-5), 7.67 (d, 2H, J = 8.4 Hz, Ar: H-2, H-6); 13C-NMR (100 MHz,
DMSO-d6): δ 30.8, 34.5, 125.8, 126.0, 128.3, 152.2, 156.3, 168.1; Anal. Calcd for C12H15N3S: C, 61.77; H,
6.48; N, 18.01. Found: C, 61.70; H, 6.40; N, 18.12.

3.2.3. General Procedure for the Synthesis of 2-(4-Aminophenylazo)-5-phenyl-1,3,4-thiadiazole
Derivatives (4a–e)

Sodium nitrite (1.31 g, 0.019 mol) was introduced portion wise into concentrated sulfuric
acid (20 mL). The solution was heated to 50 ◦C in a water bath until complete dissolution and
then rapidly cooled in an ice/salt bath to 0 ◦C. In the meantime, the solution of the appropriate
2-amino-5-aryl-1,3,4-thiadiazole 3a–e (0.015 mol) in glacial acetic acid (30 mL) and propionic acid
(15 mL) was prepared and added dropwise to an agitated solution of sodium nitrite in concentrated
sulfuric acid at 0–5 ◦C. Then, the mixture was stirred for 24 h, and excess nitrous acid was decomposed
by the addition of urea. The resulting diazonium salt solution was slowly introduced into the mixture
of aniline (1.37 mL, 1.39 g, 0.015 mol) in 15 mL of water at 0–5 ◦C. The colored mixture was stirred at
room temperature for the next 24 h and finally neutralized with saturated sodium carbonate solution
(75 mL). The solid was filtered off, washed twice with hot water (2 × 25 mL) and dried in air. The crude
product (4a–e) was purified by column chromatography on silica gel (CHCl3/EtOAc, 5:1 v/v).

2-(4-Aminophenylazo)-5-phenyl-1,3,4-thiadiazole (4a). The product was obtained as a brown reddish
solid (2.11 g, 51%); mp 236–238 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.18. 1H-NMR (400 MHz, DMSO-d6):
δ 6.75 (d, 2H, J = 8.8 Hz, 2-Ar: H-3, H-5), 7.13 (s, 2H, NH2), 7.57–7.59 (m, 3H, 5-Ar: H-3′, H-4′, H-5′),
7.77 (d, 2H, J = 8.8 Hz, 2-Ar: H-2, H-6), 8.04 (d, 2H, J = 8.4 Hz, 5-Ar: H-2′, H-6′); 13C-NMR (100 MHz,
DMSO-d6): δ 114.1, 127.5, 127.8, 129.4, 130.1, 131.5, 142.3, 156.6, 165.7, 180.2. IR (ATR) ν: 3311, 1636,
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1507 cm−1; HRMS calcd for (C14H11N5S + H+): 282.0813; found: 282.0818; Anal. Calcd for C14H11N5S:
C, 59.77; H, 3.94; N, 24.89. Found: C, 59.83; H, 3.97; N, 24.93.

2-(4-Aminophenylazo)-5-(4-methoxyphenyl)-1,3,4-thiadiazole (4b). The product was obtained as a
brown reddish solid (2.47 g, 53%); mp 269–270 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.16. 1H-NMR (400 MHz,
DMSO-d6): δ 3.86 (s, 3H, OCH3), 6.74 (d, 2H, J = 8.8 Hz, 2-Ar: H-3, H-5), 7.06 (s, 2H, NH2), 7.11 (d, 2H,
J = 8.8 Hz, 5-Ar: H-3′, H-5′), 7.75 (d, 2H, J = 8.8 Hz, 2-Ar: H-2, H-6), 7.98 (d, 2H, J = 8.8 Hz, 5-Ar: H-2′,
H-6′); 13C-NMR (100 MHz, DMSO-d6): δ 55.5, 114.1, 114.8, 122.6, 127.6, 129.2, 142.3, 156.3, 161.8, 165.6,
179.5. IR (ATR) ν: 3422, 3333, 1651, 1508 cm−1; HRMS calcd for (C15H13N5SO + H+): 312.0919; found:
312.0912; Anal. Calcd for C15H13N5SO: C, 57.86; H, 4.21; N, 22.49. Found: C, 57.73; H, 4.24; N, 22.43.

2-(4-Aminophenylazo)-5-(4-nitrophenyl)-1,3,4-thiadiazole (4c). The product was obtained as a dark
brown solid (3.42 g, 70%); mp 176–178 ◦C (178–179 ◦C [24]); Rf (CHCl3/EtOAc, 5:1 v/v) 0.23. IR (ATR) ν:
3403, 1637, 1513 cm−1; Anal. Calcd for C14H10N6O2S: C, 51.53; H, 3.09; N, 25.75. Found: C, 51.47; H,
3.05; N, 25.77.

2-(4-Aminophenylazo)-5-(4-bromophenyl)-1,3,4-thiadiazole (4d). The product was obtained as a dark
violet solid (3.67 g, 68%); mp 261–263 ◦C; Rf (CHCl3/EtOAc, 3:1 v/v) 0.23. 1H-NMR (400 MHz DMSO-d6):
δ 6.75 (d, 2H, J = 9.2 Hz, 2-Ar: H-3, H-5), 7.18 (s, 2H, NH2), 7.75–7.78 (m, 4H, 2-Ar, 5-Ar: H-2, H-6,
H-3′, H-5′), 7.97 (d, 2H, J = 8.8 Hz, 5-Ar: H-2′, H-6′); 13C-NMR (100 MHz, DMSO-d6): δ 114.2, 124.9,
129.2, 129.3, 130.4, 132.4, 142.3, 156.7, 164.6, 180.5. IR (ATR) ν: 3321, 1636, 1507 cm−1; HRMS calcd for
(C14H10N5SBr+H+): 359.9919; found: 359.9914; Anal. Calcd for C14H10N5SBr: C, 46.68; H, 2.80; N,
19.44. Found: C, 46.81; H, 2.79; N, 19.49.

2-(4-Aminophenylazo)-5-(4-t-butylphenyl)-1,3,4-thiadiazole (4e). The product was obtained as a brown
solid (2.43 g, 81%); mp 171–173 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.27. 1H-NMR (400 MHz, DMSO-d6):
δ 1.33 (s, 9H, C(CH3)3), 6.74 (d, 2H, J = 8.4 Hz, 2-Ar: H-3, H-5), 7.10 (s, 2H, NH2), 7.58 (d, 2H, J = 8.8 Hz,
5-Ar: H-3′, H-5′), 7.76 (d, 2H, J = 8.4 Hz, 2-Ar: H-2, H-6), 7.96 (d, 2H, J = 8.8 Hz, 5-Ar: H-2′, H-6′);
13C-NMR (100 MHz, DMSO-d6): δ 30.8, 34.8, 114.1, 126.2, 127.3, 127.4, 130.2, 142.3, 154.5, 156.5, 165.7,
179.9. IR (ATR) ν: 3325, 1621, 1507 cm−1; HRMS calcd for (C18H19N5S+H+): 338.1440; found: 338.1438;
Anal. Calcd for C18H19N5S: C, 64.07; H, 5.68; N, 20.75. Found: C, 64.21; H, 5.70; N, 20.71.

3.2.4. General procedure for the synthesis of
2-[4-(N,N-dimethylamino)phenylazo]-5-phenyl-1,3,4-thiadiazole derivatives (5a–e)

Sodium nitrite (1.31 g, 0.019 mol) was introduced portion wise into concentrated sulfuric
acid (20 mL). The solution was heated to 50 ◦C in a water bath until complete dissolution and
then rapidly cooled in an ice/salt bath to 0 ◦C. In the meantime, a solution of the appropriate
2-amino-5-aryl-1,3,4-thiadiazole 3a–e (0.015 mol) in glacial acetic acid (30 mL) and propionic acid
(15 mL) was prepared and added dropwise to an agitated solution of sodium nitrite in concentrated
sulfuric acid at 0–5 ◦C. Then, the mixture was stirred for 24 h and excess nitrous acid was decomposed
by the addition of urea. The resulting diazonium salt solution was slowly introduced into the mixture of
N,N-dimethylaniline (1.90 mL, 1.82 g, 0.015 mol) in 15 mL of water at 0–5 ◦C. The colored mixture was
stirred at room temperature for the next 24 h and finally neutralized with saturated sodium carbonate
solution (75 mL). The solid was filtered off, washed twice with hot water (2 × 25 mL) and dried in air.
The crude product (5a–e) was purified by column chromatography on silica gel (CHCl3/EtOAc, 5:1 v/v).

2-[4-(N,N-Dimethylamino)phenylazo]-5-phenyl-1,3,4-thiadiazole (5a). The product was obtained as a
brown solid (3.20 g, 69%); mp 194–195 ◦C (191 ◦C [26]); Rf (CHCl3/EtOAc, 5:1 v/v) 0.32. IR (ATR) ν: 1603,
1525 cm−1; Anal. Calcd for C16H15N5S: C, 62.11; H, 4.89; N, 22.64. Found: C, 62.08; H, 4.86; N, 22.67.

2-[4-(N,N-Dimethylamino)phenylazo]-5-(4-methoxyphenyl)-1,3,4-thiadiazole (5b). The product was
obtained as a dark red solid (3.00 g, 59%); mp 219–221 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.27. 1H-NMR
(400 MHz, DMSO-d6): δ 3.17 (s, 6H, N(CH3)2), 3.86 (s, 3H, OCH3), 6.92 (d, 2H, J = 9.2 Hz, 2-Ar: H-3,
H-5), 7.12 (d, 2H, J = 8.8 Hz, 5-Ar: H-3′, H-5′), 7.85 (d, 2H, J = 9.2 Hz, 2-Ar: H-2, H-6), 7.99 (d, 2H,
J = 8.8 Hz, 5-Ar: H-2′, H-6′); 13C-NMR (100 MHz, DMSO-d6): δ 40.2, 55.5, 112.2, 114.8, 122.5, 126.0,
129.2, 129.4, 142.0, 154.6, 164.8, 179.4. IR (ATR) ν: 1603, 1516 cm−1; HRMS calcd for (C17H17N5SO+H+):
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340.1232; found: 340.1233; Anal. Calcd for C17H17N5SO: C, 60.16; H, 5.05; N, 20.63. Found: C, 60.27; H,
5.03; N, 20.61.

2-[4-(N,N-Dimethylamino)phenylazo]-5-(4-nitrophenyl)-1,3,4-thiadiazole (5c). The product was
obtained as a brown solid (3.19 g, 60%); mp 169–171 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.38. 1H-NMR
(400 MHz, DMSO-d6): δ 3.18 (s, 6H, N(CH3)2), 7.04 (d, 2H, J = 8.8 Hz, 2-Ar: H-3, H-5), 7.96 (d, 2H,
J = 9.2 Hz, 5-Ar: H-3′, H-5′), 8.37–8.40 (m, 4H, 2-Ar, 5-Ar: H-2, H-6, H-2′, H-6′); 13C-NMR (100 MHz,
DMSO-d6): δ 40.0, 112.3, 124.4, 124.5, 126.9, 129.1, 130.1, 142.1, 155.5, 164.8, 179.8. IR (ATR) ν:
1597, 1516 cm−1; HRMS calcd for (C16H14N6SO2 + H+): 355.0977; found: 355.0979; Anal. Calcd for
C16H14N6SO2: C, 54.23; H, 3.98; N, 23.71. Found: C, 54.40; H, 3.99; N, 23.76.

5-(4-Bromophenyl)-2-[4-(N,N-dimethylamino)phenylazo]-1,3,4-thiadiazole (5d). The product was
obtained as a dark violet solid (3.49 g, 60%); mp 201–203 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.40. 1H-NMR
(400 MHz, DMSO-d6): δ 3.18 (s, 6H, N(CH3)2), 6.91 (d, 2H, J = 9.2 Hz, 2-Ar: H-3, H-5), 7.77 (d, 2H,
J = 8.4 Hz, 5-Ar: H-3′, H-5′), 7.84 (d, 2H, J = 9.2 Hz, 2-Ar: H-2, H-6), 7.97 (d, 2H, J = 8.4 Hz, 5-Ar: H-2′,
H-6′); 13C-NMR (100 MHz, DMSO-d6): δ 40.0, 112.3, 124.9, 128.8, 129.2, 129.3, 132.4, 142.1, 154.8, 164.7,
180.5. IR (ATR) ν: 1597, 1522 cm−1; HRMS calcd for (C16H14N5SBr+H+): 388.0232; found: 388.0238;
Anal. Calcd for C16H14N5SBr: C, 49.49; H, 3.63; N, 18.04. Found: C, 49.37; H, 3.66; N, 18.09.

5-(4-t-Butylphenyl)-2-[4-(N,N-dimethylamino)phenylazo]-1,3,4-thiadiazole (5e). The product was
obtained as a dark violet solid (3.07 g, 56%); mp 225–227 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.39. 1H-NMR
(400 MHz, DMSO-d6): δ 1.33 (s, 9H, C(CH3)3), 3.18 (s, 6H, N(CH3)2), 6.93 (d, 2H, J = 9.2 Hz, 2-Ar: H-3,
H-5), 7.59 (d, 2H, J = 8.4 Hz, 5-Ar: H-3′, H-5′), 7.86 (d, 2H, J = 9.2 Hz, 2-Ar: H-2, H-6), 7.97 (d, 2H,
J = 8.4 Hz, 5-Ar: H-2′, H-6′); 13C-NMR (100 MHz, DMSO-d6): δ 30.8, 34.8, 40.1, 112.3, 126.2, 127.4,
127.6, 142.1, 153.4, 154.5, 154.7, 165.8, 179.8. IR (ATR) ν: 1604, 1524 cm−1; Anal. Calcd for C20H23N5S:
HRMS calcd for (C20H23N5S+H+): 366.1752; found: 366.1754; Anal. Calcd for C20H23N5S: C, 65.72; H,
6.34; N, 19.16. Found: C, 65.80; H, 6.33; N, 19.18.

3.2.5. General Procedure for the Synthesis of 2-(4-Hydroxyphenylazo)-5-phenyl-1,3,4-thiadiazole
Derivatives (6a–e)

Sodium nitrite (1.31 g, 0.019 mol) was introduced portion wise into concentrated sulfuric
acid (20 mL). The solution was heated to 50 ◦C in a water bath until complete dissolution and
then rapidly cooled in an ice/salt bath to 0 ◦C. In the meantime, a solution of the appropriate
2-amino-5-aryl-1,3,4-thiadiazole 3a–e (0.015 mol) in glacial acetic acid (30 mL) and propionic acid
(15 mL) was prepared and added dropwise to an agitated solution of sodium nitrite in concentrated
sulfuric acid at 0–5 ◦C. Then, the mixture was stirred for 24 h and excess nitrous acid was decomposed
by the addition of urea. The resulting diazonium salt solution was slowly introduced into the mixture
of phenol (1.41 g, 0.015 mol) in 15 mL of water at 0–5 ◦C. The colored mixture was stirred at room
temperature for 24 h and finally neutralized with saturated sodium carbonate solution (75 mL).
The solid was filtered off, washed twice with hot water (2 × 25 mL) and dried in air. The crude product
(6a–e) was purified by column chromatography on silica gel (CHCl3/EtOAc, 5:1 v/v).

2-(4-Hydroxyphenylazo)-5-phenyl-1,3,4-thiadiazole (6a). The product was obtained as a red solid
(3.47 g, 82%); mp 200–202 ◦C (196–198 ◦C [25]); Rf (CHCl3/EtOAc, 5:1 v/v) 0.25. IR (ATR) ν: 3060, 1608,
1512 cm−1; Anal. Calcd for C14H10N4OS: C, 59.56; H, 3.57; N, 19.85. Found: C, 59.50; H, 3.52; N, 19.87.

2-(4-Hydroxyphenylazo)-5-(4-methoxyphenyl)-1,3,4-thiadiazole (6b). The product was obtained as
an orange solid (4.26 g, 91%); mp 271–273 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.23. 1H-NMR (400 MHz,
DMSO-d6): δ 3.86 (s, 3H, OCH3), 7.02 (d, 2H, J = 9.2 Hz, 2-Ar: H-3, H-5), 7.13 (d, 2H, J = 8.8 Hz,
5-Ar: H-3′, H-5′), 7.92 (d, 2H, J = 9.2 Hz, 2-Ar: H-2, H-6), 8.03 (d, 2H, J = 8.8 Hz, 5-Ar: H-2′, H-6′);
13C-NMR (100 MHz, DMSO-d6): δ 55.5, 114.9, 116.7, 122.1, 126.8, 129.6, 144.7, 162.2, 164.1, 167.3, 178.4.
IR (ATR) ν: 3099, 1601, 1518 cm−1; HRMS calcd for (C15H12N4SO2+H+): 313.0759; found: 313.0755;
Anal. Calcd for C15H12N4SO2: C, 57.68; H, 3.87; N, 17.94. Found: C, 57.59; H, 3.85; N, 17.99.

2-(4-Hydroxyphenylazo)-5-(4-nitrophenyl)-1,3,4-thiadiazole (6c). The product was obtained as a dark
brown solid (3.92 g, 80%); mp 258–260 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.35. 1H-NMR (400 MHz,
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DMSO-d6): δ 6.97 (d, 2H, J = 8.8 Hz, 2-Ar: H-3, H-5), 7.92 (d, 2H, J = 8.8 Hz, 5-Ar: H-3′, H-5′),
8.28–8.40 (m, 4H, 2-Ar, 5-Ar: H-2, H-6, H-2′, H-6′); 13C-NMR (100 MHz, DMSO-d6): δ 117.4, 124.4,
124.6, 127.5, 129.0, 144.7, 157.3, 164.1, 167.4, 179.1. IR (ATR) ν: 3080, 1598, 1515 cm−1; HRMS calcd for
(C14H9N5SO3 + H+): 328.0504; found: 328.0502; Anal. Calcd for C14H9N5SO3: C, 51.37; H, 2.77; N,
21.40. Found: C, 51.50; H, 2.78; N, 21.47.

5-(4-Bromophenyl)-2-(4-hydroxyphenylazo)-1,3,4-thiadiazole (6d). The product was obtained as a
brown solid (4.06 g, 75%); mp 263–265 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.33. 1H-NMR (400 MHz,
DMSO-d6): δ 7.03 (d, 2H, J= 9.2 Hz, 2-Ar: H-3, H-5), 7.80 (d, 2H, J = 8.8 Hz, 5-Ar: H-3′, H-5′),
7.94 (d, 2H, J = 9.2 Hz, 2-Ar: H-2, H-6), 8.03 (d, 2H, J = 8.8 Hz, 5-Ar: H-2′, H-6′); 13C-NMR (100 MHz,
DMSO-d6): δ 116.8, 125.5, 127.1, 129.6, 131.7, 132.5, 144.7, 164.4, 166.4, 179.4. IR (ATR) ν: 3047,
1587, 1507 cm−1; HRMS calcd for (C14H9N4SOBr + H+): 360.9759; found: 360.9757; Anal. Calcd for
C14H9N4SOBr: C, 46.55; H, 2.51; N, 15.51. Found: C, 46.61; H, 2.50; N, 15.59.

5-(4-t-Butylphenyl)-2-(4-hydroxyphenylazo)-1,3,4-thiadiazole (6e). The product was obtained as an
orange solid (4.06 g, 80%); mp 291–293 ◦C; Rf (CHCl3/EtOAc, 5:1 v/v) 0.37. 1H-NMR (400 MHz,
DMSO-d6): δ 1.33 (s, 9H, C(CH3)3), 7.03 (d, 2H, J = 9.2 Hz, 2-Ar: H-3; H-5), 7.60 (d, 2H, J = 8.8 Hz, 5-Ar:
H-3′, H-5′), 7.94 (d, 2H, J = 9.2 Hz, 2-Ar: H-2, H-6), 8.01 (d, 2H, J = 8.8 Hz, 5-Ar: H-2′, H-6′); 13C-NMR
(100 MHz, DMSO-d6): δ 30.8, 34.8, 116.7, 126.3, 126.9, 127.6, 129.6, 144.8, 155.1, 164.1, 167.5, 178.8.
IR (ATR) ν: 3100, 1582, 1507 cm−1; HRMS calcd for (C18H18N4SO +H+): 339.1280; found: 339.1281;
Anal. Calcd for C18H18N4SO: C, 63.88; H, 5.36; N, 16.56. Found: C, 63.76; H, 5.39; N, 16.51.

4. Conclusions

An efficient synthetic strategy for the preparation of new azo dyes using weak heteroaromatic
amines containing a 1,3,4-thiadiazole scaffold as the diazo component and aniline, N,N-dimethylaniline
and phenol as simultaneous coupling precursors, was presented. Three series of azo dyes,
the derivatives of 2-phenylazo-5-phenyl-1,3,4-thiadiazole, were obtained in good to excellent yields.
The new dyes obtained—demonstrating a broad color spectrum and good solubility in some polar
solvents—may serve as potential candidates for the dye industry and will be tested in the near future.

Supplementary Materials: Copies of the 1H-NMR, 13C-NMR, UV-Vis and IR spectra of the compounds as well
as figures showing the calculated spectra and the contour plots of the most important molecular orbitals are
available in the online Supplementary Materials.
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Abstract: The study of the cell membrane is an ambitious and arduous objective since its physical
state is regulated by a series of processes that guarantee its regular functionality. Among the different
methods of analysis, fluorescence spectroscopy is a technique of election, non-invasive, and easy to
use. Besides, molecular dynamics analysis (MD) on model membranes provides useful information
on the possibility of using a new probe, following its positioning in the membrane, and evaluating the
possible perturbation of the double layer. In this work, we report the rational design and the synthesis
of a new fluorescent solvatochromic probe and its characterization in model membranes. The probe
consists of a fluorescent aromatic nucleus of a 3-hydroxyflavone moiety, provided with a saturated
chain of 18 carbon atoms and a zwitterionic head so to facilitate the anchoring to the polar heads of
the lipid bilayer and avoid the complete internalization. It was possible to study the behavior of the
probe in GUV model membranes by MD analysis and fluorescence microscopy, demonstrating that
the new probe can efficiently be incorporated in the lipid bilayer, and give a color response, thanks to
is solvatochromic properties. Moreover, MD simulation of the probe in the membrane supports the
hypothesis of a reduced perturbation of the membrane physical state.

Keywords: flavone; solvatochromic probe; membrane

1. Introduction

Biological membranes play an essential role in almost every cellular process and are characterized
by a variety of lipid species, which differ in their physicochemical properties. The immiscibility
of these components causes heterogeneity of the membrane and the formation of so-called “lipid
rafts”. Rafts represent liquid-ordered domains (Lo). They consist mainly of saturated hydrocarbons
(sphingolipids and phospholipids) and are free to move in the liquid disordered bilayer (Ld) of the
membrane constituted by unsaturated fatty acids [1]. In recent years, there has been a growing
interest in the study of membrane heterogeneity. Fluorescence techniques are one of the most widely
used methods of characterization for membrane analysis, providing excellent tools for this purpose.
These methods require the use of fluorescent probes, able to penetrate the membranes allowing a
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precise and immediate analysis [2,3]. The number of probes developed for the study of raft membranes
is continuously increasing; those so far reported have restrictions related to the type of membrane and
the fluorescence technique used [4–6].

The most recently identified class of probes corresponds to the class of environment-sensitive
probes, which can directly distinguish the Lo and Ld phases due to differences in their intrinsic
properties. These probes can change their fluorescence properties, fluorescence intensity, and even the
emission color in response to changes in the environment [5,7–9]. This class includes solvatochromic
fluorescent probes that show variations in their fluorescence properties depending on the polarity
and hydration of the environment. Very promising in this context are the probes of the family of
3-hydroxyflavones (3-HF), in which an electron-donating moiety is present in position 4′. They show
an excited state intramolecular proton transfer (ESIPT) reaction between the normal excited state N*
and the tautomeric proton transfer product T*. The ESIPT process takes place by intramolecular proton
transfer from the 3-hydroxy group to the 4-carbonyl (Scheme 1), thus resulting in two intense and
well-separated emission bands [10,11].

Scheme 1. Diagram of ESIPT Reaction in 3HF.

The intensity and the position of the two emission bands depend on the solvent polarity. The states
N* and T* have different charge distributions and interact differently with their environment. The N*
form shows a high charge separation and, therefore, a higher dipole moment than the T* state.
Proton transfer in the ESIPT process from the 3-hydroxy to the 4-carbonyl group causes a shift of the
negative charge, reducing the polar character of the T* species. On the other hand, the presence of
the electron-donating N,N-diethylamino group, contributes to the increase of the dipole moment of
the species N* (this is not observed for the T* state) [12]. This difference in the distribution of charge
results in a higher dependence of the N* band, located at shorter wavelengths, on the solvent polarity.
An important parameter is the intensity ratio of emission maxima of the two bands IN*/IT*, which is
directly correlated to the energy of the two states and provides an indication of the dependence on
the solvent-polarity [13]. In aprotic solvents, the ESIPT process is speedy, because it is barrier-free,
and this results in a decrease in intensity of the N* state band. In protic solvents, the solvation and
formation of H-intermolecular bonds impose a high activation barrier that leads to a redshift of the N*
band with an increase in intensity. In contrast, the fluorescence of the T* state is almost indifferent to
the solvent polarity and remains practically unchanged [14,15]. This common effect in protic solvents,
such as methanol and ethanol, sometimes results in the presence of a single band in the emission
spectra, because of the overlap of the N* band, shifted at longer wavelengths, and T* band poorly
resolved [16,17].

It is well known that the insertion of a probe into a bilayer can result in a, sometimes drastic,
perturbation of the membrane physical state. [18–20]. This perturbation can impact the experimental
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results, so it is of primary importance to verify that the probe is capable to fit into the double layer
without significantly changing its characteristics.

In this work, we report the design, synthesis, characterization, and the study in lipid vesicles
and model membranes of a new solvatochromic probe for membrane analysis. The new probe, called
3HF18 and bearing the 3-hydroxyflavone moiety, has been provided with a saturated chain of 18 carbon
atoms and a zwitterionic head so to facilitate the anchoring to the polar heads of the lipid bilayer
and avoid the complete internalization, compared to similar existing probes [21]. The presence of the
electron-donating N,N-diethylamino group on the 3-hydroxyflavone moiety, contributes to the increase
of the dipole moment of the N* form, and ensures a high solvatochromic effect. Also, absorption and
fluorescence analyses in organic solvents with different polarities were carried out to investigate the
solvatochromic properties. Finally, the behavior of the probe 3HF18 in the model membrane was
studied through DFT analysis and by fluorescence microscopy on GUVs.

2. Results and Discussion

2.1. Probe Design and Synthesis

The synthetic scheme of the probe 3HF18 (4) is illustrated in Figure 1.

Figure 1. Synthetic scheme of the 3HF18 probe (4). Reagents and Conditions: (i) K2CO3, DMF dry, 80 ◦C,
4 h; (ii) KI, K2CO3, CH3CN dry, reflux, 48 h; (iii) (a) NaOMe, DMF dry, RT, 24 h; (b) EtOH, NaOMe,
H2O2, reflux, 30 min; (iv) K2CO3, CH3CN dry, reflux 48 h.

Compound 1 was prepared according to a reported method [16]. The introduction of the C18

hydrocarbon chain was obtained by reaction with N-methyloctadecylamine in the presence of a base
(step ii). Compound 2 was condensed with N,N-diethylaminobenzaldehyde under basic conditions,
and then oxidized in the presence of hydrogen peroxide (step iii), so affording the fluorescent
3-hydroxyflavone core by oxidative cyclization (Algar–Flynn–Oyamada modified reaction) [22].
The quaternization of the amine by reaction with 1,3-propanesultone gave the fluorescent probe
product 3HF18 (4) with a zwitterionic group. The products of all steps were purified by column
chromatography or preparative TLC and fully characterized. NMR and mass spectrometry have
confirmed the structure of the final product.

2.2. Optical Characterization

The probe 3HF18 was analyzed by UV-Vis spectrophotometry and spectrofluorimetry in solvents
with different polarity (Table 1, Figures 2 and 3). The UV-Vis spectra show absorption maxima between
400 nm and 450 nm, with a redshift of more than 50 nm and an increase in absorbance as the polarity of
the solvent increases. Emission spectra confirm the solvatochromic property of the probe in emission
rather than in absorption. The probe has been shown to detect even slight changes in the polarity of
the environment. In polar solvents both N* and T* are energy stabilized and this stabilization is more
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pronounced for N* due to the higher electrical dipole moment. For very polar protic solvents, N* is at
energy lower than T*, and therefore only one transition is observed (Figure 3). Moreover, as reported
in the literature for analogous compounds, the probe’s core is poorly soluble and nonfluorescent
in water [23]. The solubility increases in water/methanol mixtures. In these cases, the fluorescence
spectra show a single fluorescence peak around 520 nm (Figure S5 in Supplementary Materials).
As can be observed in Figure 3, the maximum emission ranges from 475 nm in dioxane to 551 nm
ethylene glycolfor the N* band. While the T* band, located at longer wavelengths, shows almost no
influence with the solvent polarity because the stabilization effect of polar solvents acts on both T
and T* states. The IN*/IT* ratio represents the dependence of the fluorescence intensity on the solvent
polarity. It is possible to observe an increase in the intensity of fluorescence, which accompanies the
redshift, changing from apolar solvents such as dioxane to a single band (N* state) in protic polar
solvents such as methanol, propan-2-ol and ethylene glycol.

Table 1. Absorption and emission data of 3HF18 in solvents with different polarities.

Solvent λAbs (nm) 1 ε (M−1 cm−1) 2 λN*
Em (nm) λT*

Em (nm) IN*/IT*

Dioxane 405 1.1·104 475 571 0.48
AcOet 406 1.3·104 483 568 0.94
DCM 416 2.4·104 502 564 1.8

Acetone 426 3.2·104 502 567 1.9
Propan-2-ol 440 3.4·104 515 - 3 - 3

MeOH 440 3.4·104 534 - 3 - 3

DMF 438 4.4·104 509 576 2.05
DMSO 440 4.2·104 519 - 4 - 4

Ethylene Glycol 453 4.4·104 551 - 3 - 3

H2O 5 - - - - -
1 Maximum absorption wavelength; 2 Molar extinction coefficients, from Lambert-Beer Law; 3 A single N* peak is
observed; 4 The T* band, poorly resolved, appears as a shoulder; 5 The probe is poorly soluble in water. For the
emission spectra, all the solutions were excited at 398 nm.

 

Figure 2. Absorption spectra of 3HF18 in solvents of different polarity.
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Figure 3. Emission spectra of 3HF18 in solvents of different polarity, excited at 398 nm.

In Figure 4, a picture of different solutions of the probe 3HF18, in representative solvents with
increasing polarity is reported, under white (a) and UV (b) light.

Figure 4. Picture of 3HF18 dissolved in different representative solvents: (1) Dioxane, (2) DCM,
(3) MeOH, (4) H2O: (a) under white light and (b) under UV light (365 nm).

From the image in Figure 4, the solvatochromism of the 3HF18 molecule is visible to the naked
eye. The emission color of the solutions ranges from orange to yellow-green, as the polarity of the
solvent increases. The aqueous solution appears colorless due to the poor solubility of the compound.

2.3. Analysis of Fluorescence in Lipid Membranes

The heterogeneity and dynamism of cell membranes make it challenging to study their structure
because they are incredibly complex entities. For this reason, the simplest model for membranes is
represented by unilamellar vesicles. In particular, giant unilamellar vesicles, GUVs, with dimensions
comparable to the sizes of a cell (in an interval of about 1–100 µm), are particularly useful as
model membranes. Over the years, several methods have been developed for the design of GUVs.
Many methods have been proposed to control the size and composition of the vesicles [24,25]. One of
the most recently developed methods is the “droplet transfer” or “reverse emulsion” [26], characterized
by the stratification of an aqueous phase and a water-in-oil emulsion with the formation of the
bilayer at the interface of the two phases. This method permits to easily encapsulate hydrophilic
compounds in the aqueous lumen [27,28] and blend hydrophobic species in the membrane, such as
fatty acids [29,30] or polymers [31,32]. In this work, the “droplet transfer” method was used for the
formation of vesicles of POPC and a ternary mixture of POPC:DPPC:Chol to simulate the two phases
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Lo and Ld of a membrane. The solvatochromism of the probe 3HF18 can be used to characterize cell
membranes or their simplified models consisting of lipid vesicles. The probe has been successfully
encapsulated both in pure POPC vesicles in the Ld phase, Figure 5A,C and in mixed POPC:DPPC:Chol
membranes (Lo phases, Figure 5B,D). Fluorescence has been recorded at two different wavelength
intervals, where the emission maxima do not overlap: in (Figure 5A,B) λexc = 405 nm, the emission
range is λ = 477–527 nm; in Figure 5C,D λexc = 405 nm and the emission range is λ = 550–600 nm.
Cholesterol is reported to increase polarity along the membrane surface, while in the hydrophobic core
it decreases polarity [33]. In the case of mixed vesicles, therefore, due to the effect of Chol, the surface
polarity may be higher than in vesicles of POPC alone. In a previous work [21], we have shown that
membrane probes with a zwitterionic head can be easily placed with the chromophore beneath the
membrane surface and with the hydrophobic tail inserted between the tails of phospholipids. In this
case, a higher IN*/IT* emission ratio in GUVs of POPC/DPPC/Chol is observed (Figure 5E,F) which
supports the notion that the chromophore is positioned below the surface of the membrane.

