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Two novel alkyl thiophene-modified pyrene derivatives (1)-(2) were created and synthesized using palladium-catalyzed Stille coupling 
processes and Friedel-Crafts reaction of pyrene. The polycyclic aromatic groups of the thiophene-modified pyrene were oxidized with 
Ag[Al(OC(CF3)3)4] to provide the insensitive radical cations 1•+-2•+ based on the alkyl thiophene-modified pyrene derivatives. Nuclear 
magnetic resonance (NMR), electron paramagnetic resonance (EPR), UV-Vis spectroscopy, and density functional theory (DFT) 
calculations, were used to investigate their structures and properties. The pyrene moieties were the primary location of the electron 
spin distribution, with a little overflow onto the outer thiophene moieties. Due to the different substituent groups, free radicals 1•+‑2•+ 
exhibit some different properties. Compound 1•+ is the most extensive thiophene-modified pyrene radical cation that has been reported. 
These species are anticipated to have wide-ranging potential in the areas of optoelectronic materials and semiconductors. 
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INTRODUCTION

Due to the potential applications of free radicals in various studies 
such as inorganic chemistry, organic chemistry, and materials science, 
people are increasingly interested in free radical chemistry.1,2 Organic 
free radicals are not only powerful synthetic intermediates, but can 
also serve as emerging functional materials, with the potential to 
achieve innovative technologies in various fields such as organic 
magnets, spintronics, optoelectronics, and quantum information.3-7 
Hence, it is imperative to amalgamate unpaired electrons with 
polycyclic aromatic hydrocarbons, which are extensively employed 
in organic optics and electronic materials. These compounds have 
the potential to be utilized in the synthesis of organic light-emitting 
devices (OLEDs), organic field effect transistors (OFETs), organic 
photovoltaics (OPVs) materials, and several other functional 
materials.8 In addition, such radicals have a clear tendency toward spin 
delocalization and can regulate spin coupling and strength through 
π-orbital distribution.9

Pyrene and substituent modified-pyrene derivatives are 
representative polycyclic aromatic hydrocarbons (PAHs) that 
exhibit both electron-donating and electron-withdrawing properties. 
They are primarily utilized as materials with conductivity and light 
sensitivity. More significantly, because of its tremendous luminescence 
efficiency, high carrier mobility, superior solution processability, and 
thermal stability, pyrene has a lot of potential for use in organic light-
emitting devices.10-13 Pyrene, with its extensive planar conjugated 
aromatic structure, has a strong inclination towards π-stacking and 
quasi-molecular formation. Every year, there are many literature 
materials14,15 on the substitution of pyrene by various aromatic groups 
in non‑K regions (positions 1, 3, 6, and 8). The in-depth research16-19 
in this field is due to its widespread applications in medicine, chemical 
sensors, and organic electronics. However, there are relatively few 
reports on tetrasubstituted pyrenes located in the K-region (4, 5, 9, 
10-). The species of radicals after single electron oxidation are rarely 
reported. Related research20 has demonstrated that by lowering the 
rotational degrees of freedom in the molecule, bridging sulfur on 

thiophene-doped aromatic compounds can efficiently optimize π-orbital 
overlap. Furthermore, the stability of the compound can be significantly 
enhanced by the thiophene moiety. Many aromatic compounds 
modified with thiophene have been created and utilized in organic 
semiconductor components.21-23 Aromatic compounds modified with 
thiophene have reduced maximum molecular orbital occupancy energy 
and comparatively wide band gaps. These compounds have sparked a 
lot of interest in enhancing aromatic stability and increasing π-orbital 
overlap as potential electronic materials.

