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Abstract: Multifunctionality is a desirable aspect in materials science. Indeed, the development of
multifunctional compounds is crucial for sustainable chemistry by saving resources and time. In
this sense, 2H-benzo[d]1,2,3-triazole (BTz) is an excellent candidate with promising characteristics,
including its ability to self-assemble; its acceptor character, which enables the synthesis of donor-
acceptor structures; and its facile modulation using standard chemical methods. Thus, due to its
interesting properties, it is possible to produce different derivatives with applications in different
fields, as summarized in this article, with the correct substitution at the BTz cores. Optoelectronic or
biomedical applications, amongst others, are highlighted.
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1. Introduction

Today, technological development requires the use of more sophisticated, complex
and high-performance devices and technologies. This evolution would not have been
possible without the parallel development of new materials with improved performance,
among which organic compounds have played a very prominent role. However, over the
past few decades, there has been a marked growth in the use of organic materials as a
promising alternative to their inorganic counterparts [1]. Despite the fact that, in general,
these materials offer poorer performances than inorganic ones, they nevertheless exhibit
excellent properties that make them promising candidates for the near future, especially
their greater flexibility (due to their plastic mechanical properties), better processability
(it is possible to work with these materials in solution), reduced working costs, and better
adaptability to the required properties as they are easier to modify than inorganic materials.
Furthermore, it is possible to work with small quantities of material due to their excellent
photophysical properties, especially their high rates of absorption and emission.

For the design of these new materials, organic chemistry offers an important advantage
from a synthetic point of view. The ideal situation would be that cheap materials that
can be applied in various fields simultaneously and can be obtained by way of simple
procedures. This is known as multifunctionality and is an upcoming area of research in the
field of materials science as it may form the basis of a much more sustainable future [2,3].

In an attempt to develop multifunctional organic materials, over the past few years, we
have been working with the BTz moiety, a much less widely studied benzoazole than other
analogues, such as 2,1,3-benzoxadiazole (BOD), 2,1,3-benzothiadiazole (BTD), and 2,1,3-
benzoselendiazole (BSD), due to its interesting characteristics and its enormous potential.

BTz (Figure 1) is a moderate electron acceptor moiety because of its polarizable
imine unit (C=N) [4–6], which can be easily modified with the introduction of different
substituents upon arylation or alkylation at the 2-position, thereby modulating the electron-
acceptor properties. Furthermore, the benzene ring is very reactive, hence it is possible to
introduce different groups to modulate the chemical structure and, as a consequence, its
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properties. In addition, its planar character and its marked ability to self-assemble make
BTz a promising moiety in material sciences, with applications in different fields given the
appropriate choice of substituents [7–10].
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is used as a chemical intermediate in the synthesis of dyes, drugs, and fungicides. Finally, 
some BTz derivatives also have applications in biomedicine, so they can be considered to 
be a privileged structure given their various pharmacological activities, which explains 
why they have been used for the design of new pharmacologically active compounds [19] 
and have shown marked antiviral activity against many viruses [20,21]. 

All these excellent properties suggest the wide-ranging utility of the BTz unit. For 
these reasons, different modifications of the BTz moiety and their applications in different 
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As an electron-acceptor moiety, BTz has been widely used to build medium or wide
band-gap donor-acceptor (D-A) systems, thus allowing intramolecular charge transfer
(ICT) [11], and BTz can be used for that purpose. In addition, it has been reported that,
among the benzoazole derivatives containing different heteroatoms (N, O, S and Se), BTz
exhibits the highest luminescence quantum yield [12].

It is noteworthy that BTz has found broad applications in industrial processes [13],
in new technologies, and in everyday uses. Among them, it has been widely employed
to build medium or wide band-gap D-A conjugated polymers for organic solar cells
(OSCs) [14,15], or polymers with electroluminescent and electrochromic properties [16], and
in the design of metal–organic frameworks (MOFs) [17]. In another sense, BTz is used as
an anticorrosive agent in cooling, hydraulic, and antifreezing fluids [18]. Furthermore, BTz
is used as a chemical intermediate in the synthesis of dyes, drugs, and fungicides. Finally,
some BTz derivatives also have applications in biomedicine, so they can be considered to
be a privileged structure given their various pharmacological activities, which explains
why they have been used for the design of new pharmacologically active compounds [19]
and have shown marked antiviral activity against many viruses [20,21].

All these excellent properties suggest the wide-ranging utility of the BTz unit. For
these reasons, different modifications of the BTz moiety and their applications in different
areas of material sciences are described herein, thus corroborating its multifunctional
character and highlighting the versatility and enormous potential of the BTz core.

