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Abstract: This paper contains a comprehensive study regarding the synthesis and physicochemical
properties of new hexasubstitued benzene derivatives. In this work, three compounds of this type
(including two electropolymerisable monomers) were synthesized in a one-step reaction with good
yields ranging from 34% to 56%. A thermal investigation shows that this type of compound is
stable up to 360 ◦C (10% weight loss temperature). The influence of the substituents in the first and
second position of the central benzene on the stability, luminescence, and (spectro)electrochemical
behavior was thoroughly studied with the aid of theoretical calculations. In each case, strong blue
shifting of the π-π* transition (according to 1,4-disubstitued analogs) was observed, proving this
moieties’ orthogonal orientation. In the case of derivatives with a Bt-core-Bt formula (where Bt = 2,2′-
bithiophene-5-yl), an electrochemical oxidation process transformed them into conducting polymers.
The polymer presents extraordinary stability during multiple p-doping; thus, spectroelectrochemical
measurements of polymeric films were also performed.

Keywords: conducting polymers; cycloaddition; hexasubstituted benzene derivatives; optical properties;
electrochemistry

1. Introduction

Hexasubstituted benzene (HSB) and its derivatives are used in many fields [1]. They
can be used as anodes in organic photovoltaic cells [2], push-pull fluorophores [3], bioimag-
ing derivatives [4], as a component in organic light-emitting diodes (OLED) [5] and in
non-linear optics devices [6]. These applications result from the HSB derivatives physic-
ochemical properties. While HSB derivatives were not studied much in the 20th century,
we observed a significant increase in research reports on this topic over the past two
decades. Contrary to the drawing formula, HSBs feature a remarkable non-planar structure
in reality. This is due to the quickly rotating peripheral aromatic units concerning the
central ring, which mimics the shape of a propeller [7]. However, this rotation is, in many
cases, frozen. Almenningen et al. report a study of HSB electron diffraction in the gas
phase and propose that the peripheral rings are positioned almost perpendicular to the
central benzene [8]. Such an arrangement disfavors the intermolecular interactions (π-π
and C-H···π), while intramolecular 2D interactions are increased [9]. Consequently, this
leads to higher HOMO values (the highest occupied molecular orbital) and LUMO (lowest
molecular orbital gap) [10]. However, due to high intermolecular stabilization, they have
attractive electronic, biological, and catalytic properties [11]. It is also worth noting that
HSB derivatives exhibit many unique properties, such as aggregation inducted emission
efficiency. In addition, solvatochromism, with spectral shifts, a vast Stokes shift, and high
thermal stability was observed for this type of compound. From a pure synthetic point
of view, HSB shows easy accessibility and easy modification. The presence of various
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structural variants allows for the developing of multiple types of fluorophores. Moreover,
HSB has high solubility due to its 3D geometry [3,12]. As mentioned above, HSB exhibits
exciting properties. Y. Liu and his group conducted a series of studies concerning HSB. The
next step was to test the electrochemical properties by cyclic voltammetry, resulting in a
reversible oxidative behavior, which affects high hole mobility [13].

HSB can also influence the HOMO energy level and the appropriate electron-donating
or withdrawing groups. As a result, improved electron transport and emission behavior
occurs. This makes HSB’s potentially applicable in creating new types of electrical devices.
These organic counterparts (which show high flexibility, viscosity, and low production cost)
were able to replace the previous inorganic version [14]. Similar to hexaphenyl benzene,
HSB finds various applications in organic light-emitting diodes and other photovoltaic
applications. In addition, they have been used as organic dyes in dye photovoltaic cells [15].
HSBs can also be used in various electronic gadgets with low energy consumption and as
organic field-effect transistors [16].

HSBs are also a type of derivative that can be used to study the TSCT (through-space
charge transfer) process. This is due to their molecular architecture resulting from the
company of six aromatic rings; as a result, the HSB has a propeller-like structure. On
the other hand, this confirmation forces the aromatic units to face perpendicular to the
central benzene ring (as mentioned before). This, in turn, causes an electronic interaction
in the space between the aromatic substituents on the circumference. As a result, it can
be observed that structures of this type exhibit thermally activated delayed fluorescence
(TADF) and aggregation-induced emission (AIE) [17].

