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heteroatom introduction on the
physicochemical properties of 5-heterotruxenes
containing nitrogen, oxygen and sulfur atom†

Krzysztof Górski, * Krzysztof Noworyta and Justyna Mech-Piskorz

5-heterotruxenes are a class of heterocyclic aromatic compounds derived from the parent heptacyclic

hydrocarbon, namely truxene. Currently, few substances belonging to this group are known. These

include derivatives of 5-oxatruxene, 5-azatruxene, and 5-thiatruxene, along with its sulfone and

sulfoxide. The introduction of one heteroatom, not only enables selective monofunctionalization of the

5-heterotruxene system but also allows adjustment of physico-chemical properties depending on the

needs. Two investigated compounds, namely 5-oxatruxene and 5-azatruxene, exhibit fluorescence

enhancement by symmetry breaking (FESB) phenomena, manifested by a fourfold increase in the

fluorescence quantum yield. Therefore, derivatives of 5-heterotruxenes may contribute to the

development of new stable optoelectronic substances as well as other functional materials.

Nevertheless, in the beginning, it is crucial to investigate their spectral, thermal, and electrochemical

properties to learn more about the advantages and limitations of these aromatic systems. The following

article also presents a new simplified and universal synthetic methodology, without use of anhydrous

conditions or organometallic substances, giving easy access to 5-azatruxene and structural-related

heteroaromatic systems. The discussed heteroatom influence is not limited to the truxene core but also

helps to understand the physicochemical properties of other, currently top-rated high-symmetric

heteroaromatic systems such as circulenes, sumanenes and their analogues.
Introduction

Truxenes, as functional materials, have a long and rich history.
Initially, these materials aroused interest in the dynamically
developing LCD industry. Various polymorphic structures, and
the excellent thermal and chemical stabilities of alkyl deriva-
tives of truxenes make them desired candidates for LCDs.1–3

Further studies of this group of compounds enabled the
development of “self-healing” displays.4 Exploration of truxene
alkyl derivatives towards non-linear optical properties,5

including three-photon absorption6 is on-top. Emissive prop-
erties of truxene derivatives makes them useful also as lasing
materials7–9 or as uoride ion sensors.10 The development of
optoelectronic, in particular OLED and OPV technologies, has
boosted interest in the truxene.11 Moreover truxenes are scaf-
folds of efficient polymerization photocatalyst, activated by
visible light, applicable in 3D printing.12–16 The insertion of the
heteroatom into the truxene scaffold is a relatively simple
my of Sciences, Kasprzaka 44/52, 01-224
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modication of the extended p-electronic structure, Fig. 1. The
most studied heterotruxenes are the systems with three
heteroatoms of one type introduced into three ve-membered
rings. Synthesis of this symmetrical 5,10,15-triheterotruxenes
is relatively simple and enables adjustment of individual
properties.17–19 It was proven that both trithiatruxene20–22 and
triazatruxene23–26 derivatives exhibit good hole conductivity,
which is crucial in the prototype photovoltaic devices. Attach-
ment of an acceptor unit to the truxene or 5,10,15-triazatruxene
Fig. 1 Structure of ethylated 5-heterotruxenes.
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results in ambipolar semiconductors,27–31 or light-harvesting
materials32–36 used in Dye Sensitized Solar Cells (DSSC). In
addition, many truxene37,38 and 5,10,15-triazatruxene39–43 deriv-
atives are tested towards OLEDs blue emitters. Appropriate
design of truxene and 5,10,15-triazatruxene based materials
also allows the detection of vapours of explosive substances,44–48

hydrazine,49 or hydrogen chloride.50 It was found that 5,10,15-
triazatruxene derivatives can detect even biologically active
substances.51,52 In the donor–acceptor system, the use of an
unsymmetrical derivative of heterotruxene, namely 5-thiatrux-
ene, as an acceptor, resulted in a very stable third-generation
deep-blue emitters fullling requirements for HD OLED
displays.53,54 This type of emitters utilize thermally activated
delayed uorescence (TADF), where proper location of energy
levels (singlet and triplet states) within the heterotruxene is
responsible for reduced TADF lifetime.55 Excellent thermal and
chemical stability together with relatively easy modulation of
optical and electrical properties drives further research of het-
erotruxenes towards new unsymmetrical structures. This paper
describes the new, simplied and allowing the introduction of
most p-block heteroatoms synthesis of 5-heterotruxenes.
Moreover, properties of ve soluble heterotruxenes, namely 5-
oxatruxene, 5-azatruxene, and 5-thiatruxene (3 forms with
various oxidation states) are studied in detail. The synthesized
compounds show improved uorescence yields, and thermal
stability, compering truxene CCC, as well as tendency to form
stable amorphous phases. Their properties make them inter-
esting materials for optoelectronic applications.
Results and discussion
Synthetic procedures

Compound CCC was synthesized according to known literature
procedures,56 and OCC, SCC, (OS)CC, and (O2S)CC were ob-
tained using synthetic routes published by our group.57,58
Scheme 1 Proposed mechanism of acid promoted, silicon mediated ald