2. BTz as Optical Waveguides

Nanophotonics is an emergent field of research [22,23] that aims to control and ma-
nipulate photons and optical energy on a nanoscale. This fact, together with the ability
of photons to transport information, has opened the door to their application in optical
technology. Their great potential may result in the development of new optical devices
that overcome the fundamental limitations of bandwidth and power dissipation in silicon-
based electronic circuits. The key components in these new photonic devices are the optical
waveguides [24–26], which are the analogues of wires in electronic circuits.

Optical waveguides are physical structures that are able to absorb and transmit
incident light. They possess a higher refractive index than their surroundings and allow
the confinement of light according to the principles of Snell’s law. Organic molecules with
an ability to self-assemble have allowed production of the micro- or nanostructures with
optical waveguiding behavior that are essential for such novel photonic devices.

We have experience with organic compounds with applications as optical waveguides.
Thus, previous studies from our research group have shown the excellent behavior of
4H-1,2,4-triazole derivatives as optical waveguides [27,28]. For this reason, we proposed
the synthesis of 2H-benzo[d]1,2,3-triazole derivatives (BTz), with the aim of studying the
ability of these systems to self-assemble while varying their emissions, thus allowing us
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to establish a structure–property relationship. The previously studied triazoles had a V
shape, whereas BTzs adopt a T shape. In this regard, it is well known that optoelectronic
properties are highly dependent on chemical structure and supramolecular aggregation.

The synthesis of arylethynylbenzotriazoles (1) derivatives was performed according
to the synthetic procedure described by Höger [29] (Scheme 1), with good yields, and all
the synthetic procedures and experimental data are recorded in Supporting Information.
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Scheme 1. Synthesis of 2H-benzo[d]1,2,3-triazole derivatives 1.

The formation of organized supramolecular aggregates from compound 1 was achieved
using the slow diffusion technique, with CHCl3 as the good solvent and a variety of poor
solvents, such as methanol, hexane, or acetonitrile. Only compounds 1b and 1d, with
methoxy substituents, led to well-defined, needle-like aggregates, which were several
hundred micrometers in length and around 10 µm in width. Benzotriazoles 1a and 1c,
which lack of methoxy substituents, gave rise to amorphous solids, while compound
1e did not lead to well-defined aggregates either, probably due to interdigitation of the
methoxy groups.

The light propagation and optical waveguide behaviors of as-prepared aggregates
of compounds 1b and 1d were studied. These studies were carried out using a confocal
light microscope, irradiating the aggregates with a laser beam and collecting fluorescence
images using a camera. Only the aggregates formed using benzotriazole 1b showed
properties of optical waveguides, with the incident light being conducted through the
rod-like aggregates. Indeed, propagated light was observed at the ends of the 1b aggregates
when light was directed at the center of these aggregates. In contrast, the aggregate formed
from compound 1d did not show any optical waveguide behavior (Figure 2) [30].

Chemosensors 2021, 9, 267 4 of 20 
 

 

 
Figure 2. Polarized light (PL) microscopy images of the aggregates of 1b (a,b) and 1d (c,d), obtained 
by irradiating the entirety (left) or a portion (right) of the aggregate. 

With this target in mind, the next purpose was to tune the luminescent properties of 
organic materials by modifying their chemical structure. Most 1D organic waveguides are 
made from π-conjugated small molecules with a structure that allows electron delocaliza-
tion [31]. These π-conjugated systems can be modulated by incorporating different elec-
tron donor (D) and acceptor (A) moieties to facilitate intramolecular charge transfer (ICT) 
[32–39]. In this way, band-gap levels and optical properties can be easily tuned by modi-
fying these donor and acceptor groups. Similarly, modification of the substituents in con-
jugated structures provides strong ICT, modulates the self-assembly behavior, facilitates 
crystal packing, and contributes to their photoluminescent properties. Furthermore, it is 
known that changes in the structure of molecular aggregates have a marked influence on 
their fluorescence properties, as well as wavelength [40,41]. 

Taking these considerations into account, the initial structure of the alkynyl benzotri-
azole derivatives was modified by introducing electron-withdrawing groups in the cen-
tral ring and different alkynyl acceptor groups in positions 4 and 7 of BTz (Scheme 2). 
Trifluoromethylphenyl groups were chosen because of their known ability to self-assem-
ble via C–F…H-C and C–F…π interactions [42–45]. Furthermore, aromatic donor groups 
with different geometries were chosen: planar, to favor aggregation via π-π stacking, or 
voluminous and twisted, to decrease π-π interactions and avoid the low fluorescence 
quantum efficiency mainly resulting from π-π stacking of the planar backbones. 