Figure 5. Fluorescence confocal images (A–D) and intensity ratio (E,F) of vesicles made of POPC
(A,C,E) and POPC/DPPC/Chol 1/0.5/0.7 (B,D,F). Excitation at λ = 405 nm, Emission at λ = 477–527 nm
(A,B) and λ = 550–600 nm (C,D). Bars scale 5 µm. Contrast of the images has been adjusted to improve
the quality of the pictures.

52



Molecules 2020, 25, 3458

The fluorescence of the probe is limited to the surface of the vesicles, thus confirming the anchorage
of the probe to the double layer. Molecular dynamics studies indicate that the flip flop mechanism of
the probe is significantly lower than that of fluorophore alone and also than that of POPC and DPPC.
In fact, the zwitterionic head of the probe has a dipole inverted compared to that of phospholipids and
increases its membrane cohesion.

2.4. Molecular Dynamics in Model Membranes. Thickness and Area Per Lipid

Through molecular dynamics (MD) analysis, double layer thickness and area per lipid values were
calculated. The experimental values of double layer thickness and area per lipid (Al) are commonly
used for the validation of simulations [34,35]. The average lipid bilayer thickness, calculated as the
average distance between the phosphorus atoms of the two double-layer sheets, showed that the
insertion of the probe, in both excited N* and T* forms, does not cause membrane perturbation (Table 2).

Table 2. Thickness values (in Å) of the two membranes in the presence and absence of the probe.

POPC 1 DPPC-Chol 1 POPC 2 DPPC-Chol 2

37.3 ± 0.3 45.9 ± 0.2 39.8 ± 0.8 44.8

POPC + 3HF18(N*) 3 POPC + 3HF18(T*) 4 DPPC-Chol + 3HF18(N*) 5 DPPC-Chol + 3HF18(T*) 6

37.4 ± 0.2 37.8 ± 0.2 46.4 ± 0.3 46.1 ± 0.2
1 Thickness of simulated POPC and DPPC-Chol membranes; 2 Experimental thickness of POPC and DPPC-Chol
membranes; 3 Thickness of POPC membrane with N* 3HF18; 4 Thickness of POPC membrane with the T* 3HF18;
5 Thickness of DPPC-Chol membrane with N* 3HF18; 6 Thickness of DPPC-Chol membrane with T* 3HF18.

The thickness values obtained from pure membrane simulations are 37.3 Å for POPC and 45.9 Å
for DPPC-Chol. The calculated thickness values are in good agreement with the experimental values
of 39.8 ± 0.8 Å [35] for POPC and 44.8 Å for DPPC-Chol [34], respectively. From the values shown in
Table 2, it can be seen that the inclusion of the 3HF18 molecule does not cause a change in the thickness
of the analyzed membranes. Table 3 shows the area per lipid (Al) data obtained from simulations on
different systems compared with the experimental data obtained from CHARMM-GUI [36].

Table 3. Area per Lipid (Al) values of the two membranes with and without the probe 3HF18.

POPC 1 DPPC-Chol 1 POPC + 3HF18
(N*) 2

POPC + 3HF18
(T*) 3

DPPC-Chol + 3HF18
(N*) 4

DPPC-Chol + 3HF18
(T*) 5

68.3 43.2-48.6 69.9 ± 0.5 69.2 ± 0.5 43.2 ± 0.2 43.6 ± 0.2
1 Experimental Al of POPC e DPPC-Chol membranes; 2 Al of POPC membrane with N* 3HF18; 3 Al of POPC
membrane with T* 3HF18; 4 Al of DPPC-Chol membrane with N* 3HF18; 5 Al of DPPC-Chol membrane with
T* 3HF18.

When the cholesterol concentration inside the membrane is high (>20%), it is necessary to decrease
the area per lipid values by 10–20%. Therefore DPPC-Chol displays a range of values. Also, for this
analysis, the areas per lipid in the presence and absence of the probe are comparable, so we can
conclude that the presence of the probe does not cause perturbation in the membranes.

2.5. Deuterium Order Parameter SCD

To assess whether the probe causes a change in membrane fluidity, we performed an analysis of
the deuterium order parameter (SCD. The SCD parameter is a measure of the motor anisotropy of the
C-D bond analyzed and provides its orientation over time. It is derived from NMR experiments. SCD
analysis provides comprehensive information on membrane fluidity and allows us to predict changes
in the fluidity of the lipophilic chains of phospholipids near a guest molecule (in this case, the 3HF18
probe). The fluidity of the POPC and DPPC-Chol chains was evaluated in the presence and absence of
the 3HF18 probe in the forms N, N* and T* (Figures 6 and 7). The results of the N-form calculations are
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reported in the Supplementary Materials section. In Figure 6, the SCDs for POPC phospholipid chains
around 5 Å from the guest molecule is shown. In Figure 6a, the unsaturated chain is shown, and in
Figure 6b, the saturated one.

 

 

 

Figure 6. Order parameter SCD for (a) the unsaturated oleic and (b) the saturated palmitoyl acyl chains
of POPC phospholipid in POPC pure membrane (orange curve) used as control and in POPC/3HF18
membrane (N*, yellow curve; T* green curve). Notes: On the Y-axis, the SCD is indicated; on the X-axis,
the carbon atom position is reported, starting from the first (1) alpha carbon atom in the chains.

 

Figure 7. Order parameter SCD for (a) the saturated Sn-1 palmitoyl chain and (b) the Sn-2 saturated
palmitoyl chains of DPPC phospholipid in DPPC pure membrane (green curve) used as control and in
DPPC/3HF18 membrane (N*, blue curve; T* yellow curve). Notes: On the Y-axis, the SCD is indicated;
on the X-axis, the carbon atom position is reported, starting from the first (1) alpha carbon atom in
the chains.

The SCD decreases sharply in the region near the double bond (carbon atom 9) and approaches
0 in the tail region, indicating the highest disorder within the double layer (Figure 6). Similar SCD
profiles were observed experimentally using NMR studies [37]. Figure 7 shows the SCD values of the
two saturated chains of DPPC. Even for the DPPC, in the final region of the tail, the SCD decreases
towards 0, thus showing a greater disorder.

From Figures 6 and 7, we can see that the probe (both tautomeric forms of 3HF18) interacts
with the aliphatic chains of phospholipids and does not cause a significant change in the order of
the membranes.
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2.6. Pseudo-Semantic Analysis

A new approach to evaluate membrane fluidity is to evaluate SCD by pseudo-semantic analysis.
The SCD parameter, obtained from MD analysis, is converted into alphabetical strings, which are
compared and clustered by similarity. The advantage compared to the previous analysis, is the
possibility to compare the different membrane/probe systems and to analyze the fluidity of the
individual frames during a simulation. The result, displayed through a dispersion graph, is shown in
Figure 8.

Figure 8. t-SNE dispersion graph. Each point corresponds to a frame of molecular dynamics. Circle
dimension is related to the time (ns). Green circles: POPC membranes; red/orange: DPPC-Chol systems.

In Figure 8, the six systems analyzed are shown. Each simulation of MD generates 11 frames,
whose dimensions increase with the time of the simulation (ns). Each circle corresponds to one of
the 11 frames of the trajectory. In different shades of green are shown the systems in POPC, and in
red/orange the systems in DPPC-Chol. The analysis is capable to capture the similarity among different
membranes at different times. Figure 8 shows that DPPC-Chol membranes are rather similar, forming
almost a single cluster (top right). This fact indicates that the presence of the probe does not significantly
perturb the membrane and that the order of the aliphatic chains during the whole dynamics remains
similar. On the contrary, POPC membrane (and reasonably any kind of Ld membranes), are slightly
influenced by the presence of the probe. The ordering effect of the probe is revealed by the change in
the position of the POPC + T* cluster toward the DPPC-Chol cluster.

2.7. The Binding Energy Between Probe and Membrane

In order to check whether either tautomeric form has a preference for the Lo or Ld phase of the
membranes, the binding energy with the membrane/water system has been calculated. The binding
energies for the last 5 ns of the simulation are shown in Table 4.

Table 4. Binding energy values for the 3HF18 (form N* and T*) in POPC and DPPC-Chol membrane.

POPC +
3HF18(N*) 1

POPC +
3HF18(T*) 2

DPPC-Chol +
3HF18(N*) 3

DPPC-Chol +
3HF18(T*) 4

Binding energy (kcal/mol) 286 ± 14 249 ± 18 273 ± 12 281 ± 16
1 The binding energy of the 3HF18 probe in POPC membrane N* form; 2 Binding energy of the 3HF18 probe in
POPC membrane T* form; 3 Binding energy of the 3HF18 probe in DPPC-Chol membrane N* form; 4 Binding energy
of the 3HF18 probe in DPPC-Chol membrane T* form.
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As we can see from Table 4 and Figure 9, each tautomeric form has a preference for a membrane:
N* has better interaction with the POPC membrane while T* interacts better with DPPC-Chol.
To validate the energy binding results, a t-test statistical analysis was performed for the different
POPC and DPPC systems with the two forms of the 3HF18 probe, and the results are reported in
the Supplementary Materials section. The analysis shows that the energies are significantly different,
with a probability of statistical significance of over 98%.

Figure 9. Box plot of binding energies on four systems: the 3HF18 probe in the N* form in DPPC-Chol
membrane (blue); the 3HF18 probe in the N* form in POPC membrane (orange); the 3HF18 probe in the
T* form in DPPC-Chol membrane (grey); the 3HF18 probe in the T* form in POPC membrane (yellow).
The binding energy expressed in kcal/mol is shown on the y-axis.

3. Materials and Methods

All the reagents and solvents were purchased from Sigma Aldrich (Milan, Italy) and used without
further purification. Optical observations of the probe in GUVs were performed by using a TCS SP8
Confocal laser (Leica, Wetzlar, Germany), UV laser λ = 405 nm, emission range for the N* transition
λ = 477–527 nm, emission range for the T* transition λ = 550–600 nm). The images were acquired
with a sequential scan between lines and an average of three frames. UV–vis absorption spectra of
the samples were recorded at 25 ◦C in acetonitrile solution, on a Lambda 800 spectrophotometer
(Perkin Elmer, Rodgau, Germany). The spectral region 650–240 nm was investigated by using a
cell path length of 1.0 cm. Probe concentration of about 3.0 × 10−5 mol L−1 was used. Fluorescence
spectra were performed at 25 ◦C in acetonitrile solution, on a Jasco FP-750 Spectrofluorometer (JASCO
Europe, Cremella (LC) Italy), at a concentration of about 3.0 × 10−7 mol L−1. 1H-NMR spectra were
recorded with a DRX/400 spectrometer (Bruker, Billerica, MA, USA). Chemical shifts are reported
relative to the residual solvent peak (chloroform-d: H = 7.26 ppm). The following abbreviations are
used to express spin multiplicities in 1H NMR spectra: s = singlet; d = doublet; dd = double doublet;
t = triplet; m =multiplet. High-resolution mass spectra were acquired on an LTQ-Orbitrap instrument
(Thermo-Fisher, Waltham, MA, USA) operating in positive ion mode. The probe was dissolved in
methanol at a concentration of 0.1 mg/mL and injected into the MS ion source. Spectra were acquired
in the 150–800 m/z range.
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3.1. Synthesis

The probe 3HF18 was synthesized according to the following procedure.

3.1.1. Synthesis of 5-(3-chloropropoxy)-2-hydroxy-acetophenone (1)

2,5-Dihydroxyacetophenone (2.0 g, 0.013 mol) was dissolved in dry DMF (13 mL). Then, K2CO3

(1 eq, 1.8 g, 0.013 mol) and 1-bromo-3-chloropropane (1.1 eq, 1.4 mL, 0.0145 mol) were added.
The reaction mixture was stirred under a nitrogen atmosphere heating at 80 ◦C for 4 h. The solution
became dark. After cooling, it was diluted with water and extracted with ethyl acetate (three times).
The combined organic layers were dried over anhydrous sodium sulfate, filtered and the solvent
evaporated under reduced pressure. The obtained dark oil was purified by flash column
chromatography in silica gel (hexane: ethyl acetate, 98:2) to produce compound 1 as a light-yellow
solid (1.13 g, 0.005 mol). Yield 38%. 1H-NMR (400 MHz, CDCl3): δ 2.16 (m, 2H), 2.55 (s, 3H), 3.70
(t, 2H), 4.03 (t, 2H), 6.86 (1, 2H), 7.05 (dd, 1H), 7.14 (d, 1H).

3.1.2. Synthesis of 5-(3-(methyl(octadecyl)amino)propoxy)-2-hydroxyacetophenone (2)

5-(3-Chloropropoxy)-2-hydroxyacetophenone (1, 1.0 g, 0.0044 mol) was dissolved in dry
acetonitrile (55 mL) and KI (1.5 eq, 1.095 g, 0.0066 mol), K2CO3 (2.5 eq, 1.52 g, 0.011 mol) and
N-methyloctadecylamine (1.2 eq, 1.50 g, 0.0053 mol) were added to the solution. The reaction mixture
refluxed under stirring in a nitrogen atmosphere for 48 h. After cooling, the solution was extracted
with chloroform three times. The organic layer was dried over anhydrous sodium sulfate, filtered,
and the solvent was evaporated under reduced pressure. The residue was purified by flash column
chromatography in silica gel (dichloromethane: methanol, 95:5) to produce the desired product 2 as a
brown solid (1.530 g, 0.0033 mol). Yield 74%. 1H-NMR (400 MHz, CDCl3): δ 0.91 (t, 3 H), 1.27 (s, 32 H),
2.10 (q, 2 H), 2.43 (s, 3 H), 2.58 (t, 2 H), 2.63 (s, 3H), 2.76 (t, 2 H), 4.04 (t, 2 H), 6.92 (d, 1 H), 7.11 (dd, 1 H),
7.21 (d, 1 H).

3.1.3. Synthesis of 4′-diethylamino-6-(3- methyloctadecylaminopropoxy)-3-hydroxyflavone (3)

5-(3-(Methyl(octadecyl)amino)propoxy)-2-hydroxyacetophenone (2, 800 mg, 1.68 mmol) was
dissolved in DMF (10.0 mL) and then 4-diethylaminobenzaldehyde (1.05 eq, 313 mg, 1.76 mmol) and
sodium methoxide (4.0 eq, 363.0 mg, 6.72 mmol) were added. The obtained mixture was stirred for 24 h
to give dark red chalcone, which was used in the next step without isolation. This mixture was then
diluted with 10.0 mL of ethanol and then sodium methoxide (12 eq., 1.088 g, 20.16 mmol) was added.
The temperature was reduced to 0 ◦C to add hydrogen peroxide (10 eq, 1.9 mL). This mixture was kept
refluxing for 30 min under stirring and the dark red solution turned orange. The solution was cooled
at room temperature, diluted with water and neutralized with 10% hydrochloric acid. The product
was then extracted with ethyl acetate. The solvent was removed under vacuum and the crude product
was purified by flash column chromatography in silica gel (dichloromethane: methanol, 90:10) to give
the desired product 3 as a yellow solid (148 mg, 0.228 mmol). Yield 13.5%. 1H-NMR (400 MHz, CDCl3):
δ 0.8 (t, 3H), 1.05 (t, 6 H), 1.2 (s, 30 H), 1.95 (q, 2 H), 2.35 (q, 2 H), 2.75 (s, 3 H), 2.95 (t, 2 H), 3.2 (t, 2 H),
3.38 (q, 4 H), 4.1 (t, 2 H), 6.7 (d, 2 H), 7.15 (dd, 1H), 7.41 (d, 1 H), 7.45 (d, 1 H), 8.07 (d, 2 H).

3.1.4. Synthesis of N-[3-(4′-diethylamino-3-hydroxyflavonyl-6-oxy)propyl]-N,N-(methyloctadecyl
ammonium) propane-1-sulfonate (4)

4′-Diethylamino-6-(3- methyloctadecylaminopropoxy)-3-hydroxyflavone (3, 90 mg, 0.138 mmol)
was dissolved in dry acetonitrile (10 mL) and 1,3-propanesultone (2.5 eq, 42.0 mg, 0.345 mmol) and
K2CO3 (1 eq.,19.0 mg, 0.138 mmol) were added. The reaction was stirred at reflux under nitrogen
atmosphere for 48 h. The solvent was evaporated under reduced pressure and the crude was purified
by preparative TLC (dichloromethane: methanol, 85:15) to give product 4 as a yellow solid (25 mg;
0.032 mmol). Yield 24%. 1H-NMR (400 MHz, MeOD): δ 0.91 (6 H, t), 1.23-1.36 (33 H, m), 1.79 (2 H, m),
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2.25 (2 H, m), 2.34 (2 H, m), 2.91 (2 H, t), 3.13 (3 H, s), 3.52 (4 H, m), 3.59 (4 H, m), 4.27 (2 H, t),
6.85 (2 H, d), 7.41 (1 H, dd), 7.59 (1 H, d), 7.65 (1 H, d), 8.22 (2 H, d). 13C-NMR (600 MHz, MeOD):
δ 11.50, 13.01, 18.17, 21.26, 21.87, 22.31, 25.94, 28.78, 29.05, 29.13, 29.24, 29.37, 31.65, 48.16, 58.46, 60.39,
61.64, 64.70, 78.04, 104.71, 119.46, 121.76, 123.05, 129.44, 136.87, 150.11, 155.06, 172.16. TOF-MS (ES+)
calcd for C44H70N2O7S + Na+: 793.48; found [M + Na]+: 793.58.

3.2. Preparation of GUVs

GUVs were made either with pure POPC or with a mixture POPC:DPPC:Chol = 1:0.5:0.7, in both
cases the preparation method was the same. Here we report only the one for the mixed membrane.
In brief, an Eppendorf tube (1.5 mL) was filled with: (i) an “outer solution” (0.5 mL of water, 200 mM
glucose); (ii) an interfacial phase (0.3 mL, 0.3 mM POPC in mineral oil, 0.15 mM of DPPC in mineral
oil, 0.21 mM of Chol in mineral oil); (iii) a water/oil emulsion (0.6 mL) prepared by pipetting up and
down the “inner phase” made mixing 20 µL of water (200 mM sucrose) with an hydrophobic phase.
The hydrophobic phase was prepared by mixing POPC (0.3 mM), DPPC (0.15 mM), Chol (0.21 mM) in
mineral oil and adding the 3HF18 probe (4 µM) first dissolved in chloroform and subsequently dried
after the evaporation of the solvent. The tube was immediately centrifuged (6000 rpm, 10 min, RT).
After centrifugation, mineral oil was removed, and GUVs were washed twice to remove free solutes
by pelleting/resuspension. 30 µL of pellet was resuspended in 20 µL of glucose (200 mM). 20 µL of
solution was put on a microscope glass slide and observed with confocal microscopy. Typically, GUVs
had diameters between 12–50 µm [26,27,29,38].

3.3. Molecular Dynamics Simulations

All MD simulations were performed with YASARA Structure v19.12.14 [39]. The force-field used
is AMBER15FB under NPT (normal pressure and temperature) conditions, coupling the system to a
Berendsen thermostat and using a combined solvent pressure and density control. The applied cut-off is
8 Å, and the Particle Mesh Ewald (PME) model has been used to calculate the electrostatic interactions,
as it has been demonstrated that the correct treatment of electrostatic is essential in biological membrane
systems. The systems are fully hydrated (water density 0.997 g/mL). The simulation cell was neutralized
with NaCl, with a final concentration of 0.9%. After membrane equilibration, the probe was incorporated
by positioning the aliphatic chain perpendicular to the bilayer [40–42]. MD simulations lasted 15 ns,
of which only the last 5 ns were used for analysis. With the same MD parameters, the binding energy
between the 3HF18 probe and the hydrated membranes was also calculated.

3.4. Model Membrane Structural Parameters

The structural parameters of the membrane are the thickness, the fluidity of the aliphatic chains,
and the area per lipid. The last parameter has been calculated by dividing the surface area of the
membrane by the number of lipids that compose it. The lipid area was then compared with the
experimental membrane values reported in CHARMM-GUI [36]. The fluidity was measured indirectly
by calculating the deuterium order parameter (SCD) with the VMD MembPlugin software [43,44].

3.5. Pseudo-Semantic Approach for the Study of Membrane Fluidity

A new approach for the study of membrane fluidity [45,46] consists of converting the results
obtained from the dynamics into alphabetical strings, which are then compared and clustered by
similarity. The parameter examined, in this case, is the SCD calculated using VMD MembPlugin [44].
The last 5 ns of simulation correspond to 11 frames. For each frame, the SCD values of phospholipids
within 5 Å of the probe are taken into account. Each SCD value is assigned a letter. A total of
66 alphabetical strings are produced (11 for each system). In each string, the SCD values of each carbon
making up the aliphatic chain of phospholipids under investigation are given in letters. The strings
were then processed with Sysa (www.softmining.it/sysa), an online tool able to analyze the similarities
between them. Sysa pre-processes the input files in order to eliminate redundant data and then extract
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user-defined k-mer length sub-strings. The metric used in this study is Szymkiew Simpson Coefficient
with k-mer between 2 and 8. At the end of the computation, Sysa generated a matrix of distances.
Due to the difficulty of displaying a matrix with more than three dimensions, we decided to process
it using t-SNE (t-distributed stochastic neighbor embedding). t-SNE is a two-dimensional matrix
dimensionality reduction algorithm [47].The algorithm allows keeping objects that were already close
to each other in the original space at reduced dimensionality.

4. Conclusions

A novel fluorescent molecule was designed, synthesized, and optically characterized as a probe for
lipid membranes. From the optical and confocal microscopy analysis of GUVs loaded with the probe,
the probe is able to anchor to the lipid double layer, without internalizing. In addition, the fluorescence
of the 3HF18 probe is visible in both Ld and Lo vesicles. MD simulations show that the insertion of the
probe does not disturb the membrane, since both the membrane thickness and the order parameter
remain essentially unchanged. Furthermore, thanks to a new semi-semantic approach, it was possible
to assess that Ld membranes are more sensitive to probe insertion, and that the 3HF18 molecule
shows a preference for the Lo or Ld phases of a model membrane, depending on the most stable
tautomeric form.

Supplementary Materials: The following are available online, Table S1: Thickness values (in Å) of the two
membranes with and without the probe, Figure S1: SCD of the unsaturated POPC chain with (blue) and without
(green) the probe, Figure S2: SCD of POPC saturated chain with (blue) and without (green) probe, Figure S3:
SCD of the DPPC Sn-1 palmitoyl chain (DPPC-Chol) with and without probe, Figure S4: SCD of the DPPC Sn-2
palmitoyl chain (DPPC-Chol) with and without probe, Figure S5: Fluorescence spectra of probe 3HF18 in binary
mixture MeOH/H2O in different ratios, Table S2: Results of t-Student test.
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Abstract: The syntheses, spectral UV–Vis, NMR, and electrochemical as well as photocatalytic prop-
erties of novel magnesium(II) and zinc(II) symmetrical sulfanyl porphyrazines with 2-(morpholin-4-
yl)ethylsulfanyl peripheral substituents are presented. Both porphyrazine derivatives were synthe-
sized in cyclotetramerization reactions and subsequently embedded on the surface of commercially
available P25 titanium(IV) oxide nanoparticles. The obtained macrocyclic compounds were broadly
characterized by ESI MS spectrometry, 1D and 2D NMR techniques, UV–Vis spectroscopy, and sub-
jected to electrochemical studies. Both hybrid materials, consisting of porphyrazine derivatives em-
bedded on the titanium(IV) oxide nanoparticles’ surface, were characterized in terms of particle size
and distribution. Next, they were subjected to photocatalytic studies with 1,3-diphenylisobenzofuran,
a known singlet oxygen quencher. The applicability of the obtained hybrid material consisting of
titanium(IV) oxide P25 nanoparticles and magnesium(II) porphyrazine derivative was assessed in
photocatalytic studies with selected active pharmaceutical ingredients, such as diclofenac sodium
salt and ibuprofen.

Keywords: catalysis; electrochemistry; morpholine; porphyrazine; titanium(IV) oxide

1. Introduction

Porphyrazines (Pzs) are synthetic tetrapyrrole macrocyclic molecules, known as aza-
analogues of porphyrins. Their physicochemical properties can be tuned by the exchange
of the central metal cation or by peripheral substitution [1]. Substituted porphyrazines
reveal high absorption in the UV–Vis region and good effectiveness for singlet oxygen
generation. In addition, they are usually soluble in organic solvents [2–5]. Their unique
physicochemical properties, including optical and electrochemical ones, make them useful
in biosensing [6], photocatalysis [7], nonlinear optics [8], and biomedicine, where they
can be considered as photosensitizers for photodynamic therapy [9]. Amino and sul-
fanyl porphyrazines can be obtained from a cyclotetramerization reaction starting from
diaminomaleonitrile or dimercaptomaleonitrile disodium salt derivatives, respectively.

Porphyrazines peripherally substituted with sulfanyl moieties have been studied widely
over the last twenty years. They are well-soluble in common organic solvents [10–12],
and present interesting optical [13,14] and electrochemical properties, and have therefore
been applied as sensing materials in technology [15–21]. Other applications of sulfanyl
Pzs concern photodynamic therapy (PDT) [22–24], wastewater treatment [25–27], and
catalysis [28–31]. Symmetrical octa-substituted sulfanyl porphyrazines, unlike their un-
symmetrical derivatives, usually present low singlet oxygen generation quantum yields,
and therefore their biological activities are limited [32,33]. Recently, many symmetrical and
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unsymmetrical magnesium(II) and zinc(II) sulfanyl porphyrazines with bulky dendrimeric
periphery were synthesized and evaluated in terms of their suitability for photodynamic
therapy (PDT) [34–38]. In addition, some sulfanyl porphyrazines and phthalocyanines
with morpholinyl moieties were studied as photosensitizers for PDT and photodynamic
antimicrobial chemotherapy (PACT) and revealed promising potential [39–41].

Due to the presence of an expanded aromatic system in porphyrazines, they are
often highly hydrophobic, and therefore less soluble or even insoluble in water. Thus,
diverse methods, using specific carriers, have been employed to allow porphyrazines and
related compounds to form stable suspensions in aqueous solutions. The carriers most
widely applied in medicine and technology are liposomes [24,42,43], metal and metal
oxide nanoparticles [44–46], and polymeric nanomaterials [47]. Among the metal oxide
nanoparticles, one of the most interesting is titanium(IV) oxide nanoparticles (TiO2), which
have unique photochemical features. Uncoated TiO2 nanoparticles are photoactive only
when irradiated with UV light. However, TiO2 nanocarriers coated with photoactive
compounds, like porphyrinoid macrocycles, when irradiated with light of an appropriate
energy, can absorb light and participate in energy transfer, and thus more effectively take
part in photochemical reactions [48–50].

Herein, we present the synthesis, spectral UV–Vis, NMR, and electrochemical as
well as photocatalytic properties of novel magnesium(II) and zinc(II) symmetrical sul-
fanyl porphyrazines with 2-(morpholin-4-yl)ethylsulfanyl peripheral substituents. The
synthesized macrocyclic compounds were embedded on the surface of commercially
available P25 titanium(IV) oxide nanoparticles. The obtained grafted hybrid material
was subjected to photocatalytic studies with 1,3-diphenylisobenzofuran, a known singlet
oxygen quencher, and with diclofenac sodium salt and ibuprofen as examples of active
pharmaceutical ingredients.

2. Results and Discussion
2.1. Synthesis and Physicochemical Characterization

The synthetic pathway was based on the alkylation reaction of commercially available
mercaptomaleonitrile disodium salt (1) with 4-(2-chloroethyl)morpholine hydrochloride
(2) in dimethylformamide (DMF), and with potassium carbonate as a base, which led to
compound 3 (Scheme 1) [20,51]. Next, the Linstead macrocyclization reaction of 3 with mag-
nesium butanolate as a base in n-butanol led to novel symmetric sulfanyl magnesium(II)
porphyrazine 4 [52]. Simultaneously, compound 3 was also used in the macrocyclization
reaction with Zn(OAc)2 and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in n-pentanol to
give zinc(II) porphyrazine 5 [53].
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Scheme 1. Reagents and conditions: (i) K2CO3, DMF, 60 ◦C, 24 h; (ii) Mg(n-BuO)2, n-butanol, reflux, 24 h; (iii) Zn(OAc)2,
DBU, n-pentanol, reflux, 24 h; DBU—1,8-diazabicyclo[5.4.0]undec-7-ene, DMF—dimethylformamide.

All synthesized novel macrocyclic compounds were characterized using various ana-
lytical techniques, including high-resolution mass spectra (ESI), one- and two-dimensional
NMR spectroscopy, and UV–Vis spectrophotometry. Notably, Pzs 4 and 5 have very low
melting points at 113–116 ◦C and 121–123 ◦C, respectively, which is relatively low compared
with other sulfanyl and amino porphyrazines that melt over 300 ◦C [20,54].
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In the UV–Vis spectra of porphyrazines 4 and 5 in dichloromethane, two intensive
bands were found: a Soret or B band in the range of 250–400 nm, and a Q band between
600 and 800 nm (Figure 1). Magnesium(II) Pz 4 revealed strong absorption Soret and Q
bands with maxima at 375 m and 671 nm, whereas zinc(II) Pz 5 maxima appeared at 373 and
668 nm, respectively. The only difference between the UV–Vis spectra of 4 and 5 was noted
in the region between 450 and 550 nm, where, for Pz 4, only a weak absorption maximum
at 497 nm appeared. A similar effect was noted before for sulfanyl porphyrazines with
peripheral phthalimide motifs [38].

 

Figure 1. The UV–Vis spectrum of Pz 4 (black line) and Pz 5 (red line) in dichloromethane.

In the NMR spectra of porphyrazines 4 and 5, which were recorded in pyridine-d5, four
distinguishable signals in the aliphatic region were noted in the 1H NMR, whereas there
were six signals in the 13C NMR (four aliphatic and two aromatic, originating from pyrrolyl
rings of macrocycle, see Supplementary Materials). The two-dimensional technique 1H-1H
COSY NMR was used to assist allocation and analysis of protons within ethylsulfanyl and
morpholinyl substituents. Signal shift analyses performed for Pz 4 and Pz 5 indicated
similarities for two morpholinyl proton signals and one of two methylene signals within
the ethylene linker. A slight difference in the shifts of signals was noted for another
methylene group within the ethylene linker. These methylene protons appeared as a singlet
at 4.64 ppm for Pz 4, and as a multiplet in the range of 3.81–3.89 ppm for Pz 5. In addition,
in the 1H NMR spectra of Pz 4 and 5, the proton signals were generally up-field shifted
in comparison with those in the structure of symmetrical magnesium(II) phthalocyanine
with eight 2-(morpholin-4-yl)ethoxy substituents [39]. This finding could be explained by
a higher electronegativity of oxygen atoms than sulfur present in the peripheries of both
groups of macrocycles.

2.2. Electrochemistry

The electrochemical study was performed to assess the electrochemical properties of
the obtained porphyrazines, aiming to propose their prospective potential applicabilities.
The cyclic (CV) and differential pulse (DPV) voltammetry measurements were conducted
in organic solvent (dichloromethane), with the addition of supporting electrolyte: 0.1 M
tetrabutylammonium perchlorate. The classic three-electrode system was employed with
the glassy carbon working electrode. Due to the use of Ag wire as a pseudo-reference
electrode, the ferrocene was added as an internal standard, and all results were adjusted to
the ferrocene/ferrocenium peak potential. In the CV experiments, the scan potential range
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was set between 50 and 250 mV/s. The obtained results are presented in Figures 2 and 3
and Table 1.

In the voltammograms recorded for both porphyrazines 4 and 5, four redox peak poten-
tials were noted. Almost all redox peaks observed in the CV voltammograms are irreversible
due to the aggregation-disaggregation behavior of porphyrazines in dichloromethane; thus,
redox pairs can be observed only in the DPV measurements. A similar phenomenon was
previously observed for iron(II) porphyrazine bearing identical periphery to both herein
studied Pzs [20]. However, the oxidation peaks (IV) at 0.62 V for Pz 4 and 0.53 V for Pz 5
were noted in the DPV voltammogram only when the applied potential was increasing over
time from −2.0 to 0.7 V. Conversely, when the applied potential was decreasing over time,
oxidation peaks were not observed (Figures 2 and 3). The oxidation peak currents were at
least five times higher than the highest reduction peak (I) in the case of both porphyrazines
(Figures 2 and 3). Such a high oxidation peak current could also be a result of an aggrega-
tion phenomenon, which was previously observed for other sulfanyl porphyrazines [15].
Notably, the peak potentials of zinc(II) porphyrazine 5 shifted to more negative potentials
in comparison with magnesium(II) complex 4 (Table 1), which is the result of different
metal cations present inside their cores [55].