42364 | RSC Adv., 2020, 10, 42363–42377
Herein we describe an alternative synthetic pathway, improving
on the initial approach, to access azatruxene derivative NCC,
which we very recently reported for the rst time.58 2-(Indan-1-
ylidene)indan-1-one 1, which is a product of the acid
promoted, silicon mediated aldol cross-condensation of indan-
1-one, turned out to be a valuable building block in the
synthesis ofOCC and SCC. Moreover, 1 is a promising precursor
for the synthesis of other 5-heterotruxenes, containing different
p-block heteroatom The acid promoted aldol cross-
condensation between a,b-unsaturated ketone 1 and aceto-
phenone 2 leads to the phenyl derivative of 7,12-dihydroindeno
[1,2-a]uorene 5, Scheme 1. Condensation in the presence of
methanesulfonic acid, at room temperature, aer 14 days leads
to 5 with the reaction yield of 48%. Increasing temperature to
90 �C allows a 7-fold reduction of the condensation time, and an
increase of the reaction yield to 56%. The increase in the reac-
tion yield is not spectacular due to a side reaction, which is
cyclotrimerization of acetophenone 2, occurring in a strong acid
medium.59–62 In order to minimize the side reaction effect and to
increase the contribution of cross-condensation, tetraethox-
ysilane was added to the reaction mixture. Tetraethoxysilane
reduces the activation energy in the condensation process58

leading to 5 with the reaction yield about 60% in the reduced
temperature conditions, 50 �C.

The compound 5, Scheme 2, aer alkylation, is converted to
tetraethyl derivative 6, followed by the nitration in the presence
of concentrated nitric(V) acid leading to 7. An essential step for
producing NCC is nitrene insertion into the C–H bond. Cado-
gan's reaction conditions, known from the literature,63,64 fail in
this case. Only the use of solvent-free conditions and an
increase of the reaction temperature to 270 �C leads to
10,10,15,15-tetraethyl-5-azatruxene, 8. Obtained compound, in
the presence of ethyl bromide and potassium hydroxide, is
nally converted to NCC. Overall NCC reaction yield is �60%,
which is about two times higher than previously reported
ol cross-condensation.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Synthetic pathway leading to NCC.
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method.58 The presented synthetic approach is an alternative to
photocyclization, which allows the efficient synthesis of soluble
derivatives of 5-heterotruxenes57,58 and 5,10-diheterotruxenes.65

The further development of this methodology may lead to new
synthetic approaches of 5-heterotruxenes, as well as to explore
the chemistry of unknown class of aromatic systems, namely
7,12-dihydroindeno[1,2-a]uorenes. The reactivity of 5-aza and
5-oxatruxene towards formation of polybrominated derivatives
was also examined. For this purpose, NCC and OCC were
reacted with 3.1 eq. of bromine, which resulted in obtaining
tribromo derivatives, 9 with reaction yield of 87% and 93%
respectively, Scheme 3. It is worthmentioning that in the case of
NCC, the use 4.1 eq. of bromine leads to a tetrabrominated
derivative, 10 with reaction yield of 91%. On the other hand (OS)
Scheme 3 Bromination of NCC and OCC.

This journal is © The Royal Society of Chemistry 2020
CC and (O2S)CC do not react under this conditions. A detailed
description of the synthesis protocol and the bromination
procedures of OCC and NCC are attached to the ESI le.†

The main feature that distinguishes 5-heterotruxenes from
truxene is the symmetry of the molecule. The introduction of
one heteroatom into the truxene p-electron system results in
breaking the C3h symmetry of CCC.
Quantum chemical calculations

Quantum chemical calculations have been performed in order
to elucidate inuence of heteroatom on the electronic proper-
ties of the synthesized truxenes. The energy of the HOMO level
of 5-heterotruxene, relative to CCC, varies from molecule to
RSC Adv., 2020, 10, 42363–42377 | 42365
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Fig. 3 p*–s* conjugation observed in the LUMO orbital of (a) (OS)CC
and (b) (O2S)CC.
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molecule (Fig. 2). However, among heteroaromatic systems with
a non-oxidized heteroatom, NCC, OCC, SCC, the observed
primary trend is the increase of the HOMO comparing to CCC.
The highest energy of the HOMO level among investigated 5-
heterotruxenes belongs to NCC (0.53 eV higher than of CCC) as
a result of electron-donating properties of a nitrogen atom. The
destabilization of the HOMO level in OCC is lower than in NCC.
The lower energy of the HOMO level ofOCC, comparing toNCC,
is a result of two competing effects: free electron pairs located
on oxygen atom interact with truxene p-electron system,
causing the HOMO level to increase, and on the other hand, the
high electronegativity of oxygen atom causes stabilization of the
HOMO. The resultant destabilization of the HOMO level in OCC
comparing to CCC is 0.16 eV. Replacing an oxygen atom with
a sulfur atom decreases the HOMO's stabilization because of
the lower electronegativity of the last. As a result, the HOMO of
SCC is 0.23 eV higher than of CCC. Truxenes with oxidized
heteroatom i.e., sulfoxide (OS)CC and sulfone (O2S)CC, behave
differently. The HOMO level of (OS)CC and (O2S)CC is respec-
tively 0.21 eV and 0.39 eV below the HOMO of CCC.