 
Scheme 2. Serie of D-A-D 2H-benzo[d]1,2,3-triazole derivatives 5. 

Figure 2. Polarized light (PL) microscopy images of the aggregates of 1b (a,b) and 1d (c,d), obtained
by irradiating the entirety (left) or a portion (right) of the aggregate.



Chemosensors 2021, 9, 267 4 of 20

With this target in mind, the next purpose was to tune the luminescent properties of
organic materials by modifying their chemical structure. Most 1D organic waveguides
are made from π-conjugated small molecules with a structure that allows electron delo-
calization [31]. These π-conjugated systems can be modulated by incorporating different
electron donor (D) and acceptor (A) moieties to facilitate intramolecular charge transfer
(ICT) [32–39]. In this way, band-gap levels and optical properties can be easily tuned by
modifying these donor and acceptor groups. Similarly, modification of the substituents in
conjugated structures provides strong ICT, modulates the self-assembly behavior, facilitates
crystal packing, and contributes to their photoluminescent properties. Furthermore, it is
known that changes in the structure of molecular aggregates have a marked influence on
their fluorescence properties, as well as wavelength [40,41].

Taking these considerations into account, the initial structure of the alkynyl benzotria-
zole derivatives was modified by introducing electron-withdrawing groups in the central
ring and different alkynyl acceptor groups in positions 4 and 7 of BTz (Scheme 2). Trifluo-
romethylphenyl groups were chosen because of their known ability to self-assemble via
C–F . . . H-C and C–F . . . π interactions [42–45]. Furthermore, aromatic donor groups with
different geometries were chosen: planar, to favor aggregation via π-π stacking, or volumi-
nous and twisted, to decrease π-π interactions and avoid the low fluorescence quantum
efficiency mainly resulting from π-π stacking of the planar backbones.
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In order to evaluate how substitution at the benzotriazole core of the donor sub-
stituents affected the optical waveguide behavior, aggregates of all compounds 5a–j were
produced using the slow diffusion technique with various solvent mixtures.

After analyzing the SEM images of all the aggregates formed, only those with a single-
crystal structure, smooth surfaces, and flat end facets (5a, 5b, 5e, 5f, 5i and 5j) were selected
to study their optical waveguide behavior. Photoluminescence (PL) and SEM images of the
aggregates studied are shown in Figure 3 [46].

The band-gap of the different structures were calculated computationally at B3LYP/6-
31g(d,p) theory level and were in good agreement with the experimental ones calculated
from the onset of the lowest energy absorptions in the UV-vis spectra. The results indicated
a relationship between the band-gap and the color emission of the optical waveguide.
Thus, compound 5a, which had a higher band-gap, exhibited blue light emission, whereas
compounds with a lower band-gap (5b, 5e, 5f, 5i), exhibited green–red light emission, and
5j exhibited red emissions with a bathochromic shift due to having the lowest band-gap
value. Thus, the goal of modulating the band gap of BTzs to obtain aggregates that behave
as optical waveguides with different emission wavelengths has been achieved.
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Figure 3. SEM images, images of fluorescence confocal microscopy, and DFT-calculated band-gap
values for derivative 5.

Furthermore, it is well known that graphene has become a very promising material
for new photonic and optoelectronic devices in the last few decades due to its interesting
properties, such as its high carrier mobility and zero band-gap [47–49]. As such, in recent
years, optical waveguides with embedded graphene have been studied because graphene
can interact with localized photons in the waveguide [50–52].

In light of this, we doped BTzs with graphene with the aim of designing new optical
waveguide structures with improved properties. Among the aggregates of synthesized
BTzs 5, compound 5e showed very thick and well-defined fibers that acted as a waveguide
for the colors green and red. The graphene used to form the aggregates was obtained by way
of a solvent-free ball-milling process. [53–55] This low-layer (<4) powdered graphene (few-
layer graphene, FLG) can be dispersed by sonication in polar solvents, which is essential
for its interaction with BTz in the self-assembly process. This process was performed using
the slow-diffusion technique, with tetrahydrofuran (THF) as a good solvent and CH3CN as
a poor solvent. All processes were carried out with and without the addition of graphene.
In both cases, well-defined needle aggregates were obtained (Figure 4), although bright
spots were observed on the surface of the mixed aggregates (Figure 4-2c,d), thus indicating
the presence of graphene.
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Raman spectroscopy confirmed the presence of FLG in the structure of the crystallized
aggregates, because in Raman spectra, the C≡C vibration referred to BTz derivative 5e
and 2D band of graphene could be observed, corroborating the existence in the hybrid
aggregate of BTz 5e and graphene. Moreover, a deep profile analysis at different points of
the aggregate indicated that the FLG was only deposited in the surface.