Additionally, HSB derivatives were tested by Y. Liu et al. for AIE. To evaluate the AIE
feature, the series of the fluorescence spectra were measured and studied. With an increase
in fw (water fraction) from 0% to 60%, an increase in fluorescence intensity was observed
for two of the four compounds tested. However, when fw increased to 99%, a quenching
and a redshift was observed, which could be caused by excimer emission or charge transfer
emission for strong π-π interactions in the aggregated state [18].

HSBs play a significant role as they interact between distant redox-active units. This
means that the redox-active site is on the fringes of the structure. They are attractive because
of their high (potentially) stabilization properties; thus, they can participate in multi-stage
redox processes through electron transport. Y. Tanaka carried out the synthesis of such
HSBs, namely Hexa(phenyl) benzene and Hexa(thienyl) benzene complexes. Electrochemi-
cal measurements were then performed, which allowed for the analysis of symmetry and
electrostatic repulsion. As a result of the study of these parameters, it was noticed that
the three cationic centers were in meta positions to each other to avoid the phenomenon
of electrostatic repulsion (this was the case with the first three oxidations). During the
following three oxidation processes, the formation of cationic centers between the three
already existing ones was observed. This shows that it is possible to modulate electrical
communication in the case of HSB by changing the peripheral aromatic rings [19].

HSBs are an exciting type of molecule, but unfortunately, their preparation is often
tricky. Xu Maotong et al. report the three-stage synthesis of hexasubstituted benzene
using CO. The first step is to react the lithium complex [(Ph2P(S))2CLi2(THF)]2 with carbon
monoxide, forming a C-C bond and causing migration (Ph2P(S)). The next step is the
oxidation of the previously obtained product with N2O as a result of which oxidative
cleavage of the P-C bond occurs. Finally, heating is carried out, causing cyclotrimerization.
As a result, HSB free of transition metals is obtained [20]. As mentioned above, carrying out
this type of reaction is quite troublesome, so Hui Zheng and his group wanted to optimize
the synthesis of HSB. They focused on using DABCO (1,4-diazabicyclo[2.2.2]octane) as
a promoting agent. The reaction itself is a domino reaction and consists of the reaction
of arylidenemalononitrile with two molecules of dialkyl but-2-ynedionate. The sequence
of the reaction is as follows: nucleophilic addition, Michael addition, annulation and,
finally, aromatization. Simple reaction conditions are the main advantage of this type of
reaction [21].
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Trimerization, and especially cyclotrimerization supported by transition metal cata-
lysts, attracts many chemists. This is because of its versatility in the synthesis of substituted
aromatic compounds. The first example of cyclotrimerization was the nickel salt assisted cy-
clotrimerization of acetylene combined with phosphine ligands in the 1940s by Reppe. Since
then, there has been substantial development in this field [22]. An alternative approach to
transition metal catalyzed cyclotrimerization is currently to perform this cyclotrimerization
under electrochemical conditions. K. Liang and his group performed a cobalt-catalyzed
electrochemical cyclotrimerization of alkynes. The result was a six-membered ring under
mild conditions and a controlled structure [23].

HSB can be obtained by the Diels-Alder reaction of tetraphenylcyclopentadienone
derivatives and disubstituted alkynes [3]. It is worth noting that HSB can be further
functionalized. Such functionalization may be by the Fields-Craft reaction. As a result of
this reaction, precursors can be obtained that can play an essential role in nanographene
synthesis [24].

Hexaarylbenzene is a good material for further functionalization. As a result, com-
pounds with large structures with desirable properties can be obtained. An example of
such a move is the obtaining of porphyrin conjugates. The synthesis of porphyrin with
elongated pi bonds is of great interest because of its electrical and optical properties, which
are obtained last, and, therefore, can be used, for example, in inorganic semiconductors.
Porphyrin acts as a linker between hexaarylbenzenes that increases electrical communica-
tion. Ultimately, superbenzenoporphyrin conjugates (potential photosynthesis candidates)
are obtained. The Scholl reaction can be used to get the desired effect. It is a reaction based
on the formation of C-C bonds [25].