LUMO levels of almost all considered 5-heterotruxenes are
stabilized compared to the LUMO of CCC (only NCC has the
same energy of LUMO than CCC). Analogously to the HOMO, it
can be explained by few phenomena i.e., electron donation,
inductive effect, and orbital degeneracy liing. While the
electron donation destabilizes the LUMO level, the last two
phenomena are responsible for its stabilization. From all
examined heteroatoms, nitrogen is the most electron-
Fig. 2 Theoretical energy diagram of ethylated 5-heterotruxenes. * – d

42366 | RSC Adv., 2020, 10, 42363–42377
donating, but even in that case, stabilizing effects prevail.
Therefore LUMO level of NCC has the same value as LUMO of
CCC. In the case of OCC and SCC, the electron-donating
properties of the introduced atoms are incomparably smaller
than in the case of a nitrogen atom. Thus the LUMO stabili-
zation is more visible for OCC and SCC, with the values 0.13
and 0.15 eV below CCC LUMO. The LUMO levels of (OS)CC
and (O2S)CC are respectively 0.64 eV and 0.85 eV lower than
CCC. Such meaningful stabilization of the LUMO level
primarily results from introduction of electron withdrawing
groups such as SO and SO2. In addition, (OS)CC and (O2S)CC
reveals p*–s* conjugation.66–68 The phenomenon described
for the rst time in heteroles of the third period is responsible
for signicant stabilization of the lowest unoccupied molec-
ular orbital, Fig. 3. The effect mentioned above originates from
the overlap between p* orbital, located within the ve-
membered heterocyclic ring with the s* orbital of O–S exocy-
clic bond.
ouble degenerated level.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Normalized absorption (black), fluorescence (blue), and phosphorescence (red) spectra of ethylated 5-heterotruxenes in the solution.
Absorption and fluorescence were measured at room temperature in dichloromethane, and phosphorescence was measured at 77 K in
methylcyclohexane.
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Calculated energies of the molecular orbitals reveal the
lowering of the energy gap (DEHOMO–LUMO) following the intro-
duction of the heteroatom.
Photophysical properties

Results of spectroscopic studies of the 5-heterotruxenes dis-
solved in DCM are presented in Fig. 4 and in Table 1. NCC
Table 1 Spectroscopic data of ethylated truxene and 5-heterotruxenes

Compound labs [nm] lu [nm] E0–0 [eV] Fu [%]
s
[n

CCC 294, 306, 333, 348 353, 370, 387 3.54 8.5 1
NCC 295, 302, 331, 380 399, 417 3.18 34.8 4
OCC 292, 303, 337, 352 360, 377, 393 3.48 36.6 6
SCC 311, 323, 350, 367 374, 391 3.35 5.4 2
(OS)CC 329, 341, 355, 375 395, 404 3.22 0.8 1
(O2S)CC 324, 337, 357, 373 385, 402 3.27 13.5 2

a Absorption and uorescence measured at r.t. in dichlomethane, phos
wavelengths of the main bands of absorption, uorescence and phosph
determined from the intersection of absorption and uorescence spect
singlet radiative constant, kSNR – singlet nonradiative constant, T1 )
phosphorescence band of the highest energy, Fphos/Fu – a ratio of phosph

This journal is © The Royal Society of Chemistry 2020
reveals the lowest energy of the 0–0 transition (E0–0 ¼ 3.18 eV)
and the largest bathochromic shi, in absorption and emission
spectra, compared to CCC. OCC has the largest 0–0 transition
among considered 5-heterotruxenes, E0–0 ¼ 3.48 eV, followed by
SCC with E0–0 ¼ 3.35 eV. The oxidation of 5-thiatruxene to (OS)
CC and (O2S)CC causes a decrease of energy of the 0–0 transi-
tion and a slight red-shi of the absorption and uorescence
in the solutiona,b

F

s] kSR kSNR lphos [nm]
T1 )
S0 [eV] Fphos/Fu

8 4.72 � 106 5.08 � 107 454, 490 2.73 0.36
8.70 � 107 1.63 � 108 492, 529 2.52 0.32
6.10 � 107 1.06 � 108 460, 497 2.70 0.08
2.70 � 107 4.73 � 108 472, 483, 509 2.63 3.76
8.00 � 106 9.92 � 108 477, 514, 551 2.60 2.03
6.75 � 107 4.33 � 108 476, 485, 509, 548 2.60 0.61

phorescene measured at 77 K in methylcycloexane. b labs, lu, lphos –
orescence spectra respectively, E0–0 – the energy of the 0–0 transition,
ra, Fu – uorescence quantum yield, sF ,-uorescence lifetime, kSR –
S0 – the energy difference between T1 and S0 estimated from the
orescence and uorescence quantum yields in the temperature of 77 K.

RSC Adv., 2020, 10, 42363–42377 | 42367
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spectra, compared to SCC. A similar red-shi is practically not
observed in the series of 5-thiatruxene, in the case of phos-
phorescence. However, changes in the vibronic structure
become even more pronounced. The largest “pseudo-Stokes
shi”, valued at 4400 cm�1 presents CCC, due to symmetry
forbidden electronic transitions. For the rst two transitions
(S0–S1 and S0–S2), the oscillator strength equals 0. However,
experimentally the rst two transitions are visible, with very low
intensities. Such a phenomenon can be explained by coupling
between electronic and vibrational states, thereupon transitions
S0–S1 and S0–S2 becomes visible. The direct consequence of
introducing one heteroatom into the truxene core is lowering
the symmetry of the molecule from C3h to Cs or C1, making
transitions S0–S1 and S0–S2 allowed. This phenomenon results
in the appearance of new low energetic bands in the 5-hetero-
truxenes absorption spectrum. The described phenomenon
leads to uorescence enhancement by symmetry breaking
(FESB),69 which is manifested by a more than four-fold increase
in uorescence quantum yield of NCC and OCC compared to
CCC. On the other hand, the presence of a sulfur atom in the
SCC lowers its emissive properties. Comparison of low-
temperature emission spectra, i.e., uorescence and phospho-
rescence of studied 5-heterotruxenes (Fig. 4, Table 1), may
indicate an increase of the population of excited triplet state T1
Fig. 5 Normalized absorption (black) and fluorescence (blue) spectra of