Thiophene derivatives undergo significant alterations in their 
transition intensities and optical energy levels when they are 
oxidized to form matching cations or radical cations. However, it 
should be noted that the majority of these cations are not stable. 
Single radical cations possess distinctive electronic structures and 
intriguing chemical and magnetic characteristics in comparison 
to neutral molecules.24 Currently, there is a limited amount of 
information available on sulfur-containing aromatic radical cations. 
The distribution of electron spin density is the primary determinant 
of the physical and chemical characteristics of radicals. Hence, the 
technique of manipulating the distribution of electron spin density 
is crucial in acquiring valuable radical entities. Extensive studies25 
have been undertaken by researchers to manipulate unpaired electrons 
using several methods, such as inserting bulky spatial substituents, 
enlarging π-conjugated systems, and incorporating heteroatoms. 
In this study, we introduced an alkyl thiophene functional group 
with high steric hindrance to delocalize and form pairs of electrons 
throughout the conjugated system. Meanwhile, many interesting 
conclusions were drawn by comparing the analogs obtained by 
replacing alkyl with methoxy groups. This article synthesized 
and characterized for the first time a compound combining alkyl 
thiophene-modified pyrene  (1) (Me-TTP) and (2) (MeO-TTP) 
obtained by replacing methyl with methoxy groups. Then, we used 
Ag[Al(OC(CF3)3)4] to oxidize 1 and 2 with one-electron, obtaining 
the corresponding single radical cations and studying their properties. 
Thiophene-modified pyrene single radicals have distinct electrical 
structures and intriguing chemical characteristics when compared 
to neutral precursor molecules. At the same time, the substituent 
effect that occurs in radicals was discussed. Lastly, we discussed the 
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applications of the novel thiophene-modified pyrene in the fields of 
optoelectronic materials as well as semiconductors.

EXPERIMENTAL

General methods

All Schlenk approach was used to synthesize air- and water-
sensitive chemicals in a glove box under inert atmospheres. 
Tetrahydrofuran is freshly distilled on Na/benzophenone and degassed 
three times before use. Dichloromethane is distilled fresh with CaH2 
and degassed three times before use. N,N-dimethylformamide uses 
a 4A molecular sieve to remove water before use. Energy Chemical 
Co., Ltd. (Shanghai, China) provided all of the commercially available 
ingredients, and procedures documented in the literature were used 
to synthesize alkyl thiophene-modified pyrene. 

Synthesis of thiophene-modified pyrene (R-TTP)

Pyrene finds it easier to conduct an electrophilic substitution 
process at positions 1, 3, 6, and 8 compared to positions 4, 5, 9, and 
10. Instead, these replacements must be completed through indirect 
electrophilic reaction.26 Using the Friedel-Crafts reaction of pyrene 
with trimethylchloromethane, tert-butyl moieties were first added as 
protecting groups at positions 2 and 7 of pyrene. Afterward, 2,7-di-
tert-butylpyrene was brominated using six equivalents of bromine 
in a solution of carbon tetrachloride with iron powder present. 
The result was 4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene. In the 
meantime, tributyltin chloride was added to 2-methylthiophene to 
create 2-(tributyltin)-5-methylthiophene through a lithiation reaction 
with n-butyllithium.27,28 An important step in the production of 

tert‑butyl  thiophene-modified pyrene (1) was the Stille coupling 
process between organotin reagent and tetrabromopyrene derivatives 
using palladium catalyst Pd(PPh3)4.29 The compound 2 was also 
produced by the same process (Scheme 1).30-32 

Nuclear magnetic resonance (NMR) spectroscopy was used to 
evaluate compounds 1 and 2 after they were prepared by Scheme 1. 
The distinctive signals of methyl and methoxy groups in the 1H NMR 
spectra are located at δ 2.37 and 1.41 ppm, respectively. To explain 
the structural alterations that occur during one-electron oxidation 
or reduction, we performed quantitative calculations on crystal 1 
(Figure  1). The HOMO (highest occupied molecular orbital) and 
LUMO (lowest unoccupied molecular orbital) of compound 1 were 
fully delocalized over the pyrene moiety, suggesting that 1 can function 
as both an electron acceptor and an electron donor simultaneously in 
this unusual structure. As per earlier studies,33 we discovered that the 
orbital distribution causes 1 to either gain or lose electrons.