Techniques for expanding the π-electron structure and creating C-C bonds are still of
interest due to the attractive properties of the compounds obtained. Reactions of this type
are often selected to synthesize large scaffolds with extended π bonds. An example of such
a reaction is the previously mentioned Scholl reaction [26]. The advantage of this reaction
is the efficient growth of PAH (polycyclic aromatic hydrocarbon) and efficient synthesis.
The Scholl reaction uses simple reagents, and they are Lewis acids or a combination of a
Lewis or Brønsted acid and an oxidant AlCl3, MoCl5, or DDQ [27]. Another example of
a reaction for HSB synthesis is the Diels-Alder [4 + 2] cycloaddition. This reaction is one
of the most important reactions in modern synthesis. Combined with extrusion of CO or
CO2, for example, followed by aromatization, the DA reaction allows obtaining products
of various shapes and sizes [28]. This strategy allows the introduction into HSB structure
moieties with desired properties [29,30].

2. Materials and Methods

All information has been collected and placed in the Supporting Information (SI).
Alkyne derivatives were obtained based on procedures described in the literature [31,32].

3. Results and Discussion
3.1. Synthesis and Characterization

The Diels-Alder [4 + 2] cycloaddition reactions have been intensively studied for
many years. However, they still enjoy great interest and open up new paths in organic
synthesis. An extremely interesting variant of this reaction is the Diels-Alder [4 + 2]
cycloaddition between alkynes and a cyclopentadienone. Interestingly, it takes place in
two stages. First, an intermediate cycloadduct is formed, from which the CO group then
departs [33–35]. None of the steps require the use of a catalyst. All that is needed is a high
temperature of 180 ◦C to 350 ◦C [36,37]. In the case of the tested compounds (M1–M3),
they were obtained in the cycloaddition reaction (Diels-Alder [4 + 2]) of an appropriate
alkyne with tetraphenylcyclopentadienone (Scheme 1). All reactions were carried out
at a temperature of 300 ◦C under an argon atmosphere. The progress of the reaction
was monitored by TLC chromatography. Benzophenone was used as a solvent. Excess
tetraphenylcyclopentadienone and benzophenone were easily disposed of by column
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chromatography. As a result of the conducted reactions, three hexasubstituted benzene
derivatives (M1–M3) were obtained, with the yields in the range of 34–56%.
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Scheme 1. Synthesis and structures of hexasubstituted benzene derivatives (M1–M3).

3.2. Thermal Properties

Research on the thermal stability of chemical compounds is fundamental in deter-
mining the possibility of their use. Therefore, the M1–M3 derivatives were tested by
themogravimetric analysis (Figure 1 and Table 1). Interestingly, the tested compounds
differ in thermal properties. The derivative M3 is the least stable. Its 5% weight loss (T5) is
already observed at 343 ◦C. On the other hand, the replacement of 2,2′-bithiophene-5-yl
substituents with N-ethyl-9H-carbazol-3-yl increases M3 stability (by 57 ◦C) to 400 ◦C. The
best results are characterized by M1 (T5 = 437 ◦C) having two 9,9-diethyl-9H-fluoren-2-yl
substituents. Considering the obtained results, we can assume that the two substituents
2,2′-bithiophene-5-yl in the M3 structure (in ortho positions related to each other) undergo
partial thermal destruction at the temperature of 343 ◦C.
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Table 1. Thermal stability of M1–M3.

Code T5
1 [◦C] T10

1 [◦C] Tmax
2 [◦C]

M1 437 473 495; 571
M2 400 417 469
M3 343 363 404; 596

1 T5 and T10 are the temperature at 5% and 10% weight loss, respectively. 2 Tmax is the temperature of maximum
decomposition rate.