42368 | RSC Adv., 2020, 10, 42363–42377
of SCC (Fphos/Fu ¼ 3.76). The described effect corresponds to
the presence of a sulfur atom in a truxene core, which causes
a signicant increase in the spin–orbit coupling compared to
the oxygen atom.70–72 The increase in the interaction between
spin and orbital magnetic moment enhances the intersystem
crossing and thus the triplet population. However, about a 7-
fold decrease of (OS)CC uorescence quantum yield (Fu ¼
0.8%), compared to SCC, cannot be explained solely by the
presumed increase of the triplet state population (Fphos/Fu ¼
2.03). TD DFT calculations made for (OS)CC primarily indicate
a relatively low oscillator strength for S0–S1 transition of about
0.038. Further analysis of the rst electronic transition
components indicates the participation of three separate
processes, of which two of them turn out to be transitions of the
n–p* nature. The n–p* transition relies on the transfer of
electrons from free pairs located within the SO moiety to the p-
electron system of the molecule. Clean n–p* transitions are
known for their forbidden nature73 resulting from the orthog-
onality of wave functions of the electronic states involved in the
excitation process. The presence of n–p* transitions in the (SO)CC
are responsible for a signicant reduction of the emissive prop-
erties of the molecule. Further oxidation introduces a second
oxygen atom and restores the symmetry plane in the (O2S)CC. Free
electron pair located on the sulfur atom now participates in bond
ethylated 5-heterotruxenes in the solid in powder form.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Spectroscopic data of ethylated truxene and 5-heterotruxenes in the solid in powder forma

Compound labs [nm] lu [nm] DE [eV] Fu [%] sF [ns] kSR kSNR n(Fsol–Fsolid) [cm
�1]

CCC 294, 306, 335, 349 370, 386 3.35 19.0 34 700 5.48 � 106 2.33 � 107 1301
NCC 301, 325, 372, 381 421 2.95 10.3 2699 5.14 � 107 4.47 � 108 1309
OCC 303, 341, 355, 379 403, 420 3.08 22.0 1700 1.29 � 108 4.59 � 108 2963
SCC 295, 340, 378 397 3.12 3.5 0.848 4.13 � 107 1.14 � 109 1549
(OS)CC 295, 341, 379 413 3.00 0.3 0.333 9.02 � 106 3.00 � 109 1103
(O2S)CC 294, 338, 376 402 3.08 5.4 0.885 6.10 � 107 1.07 � 109 1098

a DE – band gap determined from the emission band of the highest energy, labs, lu – wavelength of absorption and uorescence,Fu – uorescence
quantum yield, n(Fsol–Fsolid) – red-shi between the uorescence spectrum in the solution and the uorescence spectrum in the solid in powder
form.
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formation with the oxygen atom, causing that the three processes
involved in the transition S0–S1 becomes p–p* type. The result is
more than a 2-fold increase in oscillator strength for the rst
electron transition to 0.087. The introduction of the second oxygen
atom reduces Fphos/Fu rate to 0.61 and probably the triplet state
Fig. 6 Crystal structure of 5-heterotruxenes: (a) single molecule – top
crystal, (d) dimer structure – top view. For the clarity, carbon atoms of a
files.57,58

This journal is © The Royal Society of Chemistry 2020
population. The synergy of both effects causes a 17-fold increase of
(O2S)CC uorescence quantum yield in solution up to 13.5%,
corresponding to (OS)CC.

By passing from a solution to a solid state, the spectroscopic
properties of 5-heterotruxenes are noticeably different (Fig. 5
view, (b) single molecule – side view, (c) molecule arrangement in the
lkyl chains are marked gray. Figure made on the basis of published CIF
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Fig. 7 Photochemical stability of CCC and 5-heterotruxenes in
cyclohexane.
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and Table 2). A common feature for CCC and its mono-
heteroanalogues is an evident rise in the intensity of low energy
absorption bands. This noticeable change suggests an increase
in the permissive character of the rst two electronic transi-
tions, which may be caused by partial breaking of the molecular
symmetry in the solid state. Crystallographic structure analysis
of CCC indicates a slight deformation of the truxene core from
its planarity, causing the lower symmetry of the molecule from
C3h to C1. Fig. 6.57 The presence of six ethyl groups in the CCC
molecule, oriented above and below the plane of the aromatic
system, effectively limits intermolecular interactions between
thep-electron systems. For this reason, there are no shis in the
absorption bands when passing from a solution to a solid state.
NCC molecule, under the inuence of crystalline forces,
undergoes more pronounced deformation from its planarity
than CCC. This phenomenon also occurs in N-alkyl derivatives
of 5,10,15-triazatruxene.74 Abolition of the symmetry plane
results in the change of orientation of the ethyl group attached
to the nitrogen atom, which combined with the presence of the
other four alkyl chains, effectively limits p-stacking. The
consequence of this phenomenon, the same as for CCC, is the
practical lack of a bathochromic shi between absorption
spectra in the solution and the solid state.