Synthesis of thiophene-modified pyrene radical 
cations (R-TTP•+)

In the presence of nitrogen, compound 1 was subjected to direct 
treatment with Ag[Al(OC(CF3)3)]4 in CH2Cl2 for 48 h, resulting in 
the formation of a dark green solution. After gathering the filtrate, a 
blackish green powder 1•+[Al(OC(CF3)3)4]− was produced. After being 
produced in a modest yield, the monoradical 1•+ was insensitive in room 
temperature ambient air for over a week. Similarly, the treatment of 
compound 2 with Ag[Al(OC(CF3)3)]4 for 48 h produced a dark red 
solution. After gathering the red filtrate, a black powder was obtained 
and identified as monoradical 2•+ (Scheme 2). Monoradicals  2•+ 
demonstrated stability in ambient air for over 2 weeks at room 
temperature. Therefore, monoradical cations 1•+ and 2•+ are stable 

Scheme 1. Synthesis of the thiophene-modified pyrene R-TTP (1) and (2)

Figure 1. The HOMO (a) and LUMO (b) of 1
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enough to support us in a series of characterizations. Four alkyl and 
alkoxyl groups were inserted, and this successfully stabilized the free 
radicals. Interestingly, the color of compound 1 darkened more quickly 
than the color of compound 2 changed during the process; this could 
be because the methyl group of compound 1 gave it greater solubility. 
AgSbF6 were compared as well, and the same outcomes were found.

Characterization

For compound weighing, a FA2005 electronic analytical balance 
(T-Bota Scietech Co., Ltd., Shanghai, China) was employed. A 
Bruker EMX plus-6/1 instrument (Billerica, USA) was used to 
record electron paramagnetic resonance (EPR) spectra, which were 
then simulated using WinEPR Simfonia software. An MPMS-XL7 
SQUID (Quantum Design, Beijing, China) was used to measure the 
magnetic property of a sample that was prepared in a glove box. In 
a CHI661E chemical workstation glove box, cyclic voltammetry 
(CV) was used. The counter electrode was platinum wire, and the 
working electrode was a platinum stick electrode. Element analyses 
were performed at the University of Science and Technology of 
China. On silica gel plates (hsgf 255), thin-layer chromatography 
was carried out, and the products of column chromatography were 
separated on silica gels with a mesh size of 300-400. To integrate the 
diffraction data and adjust for the effects of polarization and Lorentz, 
the SAINT software was utilized. For the semi-empirical absorption 
correction, the SADABS program was utilized. After the crystal 
structure was solved directly, the full-matrix least-squares method 
of the Shellxl-2014 crystallographic software program was used to 
anisotropically refine every non-H atom on F2.

RESULTS AND DISCUSSION

Electrochemical properties

In order to comprehend the charge transfer properties, 
electrochemical stability, and ionization potential of the substances, 

the redox properties of compound 1 were investigated through 
cyclic voltammetry. According to Figure 2a, the cyclic voltammetry 
curve of compound 1 showed two quasi-reversible oxidation 
signals (1, E1/2

Ox = 1.11, 1.61 V) at room temperature, suggesting 
the stability of single cation 1•+ and double cation 12+ in solution 
under the conditions of cyclic voltammetry. Because of the high 
magnitude of the second oxidation potential of 1•+, conventional 
oxidizing agents faced challenges in oxidizing this species. 
Consequently, the production of the double cation 12+ through 
chemical oxidation proved to be challenging. The initial oxidation 
potential can be used to estimate the EHOMO value using a cyclic 
voltammogram.34 For 1, the EHOMO  =  –5.02  eV according to the 
formula: EHOMO  =  −e(EOx  +  4.72)  (eV). Figure 2b illustrates that 
E1/2

Ox = 0.95, 1.30 V, resulting in the calculation of the EHOMO value of 2 
as –4.91 eV. The oxidation doping stability of organic semiconductors 
is associated with their ionization potential, specifically the EHOMO. 
As a result, in an ambient oxygen atmosphere, decreasing EHOMO and 
the p-doping level can improve environmental stability. Because it 
is less likely to be doped with oxygen than the majority of modern 
OFET materials,35 its relatively low EHOMO level of  1 indicates 
that it has superior stability to oxidation than conventional p-type 
semiconductor materials.36