3.3. DFT Calculations

DFT calculations are a helpful tool for explaining phenomena and properties in re-
search. Therefore, to better understand the influence of the substituents of the presented
molecules on the physicochemical properties, DFT and TD-DFT calculations were per-
formed. The calculations were made with the Gaussian 16 program [38]. In the first step for
the selected derivative M3, optimization of the molecular geometry was performed in three
different various exchange-correlation functionals with the bases B3LYP/6-311+G** [39],
CAM-B3LYP/6-311+G** [40] and PBE1PBE/def2TZVP [41–43] (see Figure S1 in SI). The
shape and position of the HOMO and LUMO orbitals are presented in Table S1 (in SI).
Based on the obtained geometry, TD-DFT calculations were performed. All calculations
were performed in dichloromethane. The results of the calculations showed that B3LYP/6-
311+G** is the best base due to the degree of matching the calculations to the experimental
values. Therefore, B3LYP/6-311+G** was used to calculate the rest of the compounds. It is
worth noting that in each case, substituents in the first and second positions are orthogonal
(relative to the core ring), which is in agreement with geometries calculated for the simi-
lar compounds [44]. HOMO orbitals for the analyzed benzene derivatives (M1–M3) are
located on π-excess substituents, which are 2,2′-bithiophene-5-yl, 9,9-diethyl-9H-fluoren-
2-yl or N-ethyl-9H-carbazol-3-yl fragments. The calculated energy values of the HOMO
orbitals for all molecules (−5.86 eV for M1, −5.54 eV for M2, −5.65 eV for M3) agree
with the experimental data (Figure 2). For compound M1, the energy value of the HOMO
orbital is the lowest and amounts to −5.86 eV. In turn, the LUMO orbitals for the M1,
M2 and M3 derivative include anti-binding orbitals of the phenyl ring being the core of
the molecules and the orbitals of the 2,2′-bithiophene-5-yl, 9,9-diethyl-9H-fluoren-2-yl or
N-ethyl-9H-carbazol-3-yl systems. Interestingly, for the M3 derivative, the LUMO orbital
has the lowest energy value (−1.78 eV), which would suggest that this compound will
undergo the reduction process most easily.
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As can be seen (Figure 2), the energy gap values for derivatives M1–M3 are different.
We observe a decreasing trend in the magnitude of the energy gap by approximately
0.2–0.3 eV. Compound M3 shows the smallest energy gap, which is mainly due to the low
LUMO energy value. The HOMO energy value for M2 (as in the case of M3) suggests that
this compound will easily undergo oxidation, although the reduction process will not be
as favorable as for M3, increasing the energy gap by about 0.3 eV. For the compound M1,
both processes will be difficult; therefore, the Eg of this molecule will be the largest. The
DFT calculations performed were consistent with the results obtained experimentally for
all molecules under consideration. Based on the obtained geometry, TD-DFT calculations
were then performed. The experimental and theoretical spectra are presented in Table 2.
All compounds absorb light in a wide band with an absorption maximum between 337 nm
and 409 nm. The first band describes the π-π* transitions. This band corresponds to the
HOMO→ LUMO transitions. In the case of the M2 compound in the discussed band, we
are also dealing with H-1→ LUMO and HOMO→ L + 1 transitions. The oscillator strength
for all transitions corresponds to HOMO→ LUMO above 0.04.

Table 2. Redox potentials, HOMO and LUMO energies and electrochemical band gaps (Eg).

Code E1red
[V]

E1ox
[V]

E2ox
[V]

HOMO 1

(CV)
LUMO 2

(CV)
Eg(CV)

3

[eV]
λonset
[nm] Eg(opt)

4 HOMO
(DFT)

LUMO
(DFT)

Eg(DFT)
[eV]
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CH3

CH3
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S S
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CH3

CH3
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1 HOMO = −5.1 − Eox; 2 LUMO = −5.1 − Ered; 3 Eg = Eox (onset) − Ered (onset); 4 1240/λonset.

3.4. Optical Characterization

The photophysical properties of investigated compounds were evaluated by UV-vis
and photoluminescence (PL) measurements in diluted solutions.