The role that graphene plays in the optical waveguide behavior of the aggregates was
evaluated by observing the propagation of light in aggregates of 5e with or without FLG.

The needles formed as a result of the self-assembly of compound 5e transmitted green
and red light, while the aggregates formed in the presence of FLG only transmitted green
light (Figure 5) [56].
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Figure 5. PL microscopy images of the needle-like aggregates of BTz derivative 5e (a–c) and BTz
derivative 5e + FLG (d–f).

The graphene attached to the surface of BTz aggregates behaves like a cut-off filter,
thus allowing more selective behavior of the aggregate as an optical waveguide. These
results could be explained by considering that graphene induces a different energetic
overlap between light and the aggregate. Perhaps, the different intermolecular interactions
existing in the hybrid aggregate as compared to the pristine BTz aggregate could induce
the absorption of the lower energy (red light) and do not absorb the high energy (green
light) which is emitted.

In summary, a more selective waveguide has been achieved by doping the chemical
structure, a methodology that could be of great interest in photonic devices.

3. BTz as Semiconductor in Organic Field-Effect Transistors (OFETs)

Organic molecules have attracted research interest over the past few years due to
their enormous potential as semiconductors in electronic devices like organic field-effect
transistors (OFETs) [57,58]. These kinds of devices basically consist of a dielectric layer, an
organic semiconductor layer, and three electrodes (gate, source, and drain), and are the key
for the upcoming generations of low-cost and flexible organic circuits.

A wide range of organic molecules have been commonly used as organic semiconduc-
tors in OFETs, including donor-acceptor (D-A) derivatives, thus allowing the intramolecular
charge transfer [11], which is a valuable property for this kind of device.

In that sense, the D-A-D-based BTz system 5 previously described in Scheme 2 could
be provide an interesting architecture for use as the organic semiconductor layer in order
to fabricate electronic devices.
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The electrical properties of the D-A-D-based BTz derivatives 5 and their possible im-
plementation as organic semiconductors in OFETs were tested by the fabrication of OFETs
with a top-contact/bottom-gate field-effect transistor architecture through organic semicon-
ductor vapor deposition by sublimation technique, in vacuum conditions, on substrates of
Si/SiO2 previously treated with hexamethyldisilazane (HMDS) or octadecyltrichlorosilane
(OTS). The process continued through the thermal gold deposition, employing shadow
masks in order to define the electrode’s source and drain. The parameters that determine
the efficiency of an OFET were extracted from the I-V plots, working with the satura-
tion regime in Equation (1), and these were field-effect mobility (µ), ratio ION/IOFF, and
threshold voltage (VT) [59,60]

(ID)sat = (W/2L)µC(VG − VT)2 (1)

In this equation, W is the width of the channel, L the length of the channel, C the
capacitance per unit area or the insulator layer, and VG is the voltage applied in the gate.

The results of the parameters calculated for films of 5 using Equation (1) can be found
in Table 1.

Table 1. OFET electrical data for devices fabricated with organic semiconductors 5 measured in vacuum.

Semiconductor
(HMDS 90 ◦C)

HOMO *
(eV)

LUMO *
(eV)

µh
(cm2 V−1 s−1) VT (V) ION/IOFF

5b −5.29 −2.65 2.69 × 10−4 −57 2 × 103

5c −5.07 −2.68 3.31 × 10−5 −40 1 × 102

5e −5.10 −2.83 1.80 × 10−4 −69 8 × 103

5f −5.41 −2.64 3.76 × 10−5 −13 4 × 102

5h −4.81 −2.42 1.21 × 10−4 −38 2 × 102

5i −5.30 −2.72 2.02 × 10−5 −58 3 × 102

5j −4.73 −2.84 2.04 × 10−4 −40 5 × 102

* HOMO and LUMO has been theoretically calculated at B3LYP/6-31g(d,p) theory level.

These results show that seven compounds exhibited hole-transport ability, thus indi-
cating their behavior as p-type semiconductors [61]. These findings are in agreement with
the values for the HOMO and LUMO frontier orbitals, calculated at the B3LYP/6-31g(d,p)
level of theory. All the HOMO values for these derivatives 5 were about −5.0 eV, near the
Fermi level for gold, which is the working electrode employed in these devices. However,
the LUMO levels were far from the Fermi level for gold, thus hindering electron transport
between this level and the LUMO, which could explain why these derivatives acted as
p-type rather than n-type semiconductors.