The introduction of one oxygen or sulfur atom causes other
changes in the crystallographic structure of 5-heterotruxenes
than observed in NCC. The occurrence of the heteroatom,
without alkyl substituent, enables p-stacking interactions,
which is visible as red-shi of OCC and SCC absorption. OCC in
the solid state forms dimers with an internal distance of 3.063
�A. The lack of an alkyl chain attached to the heteroatom enables
effective aggregation, which is directly responsible for the
2024 cm�1 red-shi of the absorption spectrum in the solid. A
bathochromic shi can also be observed in the case of SCC. A
greater distance betweenmolecules, 3.524�A, results in a smaller
red-shi value, 793 cm�1. The observed changes between
emission spectra in the solid of SCC and its mono oxidized
form, (OS)CC indicates a strong interaction between the mole-
cules of the last. In (OS)CC molecule, one side is shielded by
oxygen attached to the sulfur, whereas the opposite side is
prone to p-stacking interactions. Thus, the observed bath-
ochromic shi is the result of interactions between the (OS)CC
enantiomers in the dimeric system, with the intermolecular
distance of about 3.343 �A. Sulfoxide (OS)CC and sulfone (O2S)
CC present no signicant shis between absorption bands in
the solid and in the solution. Emission spectra in the solution
and the solid for each of the compounds look quite different in
shape. Such behavior is a result of reabsorption. Mutual
distances of main bands are preserved, but the relative intensity
has changed. The quantum emissions of (OS)CC and (O2S)CC is
reduced by passing from the solution to the solid state. As
a result of the excitation of (OS)CC, excited dimers are created,
which opens a new channel for nonradiative deactivation of the
excited state. The experimental proof is a 3-fold increase of the
nonradiative constant at unchanged radiative constant,
compared to the constants obtained from the solution
measurements. In the case of (O2S)CC, the crystallographic
structure reveals deformations within the SO2 moiety, which
42370 | RSC Adv., 2020, 10, 42363–42377
may be directly responsible for a two-fold increase in the non-
radiative constant and thus the decrease in the uorescence
quantum yield. Quantum yield efficiency in the solid state for
presented truxenes varies from 0.3% to 22% for (OS)CC and
OCC, respectively (Table 2). Molecules in a condensed phase
face numerous limitations of degrees of freedom. Signicantly
hindered rotations and vibrations reduce the share of non-
radiative processes lowering more than two times nonradiative
constant. Moreover, slight deformation of planar CCCmolecule
increases the probability of two rst electronic transitions. The
synergy of both processes results in a more 2-fold increase of
emission quantum yield in the solid. Surprisingly, despite the
structural similarities between CCC and NCC, Fig. 6, for the
latter 3-fold reduction of QY is observed. Replacement of C(Et)2
moiety to N(Et) is accompanied by a change in hybridization
from sp3 to sp2, leading to severe geometric consequences.
Tetrahedral hybridization of the carbon atom in CCC forces the
orientation of ethyl groups above and below the plane of the
truxene, while trigonal hybridization of the nitrogen atom
results in the arrangement of an alkyl chain along with the at
aromatic core of NCC. Hindering the rotation and vibration in
the solid phase increases the interaction between the ethyl
group with one of the three arms of the truxene system. It can be
seen as twisting the entire p-electron system. The resulting
stress within the NCC molecule opens a new channel of
nonradiative relaxation, which is directly responsible for
decreasing the quantum yield of uorescence in the crystal-
line phase. The decrease of emissive properties observed for
OCC and SCC in the solid suggests an additional non-
radiative channel. A slight deformation of the p-electron
system is observed in both 5-heterotruxenes, but incompa-
rably smaller than those present in NCC crystal. Therefore it
cannot be the primary mechanism of nonradiative relaxation.
In the crystallographic structure of OCC and SCC, pairs of
interacting molecules can be distinguished. Thus one of the
proposed explanation of lower quantum yield is creating
excited dimers. This fact suggests that aer absorption of
light, excited dimers are created, which are responsible for
the dissipation of energy accumulated in the excited state. A
comparison of radiative and nonradiative constants between
the solution and the solid state suggest such behaviour.
This journal is © The Royal Society of Chemistry 2020
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Table 3 Thermal properties of ethylated 5-heterotruxenesa

Compound Heating I Tm [�C] Cooling I Tc/Tg [�C] Heating II Tm/Tc/Ts [�C]
Cooling II
Tc/Tg [�C]

CCC 217 99/— 217/—/— 99/—
NCC 181 —/112 —/—/103 —/112
OCC 214 —/112 222/125/— —/112
SCC 209 —/98 209/167/— —/98
(OS)CC 196 —/98 —/—/108 —/98
(O2S)CC 222 —/99 —/—/112 —/99

a Tm – melting point, Tc – crystallization temperature, Tg – glass transition temperature, Ts – soening point.
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Nearly 2-times and 1.5-times increase of radiative constant,
for OCC an SCC respectively, indicate a formation of new
radiative state presumably directly related to dimeric struc-
ture. On the other hand, the rise of nonradiative constant
(more than 4-times for OCC and nearly 2.5-times for SCC)
suggest the presence of a new nonradiative channel, being
a consequence of p-stacking intermolecular interactions.
Fig. 8 DSC of ethylated 5-heterotruxenes, heating – red line, cooling –
transition temperature, Ts –softening point.