As shown in Figure 3, all of the investigated compounds absorb light in the high-
energetic visible region—i.e., between 320 nm and 475 nm. As is well known, most of
the derivatives bearing carbazole or bithienyl moieties are generally colored; thus they
absorb light with longer wavelengths. In the case of compounds investigated within this
paper, we observed strong blue-shifting of the π-π* transitions ascribed to heteroaromatic
electrons. This is the direct consequence of the orthogonal orientation of the substituents
and the central phenyl moiety that prevent resonance contact. It is worth noting that
the excitation spectra exhibit several peak maxima for each investigated compound. In
the case of M1 in the 200–800 nm region, the excitation spectrum exhibit two maxima:
at 274 nm and 362 nm, yielding (for both wavelengths) emission with the maximum of
431 nm (i.e., giving Stokes shifts as high as 157 nm and 69 nm, respectively). It is a well-
known fact that the high values of the Stokes shift are caused by intermolecular charge
transfer (ICT). The difference in the above-mentioned values suggests that the first of
the transitions are ICT processes, while the second one occurs within the same molecule
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fragment (which was confirmed by DFT calculation). For M2, the obtained spectra are
even more complex. As one can see in Figure 4C, the excitation spectra exhibit 4 maxima at
332 nm, 350 nm, 270 nm and 405 nm. When the emission spectra for excitation in those
wavelengths were measured, we observed that in each case the result spectrum with two
maxima was recorded. However, the two highest energetic light peaks with a maximum
at 388 nm dominates, while for two others (i.e., excitation = 370 nm and 405 nm), another
peak dominates, with a maximum at 465 nm. This behavior suggests that the HOMO
orbital lies at a large area of the molecule, and after excitation, a charge is distributed and
then emission takes place from two different parts of the molecule. The M3 spectrum
also consists of several transitions. Thus, for this compound, experiments with different
excitation wavelengths were conducted. Excitation by light with λex = 285 nm gives the
broad emission spectrum with peak maximum = 388 nm. On the other hand, λex = 394 nm
and λex = 465 nm force the compound to emit light with a peak maximum = 478 nm and
524 nm, respectively.
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3.5. Electrochemical Characterization

All of the obtained compounds were investigated electrochemically in their diluted
CH2Cl2 solutions. By using cyclic voltammetry (CV), one can easily estimate a molecule’s
HOMO and LUMO energy level and energy gap (Eg), assuming the IP of ferrocene equals
−5.1 eV [45].

First, the electrochemical properties during negative potential sweeping were investi-
gated. As can be seen in Figure 5, in each cases' reduction (X/X− process), the peak onset
is as follows: −2.23 V, −2.1 V and −2.39 V, so it is relatively difficult compared with similar
fluorene, carbazole or bithiophene derivatives, respectively. This suggests an existing
strong 2D-resonense between six substituents of the central phenyl core. In the neutral
form, the wire current in each of the above-mentioned moieties interacts magnetically
with neighboring aromatic rings, which stiffens the molecule and lowers the energy. After
reduction, the aforementioned interaction is forbidden. Moreover, additional electron den-
sity should cause the repulsion of the substituents. Another confirmation of the existence
of 2D-interactions was found during investigations of the compounds during positive
potential sweeping. In this case, the potential needed for oxidation (X/X+ process) is
lowered. This is the direct consequence of the electronic interaction of the moieties in ortho
positions to each other, the stabilizing carbocation being “produced” during oxidation. It is
worthy of note that compound M2 from the formal point of view is an electropolimerizable
monomer (i.e., it poses two terminal carbazole moieties), but stabilization is so high that
even the second oxidation step is reversible (see Figure 5). Only in the case of M3, during
the positive potential sweep (Figure 6), was the polythiophene film at the electrode surface
deposited. Deposited polythiophenes were examined in monomer-free solution proving
their stability during both n- and p-doping (Figures 7 and 8) [46–48].

In the next step, a series of spectroelectrochemical experiments with external potential
slightly above oxidation potential were conducted. In the case of compound M3, oxidation
is an irreversible process, causing the electropolymerization of the specie.