 

−

−

Figure 2. The cyclic and differential pulse voltammograms of porphyrazine 4 in 0.1 M TBAP/DCM. The DPV parameters:
modulation amplitude 20 mV and step rate 5 mV·s−1.−

 

−

Figure 3. The cyclic and differential pulse voltammograms of porphyrazine 5 in 0.1 M TBAP/DCM. The DPV parameters:
modulation amplitude 20 mV and step rate 5 mV·s−1.
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Measurements performed for amino porphyrazines in dichloromethane indicated
that the first oxidation peak appears below 0 V vs. Fc/Fc+ [56,57]. A different situation
was observed when alkyl- or phenylsulfanyl substituents were present in the macrocyclic
periphery. Then, peaks shifted toward positive values due to a strong electron-withdrawing
effect [55,58]. The oxidation peak potentials (IV) of Pzs 4 and 5 comply with this rule.

Table 1. The electrochemical data of porphyrazines 4 and 5.

Pz
MPz(−2)/
MPz(−3)

I

MPz(−1)/
MPz(−2)

II

MPz(0)/
MPz(−1)

III

MPz(0)/
MPz(+1)

IV

4
E1/2 [V]

vs. Fc/Fc+ −1.95 −1.33 −0.70 0.62

5
E1/2 [V]

vs. Fc/Fc+ −2.02 −1.34 −0.74 0.53

In order to calculate the HOMO-LUMO energy levels in compounds such as por-
phyrinoid macrocycles, electrochemical measurements were used. The electrochemical
energy gap (Egap el) was calculated by determining the onset potentials of first oxidation
and first reduction processes originating from the porphyrazine ring with the use of the
following equations:

EHOMO = −(Vonset ox − VFOC + 4.8) eV,

ELUMO = −(Vonset red − VFOC + 4.8) eV,

Egap el = (ELUMO − EHOMO) eV

In the above equations, VFOC stands for the ferrocene half-wave potential, Vonset ox is
assigned as the Pz oxidation onset, and Vonset red represents the Pz reduction onset. For all
these values (eV), the calculations of the first oxidation and the first reduction were adjusted
to the ferrocene’s energy level at −4.8 eV. The value of 4.8 eV refers to a standard electrode
potential for normal hydrogen electrode (NHE) at −4.6 eV on the zero vacuum level scale,
and a value of 0.2 eV versus NHE for the potential of ferrocene standard [59,60]. The
calculated electrochemical energy gap was slightly higher for magnesium(II) porphyrazine
4 than for zinc(II) complex 5 (Figure 4 and Table 2).

−

−

−

− −

− − −

− − −

− −
− −

−

−
−

λ

Figure 4. The HOMO-LUMO energy levels estimated for electrochemical data for porphyrazines 4
and 5.

At the same time as the previous calculations, we calculated the optical band gaps
(Egap opt) based on the UV–Vis spectra Q band onsets, according to the equation E =
hc/λonset [61]. Both electrochemical and optical energy gaps, which we obtained, were
subsequently compared and are presented in Table 2. The optical band gaps (Egap opt)
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for porphyrazines 4 and 5 were found to be in agreement with those obtained from
electrochemical measurements within approx. 0.2 eV.

Table 2. The optical and electrochemical HOMO-LUMO band gaps for porphyrazines 4 and 5.

λmax [nm]
λonset [nm]

Optical Band Gap
Egap opt [eV]

Electrochemical Band
Gap Egap el [eV]Soret Q Band

4 375 671 820 1.51 1.32

5 373 668 850 1.46 1.26

2.3. TiO2 Deposition and Characterization

Titanium(IV) oxide (TiO2) nanoparticles have often been utilized in diverse studies as
carriers for photosensitizers [62,63]. Among many titanium(IV) oxide types, the commer-
cially available P25, consisting of a mixture of crystal phases of anatase and rutile, is the
most popular. Herein, the hybrid materials, type Pz@P25, were prepared by depositing
porphyrazine 4 or 5 on the surface of TiO2 nanoparticles. The solutions of macrocycles were
added to titania suspension, sonicated, and mixed for 72 h, yielding 4@P25 and 5@P25,
respectively. The resulting hybrid materials contained 5% (w/w) of the macrocycle. The
sizes and the dispersities of the obtained nanomaterials were subjected to the detailed anal-
yses using a NanoSight LM10 instrument (sCMOS camera, 405 nm laser), equipped with
a nanoparticle tracking analysis system. The diameters of the obtained hybrid materials
were assessed and compared with the pure TiO2 nanoparticles. The results are presented
in Table 3.

Table 3. The particle size distribution of P25, 4@P25, and 5@P25.

Material Measured Particle Size (nm) Polydispersity Index a

P25 74.8 ± 7.7 0.17

4@P25 327.4 ± 15.5 0.13

5@P25 322.5 ± 28.2 0.15
a Calculated according to the formula PDI = (SD/mean diameter)2 [64].

Considering the measured particle size values, strong agglomeration of the hybrid
nanoparticles was observed. The mean particle sizes of the 4@P25 and 5@P25 were four
times higher than the unmodified P25 (74.8 ± 7.7 nm). This could suggest that the de-
position of the macrocycles strongly influences the titanium(IV) oxide nanoparticles. In
addition, in both cases, the calculated polydispersity indices were below 0.2, which in-
dicated that the distributions of nanoparticles within the studied hybrid materials are
monodisperse. It also seems that the presence of sulfanyl porphyrazines on the surface of
P25 nanoparticles hampers the electrostatic interactions between Pz@P25 nanoparticles
and allows obtaining Pz@P25 of specific diameters.

2.4. Photocatalysis

All hybrid materials were assessed for their photocatalytic oxidation abilities. These
properties were studied with the use of a known singlet oxygen quencher, 1,3-
diphenylisobenzofurane (DPBF), according to previously presented procedures [20,65].
In the UV–Vis spectrum, the decrease in the DPBF absorption band at 413 nm over a
period of time results from the transformation of DPBF towards the new product, which is
1,2-dibenzoylbenzene (Scheme 2).

Measurements were performed in DMF at ambient temperature, and with the use
of red-light LED lamps (665 nm). The intensity of light was adjusted to 10 mW/cm2.
The irradiations were conducted in a 10 mm quartz cuvette equipped with a magnetic
stirrer. The results of photocatalytic reactions were evaluated with the use of UV–Vis
spectrophotometry.
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Scheme 2. The oxidation of 1,3-diphenylisobenzofurane to 1,2-dibenzoylbenzene.

The photocatalytic oxidations of DPBF were performed using three types of materials:
4@P25, 5@P25, and unmodified P25. Their catalytic activity was assessed by recording
the UV–Vis scans within the range of 250–800 nm for 8 min, and every 2 min. The 4@P25
hybrid material containing magnesium(II) sulfanyl porphyrazine deposited on the surface
of TiO2 nanoparticles revealed the highest photocatalytic activity. Moderate activity was
noted for 5@P25 and the lowest activity for the unmodified P25 (Figure 5). In the case of
5@P25 nanoparticles, the linear plots of DPBF absorbance were decreasing with time, which
indicates that the photooxidation process follows the first-order kinetics (Figure 5D). In
the parallel study, the R2 value measured for 4@P25 hybrid material and P25 nanoparticles
slightly deviated from unity.

O
O

O

O
O

O
[O] [O]

 

Figure 5. The UV–Vis spectra for the oxidation of DPBF in dimethylformamide in the presence of 4@P25 (A), 5@P25 (B),
and P25 (C) as catalysts over a period of time. (D) the plots of DPBF absorbance in time in the presence of 4@P25 (blue),
5@P25 (green), and P25 (grey); DPBF—1,3-diphenylisobenzofurane.

The results obtained in the photocatalytic oxidation study with DPBF indicated the
4@P25 hybrid material as a candidate for further photocatalytic study with selected active
pharmaceutical ingredients (APIs): diclofenac sodium salt and ibuprofen. Both APIs are
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common non-steroidal anti-inflammatory drugs, and therefore constitute an important
component of drug-related pollutants in water. What is essential is that the UV–Vis method
can be employed for the photodegradation study of both APIs. The photodegradation study
was performed in the same conditions as previously established for the photooxidation of
DPBF. The results are presented in Figure 6. In the UV–Vis spectra, decreases in both APIs
absorbances over a period of time were observed, which indicates the photodegradation
of the studied compounds. For this reason, the obtained hybrid material 4@P25 can be
considered an efficient heterogenic catalyst for further photooxidation studies of diverse
organic compounds.

 

λ

δ

Figure 6. The UV–Vis spectra of photooxidation of diclofenac sodium salt (A) and ibuprofen (B) in
dimethylformamide with 4@P25 as a catalyst over a period of time.

3. Materials and Methods
3.1. Materials and Instruments

All the reactions described in this paper were conducted under argon. Before at-
tempting the reaction, the glassware was oven-dried (at 140 ◦C). All solvents were rotary
evaporated under vacuum at or below 40 ◦C. All reaction temperatures reported in the
experimental section refer to the external bath temperatures. The reactions were performed
on a Heidolph MR Hei-Tec, equipped with Radleys Heat-On heating mantle. All solvents
and reagents were obtained from commercial suppliers (Merck, Darmstadt, Germany;
TCI, Zwijndrecht, Belgium, and Fluorochem, Hadfield, UK), and used without any further
purification, unless otherwise stated. Melting points were measured with the use of a Stuart
Bibby apparatus (Triad Scientific, Staffordshire, UK) and are uncorrected. Flash column
chromatography was performed on a Merck neutral aluminum oxide gel, whereas thin-
layer chromatography (TLC) was performed on aluminum oxide F254 plates (Merck) and
visualized with a UV lamp (λmax 254 or 365 nm). UV–Vis spectra were recorded with the use
of an Ocean Optics USB 2000+ spectrometer (Ocean Opitics Inc., Largo, FL, USA). 1H NMR
and 13C NMR spectra were recorded using Bruker Avance 400 and 500 (Bruker, Karlsruhe,
Germany) spectrometers. Chemical shifts (δ) are specified in parts per million (ppm) and
are referenced against a residual solvent peak (pyridine-d5), whereas coupling constants
(J) are calculated in Hertz (Hz). The abbreviations s, t, and m refer to singlet, triplet, and
multiplet, respectively. Mass spectra (ESI MS) were performed in the Wielkopolska Centre
of Advanced Technologies, Adam Mickiewicz University in Poznan, Poland.

3.2. Synthesis

2,3-Bis[2-(morpholin-4-ylo)ethylsulfanyl]-(2Z)-butene-1,4-dinitrile (3) is a known
compound synthesized and characterized earlier in our group [20]: dimercaptomaleonitrile
disodium salt (558 mg; 3.0 mmol) (1), 4-(2-chloroethyl)morpholine hydrochloride (1.396 g;
7.5 mmol) (2) and K2CO3 (4.140 g; 30.0 mmol) were mixed in DMF (30 mL) at 60 ◦C for
24 h under argon. Next, the reaction mixture was cooled to room temperature and filtered
through Celite, then the filtrate was evaporated with toluene to a dry solid residue. Crude
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solid was subjected to a flash column chromatography with Al2O3 (DCM:CH3OH; 50:1) to
give 3 as yellow crystals (810 mg; 71% yield).

{2,3,7,8,12,13,17,18-Octakis[2-(morpholin-4-yl)ethylsulfanyl]porphyrazinato} magn
esium(II) (4): magnesium turnings (45 mg; 1.88 mmol) and iodide (1 crystal) were sus-
pended in n-butanol (15 mL) and refluxed for 6 h in an inert atmosphere. After the reaction
mixture was cooled to room temperature, compound 3 (692 mg; 1.88 mmol) was added and
the mixture was refluxed for 18 h. Next the mixture was filtrated through Celite and the sol-
vents were evaporated with toluene to a dry solid. Crude product was purified by column
chromatography on Al2O3 (DCM:MeOH, 50:1) to give porphyrazine 4 (110 mg; 16% yield)
as a green-blue solid: mp 113-116 ◦C; Rf (DCM:MeOH:N(C2H5)3, 10:1:0.1) 0.42. UV–Vis
(DCM): λmax, nm (logε) 375 (4.68), 497 (3.91), 671 (4.71). 1H NMR (400 MHz; pyridine-d5):
δH, ppm 2.60 (s, 32H, morph-CH2), 3.11 (s, 16H, CH2), 3.67 (s, 32H, morph-CH2), 4.64 (t,
3J = 10.0 Hz, 16H, CH2). 13C NMR (100 MHz; pyridine-d5): δC, ppm 33.5; 54.5; 60.0; 67.5;
141.9; 158.4. HRMS ESI (pos): calc. for C64H97N16O8S8Mg m/z 1497.5291 [M + H]+; found
m/z 1497.5340 [M + H]+.

{2,3,7,8,12,13,17,18-Octakis[2-(morpholin-4-yl)ethylsulfanyl]porphyrazinato} zinc(II)
(5): dimercaptomaleonitrile 3 (700 mg; 1.9 mmol), Zn(OAc)2 (175 mg, 0.95 mmol) and
DBU (142 µL, 0.95 mmol) in n-pentanol (4 mL) were refluxed in an inert atmosphere for
18 h. Next, the reaction mixture was filtrated through Celite and the filtrate was evaporated
with toluene to dryness. Crude solid was purified by column chromatography with Al2O3
(DCM:MeOH; 50:1→10:1) to give porphyrazine 5 (90 mg; 12%) as a dark green solid: mp
121–123 ◦C; Rf (DCM:MeOH:N(C2H5)3, 10:1:0.1) 0.57. UV–Vis (DCM): λmax, nm (logε) 373
(4.79); 668 (4.71). 1H NMR (500 MHz; pyridine-d5): δH, ppm 2.54–2.63 (m, 32H, morph-
CH2), 3.09 (s, 16H, CH2), 3.63–3.69 (m, 32H, morph-CH2), 3.81–3.89 (m, 16H, CH2). 13C
NMR (125 MHz; pyridine-d5): δC, ppm 33.34; 54.37; 59.88; 67.38; 141.92; 157.34. HRMS ESI
(pos): calc. for C64H97N16O8S8Zn m/z 1539.4721 [M+H]+; found m/z 1539.4756 [M + H]+.

3.3. Electrochemical Studies

The electrochemical studies were performed with a Metrohm Autolab PGSTAT128N
potentiostat (Metrohm, Herisau, Switzerland). The data acquisition and storage were
driven by Metrohm Nova 2.1.4 software (Metrohm). The measurements were obtained
with the use of a glassy carbon (GC) working electrode (area = 0.071 cm2), Ag wire (pseudo-
reference electrode), and a platinum wire (counter electrode). Before each procedure, the
GC electrode was polished with aqueous 50 nm Al2O3 slurry (purchased from Sigma-
Aldrich) using a polishing cloth and was subsequently washed in an ultrasonic bath with
deionized water for 10 min to remove inorganic impurities. Ferrocene/ferrocenium couple
(Fc/Fc+) was applied as an internal standard. The solvent (dichloromethane) containing
a supporting electrolyte (0.1 M tetrabutylammonium perchlorate (TBAP)) in a glass cell
(volume 10 mL) was deoxygenated by purging nitrogen gas for 10 min prior to each
experiment. All electrochemical experiments were carried out at 22 ◦C. The solvent and
reagent were purchased from Sigma-Aldrich Chemie GmbH, Steinheim, Germany.

3.4. Deposition of Porphyrazines on TiO2 P25 Nanoparticles

Studied porphyrazines were deposited on P25 Aeroxide®® titanium(IV) oxide (TiO2)
nanoparticles using the chemical deposition method [50]. In general, porphyrazine 4 or
5 in the amount of 5 mg was added to a dispersion of 100 mg P25 nanoparticles (sized
approx. 21 nm) in 20 mL of dichloromethane:methanol mixture (1:1, v/v). After the reaction
mixture had been stirred for 72 h, the solvents were evaporated on a rotary evaporator.
Next, the obtained hybrid material was air dried for 24 h. The ratio of the macrocycle to
the P25 TiO2 was 1:20 (w/w).

The hybrid materials were subjected to nanoparticle size measurements using a
Malvern Panalytical NanoSight LM10 instrument (Malvern, UK), equipped with sCMOS
camera, and 405 nm laser. The data acquisition and storage were provided by Nanoparticle
Tracking Analysis (NTA) 3.2 Dev Build 3.2.16 software (Malvern, UK). Throughout, the
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nanoparticles’ dispersions were diluted with water (1 mg in 1 mL) to obtain the operating
range of nanoparticle concentration. The measurements were performed at 25.0 ± 0.1 ◦C,
and at the syringe pump infusion rate set to 100 µL/min.

3.5. Photocatalytic Studies

The photocatalytic studies were performed using a red-light LED lamp (EcoEnergy,
Gdańsk, Poland) at wavelength 665 nm, and a power adjusted to 10 mW/cm2 with the
use of an Optel radiometer. The measurements were conducted in a 10 mm quartz cu-
vette in N,N′-dimethylformamide (DMF). In the experiments with a reference standard
1,3-diphenylisobenzofurane (DPBF), 1 mL of 0.1 mM DPBF solution in DMF was mixed
with 1 mL of TiO2 dispersion in DMF (0.1 mg/mL). In the experiments with active pharma-
ceutical ingredients (diclofenac sodium salt and ibuprofen), DPBF was replaced by 1 mL of
0.3 mM diclofenac sodium salt solution in DMF or 1 mL of 1.5 mM ibuprofen solution in
DMF. The irradiations of mixtures were performed with an LED lamp within 8 min. The
UV–Vis spectra were recorded every 2 min on an Ocean Optics USB 2000+ spectrometer
(Ocean Optics Inc., Largo, FL, USA).

4. Conclusions

Two novel sulfanyl magnesium(II) and zinc(II) porphyrazines with morpholinylethyl
periphery were synthesized in the cyclotetramerization reaction using a dimercaptoma-
leonitrile derivative. The obtained macrocyclic compounds were broadly characterized
by ESI MS spectrometry, 1D and 2D NMR techniques, and UV–Vis spectroscopy. Both
porphyrazines were subjected to electrochemical studies. Subsequently, the obtained por-
phyrazines were embedded on titanium(IV) oxide nanoparticles’ surface and characterized
in terms of particle size and distribution. The obtained hybrid materials’ applicability was
assessed in photocatalytic studies with a singlet oxygen quencher (DPBF) and selected
drug active pharmaceutical ingredients (diclofenac sodium salt and ibuprofen). In the
UV–Vis and NMR studies, the characteristic features of porphyrazines were confirmed. The
electrochemical studies revealed four irreversible redox processes for both porphyrazines.
In addition, the calculated electrochemical band gap values were found to be in agreement
with the optical ones. Interestingly, the obtained hybrid materials presented four times
higher particle sizes compared with unmodified titanium(IV) oxide P25 nanoparticles and
were monodispersive. The 4@P25 material was found to be the most active in comparative
photocatalytic tests with 1,3-diphenylisobenzofurane, and it was therefore used in the pho-
tooxidation studies of diclofenac sodium salt and ibuprofen. The 4@P25 material revealed
good photocatalytic potential. For this reason, it can be considered in future photocatalytic
experiments with various organic compounds and active pharmaceutical ingredients as a
potential hybrid material for the photodegradation of various organic pollutants.

Supplementary Materials: The following are available online: Figure S1. 1H NMR spectrum of 4 in
pyridine-d5. # indicates solvent residual peaks. Figure S2. 13C NMR spectrum of 4 in pyridine-d5. #
indicates solvent residual peaks. Figure S3. 1H-1H COSY NMR spectrum of 4 in pyridine-d5. Figure
S4. 1H NMR spectrum of 5 in pyridine-d5. * indicates solvent residual peaks and # stands for water
residual. Figure S5. 13C NMR spectrum of 5 in pyridine-d5. * indicates solvent residual peaks. Figure
S6. 1H-1H COSY NMR spectrum of 5 in pyridine-d5.
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Abstract: A convergent synthetic route to a tetrasaccharide related to PI-88, which allows the
incorporation of a fluorescent BODIPY-label at the reducing-end, has been developed. The strategy,
which features the use of 1,2-methyl orthoesters (MeOEs) as glycosyl donors, illustrates the usefulness
of suitably-designed BODIPY dyes as glycosyl labels in synthetic strategies towards fluorescently-
tagged oligosaccharides.

Keywords: PI-88; glycosylation; 1,2-methyl orthoesters; BODIPY; fluorescent labeling

1. Introduction

The recognition of the crucial role of heparanase enzyme, an endo-β-D-glucuronidase
able to degrade heparan sulfate (HS) in the extracellular matrix and basement membranes,
in a number of pathological processes, such as metastasis and angiogenesis, has triggered
the development of heparanase inhibitors [1–6]. Among these inhibitors PI-88, a mixture of
functionalized mannose oligosaccharides, i.e., 1, 2, (Figure 1), that potently inhibited hep-
aranase and in vitro angiogenesis, has been considered as a promising candidate and has
received considerable attention [7]. On the other hand, fluorescent labeling of biomolecules
has been recognized as a research topic of great significance, since such labeling facili-
tates the investigation of glycoconjugates and their interaction in biological systems at
high sensitivity [8–12]. Among the types of fluorescent dyes commonly employed as
tags, borondipyrromethene (BODIPY, 4, 4-difluoro-4-bora-3a, 4a-diaza-s-indacene) dyes,
e.g., 3 (Figure 1) have excelled. Several reasons can be cited for this preference: their high
fluorescent quantum yields (∅), excellent photochemical and chemical stabilities, and, ar-
guably, the relatively facile modulation of their photophysical and/or chemical properties
by means of synthetic postfunctionalization of their indacene core [13–18].

Based on these precedents, we thought it would be of interest to investigate the feasi-
bility of a synthetic approach to BODIPY-labeled PI-88 saccharide components, where the
fluorescent dye is incorporated from the beginning of the synthetic sequence. Additionally,
we envisioned that the incorporation of the lipophilic BODIPY moiety at the reducing end
of a PI-88 saccharide analogue would bring one additional advantage by facilitating the vi-
sualization and detection of the synthetic intermediates along the saccharide synthesis [19].
Additionally, in light of some reported literature precedents [20], the incorporation of the
lipophilic BODIPY core to the saccharidic ensemble could lead to ameliorated biological
activity in the ensuing saccharides. Thus, in this Article, we report a synthetic approach
to a PI-88 tetrasaccharide analogue [21] featuring the use of 1,2-methyl orthoester (MeOE)
glycosyl donors, i.e., 4 (Figure 1), in which a BODIPY-type fluorescent probe could be
attached at the reducing end of the saccharides from the beginning of the synthesis.

77



Molecules 2021, 26, 2909

 

O
R1O

R2O
R2O

O

O

3

N
B

N

F F

O

Na2O3PO

RO
RO

OR

O
O

OR

RO

O
RO

RO
RO

O
n

OR
R = NaO3S; n = 1 - 3

O

Na2O3PO

RO
RO

OR

O
O

OR
OR

RO

O

n

O
OR

RO

OR

OR

R = NaO3S; n = 0 - 2

1

2

3 5

6

78

1 2

α-1,2
α-1,3

α-1,3

Ph
OMe

4

a R1 = R2 = Bz; 
b  R1 = OTBDPS, R2 = Bz;
c R1 = R2 = Bn

Bn = benzyl; Bz = benzoyl; 
TBDPS = tert-butyldiphenyl silyl

O
BnO

BnO
BnO

HO

O
BnO

BnO
BnO

O

O
TBDPSO

HO
HO

OH

4a

5

6

O

TBDPSO

BzO
O

OBzO

TBDPSO

BzO
BzO

OBz

O
BnO

BnO
O

O

TBDPSO

HO
O

OH

10

9 + 6

BnO

BODIPY

BODIPY

BODIPY

7

O

OTBDPS

HO
HO

OH

SPh

O

OTBDPS

HO
O

OH

SPh

O
TBDPSO

HO
HO

OH

O

TBDPSO

BzO
O

O

O

Ph
OMeO

TBDPSO

BzO
BzO

OBz

8

9
1,2-M ethyl orthoester 

form ation
from  com pound 8

4b

4b

AB

23

4

3

2

2’3’

4’

3

2

2’3’

4’

A

P rotecting group abbreviations:
Bn = benzyl; 
Bz = benzoyl; 
TBDPS = tert-butyldiphenyl silyl

Figure 1. PI-88 (1,2), BODIPY (3), IUPAC numbering) and 1,2-methyl orthoester glycosyl donors (4) used in this study.

2. Results

Several synthetic approaches to analogues of tetra- and pentasaccharides 1 have al-
ready been reported [22–28]. In those approaches, different types glycosyl donors have been
employed. We have been interested in the use of 1,2-methyl orthoesters (MeOEs) [29–33]
as an inexpensive alternative to Fraser–Reid’s n-pentenyl orthoester glycosyl donors
(NPOEs) [34–36]. The former derivatives were shown to display good regioselectivity,
similar to that of NPOEs [31]. Accordingly, our convergent 1 + 1 + 2 approach to BODIPY-
tagged tetramannan, 10 (Scheme 1) was based on our previous studies on the selective
mono-glycosylation at position O-3 in mannopyranose substrates possessing a 2,3,4 triol
moiety, i.e., 6, 7 (Scheme 1), with MeOE glycosyl donors, 4a, 4b, and 9 [31]. Thus, our
strategy involved two glycosidic disconnections A and B (Scheme 1). Disconnection A
(Scheme 1), leading to BODIPY-disaccharide 6, was envisioned by glycosylation of a ben-
zylated mannopyranoside 5, exposing only one hydroxyl group (O-2) for the glycosyl
coupling, with MeOE donor 4a. On the other hand, disconnection B (Scheme 1) was
imagined by regioselective mono-glycosylation of triol 6, at position O-3’, according to
precedents from our research group [31], by a disaccharide MeOE donor, 9.
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Scheme 1. Retrosynthesis of PI-88 tetrasaccharide analogue 10, involving the sole use of 1,2-methyl
orthoester glycosyl donors, 4 and 9.

The synthetic route started with the glycosylation of BODIPY 11 [37], readily available
through a one-pot transformation using phthalide and pyrrole as the starting materials,
followed by in situ coordination with BF3.OEt2 [38], with methyl orthoester 4c, to yield
BODIPY glycoside 12 (80% yield, Scheme 2a). However, attempted saponification of the
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2-O-Bz substituent in 12, by treatment with Et3N or NaOMe in methanol, resulted in the
production of the undesired B(OMe)2-BODIPY derivatives 13 and 14, where the fluorine
atoms were replaced by methoxy groups (Scheme 2a). These derivatives, although also
fluorescent [39], proved to be labile under the acidic conditions required in the next glycosy-
lation events. We then turned our attention to borondiphenyl BODIPY 15, a more chemically
robust yet fluorescent BODIPY analogue [40]. Access to 15 was also affected by slightly
modifying our one-pot procedure [38], from phthalide and pyrrole, by simply replacing
BF3.OEt2 by B(Ph)3 in the borondipyrromethene ring closing reaction (Scheme 2b) [41].

 

Scheme 2. (a) Glycosylation of BODIPY 11 with MeOE 4c and saponification attempts; (b) one-pot
synthesis of 4,4-diphenyl BODIPY 15.

The synthetic routes to the two fragments in the convergent approach to PI-88 tetrasac-
charide analogue 10, glycosyl acceptor 6 and glycosyl donor 9, are depicted in Scheme 3a,b.
Thus, glycosylation of hydroxymethyl BODIPY 15 with benzylated MeOE 4c, followed by
saponification (NaOMe/MeOH), led to BODIPY-mannopyranoside 5 (Scheme 3a). The lat-
ter was then glycosylated with tri-O-benzoyl MeOE 4a, to yield BODIPY disaccharide 16a in
moderate yield (52%). Next, protecting group manipulations in compound 16a, including
de-O-benzoylation leading to tetraol 16b, and selective monosilylation at the primary hy-
droxyl group at O-6’ in the latter [terbutyldiphenylsilyl chloride, 4-dimethylaminopyridine
(DMAP), in dimethyl formamide (DMF)] produced 2’,3’,4’-triol 6, (Scheme 3a).

On the other hand, the route to MeOE-disaccharide donor 9 started from phenyl
thiomannopyranoside 7 (Scheme 3b). Accordingly, regioselective mono-glycosylation at
O-3 of 2,3,4-triol 7 with MeOE 4b, based on precedents from our research group [31,42],
yielded phenyl 1-thiomannopyranoside 8 in good yield (Scheme 3b). To conclude, a three-
step sequence from 8, including perbenzoylation, anomeric bromination, and orthoester
formation from an intermediate glycosyl bromide according to Wei et al. [43], allowed its
conversion to MeOE disaccharide donor 9 (Scheme 3b).

Finally, glycosyl acceptor 6, containing a mannopyranoside triol unit, was regioselec-
tively mono-glycosylated at O-3’with MeOE disaccharide 9 [44], to yield PI-88 tetrasac-
charide precursor analogue 10, in 53% yield (Scheme 4). An alternative glycosylation of 6
with a MeOE monosaccharide, e.g., 4a or 4b, rather than with a disaccharide, i.e., 9, in our
hands consistently led to low yields of the trisaccharide analogue.
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To impel the advanced applications of the new glycoprobes, we analyzed the photonic
behavior of BODIPY 15 and its saccharide derivatives 16a and 10, under low (photophysical
properties) and high (laser properties) irradiation regimes. The replacement of the fluorine
atoms at the boron bridge, as in 11 [38], by phenyl groups, as in 15 [45], had low impact on
the spectral properties of BODIPY (Figure 2) but induced both a decrease of the emission
efficiency (Table 1) and a biexponential character of the fluorescent lifetime (Table S1), re-
gardless of the environmental properties. The free motion of these phenyl rings chelating
the boron atom reduced the planarity of the dipyrrin core (computed bending angles in the
dipyrrin core up to 16◦ in the excited state, Figure 2), increasing the internal conversion
processes with a deleterious effect on the fluorescence signal. The labelling of a disaccharide
or tetrasaccharide with BODIPY 15, as in compound 16a and 10, respectively, widened the
absorption spectrum, while the spectral profile of fluorescence matched that of its precursor
(Figure 2). It is noteworthy that BODIPYs 10 and 16a displayed a brighter fluorescence with
longer lifetimes than their non-glycosylated counterpart 15 in all tested media and regard-
less of the number of saccharide units appended (Table 1 and Table S1). Thus, glycosylation
of the ortho-hydroxymethyl group of the C-8-aryl residue led to a more rigid and compact
molecular structure, e.g., 16a and 10, owing to the higher steric hindrance imposed by the
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bulky disaccharide. In fact, the structural arrangement of the C-8-benzyl residue in 16a
was nearly orthogonal (twisting dihedral angle computed in the ground state of 75◦ in 15
vs. 85◦ in 16a), reducing the internal conversion pathways associated to conformational
freedom. Consequently, BODIPY-saccharides 16a and 10 behaved as efficient and stable flu-
orescent glycoprobes even under laser irradiation conditions, exhibiting a lasing efficiency
up to 38% in the green spectral region (540 nm, Table 1) with high photostability, since
their laser emission remained at the initial level even after 70,000 pump pulses. This good
tolerance to intense and prolonged irradiation is a highly desirable property for fluorescent
labels to provide long-lasting bioimages. Therefore, from a photonic point of view, the
ortho- position of 8-phenyl BODIPYs is highlighted as a suitable grafting position to tag
(oligo)saccharides, even resulting in an amelioration of the photonic performance of the
original labeling dye.

 

λ ε λ ∅ τ λ

μ λ
λ ε − − ∅

τ
λ

Figure 2. Absorption (in blue) and normalized fluorescence (in red) spectra of BODIPY 15 and its glycosylated derivative
16a in diluted solution of ethyl acetate. The spectral profiles of 10 fully resemble those of 16a. The excited state optimized
geometry of 15 in two different views is also enclosed with key dihedral angles to show the bending of the chromophore.

Table 1. Photophysical 1 and laser 2 properties of BODIPY 15, and glycosylated derivatives 16a and 10,
in ethyl acetate. For the sake of comparison, the corresponding photophysical data of the F-BODIPY
counterpart (in ethanol) have been added. For additional photophysical data, see Table S1.

Compound λab (nm) εmax λfl (nm) ∅ <τ> (ns) λla (nm) Eff (%)

11 499.5 6.4 513.0 0.74 6.45 540 60
15 497.0 4.8 511.5 0.22 2.83 533 18

16a 500.0 4.5 516.0 0.31 3.19 545 38
10 500.5 4.1 515.0 0.31 3.57 547 36

1 Registered under a soft irradiation regime; dye concentration: 2 µM. Absorption (λab) and fluorescence (λfl)
wavelength, molar absorption (εmax) (104 M−1 cm−1), fluorescence quantum yield (∅), and amplitude-average
lifetime (<τ>). 2 Recorded under a hard irradiation regime; dye concentration 2 mM. Peak wavelength for the
laser emission (λla) and efficiency (Eff (%)) defined as the ratio between the energy of the laser output and the
pump energy incident on the cell surface.