This journal is © The Royal Society of Chemistry 2020
Photochemical stability

In order to determine photochemical stability compounds dis-
solved in cyclohexane were exposed to UV radiation. The
determinant of photodegradation was a decrease in absorption.
Cyclohexane guarantee chemical inactivity, whereas UV radia-
tion, below 300 nm is absorbed by every compound, Fig. 7.
Irradiation using monochromatic light form Xe 450 W lamp do
blue line. Tm –melting point, Tc –crystallization temperature, Tg – glass
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not inuence the absorption in hours' time, therefore 4 UV-C
lamps, 55 W, were applied. Decrease in absorbance was
clearly visible aer second minute of irradiation. 2 minutes is
an interval between consecutive cycles of irradiation and
absorption measurement. On the Fig. 7 presented intensity is
percentage decrease of absorbance. Aer 40 min all peaks
vanishes and only broad band can be observed. Fig. 7 indicate
that introduction of heteroatom into the truxene scaffold leads
to greater photostability, in comparison to CCC. The best
photochemical stability among 5-heterotruxenes is observed for
NCC and the poorest for (O2S)CC. The conducted measure-
ments clearly indicates that introduction of one heteroatom
signicantly improves photochemical stability of every exam-
ined 5-heterotruxene.
Thermal properties

Structural changes in the solid, resulting from one heteroatom,
affect not only the already discussed spectroscopic properties
but also the thermal characteristics of 5-heterotruxenes (Table 3
and Fig. 8). Understanding the behaviour of those substances
during heating or cooling is particularly important in the case of
potential optoelectronic applications. Frequent melting and
crystallization during the operation of the device can lead to
premature degradation. In order to determine the thermo-
chemical characteristics of 5-heterotruxenes, thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) were performed (Fig. 8). No weight loss of the sample was
observed for each of truxenes CCC, NCC, OCC, SCC, (OS)CC,
(O2S)CC in the examined temperature range, 25–240 �C, which
indicates their high thermal stability. As a result of heating,
CCC melts at 217 �C. Subsequent cooling of CCC reveals
a crystallization peak at 99 �C. Observed overcooling does not
provide a stable glass formation. During the repetition of the
heating and cooling cycles, no signicant changes were
observed, suggesting that both the starting sample and over-
cooled liquid crystalized in the same space group. Replacement
Fig. 9 Cyclic voltammograms of ethylated 5-heterotruxenes, reduction
comparison of the data.

42372 | RSC Adv., 2020, 10, 42363–42377
of the diethyl methylene group in the ethyl substituted nitrogen
atom, causes evident changes in thermal properties. NCCmelts
at 181 �C, which is far below the melting point of CCC, but, in
contrast to its carbon analog, NCC forms stable glass with
a glass transition temperature of 112 �C. Reheating of the
sample results in soening at 103 �C. Subsequent heating and
cooling of the examined NCC sample do not reveal any changes
in the DSC diagram. Due to signicant differences in the crys-
tallographic structures of OCC and SCC, Fig. 6, different
thermal behaviour of these substances can be expected. The
OCC melting temperature is 214 �C, and the glass transition
temperature is 112 �C, the same as in the case of NCC. Unlike
the NCC, the recrystallization peak appears during reheating at
125 �C. Moreover, the newly formed crystalline phase melts at
a slightly higher temperature of 222 �C, suggesting a different
spatial structure than the starting sample. SCC behaves in
a similar way toOCC. The SCCmelts at 209 �C, and the observed
glass transition temperature is 98 �C. As in the OCC case, it was
reheating, which resulted in recrystallization at 167 �C. Again,
subsequent heating and cooling of SCC sample do not reveal
any changes in the DSC diagram.

The observed differences in melting and recrystallization
temperatures ofOCC and SCC are the result of differences in the
structure of dimers observed in the crystalline phase. Distance
between molecules in OCC dimer is 3.449 �A, and suggests
stronger interactions as in the case of SCC dimer, 3.524 �A.
Therefore, it is necessary to provide more energy to break the
OCC dimeric systems than SCC one. As a result, the melting
temperature for OCC is 5 �C higher than for SCC. On the other
hand, stronger interaction between molecules in dimer allows
faster reorientation of OCC molecules, which is visible in
temperature of recrystallization, 42 �C lower than of SCC.
Oxidized forms of SCC create stable glass. Melting temperature
for (OS)CC is 14 �C lower whereas for (O2S)CC is 13 �C higher
compering SCC. Such differences can be explained by molecule
arrangement and packing. Despite the lack of p-stacking, (O2S)
CC is such densely packed, that its melting temperature has the
, and oxidation processes. Currents were normalized to allow better

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Experimental energy diagram. HOMO level marked in red,
LUMO in blue, and triplet state in green. HOMO and LUMO were
derived from electrochemical oxidation and reduction, and the triplet
state was estimated from the phosphorescence spectrum.
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highest value. The glass transition temperatures are similar in
both cases: 98 �C and 99 �C for (OS)CC and (O2S)CC,
respectively.