The hole mobilities (λh) were around 10–4 to 10–5 cm2V–1s–1 in all cases. We observed
that there was a relationship between the mobilities and the degree of π-conjugation
obtained by Raman spectroscopy, focusing our attention on the C≡C stretching frequencies
(Table 2). In general, a lower ring aromaticity leads to enhanced charge delocalization
across the structure, thereby improving the behavior as organic semiconductor in OFETs.
As a consequence, the charges injected into the device via the gate will be better stabilized in
less-aromatic compounds. For this reason, compound 5e, which exhibited a lower ν(C≡C)
frequency, was a better semiconductor than 5f, because thiophene was less aromatic than
benzene and allowed a better charge delocalization in the structure, thus improving the
semiconductor character. In this sense, 5b and 5c showed similar behaviors and a similar
explanation can be applied to these derivatives.

This study demonstrated the applicability of BTz derivatives 5 in organic electronics
as organic semiconductors in OFETs. Moreover, due to the high versatility of this moi-
ety, possible future modifications of these derivatives could improve their mobility and
applicability as n-type semiconductors or ambipolar systems.
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Table 2. Values of the vibrations object of studied by Raman spectroscopy for semiconductors 5.
Theoretical values obtained at B3LYP/6-31g(d,p) level appear in brackets.

Compound Benzotriazole Band (cm−1) C≡C Triple Bond Stretching (cm–1)

5a 1474 (1462) 2202 (2300)
5b 1474 (1460) 2197 (2287)
5c 1476 (1460) 2207 (2277)
5d 1473 (1459) 2187 (2272)
5e 1472 (1456) 2193 (2259)
5f 1472 (1461) 2200 (2295)
5g 1472 (1461) 2204 (2291)
5h 1473 (1461) 2198 (2289)
5i 1475 (1461) 2193 (2296)
5j 1474 (1461) 2210 (2300)

4. BTz as Two Photon Absorption (TPA)

TPA spectroscopy has been promoted as a useful tool for studying the general prop-
erties of materials and interactions between matter and light. In recent years, materials
displaying TPA have gained attention for the development of attractive applications like
2D microfabrication [62], optical data storage [63], and two-photon induced florescence
(TPIF) imaging [64].

The most promising TPA properties have been observed in quadrupolar π-conjugated
structures with terminal donor or acceptor substituents, and with symmetrical designs
bearing peripheral donor groups, e.g., D-π-D or D-π-A-π-D systems [65–70]. Moreover,
ICT is an essential requirement for high TPA cross-sections, which is the crucial parameter
for evaluating TPA capacity.

Despite the fact that the 1,2,5-benzothiadiazole (BTD) moiety has been employed as
an electron-withdrawing core in molecules with TPA properties [71–73], to the best of our
knowledge the BTZ unit has not been employed in this aspect. In this regard, and with
the idea in mind of gaining a more in-depth understanding of the relationship between
structure and TPA properties, we studied three different conjugated benzoazole derivative
families, including several alkynyl derivatives of BTz (5), alkenyl-BTz derivatives (6), and
BTD derivatives (7) (Figure 6).
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Figure 6. Series of benzoazoles studied in TPA conditions.

Compounds 5 and 7 were prepared by means of a Sonogashira C-C cross-coupling
reaction under microwave irradiation from the dibromobenzoazole 3 and the corresponding
arylalkynyl derivative [46,61,74,75]. Alkenyl benzoazoles 6 were obtained through a Heck
C-C cross-coupling reaction between the dibromobenzoazole 8 and the corresponding
arylalkene (compounds 6a,c,d, 41–86%) or upon partial reduction of 5f (in the case of 6b,
71%) [76]. The synthetical procedure and experimental data of these compounds can be
found in Supporting Information.

Working under one-photon conditions (OP), the absorption spectra showed the longest
wavelength bands between λ = 373 and 490 nm, which were associated with S1←S0
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transitions. Greater conjugation in the compound, which is favored by the presence of a
vinylene instead of an acetylene bridge, promotes electronic movement and the red-shifting
of these bands. The fluorescence bands of compounds 5–7 localized around a large spectra
region (λ = 450–625 nm), exhibiting Stokes shifts of up to 6415 cm−1. These dyes showed
moderate to high florescence quantum yields (ϕfluo = 0.20–0.78). The lower values of the
compounds 6a–d were a consequence of the photoisomerization processes.