3. Conclusions

In summary, we developed a convergent, efficient, synthetic strategy to BODIPY-
labeled PI-88 tetrasaccharide components (10) [46], which serves to illustrate the scope
and usefulness of MeOEs as glycosyl donors. The inclusion of the BODIPY-tag from the
beginning of the synthesis facilitates the visual recognition (thin-layer chromatography,
TLC) of the labeled-saccharide acceptor and the glycosylated products therefrom, among
the rest of the non-fluorescent side-products arising from side-reactions of the MeOE
glycosyl donor [36]. This feature becomes particularly appealing when excess amounts of
glycosyl donors are required to lead the glycosylation to completion. On the other hand,
the chemically stable 4, 4’-diphenyl BODIPY derivative (15), used as a tag, displayed good
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fluorescent properties and photostability under strong and prolonged irradiation, and was
also able to withstand all reaction conditions employed in the synthetic sequence leading
to 10 [20]. Our results also indicate that the incorporation of carbohydrate subunits at
the ortho-hydroxymethyl group of the C-8-aryl substituent has a beneficial effect on the,
already, good photophysical features of the BODIPY dye.

4. Materials and Methods
4.1. General Information

The solvents and reagents used in the transformations included in the manuscript were
obtained from commercial sources. In the glycosylation experiments, the adventitious water
content was removed by repeated evaporation of the sample with toluene. The temperature
at which the reactions were carried out will be mentioned unless room temperature was
used. The glycosylation reactions were carried out in dried flasks fitted with rubber septa
under an argon atmosphere.

A 5.0 M stock solution of triethyloxonium tetrafluoroborate, employed in the prepara-
tion of the BODIPYs, was prepared by dissolving 25 g (0.131 mmol) of the salt in 26.3 mL
of anhydrous methylene chloride.

Anhydrous MgSO4 was used to dry organic solutions during workup. Evaporation of
the solvents was performed using a rotary evaporator (Buchi, Flawil, Switzerland). Flash col-
umn chromatography was used to purify or separate the samples. Thin-layer chromatogra-
phy (TLC) was conducted on Kieselgel 60 F254. Spots corresponding to BODIPY-containing
molecules were spotted under visible light. TLCs were then inspected under UV irradiation
(254 nm) followed by charring with a solution of 20% aqueous H2SO4 (200 mL) in AcOH
(800 mL). 1H and 13C-NMR spectra were recorded in CDCl3 at 300, 400, or 500 MHz and 75,
101, or 126 MHz, respectively. Chemical shifts are expressed in parts per million (δ scale)
downfield from tetramethylsilane and are referenced to residual protium in the NMR sol-
vent (CHCl3: δ 7.25 ppm, CD3OD: δ 4.870 ppm). Coupling constants (J) are given in Hz. All
presented 13C-NMR spectra are proton decoupled. Mass spectra were recorded by direct
injection with an Accurate Mass Q-TOF LC/MS spectrometer (Agilent Technologies, Santa
Clara, CA, USA) equipped with an electrospray ion source in positive mode.

4.2. General Procedures

4.2.1. General Procedure for Glycosylation. Procedure A

A previously dried mixture of a glycosyl donor and glycosyl acceptor was dissolved
in anhydrous dichloromethane (≈3 mL/0.1 mmol). Previously dried (200 ◦C, one night)
4Å molecular sieves were added to the mixture. The reaction was cooled to −30 ◦C, and
then BF3.OEt2 (3.0 equiv) was added. After 5–10 min, the reaction mixture was diluted
with dichloromethane and the ensuing solution washed with saturated aqueous NaHCO3
solution. The organic layer was dried over Na2SO4, filtered, and evaporated under vacuum.
The resulting crude mixture was purified by chromatography on silica gel (eluent: hexane-
ethyl acetate mixtures).

4.2.2. General Procedure for Debenzoylation. Procedure B

The corresponding compound was dissolved in methanol (25 mL/ mmol) and triethy-
lamine (6 mL/ mmol) was added to the resulting solution. The reaction mixture was refluxed
overnight, the solvents evaporated, and the ensuing residue concentrated. Purification by
flash chromatography was carried out using hexane-ethyl acetate mixtures, as eluent.

4.2.3. General Procedure for Silylation. Procedure C

The corresponding compound was dissolved in dry DMF (20 mL/mmol), and to this
solution imidazole (4 equiv.) was added. After stirring for 5–10 min in an ice bath, under
argon, terbutyldiphenylsilyl chloride (1.2 equiv.) and a small amount of dimethylaminopiri-
dine DMAP were added. The ice bath was removed, and the reaction mixture was left with
stirring at room temperature for 24 h. The reaction mixture was then diluted with ethyl
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acetate and extracted with a saturated aqueous NaHCO3 solution and brine. The combined
organic solutions were dried over anhydrous MgSO4 and evaporated under vacuum. The
resulting crude mixture was purified by chromatography on silica gel (eluent: hexane-ethyl
acetate mixtures).

4.2.4. General Procedure for Characterization of Polyol Derivatives as Peracetates.
Procedure D

The corresponding polyol was dissolved in pyridine (1 mL/0.1 mmol substrate) and
acetic anhydride (0.5 mL/mmol substrate) was then added. The reaction mixture was
stirred at room temperature (normally 24 h). After completion of the reaction (t.l.c.), the
solvent was evaporated, and the resulting crude mixture was purified by chromatography
on silica gel (eluent: hexane-ethyl acetate mixtures).

4.3. Synthesis

4.3.1. BF2-Bodipy 11

This compound was prepared according to our previously described method [38],
from phthalide and pyrrole.

4.3.2. Mannopyranosyl BODIPY 12

This compound was prepared by glycosylation of BODIPY 11 (26 mg, 0.088 mmol)
with orthoester 4c (100 mg, 0.178 mmol), according to the general procedure for gly-
cosylation, procedure A. Flash chromatography (hexane- ethyl acetate; 85:15) yielded
BODIPY-mannoside 12 (64 mg, 80%). 1H-NMR (500 MHz, CDCl3) δ 8.05–7.16 (m, 24H),
6.68 (dd, J = 12.4, 4.2 Hz, 2H), 6.47 (dd, J = 4.2, 1.8 Hz, 1H), 6.33 (dd, J = 4.3, 1.8 Hz, 1H),
5.40 (dd, J = 3.1, 1.9 Hz, 1H), 4.86 (d, J = 1.9 Hz, 1H), 4.79 (d, J = 10.7 Hz, 1H), 4.72–4.65 (m,
3H), 4.52–4.42 (m, 4H), 4.37 (d, J = 11.8 Hz, 1H), 4.01 (t, J = 9.6 Hz, 1H), 3.88–3.75 (m, 3H),
3.58 (dd, J = 10.9, 1.9 Hz, 1H), 3.50–3.44 (m, 1H) 13C-NMR (125 MHz, CDCl3) δ 165.7, 145.3,
145.2, 144.8, 138.7, 138.6, 138.2, 135.7, 135.4, 133.2, 132.9, 132.6, 131.2, 131.0 (×2), 130.2, 130.1
(×2), 130.0, 128.9, 128.5, 128.4 (×5), 128.2 (×2), 127.9, 127.7 (×2), 127.6 (×2), 119.2, 118.8,
97.5, 78.1, 75.3, 74.1, 73.5, 72.0, 71.6, 68.8 (×3), 68.3, 67.3, 51.1, 29.8; 19F-NMR (376 MHz,
CDCl3) δ −145.4 (q, JB–F = 28.9 Hz), −145.4 (q, JB–F = 28.9 Hz); HRMS (ESI-TOF): calc for
C50H49BF2N3O7 [M + NH4]+; 852.37407 found 852.36969.

4.3.3. Mannopyranosyl BODIPY 13

This compound was obtained when applying the general procedure for debenzoy-
lation, procedure B, to BODIPY-mannoside 12 (60 mg, 0.087 mmol) followed by flash
chromatography (hexane- ethyl acetate; 6:4). Compound 13 (56 mg, 78%): 1H-NMR
(300 MHz, CDCl3) δ 8.04–7.12 (m, 24H), 6.66 (ddd, J = 10.4, 4.2, 1.1 Hz, 2H), 6.48 (ddd,
J = 4.2, 1.8, 0.7 Hz, 1H), 6.43 (ddd, J = 4.2, 1.8, 0.7 Hz, 1H), 5.42 (dd, J = 3.1, 2.0 Hz,
1H), 4.87–4.77 (m, 2H), 4.74–4.60 (m, 3H), 4.51–4.36 (m, 4H), 4.04 (t, J = 9.5 Hz, 1H),
3.98–3.88 (m, 1H), 3.78 (dd, J = 10.6, 3.5 Hz, 1H), 3.66–3.53 (m, 2H) 3.12 (s, 3H), 3.03
(s, 3H); 19F-NMR (376 MHz, CDCl3): showed not peaks at all; HRMS (ESI-TOF): calc
for C52H51BN2NaO9 [M + Na]+; 881.35682 found 881.35690.

4.3.4. Mannopyranosyl BODIPY 14

Treatment of compound 12 (80 mg, 0.096 mmoles) with sodium methoxide in MeOH,
at 65 ◦C for 1 h resulted in the consumption of the starting material. Then, addition of solid
NH4Cl and stirring for 15 min followed by filtration and solvent evaporation provided a
residue that was purified by chromatography on silica gel (hexane-ethyl acetate; 3:7) to
give dimethoxyboron-derivative 14 (56 mg, 78%). 1H-NMR (300 MHz, CDCl3) δ 7.88–7.03
(19H), 6.68 (dd, J = 4.2, 1.3 Hz, 1H), 6.60 (dd, J = 4.2, 1.3 Hz, 1H), 6.42 (dt, J = 4.3, 1.8 Hz,
1H), 4.74 (d, J = 10.8 Hz, 1H), 4.59–4.35 (m, 9H), 3.78–3.50 (m, 6H), 3.38–3.33 (m, 1H), 3.20
(s, 3H), 3.06 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ 152.8, 144.9, 144.5, 136.7, 136.6, 135.7,
133.7, 133.6, 130.4, 130.0, 129.8, 129.7, 129.4, 128.5 (×2), 128.4 (×2), 128.3 (×2), 128.1 (×2),
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128.0 (×2), 127.8 (×2), 127.7 (×2), 118.5, 118.1, 100.6, 79.9, 75.2, 74.1, 73.6, 71.7, 71.4, 69.1,
68.5, 68.3, 67.3, 50.3, 49.8 HRMS (ESI-TOF): calc for C45H47BN2NaO8 [M + Na]+; 777.33254
found 777.33546.

4.3.5. B(Ph)2-BODIPY 15

This compound was prepared by treatment of a toluene solution of a dipyrromethane
intermediate (obtained by reaction of phthalide with pyrrole) (44 mg, 0.198 mmol), with
triphenylborane (48 mg, 0.198 mmol). The mixture, under argon, was refluxed for 24 h.
Then, the solvent was evaporated, and the residue dissolved in dichloromethane (10 mL),
to which 10 mL of a 1M solution of NaOH were added. The ensuing mixture was kept with
stirring for one night. The organic layer was separated and dried over MgSO4, filtered, and
evaporated. The residue was purified by for chromatography on silica gel (hexane-ethyl
acetate; 8:2) to afford compound 15 (38 mg, 46%). 1H-NMR (400 MHz, CDCl3) δ 7.64–6.97
(m, 14H), 6.75 (d, J = 4.2 Hz, 2H), 6.55–6.39 (m, 2H), 4.35 (s, 2H) 13C-NMR (100 MHz, CDCl3)
δ 145.5 (×2), 145.1, 139.7, 135.5, 133.8 (×2), 132.5, 131.7 (×2), 129.8, 129.7, 128.7 (×2), 128.2,
127.6 (×3), 127.1, 126.7, 126.2, 118.0 (×2), 62.9 HRMS (ESI-TOF): calc for C28H24BN2O8
[M + H]+; 415.19812 found 415.19815.

4.3.6. Mannopyranosyl BODIPY 5

This compound was prepared by glycosylation of BODIPY 15 (73 mg, 0.176 mmol)
with MeOE 4c (150 mg, 0.264 mmol), according to the general procedure for glycosylation,
procedure A. After standard work-up, purification by flash chromatography (hexane- ethyl
acetate; 9:1) furnished a mixture of the 2-O-benzoyl derivative of compound 5 (102 mg,
72%) and “rearranged” methyl mannopyranoside (1HNMR). This mixture was dissolved
in MeOH, under argon, and treated with NaOMe/MeOH at room temperature for 24 h.
When t.l.c. showed disappearance of the fluorescent starting material, solid NH4Cl was
added. The resulting solution was kept with stirring for 15 min, filtered, and the solvent
was evaporated. Purification by flash chromatography (hexane-ethyl acetate; 7:3) allowed
the isolation of BODIPY-mannoside 5 (92 mg, 87%). 1H-NMR (500 MHz, CDCl3) δ 7.61
(s, 1H), 7.52 (s, 1H) 7.47–7.09 (m, 29H), 6.70 (dd, J = 26.9, 4.3 Hz, 2H), 6.43–6.34 (m, 2H),
4.74 (d, J = 10.7 Hz, 1H), 4.60 (d, J = 12.2 Hz, 1H), 4.53–4.39 (m, 4H), 4.37 (bs, 2H), 4.28 (d,
J = 11.6 Hz, 1H), 3.73 (t, J = 9.5 Hz, 1H), 3.64–3.46 (m, 4H), 3.39–3.35 (m, 1H); 13C-NMR (125
MHz, CDCl3) δ 145.3 (×2), 145.2, 138.4, 138.1, 136.0, 135.6, 134.9, 133.8, 133.5 (×2), 132.2
(×3), 130.2, 129.6, 129.5, 129.2, 129.1, 128.6 (×2), 128.5 (×2), 128.4 (×3), 128.1 (×2), 128.0
(×2), 127.9, 127.8 (×2), 127.7 (×2), 127.6 (×2), 126.6, 126.3, 117.8, 117.6, 98.6, 80.2, 75.3, 74.1,
73.5 (×2), 71.7, 71.3, 68.8, 67.7, 67.3 HRMS (ESI-TOF): calc for C55H55BN3O6 [M + NH4]+;
846.41876 found 846.41891.

4.3.7. BODIPY Disaccharide 16a

This compound was prepared by glycosylation of 5 (70 mg, 0.083 mmol) with MeOE
4a (57 mg, 0.100 mmol), according to the general procedure for glycosylation, procedure A.
Purification by flash chromatography (hexane-ethyl acetate; 7:3) afforded compound 16a
(62 mg, 52%). 1H-NMR (400 MHz, CDCl3) δ 8.08–7.05 (m, 49 H), 6.69 (ddd, J = 12.0, 4.3, 1.2
Hz, 2H), 6.39 (ddd, J = 19.1, 4.3, 1.8 Hz, 2H), 6.11 (t, J = 10.1 Hz, 1H), 5.93 (dd, J = 10.1, 3.2
Hz, 1H), 5.87 (dd, J = 3.2, 1.9 Hz, 1H), 5.17 (d, J = 2.0 Hz, 1H), 4.84 (d, J = 10.9 Hz, 1H), 4.80
(d, J = 1.9 Hz, 1H), 4.66 (d, J = 12.3 Hz, 1H), 4.60–4.39 (m, 7H), 4.42 (d, J = 12.1 Hz, 1H), 4.33
(dd, J = 12.3, 3.6 Hz, 1H), 4.24 (d, J = 12.0 Hz, 1H), 4.00 (t, J = 9.6 Hz, 1H), 3.79 (d, J = 2.4 Hz,
1H), 3.75–3.63 (m, 2H), 3.61–3.52 (m, 2H); 13C-NMR (125 MHz, CDCl3) δ 166.2, 165.6, 165.3,
165.1, 145.5, 145.4, 144.9, 138.5, 138.5, 138.3, 136.0, 135.2 (×2), 133.5 (×2), 133.2 (×3), 133.1
(×2), 132.5 (×2), 132.4, 130.3, 130.2, 130.0 (×6),129.9 (×2), 129.6 (×2), 129.4 (×2), 129.1,
128.9, 128.7 (×2), 128.6 (×2), 128.5 (×4), 128.4 (×5), 128.3 (×2), 127.9 (×3), 127.8, 127.7
(×2), 127.6 (×2), 127.5 (×3), 126.4 (×2) (65 signals for aromatic carbons) 117.8, 117.7, 99.4,
97.8, 79.5, 75.9, 75.2, 74.4, 73.3 (×2), 72.2, 72.0, 70.2, 70.0, 69.1, 68.7, 66.8, 66.7, 62.6 HRMS
(ESI-TOF): calc for C89H77BKN2O15 [M + K]+; 1447.51131 found 1447.51484 (M + K)+.
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4.3.8. BODIPY-Disaccharide Tetraol 16b

This compound was prepared according to the general procedure for debenzoylation,
procedure B, from compound 16a (60 mg, 0.087 mmol). Purification by flash chromatogra-
phy (hexane-ethyl acetate; 2:8) afforded fluorescent disaccharide 16b (40 mg, quantitative
yield). 1H-NMR (500 MHz, CDCl3) δ 7.56–7.11 (m, 29H), 6.69–6.66 (m,2H), 6.37 (ddd,
J = 12.6, 4.3, 1.8 Hz, 2H), 4.93 (bs, 1H), 4.74 (d, J = 10.8 Hz, 1H), 4.67 (bs, 1H) 4.56–4.51 (m,
2H), 4.42–4.36 (m, 4H), 4.25 (d, J = 12.3 Hz, 1H), 3.98 (bs, 1H), 3.87–3.77 (m, 5H), 3.69–3.64
(m,3H), 3.59–3.52 (m, 4H), 3.44–3.37 (m, 4H) 13C-NMR (125 MHz, CDCl3) δ 145.5, 145.3,
145.0, 138.5 (×2), 138.4, 136.0, 135.2, 135.1, 133.7, 133.4, 133.2 (×2), 133.1, 132.9, 132.5 (×2),
130.3, 130.2, 129.6, 129.1, 128.8 (22), 128.5 (×5), 128.4 (×2), 128.0 (×2), 127.8 (×3), 127.7 (×3),
127.6 (×4), 126.5, 126.4, 117.9 (×2), 101.5, 97.6, 79.5, 75.3, 75.2, 74.4, 73.4, 72.5, 72.1, 72.0,
71.6, 70.9, 68.8, 66.6, 61.6; API-ES positive mode: [M + Na]+ = 1031.3.

4.3.9. BODIPY-Disaccharide Silylated Triol 6

The general procedure for silylation, procedure C, was applied to tetraol 16b (56 mg,
0.056 mmol), although this time pyridine, rather than DMF, was used as solvent. Purifi-
cation by flash chromatography (hexane-ethyl acetate; 6:4) yielded triol 6 (48 mg, 69%).
1H-NMR (400 MHz, CDCl3) δ 7.72–7.10 (m, 39H), 6.64 (ddd, J = 5.6, 4.3, 1.2 Hz, 2H), 6.34
(ddd, J = 12.6, 4.3, 1.8 Hz, 2H), 4.97 (d, J = 1.7 Hz, 1H), 4.76 (d, J = 10.8 Hz, 1H), 4.65–4.59
(m, 2H), 4.54–4.38 (m, 4H), 4.36 (bs 2H), 4.18 (d, J = 12.2 Hz, 1H), 3.99 (bs, 1H), 3.87–3.57 (m,
13H), 3.45–3.40 (m, 2H),1.04 (s, 9H) 13C-NMR (100 MHz, CDCl3) δ 145.5, 145.4, 145.1, 138.8,
138.7, 138.5, 136.1, 135.8, 135.2, 133.4, 133.2, 133.1, 133.0, 132.7, 130.2, 129.5, 129.3, 128.6,
128.5, 128.1, 128.0, 127.8, 127.7, 127.6, 127.5, 126.5 (48 aromatic carbons), 118.0, 117.9, 101.2,
98.1, 79.9, 75.3, 74.6, 73.5 (×2), 72.3, 72.1 (×2), 71.5 (×2), 71.4, 70.5 (×2), 70.1, 69.1, 66.6, 65.1,
53.7, 27.1 (×3), 19.5; API-ES, positive mode: [M + Na]+ = 1269.30; HRMS (ESI-TOF): calc
for C156H155BN2O26Si3 [M + Na]+; 2591.02041 found 2591.01683.

4.3.10. Thioglycosyl Disaccharide 8

According to the general procedure for glycosylation, procedure A, thioglycoside 7
(50 mg, 0.098 mmol) was glycosylated with orthoester 4b (146 mg, 0.196 mmol) in CH2Cl2
(3 mL). After 5 min, the reaction was quenched, the organic extract concentrated, and the
resulting residue chromatographed over silica gel flash column (hexane-ethyl acetate; 9:1)
to give diol 8 (65 mg, 58%). For the sake of characterization, and according to the general
procedure for acetylation, procedure D, the corresponding peracetyl derivative 8-Acet was
prepared (68 mg, quantitative yield). [α]D

21: −39.3◦, (c 0.8, CHCl3) 1H-NMR (400 MHz,
CDCl3) δ 8.18–7.10 (m, 40H), 6.35 (t, J = 10.2 Hz, 1H), 5.71 (dd, J = 10.3, 3.3 Hz, 1H), 5.53–5.45
(m, 4H), 5.32 (d, J = 1.8 Hz, 1H), 4.38–4.34 (m, 1H), 4.25–4.20 (m, 2H), 3.92–3.80 (m, 2H),
3.78–3.61 (m, 2H), 2.20 (s, 3H), 2.12 (s, 3H), 1.07 (s, 9H), 1.06 (s, 9H) 13C-NMR (100 MHz,
CDCl3) δ 170.5, 170.1, 165.8, 165.6, 165.5, 136.0 (×4), 135.9 (×2), 135.7 (×2), 133.9, 133.7,
133.5, 133.4, 133.3, 133.2, 133.0, 131.9 (×2), 130.2 (×2), 130.0 (×4), 129.9 (×2), 129.8, 129.7
(×2), 129.5 (×2), 129.3 (×2), 128.8 (×2), 128.6 (×2), 128.5 (×2), 127.9 (×4), 127.8 (×2), 99.4,
86.3, 75.6, 73.3, 72.9, 72.2, 71.2, 70.3, 68.2, 66.2, 63.2, 61.9, 26.95 (×3), 26.86 (×3), 21.7, 21.0,
19.5 (×2); API-ES, positive mode:1324.5 [M + NH4]+.

4.3.11. 1,2-Methyl Orthoester Disaccharide 9

Benzoylation (BzCl, pyridine) of compound 8 (498 mg, 0.41 mmol), followed by purifi-
cation by flash chromatography (hexane-ethyl acetate; 85:15) provided the corresponding
benzoylated disaccharide intermediate 8-Bzl (450 mg, 88%). A portion of this compound
(298 mg, 0.208 mmol) was dissolved in CH2Cl2 (3 mL), and cooled to 0 ºC, in the darkness,
then bromine (15 µL, 0.314 mmol) was added. When the starting material had disappeared
(t.l.c.) the reaction mixture was washed with 10% aqueous sodium thiosulfate solution
containing sodium bicarbonate saturated aqueous solution, and water. The organic ex-
tract was dried over Na2SO4, filtered, and concentrated. Without further purification, the
residue was dissolved in acetonitrile (1 mL) to which solution, methanol (84 µL), tetra-
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butylammonium bromide (Bu4NBr) (47 mg), sodium bicarbonate (35 mg), and molecular
sieves 4Å (previously dried) were added. The resulting reaction mixture was stirred for one
night, the molecular sieves were then filtered, and the solvent concentrated. The ensuing
residue was purified by flash chromatography (hexane-ethyl acetate; 9:1, containing 1%
of triethylamine ) to afford the 1,2-methyl orthoester disaccharide 9 (182.6 mg, 65% (two
steps)) [α]D

21: −89.2 (c 1.2, CHCl3) 1H-NMR (400 MHz, CDCl3) δ 8.05–7.09 (m, 45H), 6.20
(t, J = 10.1 Hz, 1H), 5.84 (dd, J = 10.2, 3.3 Hz, 1H), 5.62 (dd, J = 9.8, 8.7 Hz, 1H), 5.50 (d,
J = 3.0 Hz, 1H), 5.44 (dd, J = 3.4, 1.8 Hz, 1H), 5.27 (d, J = 1.8 Hz, 1H), 4.84 (dd, J = 4.1,
3.0 Hz, 1H), 4.50 (d, J = 10.1 Hz, 1H), 4.23 (d, J = 9.8 Hz, 1H), 3.95–3.88 (m, 2H), 3.77–3.62
(m, 3H), 2.96 (s, 3H), 1.06 (s, 9H), 0.91 (s, 9H).13C-NMR (100 MHz, CDCl3) δ 165.5, 165.3
(×2), 165.2, 136.2, 136.0 (×2), 135.8 (×6), 133.5, 133.4, 133.3, 133.2, 133.1, 130.1 (×4), 130.0
(×2), 129.9 (×3), 129.8 (×2), 129.7 (×3), 129.6, 129.5, 129.4, 128.7 (×2), 128.6 (×2), 128.5
(×2), 128.4 (×4), 127.8 (×3), 127.7 (×4), 126.9 (×2), 122.9, 100.1, 98.1, 78.6, 77.9, 75.5, 72.2,
71.0, 70.5, 68.2, 66.6, 63.7, 62.4, 51.5, 26.9 (×3), 26.9 (×3), 19.5, 19.3 HRMS (ESI-TOF): calc
for C80H84NO16Si2 [M + NH4]+ 1370.5323; found 1370.5323 [M + NH4]+.

4.3.12. BODIPY-Tetrasaccharide 10

BODIP disaccharide 6 (21 mg, 0.017 mmol) was glycosylated with glycosyl donor 9
(vide infra) (45 mg, 0.034 mmol), according to the general procedure for glycosylation,
procedure A. Purification by flash chromatography (hexane-ethyl acetate; 8:2) yielded
tetrasaccharide 10 (23 mg, 53%). 1H-NMR (500 MHz, CDCl3) δ 8.05–6.98 (m, 84H), 6.62
(td, J = 4.3, 1.3 Hz, 2H), 6.31 (dd, J = 4.3, 1.8 Hz, 1H), 6.28 (dd, J = 4.3, 1.8 Hz, 1H), 6.21 (t,
J = 10.1 Hz, 1H), 5.66 (d, J = 8.7 Hz, 1H), 5.59–5.52 (m, 2H), 5.40 (bs, 1H) 5.37 (m, 1H), 5.31
(bs, 1H), 5.20 (bs, 1H), 4.71–4.69 (m, 2H), 4.62–4.45 (m, 6H), 4.39–4.28 (m, 5H), 4.21–4.03
(m, 4H), 3.99–3.68 (m, 12H), 3.64–3.56 (m, 2H), 3.49–3.35 (m, 4H), 1.02 (s, 9H), 0.99 (s, 9H),
0.95 (s, 9H) 13C-NMR (125 MHz, CDCl3) δ 165.7, 165.5, 165.2, 165.0 (×2), 145.4, 145.3, 144.9,
138.6, 138.6, 138.4, 138.0, 136.2, 135.9 (×4), 135.8 (×3), 135.7 (×3), 135.6 (×4), 135.1, 133.6,
133.5, 133.4, 133.3, 133.2, 133.1(×3), 133.0, 132.9, 132.7 (×2), 132.6 (×2), 132.3, 130.2 (×2),
130.1 (×2), 130.0 (×2), 129.9, 129.8 (×6), 129.7 (×2), 129.5 (×2), 129.4 (×2), 129.2 (×3), 128.8,
128.7, 128.5 (×4), 128.4 (×11), 128.2, 128.0, 127.9, 127.8, 127.7 (×5), 127.6, 127.4 (×4), 127.2,
126.5, 126.4, 125.4, 117.9 (×2), 101.1, 99.1, 98.2, 98.0, 81.5, 80.1, 76.2, 75.1, 74.6, 73.4 (×2),
72.9, 72.3 (×2), 72.2, 72.0, 71.9 (×2), 71.8, 70.6, 70.4, 69.5, 69.1, 68.3, 66.6, 66.2, 65.8, 64.4,
63.8, 61.5, 53.6, 27.0 (×3), 26.8 (×3), 26.7 (×3), 19.5, 19.3, 19.0; HRMS (ESI-TOF): calc for
C156H155BN2O26Si3 [M + Na]+; 2591.02041 found 2591.01683.

Supplementary Materials: The following are available online, Phtophysical data (Table S1). Exper-
imental conditions for photophysical properties, and quantum mechanical calculations. 1H- and
13C-NMR of all compounds.
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Abstract: La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples were synthesized by a solid-state reaction method,
and a single-phase form was observed for the samples in the range of x ≤ 0.03. Crystal structure,
optical properties, and color of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) samples were characterized.
Strong optical absorption was observed at a wavelength between 400 and 550 nm, and a shoulder
absorption peak also appeared around 690 nm in all samples; orange colors were also exhibited.
Among the samples synthesized, the most brilliant orange color was obtained at La3LiMn0.97Ti0.03O7.
The redness (a*) and yellowness (b*) values of this pigment were higher than those of the commercially
available orange pigments. Therefore, the orange color of this pigment is brighter than those of the
commercial products. Since the La3LiMn0.97Ti0.03O pigment is composed of non-toxic elements, it
could be a new environmentally friendly inorganic orange pigment.

Keywords: inorganic pigments; orange color; environment-friendly; Mn4+ ion; d–d transition

1. Introduction

Inorganic pigments have been widely applied to paints, glasses, ceramics, etc., because of
their high hiding power and thermal stability compared to organic pigments [1]. Several orange
pigments such as cadmium orange (CdS·CdSe), molybdate orange (PbCrO4·PbMoO4·PbSO4),
and bayferrox orange (Fe2O3·FeOOH) are conventionally used. However, the use of the
cadmium and molybdate orange pigments has been forbidden or restricted because they
contain toxic elements which have harmful effects on the human body and the environ-
ment. Although the bayferrox orange pigment is environmentally friendly, the vividness
of this pigment is not sufficient. Therefore, development of environmentally friendly
inorganic orange pigments is required, and several studies have been reported [2–17].
Some compounds, such as La2Ce2−xW0.5xFe0.5xO7+δ [14], Sr4Mn2Cu0.5Zn0.5O9 [15], and
SrBaCe0.6Tb0.4O4 [3], for example, have been proposed and exhibit an orange color. Un-
fortunately, the colors of La2Ce2−xW0.5xFe0.5xO7+δ and Sr4Mn2Cu0.5Zn0.5O9 are pale or
dark, and SrBaCe0.6Tb0.4O4 contains Tb, for which raw materials are expensive. Hence,
environment-friendly and low-cost orange pigments are desirable.

Because of this situation, we focused on Mn4+ as an orange coloring source. Mn4+

has been investigated as an activator for the red-light emitting phosphors [18–25]. These
Mn4+-activated phosphors absorb/emit visible light, due to the d-d transition. In general,
the absorption intensity and wavelength of the optical absorption band corresponding
to the d-d transition are strongly influenced by the content of Mn4+ and the coordination
environment around the Mn4+ ions, respectively. In the case of phosphors, the concen-
tration of Mn4+ is limited by ≤1% mol, but the absorption becomes stronger as the Mn4+

concentration increases. Recently, the materials based on Li2MnO3 containing a large
amount of Mn4+ have been reported as environment-friendly red pigments [26–28]. The
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pure Li2MnO3 pigment shows orange color, while the color becomes reddish by doping
with other cations. In other words, Mn4+ ion is a promising coloring source for not only
red but also orange.

In this study, we selected La3LiMnO7 as a host material for environmentally friendly
orange pigment. This compound could have quite low toxicity as compared with the con-
ventional pigments containing toxic elements, because toxicity of the constituent elements
is quite lower than that of toxic ones, such as Cd and Pb. In addition, raw materials of
this are cost-effective. The components of this material are similar to those of Li2MnO3.
Therefore, it is expected that the host La3LiMnO7 material exhibit orange color due to the
d–d transition of Mn4+. As mentioned above, the optical absorption of the d–d transition is
influenced by the geometric structure around Mn4+ and the concentration of Mn4+. If other
cations such as Ti4+ (ionic radius: 0.0605 nm [29]), the ionic radius of which is close to that
of Mn4+ (ionic radius: 0.053 nm [29]), are doped into the Mn4+ site, it is possible to tune
the color by controlling the content and geometric structure for Mn4+. For these reasons,
the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples were synthesized by a solid-state reaction
method, and their optical and color properties were characterized as environmentally
friendly inorganic orange pigments.