CCC crystalizes in the Pna21 space group. Regardless of the
introduced heteroatom, NCC, OCC, and SCC crystallize in the
same space group P21/n, despite apparent differences in
packing. Only oxidized heterotruxenes (OS)CC and (O2S)CC
crystallize in other space groups Pbca and P21/c, respectively.

Electrochemical properties

The electrochemical character of obtained materials can also be
modulated by the introduction of a specic heteroatom (Fig. 9
and Table 4). Different energies of HOMO and LUMO orbitals
are reected in accepting and donating properties of hetero-
truxenes. Voltammetric measurements were performed to
investigate the redox properties of 5-heterotruxenes. In the
positive potential range, CCC, NCC, OCC, and SCC undergo
reversible oxidation with E1/2 1.06 V, 0.49 V, 0.97 V and 0.87 V vs.
Fc/Fc+, respectively, Table 4. Newly obtained OCC oxidation
results differ from those obtained previously57 by the absence of
the irreversible oxidation process taking place at 0.76 V.
Multiple studies for different OCC concentrations suggest that
the oxidation process observed at 0.76 V may corresponds to the
oxidation of OCC adsorbed onto glassy carbon electrode
surface. Low solubility of OCC in acetonitrile, presence of
electroactive material at electrode surface and the absence of
oxidation at 0.76 V conrm this assumption at higher dilutions
(2 mM). Further oxidation of the OCC leads to creation of
instable products as the reduction of the reversible process is
barely visible. However, potential reversal aer the second
oxidation peak, leads to important changes in the subsequent
scans, suggesting adsorption of the product on the electrode.
Electron withdrawing SO and SO2 groups, present in sulfoxide
(OS)CC and sulfone (O2S)CC and respectively, cause signicant
stabilization of the HOMO orbital. Oxidation of those
compounds leads to the creation of the reactive, positively
charged ion and, as a result, to irreversible oxidation processes.
On the other hand, electron attachment involves the signi-
cantly stabilized LUMO orbital. Among studied 5-hetero-
truxenes, this process is relatively high-energetic. Reduction
leads to the formation of a highly reactive anion-radical. In the
negative potential region, only (O2S)CC reveals reversible
reduction at�2.14 V vs. Fc/Fc+. Interestingly, (OS)CC compound
exhibits not one but two irreversible reductions at �2.31 and
�2.97 V vs. Fc/Fc+. Reversing potential scan aer the rst
Table 4 Electrochemical data of ethylated 5-heterotruxenes in acetonit

Compound Eox
1 [V] Eox

2 [V] Ered
1 [V

CCC 1.06* 1.81 �3.25
NCC 0.49* 1.11 �3.12
OCC 0.97* 1.64 �3.04
SCC 0.87* 1.47 �2.96
(OS)CC 1.42 1.56 �2.31
(O2S)CC 1.66 1.79 �2.14*

a Eox/Ered – oxidation/reduction potential vs. Fc/Fc+. * – reversible process

This journal is © The Royal Society of Chemistry 2020
reduction process does not change the shape of the reduction
peak, which indicate the irreversibility of the rst reduction
process of (OS)CC. (Fig. S7†). Insertion of electron withdrawing
groups: SO and SO2 is responsible for lowering of the LUMO,
thus reduction processes of (OS)CC and (O2S)CC undergo at
more positive potentials. Reversible oxidation and irreversible
reduction of CCC, NCC, OCC and SCC indicate them as
donating subunits in new donor–acceptor systems. Analogously
(O2S)CC can act as a suitable electron acceptor. The packaging
of 5-heterotruxenes in solids, combined with reversible oxida-
tion processes, suggests their potential use as hole-transporting
materials. The great advantage of those aromatic systems is the
excellent solubility in most organic solvents, allowing the use of
solution-processable methods for fabrication of optoelectronic
devices. Nevertheless, it should be noted that in order to use the
semiconductive properties of these substances, the p-electronic
system of 5-heterotruxenes should have been previously modi-
ed, because the current energy of the HOMO level may be
insufficient for most applications. Conducted spectroscopic
characteristics supplemented with electrochemical measure-
ments made it possible to prepare the experimental diagram of
energy levels of 5-heterotruxenes (Fig. 10). The differences
between experimental and calculated data result from the
method used in calculations and solvation (vacuum in calcu-
lations and acetonitrile in the experiment). Despite the differ-
ences, the general trend concerning band gap value and the
rilea,b

] EHOMO [eV] ELUMO [eV] DE [eV]

�5.77 �1.46 4.31
�5.20 �1.59 3.61
�5.68 �1.67 4.01
�5.58 �1.75 3.83
�6.13 �2.40 3.73
�6.37 �2.57 3.80

(E1/2).
b EHOMO ¼ �e(Eox (V) + 4.71 V), ELUMO ¼ �e(Ered (V) + 4.71 V).
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relative location of the HOMO and the LUMO level are main-
tained. In addition, E0–0 (Table 1) obtained from the spectra is
consistent with the electrochemical and theoretical data
although the emission was measured in DCM. The presented
diagram gives a quick insight into the actual electron structure
of 5-heterotruxenes and determines their potential application.
For example, for NCC, the energy of the HOMO level of�5.20 eV
suggests its good hole conductivity. OCC, with T1 ) S0 tran-
sition, at a value of 2.70 eV, seems to be a promising candidate
for a host material in a blue phosphorescent OLEDs.75