The TPA properties of these derivatives were studied by TPIF from λ = 700 to 1000 nm
(Table 3). The results showed that the chromophores with the stronger electron-donor sub-
stituent, namely triphenylamino, had the highest cross-section values: 1510 GM at 840 nm
for 5h, 790 GM at 830 nm for 6d, and 545 GM at 830 nm for 7d (Figure 7). Compounds
bearing a C=C π-bridge (6a–d) had a higher conjugation than those bearing a C≡C π-bridge
(5) and better TPA properties. The higher cross-section value of 5h in comparison with
6d can be explained by taking into account the movement of the electrons and the steric
congestion. Finally, dyes bearing a BTz core exhibited similar or better cross-sections than
the BTD counterparts. The presence of the 3,5-bis(trifluoromethyl)phenyl group increased
the electron-withdrawing character of the BTz dyes under TP conditions. Additionally,
these derivatives showed notable brightness values of up to 483 GM.

Table 3. TPA cross sections of compounds 5–7 measured in the range of λ = 700–1000 nm.

Compound σ[GM] Compound σ[GM] Compound σ[GM]

5k 9 6a 39 7a 29
5f 33 6b 125 7b 129
5a 104 6c 131 7c 88
5h 1510 6d 790 7d 545
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DFT calculations were performed for all compounds mentioned. A natural transition
orbital (NTO) analysis for the transitions with the lowest energy (S1←S0) showed that the
NTO holes were centered on the donor groups and the π-bridge. In contrast, NTO electrons
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were fully localized along the core of the molecules. This fact is related to an ICT process,
in agreement with the experimental data.

The TPA properties were evaluated at the CAM-B3LYP/6-31G theory level. All the
theoretical data showed that the active transition under TP conditions was S2←S0. NTO
analysis for the later transition corroborated that the properties as a TP chromophore were
closely related to the change in the electron density distribution. As an example, the S2←S0
transitions for the compounds that exhibited the lowest and highest experimental cross-
section values, 5k and 5h, respectively, are indicated in Figure 8. In dye 5k the electron
density was located on the acceptor core, where, independently, we considered the NTO
hole or NTO electron. However, in dye 5h, the electron density dramatically moved from
the donor groups in the NTO hole to the acceptor unit in the NTO electron.
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5. BTz as Organogels

Organogels are characterized by their continuous organic phase and can be further
subdivided based on the nature of the gelator molecule as polymers or low-molecular-
weight (LMW) organogelators. The latter generally form gels due to the presence of
self-assembled fibers via hydrogen bonds, van der Waals forces, and π-stacking.

In this context, and with the aim of extending the applicability of 2H-benzo[d]1,2,3-
triazole derivatives, promising gelators were synthesized via a C-C Sonogashira coupling
reaction between the dibromobenzotriazole derivative (8) and different alkynyl fragments
(9) (Scheme 3). It is well known that long chains [77] or amide groups [78], which can pro-
vide flexibility and allow hydrogen bonding, are promising functionalities in compounds
to achieve gels. In addition, it has been also reported in the literature that the presence of
a cyano group could allow the formation of promising gelators [79,80]. Hence, with this
in mind, five different alkynyl derivatives with different promising functionalities were
synthesized using the procedure described above. All the information about synthetic
procedure and experimental data can be found in Supporting Information.

Once compounds 5l–p were characterized, their gel behavior was studied by per-
forming gelation tests. Thus, they were dissolved in thirty different solvents, and at
different concentrations (2 wt %, 1 wt %, and 0.5 wt %). The vials were then sonicated
for 30 s until complete dissolution. Finally, the vials were heated and kept undisturbed
while cooling until room temperature, then the inversion tube test was used to check the
gelation behavior.

The CN derivative, 5m, did not form gels in any solvent, whereas 5l gave gels in
four solvents (1-pentanol, 2-propanol, methanol, and 1,4-butanediol) at a concentration
of 2 wt %. At lower concentrations, 5l lost its gel properties, as is usual. The gelator 5n
gave only one gel in 1,4-butanediol and 5o gave gels in DMF and diethylene glycol at a
concentration of 2 wt %.
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Scheme 3. Synthesis of the promising gelators 5l–p derived from BTz.

Compound 5p showed the best tendency to form gels due to its enhanced ability
to undergo supramolecular interactions. In this case, at a concentration of 2 wt %, this
compound gave gels in different solvents (DMF, ethanol, methanol, 1-butanol, and 1-
propanol) and partial gels in benzyl alcohol, 2-butanol, 2-propanol, and 1,4-butanediol. In
this case, the gel behavior even increased with a decrease in concentration from 2 to 1 wt %.
In this case, gels were formed in ethanol, methanol, hexane, 2-butanol, 1-propanol, 1-
butanol, 2-propanol, and 1,4-butanediol, and partial gels were formed in benzyl alcohol and
DMF. Finally, it should be noted that gels were even achieved at a low concentration of 0.5%
in ethanol, 1-butanol, 1-propanol, 2-butanol, 2-propanol, and 1,4-butanediol (Figure 9).
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The CGCs (critical gelation concentration, the minimal amount of compound that
is needed to obtain a gel) for 5p was very low, thus corroborating the high tendency to
form gels. In ethanol, this gelator gave gels at a concentration of only 0.1 wt % (Figure 10)
and can therefore be considered to be a “supergelator” [81,82], probably due to the strong
aggregation between alcohol and amide groups via hydrogen bonds, an effect that has
been described previously for tris(amide) derivatives [83].