2. Results and Discussion
2.1. X-ray Powder Diffraction (XRD) and Scanning Electron Microscopy (SEM) Image

Figure 1 shows the XRD patterns of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples. The
positions, full width at half maximum (FWHM), and relative integrated intensities (RII) of
diffraction peaks for La3LiMnO7 phase are also listed in Table 1. A single-phase form was
observed for the samples in the range of x ≤ 0.03, and all diffraction peaks were assigned
to the La3LiMnO7 phase. On the other hand, an impurity phase (TiO2) was detected in the
sample with x = 0.05.

is limited by ≤

–

–
–

1− (0 ≤ ≤ 0.05) samples were synthesized by a solid

1− (0 ≤ ≤ 0.05) samples. The 

≤ 0.03, and all diffraction peaks were 

 

1− (0 ≤ ≤ 0.05) samples.Figure 1. XRD patterns of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples.
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Table 1. Peak positions, full width at half maximum (FWHM), and relative integrated intensities (RII) of diffraction peaks
for La3LiMnO7 phase.

x = 0 x = 0.01 x = 0.03 x = 0.05
2θ/deg. FWHM RII/% 2θ/deg. FWHM RII/% 2θ/deg. FWHM RII/% 2θ/deg. FWHM RII/%

21.00 0.12 4 20.99 0.48 6 20.98 0.40 11 20.99 0.08 4
23.67 0.06 51 23.67 0.07 50 23.67 0.07 51 23.67 0.07 50
26.36 0.07 28 26.36 0.07 25 26.37 0.07 27 26.36 0.07 25
26.78 0.07 15 26.77 0.07 15 26.77 0.07 15 26.77 0.07 14
32.16 0.07 100 32.16 0.07 100 32.16 0.07 100 32.16 0.07 100
33.07 0.19 47 33.11 0.22 69 33.04 0.17 39 33.22 0.23 54
35.41 0.05 2 35.38 0.11 3 35.41 0.08 2 35.39 0.06 2
37.70 0.24 7 37.66 0.20 8 37.69 0.27 7 37.61 0.19 6
38.99 0.07 15 38.99 0.08 15 38.99 0.08 15 38.99 0.08 16
42.76 0.14 30 42.82 0.18 55 42.73 0.13 27 42.73 0.13 30
44.66 0.07 11 44.66 0.08 10 44.67 0.08 10 44.66 0.08 10
46.77 0.08 5 46.77 0.09 5 46.77 0.09 5 46.77 0.08 5
47.54 0.08 42 47.53 0.09 42 47.52 0.08 41 47.52 0.08 42
53.72 0.29 10 53.76 0.30 13 53.67 0.27 11 53.67 0.31 10
54.25 0.08 5 54.24 0.08 5 54.25 0.08 6 54.25 0.08 5
55.17 0.08 17 55.16 0.09 16 55.15 0.09 19 55.15 0.10 19
55.29 0.09 21 55.29 0.09 21 55.29 0.09 20 55.29 0.08 18
56.76 0.21 10 56.71 0.17 9 56.77 0.21 9 56.65 0.13 5
58.49 0.22 21 58.60 0.27 36 58.40 0.26 27 58.41 0.27 26
63.21 0.32 7 63.14 0.29 8 63.15 0.39 9 63.22 0.25 5
65.07 0.20 9 65.05 0.17 9 65.01 0.21 10 65.03 0.22 9
67.27 0.11 9 67.26 0.10 10 67.25 0.11 10 67.26 0.11 10
69.44 0.72 11 69.40 0.29 6 69.27 0.51 8 69.28 0.63 9
74.99 0.13 9 74.97 0.13 9 74.94 0.13 10 74.94 0.12 9
75.96 0.32 24 75.87 0.31 23 75.74 0.37 22 75.68 0.21 10
78.64 0.12 7 78.62 0.12 7 78.62 0.14 7 78.60 0.13 7
79.07 0.37 7 79.10 0.39 13 79.16 0.48 10 78.97 0.32 6

La3LiMnO7 belongs to the layered perovskite type structure, and it crystallizes into a
tetragonal structure with space group of P42/mnm (No. 136) [30]. The Li+ and Mn4+ ions
occupy one 8j site according to the Wyckoff notation. These cations form the [Li/MnO6]
octahedra surrounded by six O2− ions. Figure 2 shows the composition dependence of the
lattice volume for the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples. Cell volume increased as
the Ti4+ content increased in the range of x ≤ 0.03. This result indicates that some Mn4+

(ionic radius: 0.053 nm [29]) ions in the host lattice were substituted with larger Ti4+ (ionic
radius: 0.0605 nm [29]) ones. The lattice volumes of the samples for x = 0.03 and 0.05 were
even equal. Therefore, the solubility limit of Ti4+ into the La3LiMnO7 lattice was x = 0.03.

The SEM images of the La3LiMn1−xTixO7 (x = 0 and 0.03) samples are shown in
Figure 3. The particle size was about 1 µm in both samples, and particle aggregation was
observed. Colors of materials are affected by various factors such as crystal structure,
chemical composition, and particle size. In both present samples, there was no significant
change in particle size and morphology as seen in Figure 3. These results indicate that the
change in color properties was attributed to the changes in crystal structure and optical
absorption caused by doping Ti4+.
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1− (0 ≤ ≤ 0.05).

1−

1− (0 ≤ ≤ 0.03) samples, 

1− (0 ≤ ≤ 0.03) samples.

Figure 2. Compositional dependence of the lattice volume for La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05).

1− (0 ≤ ≤ 0.05).

1−

 

1− (0 ≤ ≤ 0.03) samples, 

1− (0 ≤ ≤ 0.03) samples.

Figure 3. SEM images of (a) La3LiMnO7 and (b) La3LiMn0.97Ti0.03O7.

2.2. X-ray Fluorescence Analysis (XRF)

The element ratios of La, Mn, and Ti for the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) samples,
which were obtained in a single-phase form, were analyzed by XRF, and the results are
summarized in Table 2. They were in approximate agreement with the stoichiometric ratios
of the starting mixtures.

Table 2. Elemental ratios of La, Mn, and Ti for the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) samples.

Samples Stoichiometry (La:Mn:Ti) Analyzed Ratio (La:Mn:Ti)

La3LiMnO7 3:1 3.03:0.97
La3LiMn0.99Ti0.01O7 3:0.99:0.01 3.01:0.96:0.03
La3LiMn0.97Ti0.03O7 3:0.97:0.03 3.01:0.94:0.05

2.3. Optical Reflectance Spectra

The UV–Vis reflectance spectra of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) samples, which
were obtained in a single-phase form, are depicted in Figure 4. The optical absorption below
400 nm in the UV light region corresponded to the O2p-Mn3d charge transfer transition,
while those around 500 and 690 nm in the visible region were attributed to the d-d transition
of Mn4+. The former was spin-allowed 4A2g–4T2g transition and the latter was spin-
forbidden 4A2g22122Eg and 4A2g–2T1g transitions, respectively [22,26–28].
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Figure 4. UV–Vis reflectance spectra for the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) samples.

The absorption intensity of the d-d transition bands was increased by doping with
Ti4+. This behavior was due to the increased distortion of the [MnO6] octahedra, which
was caused by the Ti4+ substitution, because Ti4+ (0.0605 nm [29]) was larger than Mn4+

(0.053 nm [29]). Although the d-d transitions were essentially forbidden, they were partially
allowed due to the loss of symmetry. As a result, the absorption intensity of the d-d
transitions was increased by the Ti4+ doping.

The UV–Vis reflectance spectrum of La3LiMn0.97Ti0.03O7 was compared to those of
the commercial orange pigments such as Bayferrox® 960 and Bayferrox® 4960 (Fe2O3-
FeOOH, Ozeki), as shown in Figure 5. The reflectance values in the green-blue light re-
gion (480–490 nm), corresponding to the complementary color of orange, of the current
La3LiMn0.97Ti0.03O7 and commercial pigments were almost the same. On the other hand,
the La3LiMn0.97Ti0.03O7 pigment showed higher reflectance in the yellow-red light region
(580–750 nm) than those of the conventional ones. Accordingly, the La3LiMn0.97Ti0.03O7 pig-
ment exhibited more vibrant orange color than the commercially available orange pigments.

– 1− (0 ≤ ≤ 0.03) samples, which 

–
– –

– 1− (0 ≤ ≤ 0.03) samples.

–

–

–

 

–Figure 5. UV–Vis reflectance spectra for La3LiMn0.97Ti0.03O7, Bayferrox® 960 and Bayferrox® 4960.

2.4. Color Properties

The L*a*b*Ch◦ color coordinate data of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) and com-
mercially available orange Bayferrox® 960 and Bayferrox® 4960 pigments are summarized
in Table 3 (See 3.2. Characterization section described in later for the detail of these parame-
ters). The photographs of these orange pigments are also shown in Figure 6. The hue angle
(h◦) values of the samples synthesized in this study have fallen within the orange color
region (35◦–70◦). The redness (a*), yellowness (b*), and chroma (C) values were slightly
increased by doping with Ti4+ into the Mn4+ site. As already discussed above on the results
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in Figure 4, the optical absorption from 480 to 490 nm (green-blue) became stronger when
the Ti4+ ions were introduced into the Mn4+ site in the host lattice. Therefore, the sample
color became more vivid orange.

Table 3. L*a*b*Ch◦ color coordinate data of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) and commercially
available orange (Bayferrox® 960 and Bayferrox® 4960) pigments.

Pigment L* a* b* C h◦

La3LiMnO7 69.5 +25.7 +63.8 68.8 68.1
La3LiMn0.99Ti0.01O7 68.7 +26.1 +64.4 69.5 67.9
La3LiMn0.97Ti0.03O7 67.2 +27.3 +65.4 70.9 67.3

Bayferrox® 960 59.0 +21.0 +47.5 51.9 66.1
Bayferrox® 4960 55.9 +23.5 +47.3 52.8 63.6

1− (0 ≤ ≤ 0.03) and commer-

–

1− (0 ≤ ≤ 0.03)

1− (0 ≤ ≤ 0.03) and commercially available orange Bayferrox
Figure 6. Photographs of the La3LiMn1−xTixO7 (0 ≤ x ≤ 0.03) and commercially available orange Bayferrox® 960 and
Bayferrox® 4960 pigments.

As recognized in Table 3, the C value of the present La3LiMn0.97Ti0.03O7 pigment was
much higher than those of the commercial orange pigments. In addition, the h◦ value of
these pigments were almost equivalent. These results elucidate that the La3LiMn0.97Ti0.03O7
pigment exhibited a bright orange color with high color purity, compared to the commercial
orange pigments.

2.5. Chemical Stability Test

The chemical stability of the La3LiMn0.97Ti0.03O7 pigment was tested in the acid/base
solutions. The pigment was dispersed into the 4% acetic acid and 4% ammonium bicar-
bonate solutions. These sample solutions for the acid and base conditions were left at
room temperature for 1 and 24 h. After that, the samples were washed with deionized
water and ethanol, and then dried at room temperature. The color of the pigment after
the chemical stability test was evaluated by using the colorimeter. The L*a*b*Ch◦ color
coordinate data of the La3LiMn0.97Ti0.03O7 pigment before and after the soaking test are
tabulated in Table 4, and the photographs are also displayed in Figure 7. After the soaking
test, the b* value decreased slightly, but the h◦ value was almost constant and no significant
color degradation was observed.

Table 4. L*a*b*Ch◦ color coordinate data of the La3LiMn0.97Ti0.03O7 pigment before and after the
chemical stability test.

Treatment L* a* b* C h◦

As synthesized 67.2 +27.3 +65.4 70.9 67.3
4% CH3COOH 65.5 +27.0 +58.7 64.6 65.3
4% NH4HCO3 62.0 +26.9 +58.2 64.1 65.2
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1− (0 ≤ ≤ 0.05) samples were synthesized by a conventional solid 

Kα 
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’É
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Figure 7. Photographs of the La3LiMn0.97Ti0.03O7 pigment before and after the chemical stability
test.

3. Materials and Methods
3.1. Synthesis

The La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples were synthesized by a conventional
solid state reaction method. La2O3 (99.99%), Li2CO3 (99.0%), Mn2O3 (99.0%), and TiO2
(99.0%) powders were used as starting reagents. Stoichiometric amounts of metal oxides
and three times the stoichiometric amount of Li2CO3 were mixed in an agate mortar. The
homogeneous mixtures were calcined in an alumina crucible at 900 ◦C for 6 h in air. Before
characterization, the samples were ground in an agate mortar.

3.2. Characterization

The element ratios of La, Mn, and Ti for the samples were confirmed by using X-
ray fluorescence spectroscopy (XRF; Rigaku, ZSX Primus). The crystal structure of the
samples was identified by X-ray powder diffraction (XRD; Rigaku, Ultima IV) with Cu-Kα

radiation, operating with voltage and current settings of 40 kV and 40 mA. The lattice
parameters and volumes were calculated from the XRD peak angles refined, using α-Al2O3
as a standard and using the CellCalc Ver. 2.20 software. The morphologies and particle
sizes were observed by using field-emission-type scanning electron microscopy (FE-SEM;
JEOL, JSM-6701F).

The optical reflectance spectra were measured with a UV-Vis-NIR spectrometer
(JASCO, V-770), using a standard white plate as a reference. The color properties were
evaluated in terms of the Commission Internationale de l’Éclairage (CIE) L*a*b*Ch◦ system,
using a colorimeter (Konica-Minolta, CR-300). The L* parameter represents the brightness
or darkness in a neutral grayscale. The a* and b* values indicate the red–green and yellow-
blue axes, respectively. The chroma parameter (C) expresses the color saturation and is
calculated with the formula, C = [(a*)2 + (b*)2]1/2. The hue angle (h◦) ranges from 0 to 360◦

and is estimated according to the following formula: h◦ = tan−1(b*/a*).

4. Conclusions

La3LiMn1−xTixO7 (0 ≤ x ≤ 0.05) samples were synthesized using a solid-state reaction
technique as environmentally friendly inorganic orange pigments. The La3LiMn1−xTixO7
(x = 0, 0.01, and 0.03) samples were obtained in a single-phase form, but an impurity
phase was observed for x = 0.05. In the visible light region, the optical absorption band at a
wavelength below 550 nm and the shoulder absorption peak around 690 nm were attributed
to the spin-allowed and spin-forbidden d–d transitions of Mn4+, respectively. These
absorption intensities were increased by the Ti4+ doping, because the [MnO6] octahedra
were more distorted. Accordingly, the sample color became more vivid orange. Among
the samples synthesized in this study, the La3LiMn0.97Ti0.03O7 pigment exhibited the most
brilliant orange color. In addition, the orange color of the present pigment was brighter
than those of the commercially available orange pigments, because the a* and b* values
of this pigment were higher than those of the commercial ones. Since the orange color
of the La3LiMn0.97Ti0.03O7 pigment has chemical stability, it has a potential to be a novel
environmentally friendly inorganic orange pigment.
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Abstract: Tridentate ligands are simple low-cost pincers, easy to synthetize, and able to guarantee
stability to the derived complexes. On the other hand, due to its unique mix of structural and
optical properties, zinc(II) ion is an excellent candidate to modulate the emission pattern as desired.
The present work is an overview of selected articles about zinc(II) complexes showing a tuned
fluorescence response with respect to their tridentate ligands. A classification of the tridentate pincers
was carried out according to the binding donor atom groups, specifically nitrogen, oxygen, and sulfur
donor atoms, and depending on the structure obtained upon coordination. Fluorescence properties
of the ligands and the related complexes were compared and discussed both in solution and in the
solid state, keeping an eye on possible applications.

Keywords: zinc ion; fluorescence; tridentate ligand

1. Introduction

Over the past 20 years, fluorescence-responsive compounds are increasingly required for many
technological applications, from lighting and switch devices to bio-imaging and analytical probes.
Materials based on transition metal complexes were advantageously utilized. In this area, interest is
growing in the abundant, less expensive, and environmentally “green” zinc(II) metal cation. Today,
science is in great demand to address the challenge of sustainability. Scientific innovations and advances
must play a major role in technological breakthroughs thanks to the choice of sustainable green matter
as a substitute for highly toxic, expensive, and difficult to dispose products. So, green chemistry as
the design of less hazardous chemical products and processes is a hot topic today. The replacement
of heavy metal atoms in aromatic macrostructures with the small eco-friendly zinc cation, able to
modulate the properties of coordination environments, easier to synthetize, and low cost, can be a way
to meet the challenge.

From a research point of view, to the advantage of a large variety of coordination geometries
and elaborate molecular architectures, zinc(II) complexes add the versatility of the luminescent levels,
both in solution and in the solid state. Real breakthroughs for the novel luminescent technologies
were obtained by employing highly efficient, stable, and cheap emitters. Among them, several zinc(II)
complexes have to be included [1–6].

In the coordination complexes, electronic charge can be transferred between different molecular
entities in the complex, from the electron donor zone to the receiving electron acceptor zone. In most
complexes, charge-transfer electronic bands involve electron transfer between metal atoms and
ligands. The charge-transfer bands in transition metal complexes are due to the shift of charge density
between orbitals predominantly metal in character and those predominantly ligand in character.
Most transitions are ligand-to-metal charge-transfer (LMCT) if the transfer occurs from the ligand
orbitals to the metal, or metal-to-ligand charge-transfer (MLCT) in the reverse case. Due to its d10 closed
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shell configuration, zinc(II) ion has no optical signature. The d–d electronic transitions are not expected
in zinc emissive complexes and the lowest energy excited states are mainly of a ligand-centered charge
transfer (LCT) nature (as intramolecular charge transfer, ICT, and intraligand charge transfer, ILCT)
and/or ligand-to-ligand charge transfer (LLCT) nature, rarely due to ligand-to-metal charge transfer
(LMCT) states involving s or p empty orbitals of the metal [7]. The absence of ligand field stabilization
energy leads to the formation of complexes with various coordination numbers, such as 4, 5, or 6,
with tetrahedral, square pyramidal/trigonal bipyramidal, and octahedral geometries.

In dependence of the type of ligands and the coordination pattern imposed by the ligands,
zinc(II) complexes exhibit fluorescence tuning both in intensity and/or emission maximum. Specifically,
fluorescence enhancement (chelation enhanced fluorescence, CHEF mechanism [8–11]) or fluorescence
reduction (metal-binding-induced fluorescence quenching [12]) can occur upon coordination.
In addition, due to the lowering of the excited state of the bonded ligand upon coordination,
a qualitative fluorescence tuning (blue or red shift of the emission maximum from ligand to metal)
can be observed. The two different mechanisms can activate in solution and/or in the solid state,
with drastic variations in fluorescence with respect to the ligand. Recently [13], the ability of the
fluorophore ligand to form a π-contact with the metal cation was correlated with the fluorescence
quenching or enhancement ability. Therefore, the information about the excited state geometry and
the frontier orbital arrangement of the excited states is essential to understanding and foresight of
the phenomenon.

The fluorescence enhancement effect is often the result of a stabilization of the excited state in
poorly emissive ligands upon coordination [14]. Zinc(II) cation often causes a CHEF effect. Typically,
in emissive zinc(II) complexes, the fluorescence emission results from a π-π* LCT and the role of
the zinc ion is to freeze the favorable re-emissive conformation. In this way, it is possible to obtain
strongly emissive materials for lighting devices by increasing the emission of organic molecules
upon zinc coordination. Ligands with flexible spacers and appropriate aromatic moieties able to
fold over the metal in a locked conformation show good potential in analytical and bio-chemistry.
Many sensing systems for zinc cation detection exploit the CHEF effect [15–17]. At the opposite,
fluorescence quenching is quite unusual in zinc complexes. Nevertheless, ICT or ILCT transitions
can be responsible of zinc binding-induced fluorescence quenching. Fluorescence quenching is
observed in rigid pyridine-based ligands upon coordination, due to a decreased HOMO–LUMO
energy gap, or in zinc-induced quenching of the protein intrinsic fluorescence due to conformational
perturbations [18–21].

Finally, the aggregate nature of materials consisting of fluorophores frozen into polymeric chains
or networks give rise to noticeable changes in the energetic levels of the ligands. The assembly of
emissive pincers by zinc coordination produces the most varied polymeric structures: coordination
polymers (CPs) obtained by zinc bridges [22–25], metallated polymers obtained by coordination with
pre-formed chains [26,27], and polymeric networks obtained by interlacing of flexible zinc-crossed
fluorophores [28–30]. Owing to both the restrictions imposed to fluorophore and the efficient electron
hopping in the tight structure, relevant emission tuning with respect to the free ligands and to
mononuclear structures is envisaged.

As modifications of the ligand are expected to change energy levels and structural features,
the number of binding sites in the pincer ligand plays a decisive role on the spectroscopic properties.
Tridentate ligands are quite simple pincers, often low cost and easy to synthetize. At the same time,
tridentate ligands guarantee good stability to the complex thanks to a relevant chelate effect. Ligands that
can bind zinc(II) through three donor atom groups, such as O, N, and S donor atom groups,
represent an interesting class due to the variety of behavior and applications. Tridentate zinc complexes
are known to produce simple and mononuclear or intricate even polymeric structures, by themselves
or with auxiliary ligands. By doing so, they can cause relevant fluorescence tuning with respect to the
free ligand, in solution and/or in the solid state. In addition, depending on the charge of the pincer
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ligand, the zinc-binding reaction leaves unoccupied coordination sites for additional ligands, which in
turn can modulate the structure and properties of the derived complexes.

Some representative functional groups involved in the build of fluorescence-responsive tridentate
pincers can be identified. The Schiff base moiety, obtained by reaction of amines and carbonyl-containing
compounds, is a good candidate for the synthesis of N, O, S donors containing ligands. In particular,
in half-salen-type ligands, one nitrogen atom and one oxygen atom group chelate the metal, while the
C=N functional group constitutes a versatile bridge between the N,O pincer and the branch of the
ligand containing the third binding site. This role could be played by a third nitrogen, oxygen, or sulfur
atom, as an example the carbonyl oxygen, the thione sulfur, or the donor atom of an heteroaromatic
ring. The formation of a coordination core consisting of five- and/or six-membered rings between the
pincer and zinc cation produces stable and sometimes highly emissive coordination complexes. Finally,
the coordination core can be all made up of aromatic rings with N, O, S donor heteroatoms fixed in
a rigid pincer or able to fold up as a flexible pincer.

This is an overview of selected cutting-edge examples of tridentate zinc(II) complexes causing
fluorescence tuning with respect to the ligand. In this research area, many articles have been
produced in the last 15 years. Starting from the synthetic and purely phenomenological approach,
to the complete and detailed analysis of the energy levels, until the synergistic approach to the
structure–property relationship, there is much to tell on this subject.

In the following sections, ligands will be classified according to the binding donor atom groups,
and fluorescence properties of ligands and related complexes will be comparatively discussed. By use of
an easy “cartoon” representation (as in Figure 1), we will propose a quick intuitive overview of groups
of structures, examined according to the photoluminescence (PL) response and the application area.

–

use of an easy “cartoon” repr

′ ″

–

Figure 1. Schematic representation of most of the coordination cores achievable from tridentate pincers
binding zinc(II) cation (in green). X, X′, and X” can be N, O, and S atom groups.

2. Nitrogen Binding Sites

The study of polydentate ligands with available N donor sites is a prolific research area in
coordination chemistry [31–43]. Typically, nitrogen binding sites are neutral sites where the lone pair
of nitrogen atom is available for donation. Nitrogen aromatic heterocycles are excellent building blocks
for the synthesis of N-donor polydentate ligands. Single or fused five- and/or six-term rings produce
stable and soluble pincers able to direct the chemical and chemo-physical properties. A substantial
amount of literature articles on pyridine-containing tridentate ligands has emerged. Related to the
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enhanced π-electron delocalization upon zinc coordination, in some cases, the zinc-binding-induced
fluorescence quenching phenomenon was detected. At the opposite, pyridine and other nitrogen
heterocycles assembled in flexible architectures often produce a CHEF effect.

2.1. Terpyridine-Type Ligands

Rigid pyridine-based tridentate ligands as terpyridine (Tpy) are well-known chelate ligands
for transition metals [44–46]. Many Tpy ligands were found to be emissive in the solid state,
with photoluminescence quantum yields (PLQYs) strongly depending on their own molecular structure
and on substituents, with a relevant emission tuning due to metal coordination. Zinc-binding-induced
fluorescence reduction/quenching was often detected, as well strong color emission tuning. In 2009,
a series of zinc(II) bis(4′- phenyl-terpyridine) complexes with substituted Tpy were studied by J. Popp
and coworkers [47] (Figure 2). The zinc ion is coordinated with the three nitrogen atoms from each of
two terpyridine ligands and with two PF6

− as auxiliary ligands. Tuning of the color emission from
violet to cyan (425–487 nm) in dependence of the extension of the π-conjugated system of the ligand
was observed, and from low to high PLQYs (from 6 to 64%) were recorded. Thin solid films obtained
by low-concentration dye-doped poly(methylmethacrylate) (PMMA) matrix show bright emission,
with PLQYs up to 0.30. By DFT study, the HOMO energy level was also significantly influenced by the
ligand structure, whereas the LUMO energy appeared to be independent of the electronic pattern of
the Tpy ligand, with the enhanced π-electron delocalization leading to a decreased HOMO–LUMO
energy gap.

’

′ ′ ′ ″

Figure 2. Tpy-type tridentate pincers causing zinc-binding fluorescence reduction/quenching.

The crystalline structure of a Tpy-type ligand upon coordination with different transition
metals was examined in 2015 by K. Rissanen and coworkers [48] (Figure 2). The ligand displayed
bright blue emission and high PLQYs dissolved in several organic solvents. A distorted octahedral
arrangement with two tridentate terpyridine ligands was detected in the zinc complex and a significant
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greenish-yellow tuned emission attributed to ILCT states, still appreciable but lowered in intensity
with respect to the ligand. DFT analysis rationalized the ICT-type electronic transitions involved from
the diphenylacetylene moiety to the terpyridine group. Except for the other d10 closed shell cadmium
(II) ion, a complete metal-binding-induced fluorescence quenching was observed in the presence of the
other divalent metal ions.

Tpy-type ligands with different substituents were examined for their binding ability specifically
toward zinc(II) cation in 2016 [20] and in 2017 [21] (Figure 2). In [21], Zhen Ma and coworkers examined
the compound obtained by reacting 4′-phenyl-terpyridine and ZnSO4·7H2O by X-ray crystallographic
analysis. A neutral 1:1 (Zn:Tpy) complex with a coordinated sulfate group, qualitatively emissive in the
solid state, was obtained. The emission spectrum displayed two bands at ca. 377 and 499 nm red-shifted
with respect to 361 and 373 nm for the ligand in the solid state. The former higher energy band of
the complex was assigned to LLCT whereas the latter band to LMCT [49,50]. In 2016, the influence of
the coordination stoichiometry was explored by Yi Pang and coworkers [20], by reacting substituted
Tpy-type ligands (R in Figure 2 is a p-substituted phenyl ring bearing a donor group and R’=H or
R’=CH3 on the lateral pyridine groups) with ZnCl2. The authors pointed out that the zinc complex forms
in a 2:1 (ligand: metal) ratio with a low zinc(II) concentration and in a 1:1 ratio with a high concentration
of metal. In ethanol, fluorescence quenching occurs in 2:1 complexes, whereas, turning into 1:1
complexes, fluorescence increases in the opposite direction, marking the role of the coordination
pattern in the emission intensity. In 1:1 complexes, temperature-dependent fluorescence spectroscopy
elucidated the role of the ICT mechanism between donor and acceptor groups. Due to the occurrence
of a relevant ICT process, the strong donor substituents induce zinc-binding fluorescence quenching
and red-shift of the emission maximum. Conversely, the weak donor substituent p-CH3-phenyl group
causes an increase in the fluorescence emission of the 1:1 complex.

Very recently [51], B.N. Gosh and coworkers examined the X-ray crystal structure of
4′-functionalized terpyridine complexes (Figure 2). Zinc cation did show a trans-arrangement of
the terminal pyridine nitrogen atoms with respect to the central pyridine ring in the 2:1 ligand zinc
tridentate complex. The terpyridine ligand exhibits a bright blue emission in dichloromethane with
68% PLQY and produces a different coordination pattern in dependence of the coordinated metal.
Upon zinc complexation, ligand emission shows a significant reduction while other transition metal
ions completely quench the fluorescence of the ligand. The weak fluorescence of the zinc complex
can be imputed as an ILCT transition from the amine moiety to the metal coordinated terpyridine
fragment [48,52,53]. The non-fluorescence nature of the complexes with other metal cations can be
imputed as MLCT-type transitions.

Recently, fluorogens exhibiting aggregation-induced emissive properties (AIEgens) have grabbed
scholars’ attention in various scientific areas. In contrast to conventional aggregation-caused quenching
(ACQ) molecules, AIEgens are weakly fluorescent/non-emissive in diluted solution and emit intensely
in their aggregate form (concentrated solution and solid state), owing to the restriction of intramolecular
motions [54]. Tpy-based zinc complexes AIEgens have been proved to be attractive and versatile tools
for biological imaging and chemical sensing. Under physiological conditions, Tpy-type ligands are
employed in bio-medical applications, such as for living cell imaging. As an example, in 2005 [55],
Valery N. Kozhevnikov and Burkhard König presented 2,2′-bi- and 2,2′:6′,2”-terpyridines with
aminomethyl and aryl substituents employable as luminescent probes coordinating in a pentadentate
coordination core zinc cation in physiological media.

In 2019, a thiophene bridged Tpy tridentate Zn(II) complex (Figure 3) was designed for
RNA-specific targeting thanks to its AIE bright yellow-green fluorescence emission under physiological
conditions by Ju Yupeng Tian, Dandan Li, and coworkers [56]. On the other hand, in 2016, a new
fluorescence sensor for citrate (acting itself as a tridentate ligand) detection was developed by
integrating an AIE Tpy ligand with zinc(II) by Ju Mei, Jianli Hua, and coworkers [57]. The enhanced
electron-withdrawing ability of the complex gave rise to a red-shifted fluorescence compared with
the organic ligand. The zinc-based probe was not an AIEgen but showed significant fluorescence
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enhancement (fluorescence turn-on mechanism) under substitution of the auxiliary ligands with citrate.
The bathochromic shift of the absorption maximum and the decrease of fluorescence intensity may be
ascribed to the stronger ICT in the complex as compared to the ligand (Figure 3).

 

π π

Figure 3. AIE behavior of zinc complexes from Tpy-type tridentate pincers.

2.2. N,N,N Schiff Base-Type Ligands

Schiff base ligands containing an additional nitrogen binding site, usually derived from a nitrogen
heterocycle, have been widely reported. The versatile CH=N bridge allows the employment of a large
variety of substituents and to build the most varied architectures. Unlike their complexes, this kind
of ligand is often non-emissive, and a general behavior due to the CHEF effect was mostly found.
In 2011, Kaushik Ghosh and coworkers [58] explored the crystal structure and photophysical properties
of four zinc(II) complexes derived from the tridentate ligand Pyimpy (see Figure 4) with different
auxiliary ligands. In the complexes, two pyridinic nitrogen groups are involved in the equatorial plane
binding along with the iminic nitrogen group. The complexes show various fluorescence emission in
toluene solution upon excitation of the charge transfer band near 350 nm (ascribable to π,π* LC of the
ligand [59]) while the free ligand Pyimpy displays no fluorescence emission in the same experimental
conditions. The phenomenon was ascribed to the loss of vibrational energy decay due to ligand
stiffening under coordination. In addition to the zinc-binding fluorescence intensity enhancement,
a shift of the maximum of emission was detected, in dependence of the auxiliary ligands.

Other nitrogen aromatic heterocycles have recently emerged as electron donor-containing
moieties. Among them, pyrimidine groups attract attention for their role in biological systems [60,61].
Susanta Kumar Kar and coworkers in 2012 [62] prepared two tridentate N,N,N donor Schiff base
ligands [63] using pyrimidine- and pyridine-containing carbonyl compounds (see Figure 4). Whereas the
ligand with a methyl substituent was fluorescent silent, its zinc complex showed a strong CHEF effect
in methylcyclohexane. Probably due to photoinduced electron transfer processes in the presence of
several nonbonding electron pairs on the nitrogen donor atom groups, the ligand π,π* transitions are
not allowed and the flexible bonds of the ligands cause the activation of the non-radiative channel.
CHEF activates by the increase in conformational rigidity of the ligands upon strong zinc binding,
which prevents non-radiative channels [64]. Pyrimidine-containing Schiff base ligands were studied in
2015 by Saugata Konar [65] for the zinc-binding ability into 1-D coordination polymers held together by
µ1,5-bridged dicyanamide ions. The difference due to the activation of a N,N,O bonding site (ligand L1,
achieved by the presence of a half-salen group) with respect to the N,N,N bonding site (ligand L2,
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see Figure 4) was pointed out. Both the ligands display low fluorescence intensity in methanol.
Conversely, both their polymeric complexes show red-shifted enhanced fluorescence emission. The low
emission intensity of the ligands was ascribed to photo-induced electron transfer processes, while the
CHEF effect to an increase in conformational rigidity of the ligands upon complexation. The complex
derived from the N,N,O ligand shows the highest CHEF effect compared to the complex derived from
the N,N,N ligand. This has been attributed to the strong binding of the salen-type ligand L1 thanks to
the N,O donor pincer compared to the N,N pincer of ligand L2. In the first case, the conformation of
the coordination core is strongly trapped in a planar conjugated habitus.

π π

μ

–

Figure 4. N,N,N Schiff base-type ligands with different nitrogen aromatic rings and their CHEF
active complexes.