Experimental
General information

Studied compounds were synthesized according to literature
procedures: CCC,76 OCC,57 SCC, (OS)CC and (O2S)CC.58 All data
considering CCC and OCC was taken from the work of Górski
et al.57 A detailed protocol for obtaining NCC is available via the
SI le. Optimization of the structures, energy levels calculation,
and orbital visualization was realized by Gaussian 09 Rev. E.01
and Gauss View 5.0. Calculations were performed using DFT
theory with the B3LYP/6-31g(d,p) functional and basis set for
molecules in a vacuum. Absorption spectroscopy measure-
ments were performed on UV-vis spectrophotometers UV-2401,
for a solution and UV-2700, equipped with an integrating
sphere, for a solid state, (Shimadzu, Japan). Emission spectra
were obtained using the Fluorolog FL3-22 instrument equipped
with an integrating sphere (Horiba Jobin Yvon, France). In
uorescence measurements, dichloromethane (freshly
distilled) was were used as solutions and barium sulfate as
dispersionmatrix (spectroscopic grade, delivered by Shimadzu).
In phosphorescence measurement carried out at 77 K methyl-
cyclohexane (spectroscopic grade, Sigma-Aldrich) was used.
XRD analysis was based on the already published article for
CCC, OCC,57 NCC, SCC, and (OS)CC and (O2S)CC.58 Photo-
chemical stability measurement was realized using four UV-C
lamps, (OSRAM UV-C lamp Puritec HNS L 2G11, 55 W). Each
compound was dissolved in cyclohexane, and aer exposure on
UV-C irradiation, the decrease of one of the absorption peak was
registered by the spectrophotometer UV-2700 (Shimadzu,
Japan). The decrease of the absorption was measured at 305.5,
302.0, 301.5, 298.5, 288.5, and 287.0 nm for CCC, OCC, NCC,
SCC, (OS)CC and (O2S)CC respectively. Thermal analysis,
including thermogravimetry and differential scanning calo-
rimetry, were performed using the TGA-DSC 3+ STAR System
(Mettler Toledo, Malaysia) under nitrogen ow. Cyclic voltam-
mograms were collected using SP-300 potentiostat/galvanostat
(Bio-Logic, France) driven by EC-Lab soware v. 11. All elec-
trochemical experiments were performed in a standard three-
electrode setup. Tetra-n-butylammonium hexauorophosphate
((TBA)PF6, electrochemical grade), decamethylferrocene, and
anhydrous acetonitrile (ACN), all obtained from Sigma-Aldrich,
were used without further purication. Platinum spiral and
silver wire were used as the counter and pseudo-reference
electrodes, respectively. A glassy carbon working electrode of
2 mm in diameter was used throughout all the experiments.
Decamethylferrocene was used as an internal potential
42374 | RSC Adv., 2020, 10, 42363–42377
reference, and all potentials were recalculated to its half-wave
potential rst and then referred to the ferrocene/ferrocenium
redox couple for easier comparison with the literature data.
The decamethylferrocene standard has been selected as it offers
better stability of potential across large variety of solvents than
ferrocene.77 All voltammograms were recorded in 0.1 M (TBA)
PF6–ACN solutions deaerated before measurements by passing
through a stream of argon N5.0.
Conclusions

The introduction of one heteroatom into the truxene core
primarily disturbs the symmetry of the molecule and thus
introduces an entirely new quality to the chemistry of these
heptacyclic aromatic systems. For NCC and OCC, the uores-
cence enhancement by symmetry breaking phenomenon (FESB)
is observed, causing a 4-fold increase in the uorescence
quantum yield. The introduction of a sulfur atom allows the
increase of spin–orbit coupling, which is especially important in
the case of 3-generation OLED TADF emitters. Excellent thermal
properties, characteristic for truxenes, are signicantly
improved in the case of 5-heterotruxenes. 5-Heterotruxenes
present high thermal stability, up to 230 �C for (OS)CC and
(O2S)CC, and a clear tendency to form stable amorphous pha-
ses, especially NCC, (OS)CC and (O2S)CC. Redox properties are
undoubtedly related to the localization of electron levels. NCC
has low reversible oxidation, at E1/2 ¼ 0.49 V, thus presents the
best electro donation properties, whereas (O2S)CC has a revers-
ible reduction at E1/2¼�2.14 V, pretending for suitable electron
acceptor. Newly introduced synthesis ofNCC, using precursor 1,
seems to be very promising for obtaining 5-heterotruxenes. It
presents a simpler, more efficient, and universal path for
obtaining 5-heterotruxenes, allowing the introduction of most
atoms from the p-block. The donor or acceptor character of the
molecule can be modulated by introducing the heteroatom into
the truxene system. Such modulation enables the construction
of a new donor–acceptor moiety for electronic (semiconductors
or host materials in phosphorescent OLEDs), optoelectronic
(emitting materials), or non-linear optics. Noteworthy is
proposed, acid-promoted silicon-mediated cross-condensation,
as the synthesis method of 7,12-dihydroindeno[1,2-a]uorene
derivatives, which opens new possibilities in designing 5-het-
erotruxenes, other nonsymmetrical truxenes, and related
systems.
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