In the first stage of the oxidation process, an additional band appears and grows in
the 400–500 nm range (see Figure 9). At this potential, the monomer dimerization leads to
the formation of the quaterthiophene bridges. Moreover, the polaronic band [49,50] is also
observed (it is, however, of low intensity). On the other hand, when the external potential
is raised to 1.1 V, more visible changes occur, and the spectrum becomes characteristic
for the doped polymer [51–53]. As expected, when the external potential is restored to
0V, the appearance of the spectrum does not return to its original appearance, but an
additional band (within 400 and 500 nm) is maintained. It is worthy of note that the
polaronic band disappears completely. Next, as a comparison, the electropolymerization on
the ITO electrode (potentiodynamically) with an upper potential as high as 0.82 V was also
carried out. The resulting polymer was then also investigated spectroelectrochemicalyl in a
monomer-free solution. After applying the potential as high as 1.1.V, the polymer behaves
very similarly to the one obtained by the potentiostatic method. The main difference is
that no evident maxima can be observed in this case, suggesting that the potentiodynamic
route enforces a higher distribution of chain lengths or dimerization via the third or fourth
positions of the terminal thiophene rings. Moreover, in the case of conjugated monomers,
electropolymerization using the potentiodynamic route lead to materials containing short-
chain oligomers [54].

As was already mentioned, the compound M2 undergoes two-step reversible oxi-
dation, which is uncommon for compounds with a carbazole moiety [55,56]. During a
spectroelectrochemical experiment using an external potential as high as 0.7V, new bands
with maximum wavelengths at 410 nm and 1050 appear (Figure 10). Considering the case
of electrochemical measurements in solution, the rate of generation of the oxidized species
could be low. Thus, the above-mentioned potential was held to increase the product’s
concentration. As one can see, this experiment band with a maximum of 410 nm become
well defined and sharp.
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On the other hand, a broad band covering the whole spectrum also increases its
absorbance value. This type of spectrum is characteristic of species possessing a long chain
of the conjugated double bond. In the next step, the potential was shifted and held at a
value above E2ox (i.e., to potential allowing conversion of the compound into dication).
Under these conditions, the magnitude of the band laying between 600 nm and 1100 nm is
lowered slightly, while the band between 480 nm and 600 nm is increased.

4. Conclusions

This paper was devoted to the synthesis of the hexasubstituted phenyl derivatives. All
compounds were synthesized in a one-step reaction with good yields. It was proven that
all molecules are thermally stable up to 340 ◦C. All compounds absorb light in a wide band
with an absorption maximum between 337 nm and 409 nm. The first band is ascribed to the
π-π* transitions which correspond to the HOMO→ LUMO transitions. The results of the
calculations showed that B3LYP/6-311+G** is the best basis due to the degree of matching
the calculations to the experimental values (for this type of molecule). Optimized geometry
shows that in each case, the substituents in the first and second positions are orthogonal
(relative to the core ring), affecting strong intramolecular 2D interactions. An electrochem-
ical investigation revealed that reduction limits the above-mentioned interaction; thus,
reduction (X/X− process) is relatively hampered in each case. On the other hand, the
potential needed for oxidation (X/X+ process) is lowered. This is the direct consequence
of the electronic interaction of the moieties in ortho positions to each other, stabilizing
carbocation “produced” during oxidation. A compound possessing two terminal carbazole
moieties is a formally electropolimerizable monomer, but 2D stabilization is so high that
even the second oxidation step is reversible. During spectroelectrochemical measurements
(above Eox), broadband covering the whole spectrum was created. This spectrum type is
characteristic for the species possessing a long chain of the conjugated double bond. In the
case of an analog with bithienyl moieties, polythiophene film was deposited at the electrode
surface during oxidation. A spectroelectrochemical investigation confirmed the formation
of a polaronic band during p-doping. The above-mentioned polymer is the first example of
the electrochemically obtained conductive polymer with a hexasubstitued benzene core in
the main chain.
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