The Tsol values (gel-to-sol phase transition temperature) for 5p were particularly
remarkable, being very high irrespective of concentration. It is noteworthy that it is very
difficult to find gels as stable as these. The strong hydrogen bonds between the protons in
the N-H groups and interdigitation between the long alkyl chains may explain the strength
of these gels and the high Tsol values.

Rheology stress experiments were performed to verify the strength of the organogels.
The yield stress (σ) was calculated at the point where the gels broke down [84]. In general,
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high values of yield stress indicate a higher stability of the gel. Gels of 5p proved to be par-
ticularly robust, exhibiting σ values of more than 1000 Pa in 1,4-butanediol and 1-butanol.
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The excellent properties of 5p gels, especially their low CGC, high Tsol, and high yield
stress in rheology experiments, highlight the robustness and stability of the gels and these
facts support the potential application of these organogelators in drug delivery systems
or for drug crystallization. However, as they may be toxic for humans, given the use of
organic solvents, drug crystallization applications were chosen and organogels of 5p were
used as potential crystallization media for active pharmaceutical ingredients (APIs).

A diverse selection of different APIs (theophylline, sulfathiazole, sulfamerazine, and
niflumic acid) were chosen based on their well-known polymorphism. For drug crystalliza-
tion inside organogels of 5p, previously optimized gelation conditions of a 10 mg/mL drug
concentration at a concentration of 0.1% of gelator were used. A mixture of the gelator and
the different drugs in a specific solvent was heated, followed by sonication to give a gel
of the API solution. The vials were then left undisturbed at room temperature to allow
crystallization, which can take several weeks. The vials in which crystals were observed
were analyzed by X-ray powder and single-crystal diffraction.

In the cases of theophylline, sulfamerazine, and niflumic acid, no significant dif-
ferences between solution crystallization and the crystallization inside the gel were ob-
served. Our findings showed that Form II was obtained in both cases of theophylline in
ethanol [85,86], the Pna21 polymorph in the case of sulfamerazine [87], and P21/n form in
the case of niflumic acid.

For theophylline and sulfathiazole, slightly larger needle-shaped crystals were obtained
by gel crystallization in comparison with solution crystallization. In the case of niflumic acid,
a change in crystal pattern was observed. Thus, block-shaped crystals were obtained inside
the gels in methanol, compared with needle forms obtained upon solution crystallization.

The case of sulfathiazole, in which a change in polymorphism from polymorphic Form
II after solution crystallization to kinetic Form I [88,89] inside the gel was observed, should
be highlighted (Figure 11). This interesting outcome suggests that the 5p gelator either
inhibits crystallization of Form II or increases the nucleation rate of Form I. These findings
may be crucial for the pharmaceutical industry, thus opening the door to new applications
of this drug [90].
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6. BTz as Biomarker

Finally, biomarkers have become powerful tools in biology and biotechnology research
since they can provide information on specific biological or molecular processes because of
the labelling and imaging of biological systems that are not fluorescent [91,92]. In general,
biomarkers should show different desirable characteristics, such as a high extinction
coefficient and fluorescent quantum yield, high affinity for the biological target of interest,
high water solubility, and photostability, and should also exhibit good biocompatibility
and be easily adaptable to different experimental conditions. Moreover, they should not be
affected by changes in different parameters, like ionic strength, pH, or temperature [93].

Conjugated polyelectrolytes (CPEs) with alkyl fluorene derivatives are very inter-
esting in regards to the synthesis of potential biomarkers because of their interesting
characteristics, especially their excellent chemical and thermal stability, photostability, high
fluorescence efficiency, and good synthetic tunability due to the ease of substitution at
C9 of the fluorene unit. Blue emission is the most usual in fluorene-based CPEs, whereas
copolymerization with other aromatic units leads to a bathochromic shift [94–97]. As such,
CPEs have been successfully employed as both blue and red biomarkers [98–101].