Polydentate flexible ligands containing two or more benzimidazole donor units have long been
used in coordination and supramolecular chemistry [66–68]. The fused benzimidazole ring contains
the N-binding site of the imidazole moiety. Feng-Mei Nie and coworkers [69,70] synthetized solid-state
emissive zinc(II) complexes derived from tridentate and polydentate benzimidazole (Figure 4),
solid-state emissive by themselves. Different architectures were obtained in dependence from the
number of chelating site and on the auxiliary ligands, as analyzed by the X-ray diffraction technique.
In presence of oxalate, a dinuclear oxalate-bridges Zn2L2 coordination core was obtained (in 2014, [69]),
whereas the same ligand produced a five-coordinate ZnL coordination core in the presence of N,O
chelating picolinate (in 2016, [70]). In both cases, the fluorescence emission was assigned to π-π*
ILCT bands. The red shift of the emission maxima from ligand to complexes is influenced by the
coordination pattern. The remarkable fluorescence enhancement compared to the free ligand was
ascribed to extensive π-conjugated structure formation.

2.3. Ligands for Sensing Analysis and for Supramolecular Architecture Building

Polydentate structures with flexible moieties are useful tools for the sensing of metal analytes
by the fluorescence technique [71,72]. Many novel fluorescence chemosensors for zinc cations were
recently explored. From a purely theoretical point of view, Hee-Seung Lee and coworkers in 2013 [14]
explored the role of fluorophore−metal interaction in photoinduced electron transfer (PET) sensors and
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the large CHEF effect promoted by zinc(II) coordination by time-dependent density functional theory
(TDDFT) study, pointing out how DFT study is the logical complement of the synthetical work about
novel sensing molecules [17,30,59,73].

A significant example of a bendable N,N,N ligand useful as a sensor was synthetized and
employed in 2018 by Ugo Caruso, Rosita Diana, and coworkers [25,59,74–76]. Specifically, the pyridine/
phenol/benzoxazole-based ligand (Figure 5) able to bind various transition metals acts as N,N,N
tridentate selective fluorogenic ligand toward zinc(II) by a sensing CHEF mechanism, in water or
water/mixed solvents. DFT calculations for the free ligand and the complex were used to calculate
frontier molecular orbitals. The frontier molecular orbitals undergo strong changes when the sensor
folds back onto the metal cation (see Figure 5). HOMO of the ligand and of the complex are π orbitals
with contributions from 2p orbitals of the carbon atoms in the benzothiazole ring. LUMO of the free
ligand is a π* orbital with contributions mainly from the benzothiazole ring, while the LUMO of the
complex is a π* orbital localized on the pyridine group. Not unusual for multidentate ligands, the same
tripodal multidentate sensor acts as a tetradentate ligand toward zinc ion at pH = 8.0 [17]. In basic
media, the sensor activates the phenate oxygen-binding site in addition to the N,N,N chelate site.
The ligand results a pH-dependent sensor [77], able to detect zinc(II) ion in a neutral/slightly acidic
and in a slightly basic aqueous environment with different emission responses.

 

–

–

The synthesis of a “woven” polymer network (WPN) via ring

–

Figure 5. Supramolecular architectures produced from zinc-interlocked chains. Tridentate pincers for
sensing analysis of zinc cations.

Chlorophyll-catabolite named phyllobilins may display a capacity to complex metal ions. In 2015,
in a mighty article [78], Chengjie Li and Bernhard Kräutler explored pink-colored phyllobiladienes as
effective tridentate ligands, leaving one unoccupied coordination site that may be used for coordination
by an external additional ligand, such as proteins or nucleobases (Figure 5). Coordination of the
zinc cation to the scarcely luminescent pink chlorophyll catabolites induces bright fluorescence in the
complex. The zinc(II) adduct ZnL shows strong red emission in solution (band picked around 650 nm,
almost two orders of magnitude more intense than the free ligand) so it can be potentially used as
in vivo sensors. Analysis of the fluorescence of MeOH solutions leads to quantitative detection of the
cation thanks to the linear correlation between fluorescence intensity and zinc(II) concentrations.

N,N,N tridentate complexes have a part as novel polymeric materials with intriguing structural
and mechanical features for the construction of smart supramolecular architectures. The formation of
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polymeric architectures through zinc cation linkers can be the way to increase and/or tune the
fluorescence properties of the organic ligands, and to transfer the desired emission properties
to macrostructures.

Mechanically interlocked molecules, such as catenanes [79–81], are topological structures held by
mechanical bonds, with intriguing potential in several fields from synthetic chemistry to materials
science and nanotechnology [82–84]. In 2020, Xuzhou Yan and coworkers [28] obtained a mononuclear
ZnL2 complex by reacting a zinc salt with N,N,N chelating ring-like [2] catenane ligands. The synthesis
of a “woven” polymer network (WPN) via ring-opening metathesis polymerization of the catenane
produced a 3-D coordination polymer consisting of rigid metal-coordinated crossing points and flexible
alkyl chain. The flexible and firm network obtained by interlaced fluorophore units exhibit different
emission properties in the solid state with respect to the reagents. The mononuclear ZnL2 complex is
an AIEgen, relatively flexible and less restricted. It can aggregate tightly in the solid state, resulting in
a strong emission. After the formation of the more interlocked network structure, the restrictions
imposed to fluorophore aggregation lower the emission. The quantum yields of the three structures
(9.99% for ZnL2, 4.76% for the [2] catenane, and 8.97% for the WPN) measured in the solid state showed
similar variation trends along with different topological structural transformations.

3. Nitrogen and Oxygen Binding Sites

N,O chelating Schiff bases ligands, often half-salen-type ligands, can be obtained by condensation
of salicylaldehyde and its derivatives with a variety of primary amines. Applications of Schiff base
complexes in various fields, such as molecular electronics, optical, catalysis, analytical, pharmaceutical,
and biomedical [85–100], are known. The salen moiety owes attention to its versatility and coordination
ability toward several metals as a mononegative ligand. Schiff bases ligands can form homo-
and hetero-metallic complexes and 1-D, 2-D, and 3-D polymers. The emission behavior of many
zinc(II) half-salen complexes has attracted interest due to their potential as light-emitting layers [101]
and fluorescent sensors [102,103]. Photoluminescence properties of N,O Schiff base complexes can
be changed/improved by the introduction of a third binding site at the ligand backbone. In this case,
locking the metal in a strong N,O clamp, properties can be modulated by insertion of the third donor
atom group in a suitable site of the binding architecture. Tuning of fluorescence emission is expected
by varying the third donor atom and its position, by addition of substituents on the coordination core
and by the auxiliary ligands. The most recent and intriguing advances in the design of N,O,N and
O,N,O tridentate ligands for zinc(II) complexes are presented below.

3.1. N,N,O Ligands

Many N,N,O ligands have a relatively simple structure. By addition to the mononegative N,O
half-salen block of an aromatic or non-aromatic nitrogen-containing fragment, a wide variety of
structures can be obtained. In many articles, X-ray diffraction analysis constitutes the starting point to
correlate structural data and theoretical analysis. On the other hand, more elaborate N,N,O chelating
structures have been designed for specific functions. Because zinc is essential to life as part of enzymes,
the detection of zinc cation in complex biological systems is a desirable goal. Moreover, zinc complexes
have recently been employed as probes in fluorescence bio-imaging techniques.

3.1.1. Half-Salen-Type Ligands

In 2016, Shyamapada Shit and coworkers [104] presented two tridentate salen Schiff base ligands
with two different halogen substituents in combination with azide as auxiliary ligands (Figure 6).
The structure–property relationships of the coordination complexes were examined. Single-crystal
X-ray diffraction studies revealed a similar dinuclear pattern for the two complexes. Spectroscopic
characterizations revealed that the fluorescence pattern of the complexes is scarcely affected by the
halogen substituent, in both case distant from the coordination core and with no relevant electronic effect.
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As expected, the emission recorded in methanol, ascribable to ILCT of the complexes, is significantly
higher than that of the corresponding ligands.

substituent. Quantum yields above 20% and large Stoke’s shifts were recorded. Because large Stoke’s 

π π π
π π

Figure 6. N,N,O pincers containing half-salen moiety and related complexes.

Variously substituted polydentate hydrazones are important scaffolds in coordination chemistry
REFF. Tridentate N,O,N ligands can explain their chelating ability utilizing the pyridine/pyrazine N

atom, one azomethine N atom, and one carbohydrazide O atom, and can mold itself according to the
required coordination of the metal ion. Pyrazole-based flexible N,N,O hydrazones and their zinc(II)
complexes were studied by Susanta Kumar Kar and coworkers in 2012 [63]. By the X-ray technique,
the flexible pyridyl–pyrazolyl-ended ligand was found to be able to produce different coordination
structures with different metal ions, and relevant changes in the luminescent pattern (Figure 6). In DMF,
d10 ions, such as Zn(II) and Cd(II) cations, show a high CHEF effect, unlike the Ni(II) ion, which in turn
causes fluorescence quenching with respect to the free ligand. In 2013 Kumer Kar and coworkers [105]
observed no relevant fluorescence in the ligands, while its cadmium(II) and zinc(II) complexes were
emissive in DMF, due to intraligand p,p* and n,p* transitions and also to the weak MLCT band [64].
Chelation-induced rigidity also plays an important role impeding the nonradiative channels due to the
flexible bonds.

Recently, the interest in this class of complexes was promoted by the photoluminescence activity in the
solid phase, as required for emitting layers of LEDs and solar cells. In 2019, Ugo Caruso and coworkers [75]
obtained two complexes by reaction of zinc(II) acetate and N,N,O tridentate pyridinyl-hydrazone ligands
(Figure 6). Both ligands have a pyridinyl-hydrazone moiety acting as mono-negative tridentate ligands
toward the zinc ion in a 2:1 stoichiometric ratio, producing an octahedral environment. Ligands and
complexes are scarcely emissive in diluted solution. The crystalline ligands show poor emission in the
solid state while the push-pull more efficient pattern of the complexes guarantee intense solid-state blue
fluorescence due to the AIE (aggregation-induced emission) effect [106]. In this case, the fluorescence
pattern of the complexes is largely affected by the substituent. Quantum yields above 20% and large
Stoke’s shifts were recorded. Because large Stoke’s shifts eliminate spectral overlap between absorption
and emission phenomena, the detection of the fluorescence improves both in the intensity and in color
purity, making the complexes promising for actual applications.
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3.1.2. Ligands for Sensing Analysis and for Biological Applications

In order to achieve the goal of zinc(II) detection in complex biological systems, or to design
zinc-based architectures with biological activity, the C=N moiety included in flexible ligands can be
an easy synthetic solution. A half-salen-type N,O,N ligand [107] was prepared in situ by Shyamal
Kumar Chattopadhyay in 2019 (Figure 7) and employed to produce a mononuclear zinc(II) complex
whose structure was determined by single crystal X-ray diffraction. In an aqueous methanol solution
at the physiological pH, the complex exhibits an intense greenish-blue fluorescence whose maximum
does not differ substantially with respect to the free ligand while the intensity is about 17-fold stronger.
The ability to give fluorescence in aqueous solutions makes the probe promising for DNA binding
activity and fluorescence bio-imaging. By DFT calculations, the nature of the electronic transitions was
assigned to the π,π* transitions of the imine and heterocyclic moiety and to a n,π* transition for the
free ligand, and to π,π* LCT transition in the complex.

π

Figure 7. N,N,O pincers for sensing analysis and biological applications.

Designed for cytotoxic and antibacterial activity by M.R. Prathapachandra Kurup and coworkers
in 2020 [108], a potentially N,N,O tridentate ligand worked with copper and zinc salts with unexpected
different results. The two complexes (Figure 7) show a very different structural and spectroscopic
pattern. In solution, the fluorescence emission intensity of the ligand decreased on complexation with
Cu(II) ion, which can be attributed to the decrease in electron density on the ligand due to d orbital
being involved. Contrarily, the ligand acts as a bidentate pincer toward zinc(II), coordinating to the
metal cation through phenoxo oxygen and imine nitrogen. The bis-chelate metal complex produces
an enhancement in the fluorescent intensity in DMF, due to the prevention of the photoinduced electron
transfer process preserving ILCT bands.

Very recently [109], two N,O,N tridentate ligands were used by Fabiao Yu, Guang Chen,
and coworkers as fluorescent sensors to monitor intracellular zinc(II) in living cells by fluorescent
bioimaging. The elaborate fused-rings aromatic part guarantees a rich π-conjugated system able to give
a photoluminescent response. The oxygen atom group of the C=O fragment is the third neutral jaw of
the tridentate ligand. Due to the restriction of the isomerization and rotation of C=N upon coordination,
the probes show fluorescence enhancement (from 4 to 7-fold at 523 and at 543 nm, respectively)
and large Stokes shifts of the emission spectra. A real-time two-photon excitation wavelength apt to
biological experiments and deep penetration in tissues was detected.
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3.2. O,N,O Ligands

The ubiquitous Schiff base moiety is the useful fragment also in this case. Due to the versatile
synthesis and the coordination ability of the CH=N functional group, many binegative ligands were
built starting from O,N chelating salen-derivatives and a third oxygen or sulphur-containing moiety.

Tridentate furan-containing half-salen-type ligands were published by Debashis Ray and coworkers
in 2014 [22] (Figure 8). Participation of the furan oxygen group in coordination is scarcely reported.
The phenoxido-O group can be involved in coordination as a neutral donor site. The coordination
abilities of the furan ring and the effect of several auxiliary triatomic bridging groups were checked
by reacting zinc perchlorate salt in the absence and in the presence of auxiliary thiocyanato or azido
anions. The ligand coordinates as a tridentate ligand producing a mononuclear specie, a dinuclear
specie in the presence of thiocyanato, and a polymeric azido-bridged chain with azido anion.
In MeOH solution, the emission bands of ligand and complexes are very similar. The PET process
due to the presence of an electron lone pair of the donor atoms in the ligand produces a low
PL quantum yield. Zinc-binding-induced emission greatly depends on the coordination pattern.
The coordination-driven enhancement of fluorescence intensity is explainable with an increased rigidity
upon complexation, so that the emission intensity in the dinuclear-bridged complex is higher than in
the mono and polynuclear.

Coumarin-based molecules were recently employed as laser dyes and fluorescent probes [110–112].
Zinc-selective coumarin-based chemosensors were used in biological systems. Vinay K. Singh and
coworkers in 2019 [113] produced two mononegative O,N,O tridentate Schiff base ligands employed
in the coordination of various metal cations (Figure 8). The structural information obtained by
the X-ray technique was used in the structure–activity correlation. In contrast to the fluorescence
quenching upon cobalt, nickel, and copper complexation, zinc complexes show a from medium to
strong emission, due to the locally excited π*,n transition state, the nature of substituents, and the
conformational rigidity of the fluorophore greatly affecting the photo-induced electron transfer
processes. Another coumarine-containing tridentate ligand with a hydrazonic flexible skeleton was
studied by Nader Noshiranzadeh and Mirabdullah Seyed Sadjadi in 2019 [114], focusing its catalytic
activity in azide-nitrile cycloaddition reactions (Figure 8). The combination of the coumarin moiety and
hydrazone functional group did show interesting optical properties. The ligand acts as a mononegative
O,N,O tridentate trough the azomethine nitrogen and the esteric oxygen atom groups to the metal ion.
Methanol and a chloride ion complete the coordination sphere. The ligand itself exhibits an intense
fluorescent emission in methanol at 475 nm, which can be assigned to the p,p* transfers. Interestingly,
as the ligand is encumbered, the nonradiative channels due to the flexible bonds are impeded and the
fluorescence intensity is scarcely affected by zinc coordination. The higher emission band of the complex
is very similar both in intensity and in the maximum wavelength, still related to intraligand emissions.

Very recently [115], a series of mononuclear acetate-containing zinc complexes derived from
acylhydrazones demonstrated efficient photoluminescence in the solid state, with emission maxima
from 414 to 536 nm and quantum yields from 9.5 to 64.2% depending on the nature of the acyl fragment
and of the auxiliary ligand (water or pyridine). A.N. Gusev and coworkers in 2020 synthetized several
hydrazones containing a phenylpyrazole fragment acting as mononegative ligands toward the cation
by deprotonation of the pyrazole fragment. The ligands themselves are poor emitters in the solid
state. The PL efficiency of the hydrate complexes is lower with respect to the pyridinium analogs
in the case of the aromatic acid derivatives, whereas an inverse dependence was observed for the
phenylalkyl derivatives.

A systematic approach based on zinc-binding aroyl- and acylhydrazones ligands with different
substituents and pyridine rings as auxiliary ligands was adopted in a series of articles by B. Panunzi
and coworkers (Figure 9). This approach, based on the study of a homogeneous set of the same skeleton
ligands, which differ in one relevant substituent, led to highly stable mononuclear and polynuclear
structures and to metallated zinc polymers emissive in the solid state.
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Figure 8. Selected examples of O,N,O ligands and zinc complexes containing the C=N moiety.

In 2014, B. Panunzi and coworkers reported the synthesis and characterization of four O,N,O
acylhydrazono [23] and four analogous aroylhydrazono-type [116] ligands. The difference within
the first mononuclear complex group and within the second (mono and dinuclear) groups is the
electron-acceptor substituent R on the same tridentate chelating core. The difference between the two
groups is an additional benzyloxy bulky group (Figure 9). In both cases, the enhanced fluorescence in the
solid state is due to the increased rigidity upon coordination, which leads to a decreased probability of
electronic nonradiative transitions from the excited states [117,118]. Tuning of the emission wavelength
was achievable by varying the electron-acceptor group R with significant analogies in the two series
(see Figure 9). DFT analysis produced a first rationalization of the red shift in the chromophore series.
The ability of pyridine molecules to complete the coordination sphere of zinc(II) was explored and
its dominant contribution to LUMO involved in the electronic transitions was pointed up. Due to
self-quenching decreasing, the photoluminescence intensity enhances by increasing the distance
between the emitting species in the crystalline complexes. Therefore, the second series of bulky
complexes show higher PLQYs with respect to the first series. An unprecedented 64% PLQY for
the R=CN bulky zinc complex was recorded, with relevant tuning in the wavelength and emission
intensity with respect to the ligand; this value is suitable for lighting applications.
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Figure 9. Aroyl- and acylhydrazones N,O,N tridentate pincers with different substituents, the derived
complexes, and the related zinc polymers.

In order to transfer the optimal fluorescence performance of the two groups of complexes into
polymeric materials, the same tridentate ligands were employed by B. Panunzi and coworkers in
2015 to prepare metallopolymers by chemical grafting of Zn(II) coordinating cores onto preformed
poly(4-vinylpyridine) (PVPy) chains [119] (Figure 9). As an alternative approach to the dye-doped
materials, this practice showed advantages, such as stability of the materials, synthetic easiness,
and reproducibility. In the 10 wt.% grafted polymeric materials, effective emission color tuning was
achieved depending on the strength of the electron acceptor substituent and high solid-state PLQYs.

As a part of the same research, other groups of aroyl- and acylhydrazones were studied for
their ability to form stable zinc(II) complexes with a varied coordination environment and tunable
photophysical properties. In 2019, U. Caruso and coworkers reported [74,120] on three O,N,O
tridentate aryl-hydrazone ligands with a cationic-ended side chain and a different electron-withdrawing
substituent (Figure 10). The charged chain makes both ligands and complexes very soluble in common
organic solvents and aqueous mixed solvents and emissive in solution, as required in soft-matter
solar cells, such as light-emitting electrochemical cells (LECs). RGB (red-green-blue) emission color
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tuning in ethanol was obtained by increasing the withdrawing strength of the substituent. PLQYs of
the complexes are higher with respect to similar zinc coordinated systems [29,74,121–123], due to the
electrostatic repulsions between the cationic chains and implemented respect to the free ligands, due to
the CHEF effect.

–

Figure 10. O,N,O aryl-hydrazone ligands with a cationic chain and their zinc polymers. Aroylhydrazone
ligands with orto, meta, para pyridinoyl moiety.

The same fluoro, cyano, and nitro substituents and the charged chain guaranteeing solubility
were employed by grafting the coordination moieties to a preformed PVPy (Figure 10). The resulting
materials show RGB emission tuning in the solid state, with medium to excellent (more than 80%
for the green-emissive polymer) PLQYs. By modulating the contents of various emissive pendants
into a single polymer chain, in 2020, U. Caruso and coworkers reported a single-component highly
performing white emissive material employable in the construction of white OLED devices (WOLED)
with CIE coordinates (0.30, 0.31) [74].

In 2016, B. Panunzi and coworkers pointed out the exclusive role of auxiliary pyridine ligands
in determining the molecular photophysical properties of the tridentate hydrazine complexes [24]
and studied the effect of a pyridine moiety into the main structure of O,N,O aroylhydrazone ligands
(Figure 10). Direct involvement of the pyridinoyl moiety in the coordination to the metal was observed
when the nitrogen was in the ortho or meta position. 1-D coordination polymers were obtained with
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the meta derivatives, with 74% PLQY in the solid state. This result suggests that crystalline packed
polymeric structures could provide emission enhancement for their continuous rather than discrete
structure in the solid state. The tight crystal structure permits an efficient electron hopping.

4. Nitrogen, Oxygen, and Sulfur Binding Sites

In several tridentate structures, an oxygen atom was replaced by a, S donor binding site.
Sulfur–nitrogen chelating agents are employed for their marked biological activities both as ligand
and in their transition metal complexes. In many cases, the versatile C=N bond and aromatic
heterocycle rings were employed in the ligand construction. Many N,N,S tridentate zinc complexes
were explored by paying attention to both structural and spectroscopic behavior. More rarely, S,N,S
tridentate pincer ligands with zinc salts [124] were explored, mainly screened for their reactivity and/or
catalytic activity rather than for the PL properties. On the other hand, a few significative examples of
mixed N,S,O binding sites were recently proposed. In most cases, interest was focused on the X-ray
structural exploration of the coordination core and in their basic chemo-physical properties. In some
cases, the observation of specific spectroscopic properties promoted the investigation of the emission
properties and even moved an applicative interest.

4.1. N,N,S Ligands

In 2012, Jing Yang Niu and coworkers synthetized two N,N,S tridentate dithiocarbazate-type
Schiff base ligands [125] (Figure 11). In the solid state, the ligands are in the thione tautomeric form
and the derived mono or dinuclear zinc complexes show different stoichiometry and coordination
core. Biological studies showed that the zinc(II) complexes are able to distinguish a leukemia cell line
from a normal hepatocyte cell line by a selective fluorescence response. Still, due to their biological
interest, thiosemicarbazones and 1,3,4-thiadiazole were employed to build N,N,S ligands by M.K.
Bharty and coworkers in 2016 [126] with different metal cations. Zinc acetate was reacted with the
fluorescent silent thiosemicarbazide-type ligand and with the derived fluorescent thiadiazole-type
ligand producing two zinc complexes with ZnL2 stoichiometry, where two negative nitrogen bind
the metal. Interestingly, after cyclization, the same ligand acts as an N,N neutral bidentate ligand
toward the zinc cation. The N,N,S tridentate complex is emissive in solution, a phenomenon ascribed
to the CHEF effect by formation of four five-membered chelate rings around the cation. By DFT study,
the electron density of HOMO in the thiosemicarbazide-type ligand was found on the pyridine ring
nitrogen, hydrazinic nitrogen, and thione sulfur. LUMO is localized on the pyridine ring and less on
hydrazinic nitrogen and sulfur. The electronic transition from HOMO to LUMO levels are associated
with the π,π* transition of ligand.

Thanks to its intrinsic fluorescence properties, triapine ligand (Figure 11) can be used to monitor
the uptake and intracellular distribution in cancer cells by fluorescence microscopy. In 2010, Bernhard K.
Keppler and coworkers [127] studied the triapine ligand and its tridentate zinc complex. While the
compounds show similar emission spectra with a maximum at 457 nm and similar quantum yields in
water, distinctly different cellular distributions of the free ligand and its complex were found. In particular,
the zinc complex binds with strong affinity to a substructure within the nucleus, providing opportunities
in labelling techniques. Very recently, a series of complexes from different transition metal cations were
explored by V.G. Vlasenko and coworkers in 2019 [128] (Figure 11). A tridentate N,N,S thioxo-pyrazole
Schiff base ligand was employed toward zinc cation with 1,10-phenathroline as auxiliary ligand. In the
trigonal bipyramid mononuclear complexes, the amidic and iminic nitrogen atom groups and sulfur
thiolate atom group constitute the tridentate site, the coordination sphere being completed by N atoms of
phenanthroline. Interestingly, the related zinc complex does not display fluorescence. Computational
analysis assigned the experimentally observed bands to π,π* of the tridentate and to π(L), π*(Phen)
electronic LLCT transitions.
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π π* of the tridentate and to π(L), π*(Phen) electronic LLCT transitions.
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Figure 11. Selected example of N,N,S tridentate pincers and their complexes.

4.2. N,S,O Ligands

In 2015, N.K. Singh and coworkerssynthetized two trinuclear Zn(II) complexes [129] from carboperthioate
ligands (Figure 12). In both complexes, the middle zinc cation has a tetrahedral arrangement with two
hydrazinic nitrogens and two sulfur atoms from two perthio ligands, structurally similar to the zinc finger
protein. Both side zinc cations are five coordinated by one carbonyl oxygen, one hydrazinic nitrogen, and
one sulfur from the carboperthioate ligand, which acts as a tridentate pincer toward the side cations. Two of
the pyridinic nitrogen atom groups act as auxiliary ligands. Interestingly, from a structural point of view,
the trimeric complexes generate self-assembly supramolecular structures in dependence on the different
position of the pyridinic nitrogen atom of the ligand. The ligand is fluorescent silent while the complex with
the 4-pyridyl substituent displays a blue emission at 470 nm in DMSO, predominantly ascribable to MLCT
transitions. In this case, the mobility of the electron transfer in the backbone is enhanced and the electron
transition energy of ILCT decreases due to back-coupling of π-bond between the metal and ligand. Moreover,
the formation of a five-membered chelate between the coordination units and the central metal ion increases
the π,π* conjugation and the conformational coplanarity, consequently decreasing the energy gap between
the π and π* molecular orbitals of the ligand.

In 2016, a Schiffbase ligand derived from 2-aminothiophenol was coordinated as an N,S,O tridentate
ligand to different transition metal cations by Bita Shafaatian and coworkers [19]. The fluorescence
properties of the ligand and of the dinuclear complexes (Figure 12) were examined. Interestingly, in all
cases, the metal complexes in dichloromethane exhibit weak fluorescence in comparison to ligand.
For Zn(II) complex, no emission observed was assigned to π,π* IL transitions. PLQY decreases to about
one third with a relevant blue shift in the emission maxima with respect to the free ligand. Finally,
as an example of biological application of N,S,O complexes, in 2017, two novel triazole containing
Schiff base ligands were employed with zinc cation and other transition metals by Sulekh Chandra
and coworkers [130]. The ligands behave as binegative tridentate in the formation of 1:1 aqueous
metal complex (Figure 12), which were employed in fluorescence quenching experiments of the strong
emission band at 327 nm of BSA, revealing a zinc complex that was more promising due to its strong
binding ability.
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which potentially make it a smart “green” metal. Combinations 
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Figure 12. Selected example of N,S,O tridentate pincers and their complexes.

5. Conclusions

One of the biggest challenges of the modern era is sustainability. Over the last years, the high
variety of N, O, S donor ligands moved a strong interest toward spectroscopic and applicative features
of the related complexes. Tridentate ligands are simple, low cost, and easy synthesizable pincers able
to guarantee good stability to the derived complexes. On the other hand, zinc cation has a unique mix
of attractive properties, which potentially make it a smart “green” metal. Combinations of suitable
tridentate ligands with zinc cation are the perfect union to achieve remarkable PL responses and
targeted applications. As a d10 closed shell cation, zinc(II) plays a quite innocent role in the electronic
and therefore spectroscopic pattern of the ligand, often guaranteeing a relevant CHEF effect. For this
reason, zinc is a key issue in developing an alternative class of environmentally friendly and highly
efficient fluorophores for display and lighting technologies. On the other hand, zinc plays a crucial role
in many important biological processes and is a structural key component of proteins and enzymes.
Versatile molecules able in the zinc(II) detection or in the zinc binding of fluorescence markers to
specific biological substrates are recently proposed chemo- and biosensors.

As scientists, we presented here some examples of zinc tridentate complexes in an attempt to
highlight some of their unique properties. We examined the PL emission tuning due to coordination
and stating the most interesting applications. As researchers, we are committed to continuing the
study of novel systems for the new technological frontier and we expect our research to be the subject
of further interesting discoveries.
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Abstract: Aggregation-induced emission (AIE) compounds display a photophysical phenomenon in
which the aggregate state exhibits stronger emission than the isolated units. The common term of
“AIEgens” was coined to describe compounds undergoing the AIE effect. Due to the recent interest
in AIEgens, the search for novel hybrid organic–inorganic compounds with unique luminescence
properties in the aggregate phase is a relevant goal. In this perspective, the abundant, inexpensive,
and nontoxic d10 zinc cation offers unique opportunities for building AIE active fluorophores, sensing
probes, and bioimaging tools. Considering the novelty of the topic, relevant examples collected in
the last 5 years (2016–2021) through scientific production can be considered fully representative of
the state-of-the-art. Starting from the simple phenomenological approach and considering different
typological and chemical units and structures, we focused on zinc-based AIEgens offering synthetic
novelty, research completeness, and relevant applications. A special section was devoted to Zn(II)-
based AIEgens for living cell imaging as the novel technological frontier in biology and medicine.

Keywords: AIE; zinc complex; fluorescence

1. Introduction
1.1. Activation of the Fluorescence Channel in AIEgens

A luminescent material is a material able to emit light in the process of returning
from the electronic or vibrational excited state to the ground state after being excited by
external energy. The term “luminescence” was introduced in 1888 by the physicist and
historian Eilhard Wiedemann to describe light emission not simply related to an increase
in temperature. Photo-induced luminescence or photoluminescence (PL), often referred
simply as “luminescence”, is the light emission in the optical range of visible, ultraviolet,
or infrared light. According to the mode of excitation and relaxation, luminescence can be
classified into various types, including fluorescence and phosphorescence.

Specifically, “fluorescence” is a word coined from the mineral form of CaF2 known
as fluorite. In 1819, E. D. Clarke reported that some crystals of green fluorite deeply
emitted a blue colour under the illumination of a UV lamp. Contrary to phosphorescence,
fluorescence is a form of photoluminescence in which the excitation–emission process
occurs very quickly [1,2]. After a molecule absorbs energy from a light source and becomes
excited, fluorescence occurs within nanoseconds. Upon excitation with electromagnetic
energy at the correct wavelength, an electron in the fluorescent molecule is promoted to
an upper level, and finally, the energy is released in the form of a photon (fluorescence
emission) while the electron moves back down to the lower energy level. In most cases,
fluorescence requires a longer excitation wavelength—and so lower energy—than the
absorbed radiation. Therefore, fluorescence can occur when the absorbed radiation is in
the ultraviolet (UV)-visible region of the spectrum, while the emitted light is in the visible
region. Fluorescent dyes are compounds that strongly emit in the visible region so that they
show a naked-eye-perceivable colour when exposed to a UV-visible light source [1,3–6].

Over the last century, the rapid development of molecular science moved to study the
working mechanisms of fluorescence at the molecular level. Since 1800, fluorescent organic
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dyes highly emissive in diluted solutions were examined. In the middle of the nineteenth
century, the chemist Adolf von Baeyer developed fluorescein as a synthetic organic material
highly fluorescent in aqueous solutions in daylight. Early fluorescent materials found only
rare applications, such as tracers for the detection of underground waterways or optical
whitening agents in paper, textiles, and marking inks [7,8]. Even less attention was paid to
the photoluminescence of aggregate molecules until the last century. The first report about
the concentration effect on the fluorescence of aromatic compounds in solutions is due to J.
B. Perrin, who in 1923 found that the photoluminescence of uranine (disodium salt form of
fluorescein) decreased as the concentration increased. This fluorescence quenching effect at
high concentrations was clarified in 1955 by Th. Förster, who proposed the concentration-
quenching effect upon aggregation due to strong π–π stacking interactions in the organic
dyes. Such effect is now commonly known as the ACQ (aggregation-caused quenching)
effect [9]. In 1970, the ACQ effect was told as “common to most aromatic hydrocarbons and
their derivatives” by J. B. Birks, in his book entitled Photophysics of Aromatic Molecules [10].

With the rise and development of new technologies, the twentieth century opened
the doors to a new perspective about luminescent materials. In most modern applications,
such as optoelectronic devices (as laser, optical storage, and OLEDs) and biomedical tools,
fluorescence materials are used as solids and/or aggregates [11–19]. The need for materials
suitable for such applications led to a growing interest in the design and synthesis of
aggregate emitters.