The use of green fluorescent biomarkers, a priori, seems to be less interesting due to
the short penetration distance of these wavelengths in tissue. However, in the moment
when the surface is being photographed, green biomarkers possess remarkable advantages
instead of red ones due to their higher fluorescence emission efficiency and the ability to
differentiate them from the auto-fluorescence of the background.

In this regard, given the photophysical properties of the BTz moiety, we focused on
designing a green CPE with potential applications as a biomarker. Thus, we synthesized a
CPE containing BTz and fluorene, as shown in Scheme 4 [98]. More details about synthetic
procedure and experimental data can be found in Supporting Information.

The CPE copolymer 12 was successfully synthesized in good yield by way of a
two-step reaction. The first step involved a microwave-assisted Suzuki cross-coupling
reaction between dibromobenzotriazole 3a and the diboronic derivative 10, followed
by quaternization (Menschutkin reaction). The as-prepared copolymer 11 exhibited a
maximum peak at around 490 nm, with a large Stokes shift. These results indicate that
an effective conjugation took place between 2-phenylbenzotriazole and fluorene, thus
leading to the green emission band observed at 500 nm. Subsequent derivatization of 11 to
obtain the polyelectrolyte 12 resulted in a slight red-shift in the absorption and emission
maxima due to changes in the conformation of the polymer chains upon incorporation of
the cationic groups.

Furthermore, different photostability studies and studies with different stimuli have
supported its potential application as a biomarker. These aspects were explored using
model membranes comprising anionic and zwitterionic lipids together with vesicles of
phosphatidylglycerol (PG), which has a marked anionic character, and phosphatidylcholine
(PC), which is zwitterionic in nature.
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The calculation of the partition coefficient in PG and PC vesicles showed the higher
affinity of the copolymer 12 for anionic vesicles. These results suggest the potential use
of 12 to specifically target anionic lipid head groups. With the idea in mind of check-
ing this hypothesis, vesicles doped with 12 were first explored by phase-contrast and
fluorescence microscopy.

Figure 12 shows images of PG vesicles recorded before and after addition of the
CPE 12. Without the presence of 12 (Figure 12A), vesicles were observed by phase-contrast
microscopy and upon irradiating the samples with visible light, no fluorescence was
registered. On the other hand, when the CPE 12 was added to the same sample, green
fluorescence could clearly be visualized under visible light illumination (Figure 12B).
Similar results were obtained when employing PC rather than PG vesicles. In addition, it
can be seen that the morphology and size of the PG and PC vesicles remained the same
before and after addition of the CPE, which is crucial for their application as biomarkers.
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Figure 12. (A). Phase-contrast image of PG vesicles in the absence of CPE 12; (B) Fluorescence
microscopy image detected after the addition of the polyelectrolyte to the previous sample in a
different field, recorded upon excitation with Vis-light using the FITR filter set.

After the ability of the polyelectrolyte to image membrane structures had been con-
firmed, a comparative study was performed with two series of vesicles containing anionic
(PG) or zwitterionic phospholipids (PC). The zwitterionic PC was marked with the fluores-
cent probe BODIPY 581/591 C11. The same volumes of both samples were placed on a
well slide and microscopy images were recorded before and after CPE addition (Figure 13).
As we might have expected, both types were observed in phase contrast in the absence of
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polyelectrolyte (Figure 13A), but the fluorescence of only some of them (the marked PC
vesicles) was visualized upon excitation with the DsRed filter set (Figure 13B).

In Figure 14, the fluorescence microscopy images of the same field and obtained after
the addition of CPE and upon excitation using either the FITR filter set (Figure 14B) or the
DsRed filter set are shown (Figure 14C) (Figure 14A refers to the image in the visible light
field). These images show that the vesicles exhibiting green fluorescence were different
from those exhibiting red fluorescence. This result clearly shows that CPE selectively
labelled the anionic vesicles. The bacterial membrane was rich in phospholipids with
anionic head groups, hence this fact makes CPE an appropriate candidate for detecting
bacterial cells by selectively targeting the bacterial membrane rather than mammalian cells,
most of which have a zwitterionic membrane surface [102].
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7. Conclusions

The research performed by our research group over the past few years, as discussed
herein, shows the multifunctional nature of 2H-benzo[d]1,2,3-triazole derivatives. Their
interesting properties and ready tunability make them an interesting multifunctional
moiety in material sciences. Moreover, it has been demonstrated that, with the appropriate
substitution, it is possible to synthesize organic compounds with applications in different
fields, such as optical waveguides, organic field-effect transistors, TPA, organogels, and
polymers in biomedicine.
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The good modulation capacity of the BTz moiety and the high versatility thereof
highlighted in this paper opens the door to new modifications for new applications or to
improve their properties in the fields discussed in this article.
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