The first pivotal report containing the concept of aggregation-induced emission mate-
rials is due to Tang and coworkers [20]. Aggregation-induced emission (AIE) compounds
display a photophysical phenomenon in which molecular aggregates exhibit stronger
emission than single molecules. In the following articles, the research group presented a
silole derivative (hexaphenylsilole) non-emissive in solutions up to 80% water fraction.
Above this threshold, strong fluorescence was observed due to the strong aggregation of
the molecules. Contrary to the traditional ACQ effect, this effect was coined as “AIE”, and
the molecules undergoing the AIE effect were termed “AIEgens” [21,22].

The unique AIE behaviour changed researchers’ way of thinking. The AIE operating
mechanism is now under examination from a new applicative perspective due to the grow-
ing demand for advanced luminescent materials [23–25]. Milestones for AIE theoretical
development are several scientific publications from 2001 up to now. First, the origins of
the phenomenon were investigated, and several mechanisms proposed for an explanation
of the AIE effect. In 2003, again Tang and coworkers proposed the restriction of intramolec-
ular rotations (RIR) mechanism based on the study of hexaphenylsilole [26] and proved
it as applicable to most AIEgens. When the single AIE molecule is dissolved in solution,
the dynamic intramolecular rotations cause a fluorescence quenching by dissipating the
exciton energy. Contrarily, upon aggregation, the restriction of the intramolecular motions
suppresses the radiationless decay pathway. Despite this, the RIR process cannot explain
some experimental evidence, and other effects were added in the mechanistic study of the
phenomenon. The intramolecular vibrations of flexible moieties have been considered [27],
generating an additional model named the “intramolecular vibrations (RIV) effect”. A
generalised mechanism for AIEgens named “RIM” (restriction of intramolecular motions)
was introduced in 2014 by combining RIR and RIV effects, so including rotation, vibration,
bending, flapping, twisting, and other intramolecular motions concurring to the radia-
tionless decay pathways [28–32]. A theoretical confirmation of the RIM mechanism was
achieved by time-dependent density-functional theory [25].

Additional mechanistic models and theories were proposed to investigate the photo-
induced process occurring in different AIE systems. Specifically, to predict AIEgens be-
haviour, other energetic parameters are involved and must be considered. The Duschinsky
rotation energy [33–38] (due to the difference between the ground state and excited-state
potential energy surfaces, calculated by the harmonic oscillator model); the reorganisation
energy [39] (required to relax the structure and environment upon electron transfer); the
formation of J-aggregates (causing a bathochromic shift in the absorption due to π–π stack-
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ing of the aromatic moieties) [22]. Finally, the restricted access to a conical intersection
(RACI) model to analyse the global potential energy surface topology was introduced in
2013 by Blancafort and coworkers [38]. Conical intersections were described as regions
of the potential energy surface where the ground and excited states are degenerate, and
the probability of non-radiative internal conversion is maximal. RACI model generally
leads to a forecast on the fluorescence yield (PLQY, Φ). This fundamental parameter is
defined as the ratio of the number of photons emitted to the number of photons absorbed
and derives from evaluating both the radiative and the non-radiative channels activated in
the AIE molecule [40–44].

To conclude, a correct theoretical setting of the chemical system is crucial for the actual
prediction of the photoluminescence yield of the AIE fluorescent dye. The observation of
the effects involved in the activation of emission in the aggregate state gave scientists new
ideas about AIEgens design.

1.2. AIEgens as the Novel Scientific Frontier for Cutting-Edge Technologies

The great potential of AIEgens is documented by the number of publications and
citations about the topic, exponentially increasing since the first AIE report in 2001. To
date, more than 2000 papers (articles and many reviews) have been published under the
keyword “AIEgen”, and AIE topic was ranked no. 2 and no. 3 in the list of “Top 100
Research Fronts in Chemistry and Materials Science” by Thomson Reuters, respectively,
in 2015 and 2013. In 2016, Nature Journal placed AIE-based dots between the four key
materials for the novel lightening nanotechnology [45]. In the last 20 years, AIEgens have
been deeply explored and their unique advantages over conventional ACQ molecules
fully recognised. The implementation in AIEgens study is moved by the cutting-edge
technologies demand, ranging from optoelectronic to sensing and bioimaging [46].

Many optoelectronic techniques greedily require emissive solid layers. The earliest
application of AIEgen in optoelectronic devices was reported in 2001 as blue-emissive
AIE siloles with excellent external quantum efficiency [47]. Several AIEgens have been
designed with the precise aim of obtaining solid-state emissions. The nature of AIEgens
matches the structural tunability and manipulability required to produce an optical device.
In addition, the whole emission colour display, up to the NIR region, can be easily obtained
by structural modifications in the AIEgen skeleton.

Due to their versatility, AIEgens can be easily obtained in a polymeric- or macro-
structured form by reaction of functionalised fluorophores or by doping the fluorophores
in a polymeric matrix. Macromolecular materials are ideal candidates for optoelectronic
applications based on solid-state layers, such as organic light-emitting diodes (OLEDs,
optical waveguides, and luminescent solar concentrators, or even soft-matter-based devices
such as light-emitting electrochemical cells (LECs) and liquid-crystal displays [48–52].

Other significant applications of AIEgens are fluorescence chemosensors and multiple-
stimuli (such as pH, electromagnetic radiation, morphology) responsive materials [53–56].
AIEgens can be utilised as fluorescent indicators/markers to characterise supramolecular
interactions and macromolecular motions in the solid state, in an aggregate gel phase or
even in a water-concentrated solution. In the presence of the target analyte, the AIE channel
can be activated or deactivated, resulting in an optical recordable signal. In 2005, Tang
and coworkers produced chemosensors based on silole as sensors for the regioisomers of
nitroanilines [57] and in 2010, Park and coworkers promoted AIEgens as stimuli–responsive
materials. To date, several AIE-based chemosensors were reported for the detection of ions,
metals, small organic molecules, and biological targets [58–66].

Porous crystalline solids such as inorganic nanoparticles (NPs), metal–organic frame-
works (MOFs), covalent organic frameworks (COFs), and carbon nanotubes (CNTs) are
materials where the choice of suitable AIE active fragments can produce highly engineered
composite materials with unique properties [59–61]. In the composite material, the AIE
moieties interact with a regular structure resulting in tunable electronic and optical prop-
erties. Low self-quenching and a highly modulable inner chemical environment can be
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achieved. Thanks to the porous architecture, such nanostructured AIEgens are promising
candidates for fluorescence sensing with high sensitivity and selectivity toward specific
analytes [61–66].

Finally, photoluminescent devices for biomedical uses take advantage of the fluo-
rescence characteristics of AIEgens [63]. The incorporation of AIEgens in bio-compatible
materials through various methods (covalent or coordinate bonds, noncovalent interac-
tions) provides AIEgen-based composite biomaterials for several uses. Bio-engineering of
nano-sized probes based on AIEgens produced highly specific and responsive systems. In
2012, Tang and Liu and coworkers developed AIEgen bioprobes for cell-imaging and moni-
toring of biological processes [64]. Biocompatible AIEgen-based NPs were designed still by
Tang for biological and biomedical applications [65]. Due to their permeability and reten-
tion, biocompatible AIE-based dots and NPs were also applied for in vivo cancer imaging
and diagnostics [65,66]. Again, Tang and coworkers, in 2018, reported a simple approach
to link AIEgens to bio-relevant species for biological labelling and monitoring [67].

Lessons learned from these advanced tools provide new ways of thinking about the
most relevant in vivo applications.

1.3. Metal-Containing AIEgens and The Role of Zinc (II) Ion

In the following years, many purely organic, aromatic and heteroaromatic RIM under-
going AIEgens were described. Specifically, AIEgens bearing cores such as tetraphenylethene,
thiophene-triphenylamine, tetraphenylpyrazine, quinoline, 9,10-distrylanthracene, dithiole,
and derivatives have been extensively reviewed in recent articles [21,25,63,68–74].

Despite the obvious advantages of organic fluorophores, which are singlet emitters,
heavy atoms such as transition metals display triplet emission. The related spin–orbit
coupling leads to efficient singlet–triplet state mixing so that the presence of a heavy atom
can improve the photophysical properties of π-conjugated ligands [75–78]. The formation
of metal complexes represents a strategy for obtaining new luminescent materials with
long luminescence lifetimes, large Stoke’s shifts, and high PLQYs in the visible region.
Metal complexes are potentially unique luminophores with highly tunable structures and
photophysics. Specifically, the d-block metal complexes are rich in different charge-transfer
electronic states (MC, Metal Centered; ICT, Intramolecular Charge Transfer; ILCT, Intra-
ligand Charge Transfer; LC, Ligand Centred; MLCT, Metal to Ligand Charge Transfer;
LL’CT Ligand to Ligand Charge Transfer) and local π–π* transitions on the ligands [78–84].

The origin of the AIE effect in transition metal complexes can be explained based
on the competing radiative and non-radiative de-excitation paths. The presence of the
coordinated metal leads to a selective activation or blocking of these channels. Besides,
blocking the non-radiative deactivation pathway, the presence of the coordinated metal
can also produce a more efficient emitting state of the organic part in its aggregate state. In
fact, the electronic charge in the complex can be transferred between different molecular
moieties, involving electron transfer between metal cation and ligands. This transfer causes
an alteration in the energy levels and in the emitting state. The AIE effect is potentially
ascribable to simultaneous changes of the emitting state and activation of RIM and/or
RACI mechanisms. Obviously, the activated AIE channel can be predicted only with an
in-depth theoretical analysis [85,86].

Several transition metals such as Ir(III), Pt(II), Re(I), Ru(II), Os(IV), Au(I), and Pd(II)
are reported to cause the activation of the AIE channel [78]. The development of AIE-active
complexes seems to be a promising strategy for many AIE systems where the metal is
strictly involved in the emission process. In all cases, ML and/or LM transfer must be
expected in the emissive complexes.

Among the wide variety of metal-based luminophores, experience as researchers
moves us to recognise a unique role of zinc (II) cation [87]. In the growing demand for high-
performance devices, sustainability is a relevant parameter. Zinc, as a small eco-friendly
cation, is a good alternative to other hazardous or expansive metals. Zinc complexes claim
unique peculiarities which endorse the use in the production of AIE undergoing materials.
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Specifically, zinc (II) complexes exhibit fluorescence intensity and/or colour tuning in
dependence on the electronic pattern of the ligands and the coordination pattern imposed
by the ligands. In fact, in the d10 closed-shell zinc (II) ion, d–d electronic transitions are not
expected. The lowest energy excited states are mainly LCT transitions (such as ICT and
ILCT bands) and/or LL’CT transitions, rarely LMCT due to s or p empty orbitals of the
metal [7].

That is what we mean as a “clip approach” (Scheme 1). In most cases, the cation acts
as a constraint for the ligand by locking it into a favourable emissive conformation, with
few electronic effects mostly due to π–π* LCT transitions. Chelation enhanced fluorescence
(CHEF mechanism) is often involved in zinc (II) binding as the result of the stabilisation of
the excited state in poorly emissive ligands [14]. Therefore, the role of zinc (II) cation can be
to turn a non-emissive ligand in an AIEgen molecule upon coordination. Alternatively, zinc
(II) can tune and/or increase the emissive properties of the AIE ligand through suitable
assembly of AIE portions. In addition to the “optically innocent clip role”, zinc cation
offers the ability to give rise to the most varied architectures through coordination of
organic ligands, self-assembly of two and three-dimensional macrostructures, aggregation
of nanomaterials, and production of regular or amorphous structures [88–94].

π π

 
Scheme 1. The “clip approach” in Zn AIEgens.

Despite several studies encompassing the topic of AIEgens, in this review, we will
focus our attention on the role of Zn(II) in the design of AIE active complexes and materials.
Our main aim is to give a unified overview of AIEgens involving zinc (II) cation (abbre-
viated as Zn AIEgens). With the term “Zn AIEgens”, we mean: the zinc (II) complexes
exhibiting AIE properties; the AIEgens giving a fluorescence response in the presence of
zinc (II) cation; the zinc (II) complexes exploiting an AIE mechanism to detect specific
analytes. In short, with this review, we wanted to answer the question: what zinc (II) is
dealing with AIEgens.

Considering the novelty of the topic, we cut the last 5 years (years 2016–2021) as
representative of the recent scientific production. Selected examples were reported to
elucidate the state-of-the-art, starting from the simple phenomenological approach and
considering different typological and chemical units and structures. We will focus on the
recent Zn AIEgens based on the synthetic novelty, research completeness, fluorescence
response, theoretical deepening, and relevant applications. Specifically, we reviewed the
literature and organised the discussion in the following sections:

1. Newly developed Zn AIEgens;
2. Zn AIEgens for OLEDs and other optical technologies;
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3. The role of zinc (II) in AIEgen chemosensing;
4. Zn AIEgens for cell imaging.

Scientific literature, including reviews, were consulted to understand the structure,
the optical response, and the operating mode of Zn AIEgens. Finally, we underlined the
representative applications for the targeted biological and medical scope. By use of a
quick glance representation which should be considered an integral part of the discussion,
we propose an intuitive overview of groups of structures examined according to the
application area.

2. Newly Developed Zn AIEgens

The examples reported in this section can be considered the first level in the study and
development of novel targeted Zn AIEgens. The starting point is represented by the design
and synthesis of simple small organic molecules, even non-emissive, acting toward Zn(II)
as ligands or chelators. In the formation of the complex, the organic units are subjected
to constraints (RIM), and therefore, the final complex undergoes the AIE effect. The zinc
complexes are expected to meet specific requirements, such as high PLQYs in the aggregate
phase, photostability, large lifetime, and Stokes shifts. The study of the solvent effects
is relevant. An easy test to assess the AIE nature of the compound consists of recording
emission intensity as the ratio of non-solvent/solvent increases [95]. Emission is expected
to grow as the aggregation increases. Many solid-state emitters are de facto AIEgens. A
complete analysis of the solid-state emission properties achieved by the AIE mechanism
and the relationship with the structural data is a central point to these articles. Relevant
information is inferred by a supporting theoretical analysis of the energetic transitions
involved in the AIE response [28,69,96–99].

The synthetic Zn AIEgens reported in this section are referred to as “potentially useful”
materials for optoelectronic applications and/or optical techniques. On the other hand,
articles including targeted applications will be reported in Section 3.

In Section 2.1, we will report the most relevant examples of novel Zn AIEgens obtained
by encumbered nitrogen and/or oxygen donor-based low-molecular-weight ligands (RIM
effect undergoing complexes). Our discussion will be articulated based on structural
similarities and differences and on the AIE activated channel. The related structures are
summarised in Figure 1, accordingly with discussion. In Section 2.2, we referred to a few
relevant examples of metal–organic frameworks acting as highly fluorescent Zn AIEgens.
The related structures are reported in Figure 2.

2.1. RIM Designed Zn AIEgens

The most common and easy approach to obtain Zn AIEgens is to enhance steric
hindrance by adding bulky substituents to the chelating ligands. The ligand undergoes
a conformational block upon coordination, producing the RIM fragment. A selection of
relevant examples of synthetic Zn AIEgens undergoing the RIM effect is grouped based on
chemical/structural features. As it will be discussed, some peculiar skeletons able to cause
the RIM effect are recurrent.
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Figure 1. Zn AIEgens obtained by encumbered nitrogen and/or oxygen-donor-based ligands.

 Figure 2. MOFs acting as highly fluorescent Zn AIEgens.

In 2016, Hiroshi Nishihara [100] and coworkers studied the solid-state PL emis-
sion of seven encumbered tetradentate bis(dipyrrinato)zinc (II) complexes. The bulky
effect [101–103] due to the meso-aryl group in the dipyrrin ligands proved to affect the
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emissive properties of the dipyrrin Zn(II) complexes. The conformation of the meso-aryl
group in the excited state greatly affects the nonradiative decay pathways. In solution,
PLQYs increased as the solution turned into aggregate state PLQYs by adding a non-
solvent. In the solid-state, each complex showed different emission wavelengths and
spectra depending on the crystal packing structure. With respect to the solution behaviour,
the different PLQYs and lifetimes recorded on the crystalline complexes proved the acti-
vation of different photophysics in the solid state. A O,N,O hydrazone tridentate ligand
was synthesised by Zang Shuangquan and coworkers [104] in 2020, starting from Rho-
damine B 2-Hydroxy-5-tetraphenylethene-benzaldehyde hydrazone. A typical AIE moiety,
tetraphenylethene (TPE) group, was introduced as a bulky substituent, able to undergo
fluorescence resonance energy transfer (FRET) [105] process from TPE moiety to rhodamine
B moiety. As a result, the complex obtained by reacting the composed ligand with zinc (II)
cation is a Zn AIEgen and exhibits reversible fluorescence colour and intensity changes
(red/yellow) upon UV light photo-induced irradiation.

Common salen type ligands with encumbered substituents are excellent candidates
in building Zn AIEgens, zinc cation acting as a constraint of the structure. In some
cases, intriguing fluorescence behaviour can be achieved by specific substituents onto
the simple Schiff-base O,N moiety. In 2019 Junhui Jia and coworkers [106] synthesised
a tetraphenylethylene-functioned Schiff-base ligand (TPEMO) with multifunctional be-
haviour. The molecule itself is an AIEgen and shows reversible mechano-fluorochromism
after grinding. It was found responsive towards Zn2+ (LOD = 8.05 × 10−8 M) and CO3

2−

ions. The sensing mechanism of the molecule with Zn2+ was ascribed to the inhibition
of PET transfer and consequently of the ESIPT mechanism. Very recently, Daya Shankar
Pandey and coworkers [107] studied two novel azo-based Schiff-base functionalised ligands.
Again, the ligands themselves are AIEgens, potentially useful as solid-state fluorescent
sensors for acidic vapours. Upon irradiation with UV light, the N=N azo bridge exhibits
cis–trans isomerisation both in the ligands and in their zinc (II) complexes. Comparative
photoswitching studies and DFT analysis was performed on ligands and complexes based
on X-ray analysis. In 2019, Tetsuya Taketsugu and coworkers [108] performed a complete
theoretical study on a Zn AIEgen derived from 3-hydroxy-2-quinoxalinecarboxylate show-
ing ESIPT emission in the solid state, even though the ligand does not undergo ESIPT emis-
sion. TD-DFT analysis was employed to explore the role of the zinc atom in the emission
mechanism, resulting in a structural change of the ligand from the lactam form (3,4-dihydro-
3-oxo-2-quinoxalinecarboxylic acid) to the enol form (3-hydroxy-2-quinoxalinecarboxylic
acid) in the presence of zinc (II). Emission was imputed to LC transitions of the ligand.

A systematic study of isomeric Schiff-base zinc complexes showing relevant dif-
ferences in their crystalline pattern and emission behaviour was published in 2018 by
Rosita Diana and coworkers [109]. Three bidentate N,O Schiff-base ligands contained a
2,5-disubstituted-oxadiazole unit and an ortho/meta/para-substituted pyridine unit. The
reactions of the ligands with zinc (II) acetate in pyridine gave crystalline complexes with
the general formula Zn(L)2py2. In the solid phase, PLQYs (ranging from 16 to 75%) and
emission colour (in the red–green–blue or RGB shape) were recorded in dependence on
the structural pattern. The reaction with zinc cation self-assemblies the meta derivative
ligand in a stable glassy network, with Zn(L)2 general stoichiometry and PLQY = 44%. The
same research group (2016, Barbara Panunzi and coworkers [110]) produced aroyl- and
acylhydrazones ligands acting as differently substituted O,N,O tridentate pincers to zinc.
The photophysical properties of the tridentate complexes in the crystalline phase were
explored. Additionally, in this case, the one-dimensional crystalline coordination polymer
obtained from the meta derivatives showed high PLQY (74%) in the solid state.

The results achieved in both articles suggested that the polymeric or reticulated
macrostructures obtained by zinc-driven self-assembly provide emission enhancement.
Both in the case of an amorphous and crystalline material, the tight structure with op-
tically “innocent” zinc nodes could guarantee a more efficient electron hopping in the
whole macrostructure.
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The role of the metal in assembly together non-fluorescent components was examined
in 2020 by Jubaraj B. Baruah and coworkers [111]. By zinc-assembly reaction of nitroben-
zoate and pyridine-3-(or-4)carboxamide, five different complexes were obtained. The role
of MLCT in the resulting Zn AIEgens was explored by DFT calculations. The frontier
molecular energy levels of different combinations of the positional isomeric complexes
were ascertained. In such cases, the d10 cation resulted in contributing to the emission
through CT transitions. The highest PLQY (13.56%) was recorded for the non-ionic complex
(di-aqua)bis(pyridine-3-carboxamide)di(2-nitrobenzoato)zinc (II) monohydrate at 439 nm.
The AIE effect caused by adding water to a DMSO solution was studied. As expected, the
participation of water molecules to form aggregates with the complexes caused increased
emission intensity up to a characteristic limit. Above that concentration, emission quench-
ing was recorded due to the equilibrium between the complex and the hydrate cation.

Other structures causing the AIE effect by steric constrain are metallo–supramolecular
architectures, achieved by zinc-driven self-assembling reaction. Specifically, emissive or
non-emissive polyfunctional ligands can be assembly in macrocycles or metallocycles by
reaction with zinc cation. The final metal complex undergoes restrictions of intramolecular
motion increased with respect to the starting organic moieties and are expected to be a
Zn AIEgen. Charlotte K. Williams and coworkers in 2017 [112] investigate the solid-state
light emission of seven zinc salphen (salphen = N,N′-bis(salicylidene)-1,2-phenylenediamine)
complexes in a macrocycle pattern. By gradual addition of a non-solvent to the complexes
dissolved in chloroform, a visible aggregation was induced, and emission enhancement
was recorded. The complexes showed yellow to orange–red emission in the solid state
(PLQE = 1–5%), displaying up to a 75-fold increase in peak emission intensity upon aggre-
gation, in the best case.

Terpyridine (TPY) is a tridentate ligand with three coordination sites belonging to
N-heteroaromatic rings. Owing to the strong chelating ability, TPY derivatives can form
stable complexes with several different transition metal ions. Xiaopeng Li and coworkers
in 2019 [113] studied self-assembly of emissive metallocycles with tetraphenylethylene
(TPE), boron-dipyrromethene (BODIPY), and terpyridine (TPY). Combining the three
blocks into one system by zinc coordination driven self-assembly reaction, a metallocycle
dimer with typical AIE characteristics was produced. Interestingly, by combining the
three fluorophores into a metallo–supramolecular architecture, emissive properties were
recorded both in solution and in the aggregated state.

2.2. AIE Zn-MOFs

Metal-organic frameworks (MOFs) are hybrid organic–inorganic crystalline materials
derived by the regular array of metal cations (or clusters) surrounded by organic linkers.
The metal ions act as nodes binding the organic fragments into a regular cage-like structure.
They are a subclass of self-assembly coordination polymers (CPs) with a tridimensional
feature. Due to this hollow structure, MOFs have a porous internal surface area. The small-
sized internal cavity of the materials is nanoscaled (in at least one dimension, between 1
and 100 nm). Therefore, MOF research adopts a scientific approach to nanotechnology.
Professor Omar Yaghi at UC Berkeley in the late 1990s (“Design and synthesis of an
exceptionally stable and highly porous metal-organic framework”) presented MOFs for
the first time, and they rapidly become a cutting-edge research field. The synergistic effects
of structures and compositions make MOFs fascinating examples of unique structural
design and tunable properties. Different metal atoms and organic linkers lead to MOFs
selectively absorbing targeted molecules /ions. Tailored MOFs offer great potential due to
their optical, electronic, opto-electronic, or sensing properties [114–116].

In recent decades, MOFs with luminescence characteristics (luminescent MOFs, LMOFs)
has been considered as the new pathway for the fabrication of solid-state luminescent nano-
materials. AIEgen ligands can be employed as building blocks in the MOFs construction.
To retain the fluorescence of AIE linkers or activate the AIE channel, the closed-shell zinc
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(II) ion with low-lying d-orbital energy can be preferred to classic heavy metals. Zn(II)
nodes afford MOFs with strong luminescence due to constraining effect on the AIE ligands.

In this section, we reported a few relevant examples of LMOFs containing zinc (II)
and acting as highly active AIEgens (we will use the term “AIE Zn-MOFs”). In Figure 2,
we reported a schematic representation focusing on the structural feature.

The Schiff-base pattern also demonstrated to be a winner strategy in building LMOFs.
In 2016, Yu-Lin Yang and coworkers [117] used five Schiff-base ligands containing a N-
(pyridine-2-yl) fragment with different alkyl substitutions on the phenyl ring for the
synthesis of Zn(II)/Cd(II) complexes. The structures of the ligands can direct the forma-
tion of 3D supramolecular LMOFs due to hydrogen bonds and π–π interactions. Nine
Zn(II)/Cd(II) complexes were obtained, displaying deep blue emissions (401−436 nm)
in acetonitrile solution and light blue/bluish green emissions (485−575 nm) in the solid
state. Structural analysis gave information on the crystalline packing of the complexes.
PL measurements recorded in CH3CN/H2O mixtures gave evidence of an effective AIE
behaviour for the Zn1 (in Figure 2) aggregate complex.

Ali Morsali and coworkers [118] in 2018 synthesised a turn-on AIE-based MOF by
in situ ligand fabrication and employing different valence-shell cations, with the aim of
investigating the effect of metal nodes. The coordination of 5,6-di(pyridin-4-yl)-1,2,3,4-
tetrahydropyrazine (AIE fluorophore) and terephthalic acid ligand with Zn(II), Co(II),
or Cd(II) leads to the preparation of strongly luminescent MOFs (named “TMU-40(Zn)”,
“TMU-40(Cd)”, and “TMU-40(Co)”). The formation of rigid frameworks improved the fluo-
rescence of the organic parts more with zinc than with the other two metals (PLQY = 38.2%
with respect to 31.17% and 11.69%, respectively).

3. Zn AIEgens for OLEDs and Other Optical Technologies

The basic research on RIM undergoing Zn AIEgens was a platform to produce effective
technological devices. Solid-state emitters have a great potential for the development of
novel optoelectronic technologies, such as OLEDs and other optical tools. The growing
demand for low-cost light-emitting devices focused attention on the abundant, nontoxic,
versatile zinc cation. Zinc (II) complexes are a potential alternative to expensive transi-
tion metals complexes of iridium, osmium, and platinum, and can represent excellent
luminescent and electron-accepting/transporting materials. They can be employed as
emitter layers in a variety of forms: solid powders, dyes dispersed in host solid and/or
gel matrixes, and metallo–polymers. Since the first OLED based on a Schiff-base zinc (II)
complex developed by Hamada in 1993 [119], the research on highly efficient emissive
zinc (II) complexes continued. Zinc complexes also have a potential for the construction of
white OLEDs (WOLEDs) due to the tunable emission colour. To date, reports on effective
zinc (II) complex-based OLED are rare, and there is no commercialisation. Nonetheless,
the study of Zn AIE systems makes room for new ideas, and Zn AIEgens claim a role in
the novel technological frontier.

In this section, we will discuss the most relevant examples of opto-applications of
Zn AIEgens, from OLEDs and LECs to other cutting-edge technologies. In Figure 3, we
collected the related structures, referring to the most PL active architectures.

Wai-Yeung Wong and coworkers in 2017 [120] presented four novel salphen complexes
bearing pyridyl functionalised ligands with dendritic structures. OLED devices based on
the novel zinc complexes were fabricated by a solution process. The electroluminescence
(EL) properties achieved by zinc (II) complexes were checked: peak luminance (Lmax)
of 3589 cd m−2, maximal external quantum efficiency (ηext) of 1.46%, maximum current
efficiency (ηL) of 4.1 cd A−1, and maximal power efficiency (ηP) of 3.8 lm W−1. Garry
S. Hanan and coworkers in 2018 [121] synthesised a dinuclear complex of zinc (II) with
4-bromo-N,N′-diphenylbenzamidinate N-oxide. This compound is a Zn AIEgen and was
used as a dopant in a co-host matrix of the emissive layer used in the fabrication of a
solution-processed white–green WOLED. A luminance efficiency and power efficiency of
1.12 cd/A and 0.30 lm/W, respectively, were obtained.
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Figure 3. Zn AIEgens for optical applications.

RGB (red, green, blue) metallopolymer emitters with potential in WOLEDs preparation
were examined by Ugo Caruso and coworkers in 2019 [70]. Three aryl-hydrazone O,N,O
tridentate ligands with a different electron-withdrawing substituent and a charged moiety
were prepared by grafting ligand-Zn(II) coordination fragments onto commercial poly-
(4-vinylpyridine). Three RGB emissive polymers were obtained. By grafting a suitable
mix of the three different coordination moieties, an efficient single-component white-light
blue emissive metallopolymer (CIE: 0.30, 0.31) was prepared. The same material resulted
emissive both in the solid phase and mixed with an ionic liquid, so resulting employable
in WOLEDs and in LECs preparation. A rare example of LEC was prepared by Hashem
Shahroosvand and coworkers in 2018 [122], based on a blend of the cationic complex
[Ru(bpy)3]2+ and a neutral zinc (II) complex derived from diphenylcarbazone ligands.
The crystal structure of the Zn fluorescent complex was examined, and the assignment of
ground- and excited-state transitions was achieved by TD-DFT analysis. The deep red LEC
shows a brightness (740 cd m−2) and luminous efficiency of 0.39 cd/A at a low turn-on
voltage of 2.5 V.

Recently, Kiran B. Manjappa and coworkers [123] performed a comprehensive struc-
tural, spectroscopic, and theoretical analysis of a bisimidazolyl zinc AIEgen complex. This
complex emits cyan fluorescence with a high quantum efficiency (83%), leading to two
different applications. First, it was used for the fabrication of an OLED, with a maximum
brightness of 15,000 cd/m2 (16 V), and external quantum efficiency close to 3.8% (compara-
ble with state-of-art of the purely fluorescent non-thermally activated OLEDs). Moreover,
the complex was employed in the fabrication of a latent fingerprint (LFPs) investigation tool.
Fingerprint detection is a crucial area in forensic science and is based on fluorescent dyes.
Under UV light, the finger marks on the surfaces can be photographed by a digital camera
resulting in more clearly visible and examinable fingerprints. Dispersed in poly(methyl
methacrylate), the dye can also be used as a straightforward security ink for anticounter-
feiting applications. Moved by a similar approach, Yun Yan and coworkers in 2020 [124]
reported a water-based polyion anticounterfeiting micellar ink displaying full-spectral RGB
emission colours by a combination of AIEgens and luminescence of rare earth metals. Blue
emission was achieved from the AIE fluorophore tetraphenylethylene (TPE) linked by zinc
cation into coordination supramolecular polymers. Recently, Zhonghai Ni [125] developed
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an ESIPT-based AIEgen Schiff-base compound containing a tetraphenylethene skeleton
preventing the ACQ effect. Both the absorption and fluorescence spectra are water- and
Zn(II)-responsive. The multifunctional ligand sensor was successfully applied as an inkless
rewritable paper and as a colourimetric/fluorescent dual-channel sensor for zinc (II) ion.

4. The Role of Zinc (II) in AIEgen Chemosensing

Some of the established methods for trace elements or molecules detection require
sophisticated spectrometry and spectroscopy as accurate and sensitive-but-expansive
analytical techniques. Today, many sought-after substitutes are low-cost luminescent
probes for on-site determinations.

Fluorescence sensors for zinc detection are a relevant research area. Zinc (II) ion plays a
crucial role in many chemical, biological, and environmental processes. From a physiologi-
cal point of view, zinc (II) cation is an essential metal ion for many biological processes, such
as the formation of zinc finger proteins, the neural signal transmission/modulation [9,10],
the regulation of gene expression [11], and various catalytic activity [8]. The mechanism
of sensing fluorescence turn-on of most zinc (II) chemosensors is based on MLCT, CHEF
effect, PET, and C=N isomerisation. Up to now, many classic organic fluorophores (such
as coumarin, fluorescein, rhodamine, and cyanine) used for sensing applications undergo
ACQ effect at high concentrations or in the aggregated state. Contrarily, organic AIE
receptors can be advantageously employed in sensing zinc (II). According to a common
strategy, when an organic AIEgen is dissolved in solution, a turn-off of fluorescence is
expected. The addition of zinc can induce a turn-on of the fluorescence by different mecha-
nisms: the restriction of intramolecular motions (chelation-aided rigidification, CAR); the
decrease of solubility of the sensor, which causes the formation of emissive aggregates
(cleavage-triggered aggregation, CTA); the metal-caused blocking of nonradiative pathways
(metal-bridged crosslinking, MBC); the metal-caused blocking of intramolecular motion
(coordination-induced complexation; CIC) [126]. Therefore, the sensing mechanism involves
the active role of the metal in the PL turn-on of the solution. A linear relationship between
PL increase and zinc concentration can be exploited to achieve quantitative information.

On the other hand, integrates Zn-containing chemosensors claim a role in the wide
field of fluorescence sensing probes. Probes based upon the AIE strategy proved to be
attractive and versatile tools for sensing biologically relevant small molecules or ions.
AIE chemosensors acting in water solution shows potential in imaging techniques due
to their high sensitivity, fast response, low cost, and technical smartness. Fluorescent
probes exhibiting AIE behaviour thanks to the presence of zinc (II) cation in a structural
key position are an interesting analytical application of Zn AIEgens. The role of the zinc (II)
ion is crucial in the turn-on (or turn-off) of the sensor emission. Undergoing coordination-
decoordination equilibria, zinc (II) dissolve and reform AIE-active compounds depending
on the presence of the analyte.

In this chapter, we will refer to the most relevant examples of AIEgens sensors involv-
ing zinc (II) cation as an analyte or as a part of the sensor. Specifically, our discussion will
be articulated based on the target analyte as follows:

- AIE sensors designed for selective detection of zinc (II) ion (Section 4.1)
- Zinc (II) containing AIE systems able to detect several target analytes (Sections 4.2 and 4.3).

We will explore and discuss single-analyte or multiple-targeted sensors on the basis
of the structural pattern and the sensing mechanism.

4.1. AIEgens for Zinc (II) Sensing

In this section, we will refer to a selection of relevant AIEgens acting as mono-channel
zinc sensors (Figure 4), as multi-channel zinc sensors (Figure 5), and macro-structured
AIEgens acting as zinc (II) sensors (Figure 6).
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Figure 4. AIEgens acting as zinc (II) mono-channel sensor.

 

 

Figure 5. AIEgens acting as zinc (II) multi-channel sensor.
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 Figure 6. Macro-structured AIEgens acting as zinc (II) sensor.

Schiff-base ligands are good candidates in building zinc sensitive AIEgens. Inamur
Rahaman Laskar and coworkers in 2017 [127] synthesised an RIR undergoing chelate, with
J-aggregate in the crystalline phase. The sensor [2-(2-(tritylamino)ethylideneamino) methyl
phenol] exhibits irreversible mechanoluminescence with an emission colour change from
blue to green upon grinding of the powder sample. The ligand proved to be a selective
sensor showing PL turn-on (23 folds the unbonded sensor) with LOD = 0.064 ppm upon
zinc (II) addition. Three analogue AIE Schiff-base ligands containing 1,3,5-triarylbenzene,
-tristyrylbenzene, and -tris(arylethynyl)-benzene cores were published in 2016 by Psaras
L. McGrier and coworkers [128]. Their AIE behaviour was attributed to an ESIPT pro-
cess, and the ligands are turn-on responsive to zinc (II) and copper (II) cations in DMSO
solution. Ajay Misra and coworkers in 2016 [129] proposed an AIE fluorescence probe,
1-(2-hydroxynaphthylmethylene)-2-(3-methoxy-2-hydroxybenzylidene) hydrazine, which
resulted in being highly selective toward zinc (II) based on a CHEF/AIE feature. Fluores-
cence turn-on was detected in DMF/H2O. Zheng-yin Yang and coworkers in 2016 [130]
designed a bis Schiff-base AIEgen which detected Zn2+ ions in a ratiometric way (a ratio-
metric fluorescence sensor measures emission intensities at two or more wavelengths to
accurately detect changes to the local environment/analyte), due to an ESIPT process.

In addition to classical Schiff-base type ligands, differently structured AIE chemosen-
sors were successfully employed, with a fluorescence turn-on performance toward zinc (II).
F. Christopher Pigge and coworker in 2016 [131] proposed three AIEgens, 2,2′-bis(pyridyl)
tetraarylethylenes type ligands, for their ability to selectively detect zinc (II) ions in aque-
ous solution. In the same year, Xiang-Jun Zheng and coworkers [132] produced a 3-
aminopyridine-2-carboxylic acid ligand that is AIE-active and zinc (II) responsive. RIR and
RIV effects were activated by hydrogen bonds, resulting in rigidity enhancement of the
molecule. Still, in 2016, Yong Wang and coworkers [133] produced a tetra-phenyl ethylene
triazole-bridged sensor (TPE-2triazole-2CD). The sensor contains a cyclodextrin moiety
which has a unique hydrophobic cavity able to encapsulate different guest molecules and a
hydrophilic surface due to the hydroxyl moieties on the rings. The elaborate sensor shows
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a highly selective turn-on florescence response towards Zn2+ in neutral environments and
potential biocompatibility.

AIE-based multi-responsive zinc (II) probes (Figure 5) are a growing research field.
Multianalyte AIE sensors, or generally multifunctional AIE sensors, are highly desirable
tools for many applications [134–136]. Ajay Misra and coworkers in 2020 [137] produced
an antipyrine-based fluorescent probe, 4-[(2-hydroxy-3-methoxy-benzylidene)-amino]-1,5-
dimethyl-2-phenyl-1,2-dihydro-pyrazol-3-one exhibiting turn-on selective fluorescence
sensing toward Al3+ and Zn2+. In 2016 Zhengjian Qi and coworkers [138] synthesised
three Schiff-base derivatives with electron acceptor and donor substituents exhibiting AIE
properties due to an ESIPT process. Their response toward both zinc (II) cation and pH pa-
rameters was assessed, and the proposed binding mode at pH = 7.4 is illustrated in Figure 5.
Another ESIPT-based turn-on AIE sensor was recently synthesised by Xiang-Jun Zheng and
coworkers [139]. N-(3-methoxy-2-hydroxybenzylidene)-3-hydroxy-2-naphthahydrazone
ligand demonstrated its ability to differently coordinate Zn2+ and Cd2+ ions. The sensor
selectively recognises the metals due to different emission peaks (at 560 and 645 nm, re-
spectively in solution). Interestingly, the ions were recognised quantitatively in water, and
qualitatively in the solid state via test paper (light yellow emission).

A more elaborate multianalyte performance was realised in 2015 by Gopal Das and
coworkers [140]. They synthesised an AIE probe with both an anion and a cation binding
site. The ligand resulted in being turn-on fluorescence responsive and selective toward
Al3+ and Zn2+. It can also detect Cu2+ in mixed buffer medium, and F− in acetonitrile
through colorimetric response. Zhi-Hong Xu and coworkers in 2018 [136] proposed an AIE
active bis-hydrazone selectively detecting Cu2+, Zn2+, and Hg2+ by monitoring absorption
(for copper ion) and fluorescence (for zinc and mercury ions) spectral patterns.

Examples of polymeric AIEgen sensors for zinc (II) are rare and intriguing due to the
relationship between structural pattern and AIE response (Figure 6). Ben Zhong Tang and
Xianhong Wang and coworkers [141], in 2020, synthesised conjugated polyelectrolytes with
adjustable molecular weight (Mn) through a combination of controllable polymerisation
and aggregation-induced emission (AIE) techniques. The AIE-active polyelectrolytes
are responsive to Zn2+ ions with a fluorescence turn-on response associated with Mn.
Specifically, in the polymers with Mn < 5600 gmol−1, the aggregation of the nanoparticles is
due to the diffusion of the cation into the interstitial space between the COO− groups. On
the other hand, the long-wrapped chains of polymers with Mn > 7600 gmol−1 hinder the
diffusion of Zn2+, which in turn can coordinate between different nanoparticles, enlarging
the size of the aggregates. As expected, the fluorescence increases much more in the
second case. The observed phenomena provide a relationship between AIE behaviour and
structural parameters, assuming a zinc ion detection of nanoparticle sizes.

Coordination polymers obtained by self-assembly of binding organic ligands with
metal cations can be obtained in the nanoscale. CPs derived by nanoparticles (CPNs, sized
between 1 and 100 nm) can be formed by self-assembly of a metal ion and organic ligands
and provide a unique platform for designing nanosized AIEgen. A relevant example
of zinc (II)-responsive CPN was reported in 2017 by Liyan Zheng and Qiue Cao and
coworkers [142]. The fluorescent probe for Zn2+ based on CPNs was prepared from AIE
fluorophore HDBB molecules with Tb3+ ion (Tb-HDBB-CPNs). Interestingly, a fluorescence
turn-on was observed in the presence of Zn-HDBB-CPNs after the cation exchange process
of Tb-HDBB-CPNs with zinc (II). Tb-HDBB-CPNs and Zn-HDBB-CPNs emit different
wavelength fluorescence in aqueous solution upon excitation; therefore, the system acts as
a ratiometric fluorescent sensor linearly dependent on zinc (II) concentration, from 100 nM
to 60 µM.

Yuming Huang and coworkers in 2018 [143] reported an Au nanocluster (AuNC) de-
tecting zinc (II) by AIE effect. Glutathione capped AuNCs (GSH-AuNCs) was synthesised
by reduction of Au3+ by glutathione. Fluorescence enhance GSH-AuNCs upon addition of
2-methylimidazole in the presence of zinc (II) ion was attributed to the formation of the
Zn-MOF (PLQY = 36.6%, about nine times that of AuNCs). GSH-AuNCs resulted in an AIE

139



Molecules 2021, 26, 4176

active sensor that was reported as zinc (II) with a linear range from 12.3 nM to 24.6 mM
and LOD = 6 nM. Interestingly, the nanoscaled sensor was successfully applied to assay the
content of zinc in human serum, water, milk, and zinc sulfate syrup oral solution samples.

4.2. Sensing by Molecular Zn AIEgens

Integrates Zn-containing molecular chemosensors will be discussed in this section,
with a focus on the sensing mechanism (Figure 7). As will be detailed described, sensing
can take place through an alternation of complexation–decomplexation equilibria involving
zinc (II) ions.

Figure 7. Relevant examples of zinc (II)-based AIE active sensors.

Ju Mei and Jianli Hua and coworkers in 2016 [144] developed a new citrate-sensitive,
highly selective fluorescence chemosensor (DTPA-TPY-Zn) by integrating an AIE moiety
(DTPA-TPY, where TPY guarantees the AIE behaviour) with zinc (II) ion. The probe detects
citrate by an immediate significant fluorescence enhancement and LOD = 3.5 × 10−7 M.
The fluorescence turn-on mechanism is ascribed to the complexation of DTPA-TPY-Zn.
Specifically, after coordination to zinc (II) ion, the sensor DTPA-TPY undergoes a decrease
in fluorescence emission, but after citrate coordinates to the metal cation of DTPA-TPY-Zn,
the derived aggregate state in aqueous solution promotes a fluorescence recovery. The effect
of pH on the fluorescence of DTPA-TPY-Zn was investigated, finding a stable response
in the pH range from 3 to 9. As citrate is a vital metabolite in the Krebs cycle of aerobic
cells, its determination is of biological interest. A quantification of citrate in the artificial
urine was successfully performed, proving the potential of DTPA-TPY-Zn in real biological
samples. The next year, Yulin Yang and coworkers [145] developed several sensors for
the detection of the molecule of life: water. Six novel Schiff-base Zn(II) complexes were
synthesised, which exhibit sensing ability in water detection. Remarkable characteristics
are the wide linear range in water traces sensing (most can reach 0−94%, v/v), LODs
(0.2%, v/v), and fast response time (8 s) in various organic solvents. In addition, the
sensors demonstrated their application for humidity (42−80%) detection. A mechanism
was proposed and validated by experimental and theoretical analysis. Thanks to the
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water-activated, hydrogen-bonding crosslinking AIE mechanism (WHCAIE), the six zinc
(II) complexes bearing chlorine groups/nitro groups can interact with water through
intermolecular hydrogen bonding, forming cross-linking networks in the presence of water.
The resulting water-activated aggregates of Zn(II) complexes are AIE moieties, whit a
superior performance gained by Zn1 (see Figure 7).

An engineered supramolecular system with a key role for zinc (II) ion was designed
by Qiong Zhou and coworkers in 2020 [146]. An AIE undergoing hydrogel consisting of a
supramolecular network with zinc (II) crosslinking nodes was found to be temperature
responsive. Due to the RIM effect in the polymeric segments and the increase of ionic
interactions, the hydrogel undergoes a blue shift and an enhancement in fluorescence
emission as the temperature decreases.

4.3. Sensing by AIE Active Zn-Nanoprobes and Zn-MOFs

We previously described some zinc-based LMOFs as fascinating materials with struc-
tural and spectral tunability. The AIE effect has been revealed as a new route for LMOFs
fabrication for a wide range of application areas. In contrast to the ACQ effect, AIE-based
MOFs display poor emission in dilute solution and higher fluorescence in the aggregated
states due to RIM effects undergoing the organic frameworks. LMOFs, where the AIE
channel can be selectively activated by a specific analyte, are powerful tools in chemo
and biosensing. AIE Zn-MOFs and other nanosized zinc probes are good candidates
for sensing of targeted analytes due to the unique vehiculation and the specificity of the
porous architectures achievable by zinc (II) cation. Usually, such probes are formed by
the reaction of AIE organic ligands and zinc (II). In addition, the replacement of classical
heavy metals—often toxic and hardly disposable—with zinc (II) makes Zn AIE nanoprobes
sustainable biocompatible tools.

Selected examples of such nanosized probes will be reported in this section, based
on their mono- or multifunctional abilities, starting from chemical targets to biological
analytes. Their structures and sensing mode are summarised in Figure 8.

Xiliang Luo and coworkers 2019 [147] produced a sensitive method for the detection
of inorganic pyrophosphate (PPi) and pyrophosphatase activity (PPase), which play vital
roles in biological systems. Dual-ligand functionalised Au NCs nanoclusters (NCs, dimen-
sion between 1nm and 100 nm) exhibiting AIE characteristics were used for fluorescence
detection of PPi and PPase, based on a Zn(II)-regulated strategy. Very recently, Zhihong
Liu and coworkers [148] developed a similar method for the detection of PPi and PPase.
Glutathione stabilised water-soluble alloy Au/Ag nanoclusters (NCs, dimension between 1
nm and 100 nm) exhibiting AIE characteristics were used, still based on a Zn(II)-regulated
strategy. The on–off–on mechanism employed in both cases involves the aggregation of Au
NCs (or Au/Ag NCs) in the presence of zinc (II) due to electrostatic interaction between
Zn2+ and the NCs. The fluorescence enhancement is due to the activation of RIR and
RIV channels. PPi, containing two phosphate groups, competitively coordinates to zinc
(II) ion, subtracting the metal to the previous NCs aggregates. Therefore, a decrease in
emission (turn-off) is expected, and the reduction of PL emission can be used to determine
the concentration of PPi. On the other hand, PPase catalyzes the hydrolysis of PPi to a
single phosphate group and hence break down the PPi-Zn2+ non-emissive aggregates. By
re-forming of NCs aggregates with zinc (II), the emission turns on. A relationship between
the recovery of fluorescence intensity and the amount of PPase leads to a quantitative
analysis of PPase activity in water.
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Figure 8. Structures and sensing mode of relevant nanosized Zn-AIEgens.

Jiyang Li and coworkers in 2017 [149] produced a new rigid symmetric tetracarboxylic
ligand 2,3,5,6-tetrakis(4-carboxyphenyl)pyrazine (H4TCPP) with AIE properties as a ligand
for building the multifunctional Zn-TCPP MOF. The three-dimensional channel structure of
Zn-TCPP displays bright blue luminescence in the presence of CO2 and a quenching effect
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in the presence of picric acid and Fe3+ ions. A micrometre-sized phase of Zn-TCPP (named
“Zn-TCPP”) exhibiting the best sensing performance was obtained by the solvothermal
reaction of H4TCPP and Zn(NO3)2·6H2O. Recently, Xiaoqing Chen and coworkers [150]
produced a series of functional IRMOF-3 frameworks with solid-state luminescence and
tuneable light emission (from 490 to 608 nm). The MOFs were obtained by reaction of
AIE-active Schiff-base ligands with zinc. The AIE-active ligands formed a “flower-like”
morphology due to the formation of J-aggregates. A coordination site of the precursors
was designed to bind copper (II) ions. IRMOFs were found PL responsive toward Cu(II)
and thiols.

Suhua Wang and coworkers in 2019 [151] developed a Zn-LMOF of pyromellitic acid
(Zn-BTEC) used for selective and sensitive AIE detection of chlortetracycline (CTC), a
broad-spectrum antibiotic, with LOD = 28 nM. CTC molecules defusing into the rigid MOF
structure produce additional aggregation leading to a fluorescence enhancement. Zn-BTEC
sensors were successfully applied for the sensitive and selective determination of CTC in
fish and urine samples. In 2020, Yuhua Fan and coworkers [152] prepared six Zn-LMOFs,
starting from flexible or semiflexible moieties (i.e., 5-(2-carboxylphenoxy)isophthalic acid,
11,4-bis(imidazol-l-ylmethyl)benzene, 4,4-bis(imidazolyl)diphenyl ether) combined with
rigid moieties (i.e., 4,4-bis(benzoimidazo-1-ly)biphenyl, 4,4-bis(imidazolyl)biphenyl, bis(1-
imidazoly)pyridine, and 11,3-bis(l-imidazoly)toluene). The Zn-LMOFs gave a fluorescence
quenching sensing response towards Fe(III) ions and TC antibiotic with LOD = 0.35 mM
and 0.15 mM, respectively.

Xiaoqing Chen and coworkers in 2020 [153] reported a series of AIE-active LMOFs
with good photostability and excellent dispersibility. The emission of the LMOFs could
be tuned by varying the substituents on AIEgens. A MOF of the series was used as a
fluorescent probe for detecting copper (II) ions in a wide concentration range (1–100 nM)
with LOD = 550 pM and for on-site determination of glucose in real serum samples. Re-
cently, Liang Shen and coworkers [154] produced a non-interpenetrated three-dimensional
tetraphenylpyrazine (TPP)-based LMOF (denoted as Zn-MOF1) starting from TPyTPP =
tetrakis(4-(pyridin-4-yl)phenyl)pyrazine and H2BDC = 1,4-benzenedicarboxylic acid. Zn-
MOF1 displays excellent luminescence-quenching sensitivity toward 5-hydroxytryptamine
(5-HT) and 5-hydroxyindole-3-acetic acid (5-HIAA) with LODs of 0.50 µM for 5-HT and
0.57 µM for 5-HIAA. Zn-MOF1 performs as efficient sensing of carcinoid biomarkers.

Quantum dots (QDs) are semiconductor nanoparticles with specific optical and elec-
tronic properties with the ability to produce PL emission. Ruiqian Guo and coworkers
in 2019 [155] designed a nanosized fluorescence probe for Cd2+ based on the AIE active
QDs containing several inorganic elements, including zinc (ZAIS QDs, i.e., Zn–Ag–In–S
QDs). ZAIS QDs were synthesised starting from L-cysteine ligands with an average size of
3.2 nm and an emission peak at 520 nm. The probe was able to detect cadmium (II) ion
with LOD = 1.56 mM by activation of the AIE channel due to the interaction between Cd2+

and thiol groups on the surface of QDs, which in turn causes electrostatic aggregation. A
year later, Jiye Jin and coworkers [156] produced CdSe/ZnS-based QDs applied as ECL
(electrochemiluminescence) hydro-phobic dyes acting as AIE active fluorophores for the
determination of H2O2 with LOD = 9.2 × 10−8 M.

5. Zn AIEgens for Cell Imaging

The scientific research about sensitive and selective fluorescent probes opens new
horizons for biological parameters detection. Nowadays, non-invasive and in situ operating
biosensors for analysis in living cells are highly required. By modern microscopy and
imaging techniques in combination with fluorescence sensor, sharper cytologic details can
be visualised and recorded. Cell organisation can be analysed with clarity and precision by
employin the sensing tool combined with confocal microscopy and computer integration
in a three-dimensional space. From the first fluorescence microscope (due to Heimstadt
in 1911 and Lehmann in 1913) to modern bioimaging techniques, more than a century
has passed, and research made great strides from the early fluorophores (as rhodamine,
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fluorescein, flavin derivatives) to the modern highly engineered fluorogenic dyes. Several
fluorescent dyes for staining live cells, labelling subcellular organelles, live cell tracking,
and carrying in live cells are now commercially available. Nonetheless, the search for new
marking systems is constantly evolving. Fluorescence bioimaging continuously requires
new real-time tools for bioanalysis and molecular dynamic biological processes with high
sensitivity, flexibility, and biocompatibility.

Time-resolved imaging is a modern microscopy technique whereby fast kinetic and
PL decay parameters (decay times and the corresponding resolved amplitudes) are directly
and simultaneously measured throughout an image in an optical microscope. Thus far,
most fluorescent dyes utilised in sensing commonly suffer from severe concentration or
the ACQ effect, and their fluorescence lifetimes can be shortened to nanoseconds in the
aggregate phase. This behaviour is unwelcomed for the time-resolved fluorescence imaging
technique. The employ of AIE active sensors or markers can solve the ACQ problems due to
the high fluorescence of the aggregates in aqueous media and short fluorescence lifetimes.

In this context, Zn AIEgens have drawn considerable attention, thanks to the synthetic
feasibility, tuneable PL pattern, and biocompatibility.

Again, the involvement of zinc (II) cation with nanosized AIE sensors can be as a
biologically relevant analyte or as a part of the sensor itself. In the next section (Section 5.1),
we will discuss the monitoring of the zinc (II) level in living biological substrates. The
structures and the sensing/marking mechanism are reported in Figure 9.

Figure 9. Structures and sensing/marking pattern of relevant AIEgens for zinc (II) detection in living cells.
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In Section 5.2, we will report a selection of the most relevant biosensors and mark-
ers containing zinc in their architecture and employed for their sensing/marking ability
in living cells (Figure 10). The latter bio-probes can be considered as a class of innova-
tive and desirable biocompatible tools, with a strong technological impact on diagnostic
imaging methods.

5.1. AIEgens for Zinc (II) Detection in Living Cells

Even for in vivo tests, probes based on Schiff-base moieties give efficient and selec-
tive responses. Sanchita Goswami and coworkers in 2019 [157] reported a Schiff-base
chemosensor 1-(benzo(1,3)dioxol-4-ylmethylene-hydrazonomethyl)-naphthalen-2-ol (Hb-
dhn). The ligand is a zinc (II)-responsive, long-lived fluorescence AIEgen. The sensor
was also checked by test paper. A photographic image of Hbdhn on a paper strip in the
absence and presence of Zn2+ in natural light and under UV light (λex = 366 nm) evidenced
a potential employment of the sensor in the solid state. Moreover, high efficiency of Hbdhn
to monitor zinc (II) cation under physiological conditions was evaluated by fluorescence
images of HepG2 cancer cells, detecting a colorimetric turn-on of the fluorescence response
in the presence of zinc (II) ion. Zhefeng Fan and coworkers in 2020 [158] synthesised a
Schiff-base-chelating probe containing di(2-picolyl)amine (DPA) acting as an AIE chelating
agent for Zn2+. The probe shows good biocompatibility and a large Stokes shift upon coor-
dination with naked-eye perceivable emission colour. Again, a probe-based test filter paper
evidenced a good naked-eye response onto a solid support. A good linear dependence in
fluorescence increase was detected between 0.2 and 18 µM, and LOD was 1.3 × 10−7 M.
The low toxicity and the excellent membrane permeability enable the probe for the ap-
plication in confocal fluorescence images of HeLa cells. Tongming Sun and coworkers in
2020 [159] produced an AIE probe based on a hydrazonoic skeleton, able to detect Zn2+

with LOD = 2.1 × 10−8 M and highly sensitive in a pH range of 4.8–12.0. The probe L
obtained by condensation of 4-hydroxy-5-aldehyde tetrastyrene and 2-hydrazine benzoth-
iazole, activates by blocking of PET process. It shows good membrane permeability and
low cytotoxicity and can be applied in HeLa living cells for endogenous and exogenous
zinc (II) detection.

Among the fluorescent AIE probes developed in recent years, quinoline-based probes
attracted the interest of researchers due to their strong binding ability towards metal cations
and excellent fluorescent properties [160]. A quinoline derivative was employed by Xiang-
Jun Zheng and De-Cai Fang and coworkers 2016 [161]. They explored the PL properties of
the zinc (II) complex obtained from 2-(trityliminomethyl)-quinolin-8-ol ligand (L) acting as a
N,O pincer. ZnL2 units formed stacking by the coordination bonds and intermolecular π–π
interactions (J-aggregates). The ligands show no fluorescence, and the complex is emissive
in the aggregate phase due to the restriction of the ESIPT process. Therefore, ligand L is an
ESIPT-based AIE chemosensor for Zn(II) in an aqueous medium. To prove the ability of the
ligand to detect Zn2+ in living cells, bioimaging experiments were carried out in SH-SY5Y
cells incubated with L 20µM for 16h and treated with perchloride zinc (II) salt 20 µM for
30 min, recording a bright green fluorescence when complex formed. In 2017 Guiling
Ning and coworkers [162] synthesised two organic AIE active fluorophores containing bis-
naphthylamide and quinoline moieties. An isobutylene group was introduced in one case
to increase rigidity and to reduce intramolecular molecular rotations (RIR). As expected,
the more encumbered ligand shows a higher fluorescence response towards Zn2+. The
probe exhibits a highly ratiometric fluorescence response towards zinc (II) ion and excellent
cell permeability in human hepatoma cancer cells HepG2, with a binding constant of
5 × 10−7 M−1 and LOD = 2.6 nM.

Glutathione (GSH)-capped nanoclusters were reported in Section 4 for their sensing
ability. In 2017, Shulin Zhao and coworkers [163] prepared glutathione (GSH)-capped
copper nanoclusters (CuNCs) with red emission for Zn2+ detecting and explored their
potential by confocal fluorescence images in MGC-803 cells. The AIE mechanism was based
on zinc (II) triggered aggregation of CuNCs, inducing the increase of PLQY from 1.3% to
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6.2%. The probe showed a fast response in the detection range from 4.68 to 2240 µM and
LOD = 1.17 µM.

5.2. Zn AIEgens for Biological Targets in Living Cells

TPY, as a N,N,N-tridentate ligand able to form stable complexes with zinc (II), is the
building block of several zinc-based AIE biological probes. In 2016, Duobin Chao and
Shitan Ni [164] developed two TPY-based Zn(II) complexes for selective nanomolar PPi
detection in a water medium, with LOD = 5.37 nM. The sensors are based on AIE and ICT
effects due to the formation of nanoaggregates. The probes were successfully employed
for nucleus staining in living cells. Specifically, confocal fluorescence images of HeLa cells
incubated with the probes were recorded, showing potential applications in PPi detection
by cell imaging and diagnosis. In 2019 Yupeng Tian and coworkers [165] presented a
multiphoton bioimaging TPY-based zinc (II) complex bearing a thiophene bridge (DZ1).
Due to the AIE effect, the probe emits bright yellow-green fluorescence under physiological
conditions. DZ1 showed an excellent response to RNA, compared with commercially
multiphoton probes, due to the self-aggregation ability under physiological conditions and
excellent photostability. The spectral changes of DZ1 in binding RNA result in a twofold
enhancement of the three-photon action cross-sections located at the second near-infrared
window (1700 nm). Fluorescence microscopy images of HeLa cells stained with different
concentrations of DZ1 (1.0–10 mM) and in aqueous phosphate buffered were presented.

The apoptosis level plays a crucial role in cell growth, and its dysregulation may result in
cancers and neurodegenerative diseases. In 2016, Ben Zhong Tang and coworkers [166] syn-
thesised a novel AIE-active fluorescent probe (TPE–Zn2BDPA) comprised of two components:
tetraphenylethene (TPE) as the AIEgen, and 2,6-bis(zinc (II)-dipicolylamine)phenoxide
(Zn2BDPA) as the targeting group for phosphatidylserine (PS). PS has emerged as an attrac-
tive indicator for apoptosis detection. It shows fluorescence response to apoptotic cells and
differentiates the early and late stages of cell apoptosis. Light-blue emissive TPE–Zn2BDPA
with low cytotoxicity and excellent biocompatibility resulted in being comparable with
two commonly used probes for apoptosis detection (Annexin V-FITC and propidium io-
dide, PI) commonly employed to image HeLa and HepG2 cells. Fafu Yang and coworkers
in 2020 [167] synthesised an AIE probe based on a hydrazono-bis-tetraphenylethylene
(Bis-TPE) multiple-detecting adenosine triphosphate (ATP) and two biologically relevant
metal cations. Bis-TPE exhibited good AIE fluorescence at 550–700 nm based on the highly
conjugated electron effect. The probe display sensing abilities for copper (II) ion in a
fluorescence turn-off mode. The strong red fluorescence in the Bis-TPE system, quenched
by Cu2+, can be recovered by adding ATP. On the other hand, the addition of zinc (II) to
Bis-TPE produces a relevant blue shift, and the orange fluorescence of the Bis-TPE-Zn2+

system can be quenched by copper (II) and then recovered by adding ATP. The “allochroic
off–on” orange fluorescence in Bis-TPE-Zn2+-Cu2+ combined system was applied to sense
copper (II) and zinc (II) cations and ATP both on test paper and by confocal fluorescence
images of MCF-7 cancer cells.

Jintao Zhu and coworkers in 2018 [168] developed a metallo–supramolecular assembly
(Z/E-TPE2CyZn-PV) consisting of a tetraphenylethene (TPE)-based dinuclear Zn2+–cyclen
complex and pyrocatechol violet (PV). The PV fragment can bind with TPE2CyZn and
quenched the background fluorescence. Z/E-TPE2CyZn-PV acted as a fluorescence turn-on
chemosensor for selective detection of the T-rich nucleic acid in aqueous buffers, discrim-
inating the T-rich single-stranded DNA (ssDNA) from double-stranded DNA (dsDNA).
Z-TPE2CyZn-PV proved to be an indicator displacement assay (IDAs) inside living cells by
fluorescence microscopy images of B16–F10 cells.
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Figure 10. Structures and sensing/marking pattern of zinc-based AIE active biosensors/markers.
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As reported in previous sections, nanoprobes found their ultimate application in lumi-
nescence sensing. Detection of biological species in physiological conditions by employing
nanoparticles are drawing more and more attention by virtue of their selectivity, low
cytotoxicity, and cell permeability. Multifunctional nanosized probes for cell imaging, drug-
carrying, and metal ion detection are effective cutting-edge in scientific research. Recently,
hybrid organic–inorganic nanoprobes based on the bio-friendly zinc (II) cation [169–173]
have been explored as highly engineered sensors and markers for bioimaging [63,126].
Rare articles have been produced in which the link between the AIE properties and the
sensing ability has been highlighted and explored.

Dongdong Sun and coworkers in 2019 [174] fabricated dual-targeted gold nanoprisms,
whereby bare gold nanoprisms (AuNPR) were conjugated to phenanthroline derivatives
tetraphenylethene (TPE) functionalised and exhibiting AIE characteristics. The probe
was further stabilised with target peptide aptamers via Au-S bonds (Au-Apt-TPE). The
free nitrogen atoms in Au-Apt-TPE can chelate zinc (II) ions (obtaining Au-Apt-TPE@Zn)
which were used for selectively monitoring early stage apoptotic cells. Remarkably, Au-Apt-
TPE@Zn under NIR irradiation showed effective penetration and photothermal therapy
against SGC-7901 human gastric carcinoma cells growth. In vivo studies revealed deep
penetration of Au-Apt-TPE@Zn under NIR irradiation and dual-model imaging application
for cancer-targeted fluorescence imaging. In 2018, Yun Yan and coworkers [175] reported a
metallo–organic fluorescent vesicle based on the triarylamine carboxylate AIE molecules
(TPA-1). When zinc (II) ions electrostatically interact with the TPA-1 molecule, the complex
Zn(TPA-1)2 forms, which further self-assembles into vesicles. TPA-1 molecules confined in
the vesicle membrane display AIE behaviour. The vesicles are excellent cell imaging agents
(as tested in Hela cells) by two-photon emission. The probes can be a powerful tool for cell
imaging, drug-carrying, and metal ion detection.

6. Conclusions

The review briefly summarised the development history, the AIE-channel activation,
and the recent achievements of Zn AIEgens research. During the past 10 years, the de-
velopment in AIEgens research has undergone rapid growth. Novel AIE active systems
have been designed and synthesised; their properties and mechanism have been deeply
investigated by experimental verification and theoretical models. The basic study gave the
boost to novel AIE systems for more and more applications, from optics to sensing and
bioimaging. The search for hybrid inorganic–organic compounds with unique photophysi-
cal properties is crucial in developing novel AIEgens. In this perspective, the abundant,
inexpensive, and nontoxic zinc (II) metal cation offers many opportunities. The benefits
of using zinc complexes instead of conventional luminescent AIE active organic materials
or in place of other metal cations have been examined. Acting as a “chemical clip”, zinc
(II) ion imposes a constraint to the ligand or assembles the ligands in AIE active macro-
architectures, with a scarce contribution to the electronic pattern and a large contributor to
the RIM effect.

The most relevant examples of Zn AIEgens from the last 5 years (2016–2021) were
collected, and the discussion articulated with the level increasing. The structure–properties
relationship and the AIE triggered applications were the thread running through the text.
In brief, the review displays an overview, from the novel fully characterised Zn AIEgens to
the Zn AIEgens involved in chemo and biosensing. As zinc (II) cation is of great importance
to humans and other biological systems, the sensing ability of AIEgens toward the metal
was a relevant section of our discussion. Finally, we reported applications of Zn AIEgens
targeted for living cell imaging as materials designed for the novel technological frontier.

We trust that the comprehensive and informative approach of this review could trigger
new ideas because ideas open new synthetic strategies, promote new ways of projecting,
and address new avenues for the next generation of lighting and imaging devices.
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