Electronic properties

Obviously, due to the absence of single electron compounds 1 and 
2 are EPR-silenced species. The magnetic characteristics of 1•+ and 
2•+ were investigated through the application of EPR spectroscopy. 
Initially, a solution of 1•+ in CH2Cl2 was diluted to 10-4 M for the 
EPR test at 298 K. The results showed that there is hyperfine coupling 
between the hydrogen atom on the pyrene ring and the unpaired 
electron of 1•+ (Figure 3a). The g-factor was found to be 2.0032 and 
the 1H hyperfine coupling constant to be A(1H) = 3.82 G, 4H, based on 
the simulated EPR spectrum. The EPR spectra of a low-temperature 
solution of 1•+ were then obtained at 90 K. The single-electron 
oxidized 1•+ spectrum displayed diradical features (Figure  3b). 

Scheme 2. Synthesis of alkyl thiophene-modified pyrene radical cations R-TTP•+ 1•+ - 2•+

Figure 2. Cyclic voltammetry curve of 1 (a) and 2 (b)
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Simultaneously, we detected the half-field forbidden transition signal 
at low temperatures, which was determined to be ∆ms = ± 2. The 
zero-field splitting value D was obtained as 26.5 G. Additionally, 
the EPR test of solid powder was examined at 90 K, revealing both a 
half-field and a diradical signal. As a result, the EPR pattern implied 
that the central pyrene moiety was the primary location of the cationic 
charge. Unsurprisingly, the EPR spectrum of 2•+ yielded results that 
were comparable to those of 1•+. The diradical signal of 2•+ was 
successfully detected, and the low-temperature powder EPR spectrum 
of 2•+ also showed a significant half-field forbidden transition signal 
with ∆ms = ± 2 (Figure 3c). In contrast to methyl groups, methoxyl 
groups produce an EPR spectrum with a little broader line width 
and less obvious splitting of the signal with ∆ms = ± 1. These small 
variations could be explained by the different electrical effects of the 
methoxy and methyl groups.

X-Ray crystallographic analysis

We collected and analyzed the crystallographic data of 
compound 1 (Figure 4), crystallized in the triclinic space group P1. 
Selected bond lengths are shown in Table 1, and the relevant crystal 
parameters and structural refinement data are provided in Table 1S 
(Supplementary Material). Due to the addition of the alkyl thiophene 
group, the central pyrene moiety of the new compound was not 
completely planar; rather, it was slightly curved. A comparison 
between the bond length data of 1 and 2,7-di-tert-butylpyrene 
indicated a change in the C–C bond length of the aromatic ring. 
Upon the addition of thiophene functional groups, the distance 

between C6–C7 and the two carbon atoms directly connected to 
the thiophene functional groups increased from 1.348 to 1.353 Å, 
and the C7–C13 bond length increased from 1.439 to 1.455 Å. 
Furthermore, the C13–C14 bond length decreased from 1.399 to 
1.388 Å, the C22‑C23 bond length decreased slightly from 1.422 to 
1.415 Å, and the C13–C22 bond length did not change significantly. 
These changes were conducive to the generation of radicals and the 
emergence of diradical signals. Unfortunately, we did not obtain 
crystallographic data for radical cations 1•+ and 2•+, potentially due 
to the presence of a residue from the tin reagent. Thus, we could 
not further investigate the effect of electron loss on the structure of 
the aromatic skeleton.

DFT calculations

In order to conduct a more in-depth analysis of the electronic 
characteristics, we conducted quantitative computations of 1•+ 
at the (U)m062x/6-31g* level. According to relevant reports,37 

Table 1. Selected bond lengths (Å) of compound 1

Bond lengths / Å Compound 1 Pyrene

C13–C14 1.388 1.399

C7–C13 1.455 1.439

C6–C7 1.353 1.348

C13–C22 1.415 1.415

C22–C23 1.415 1.422

Figure 3. EPR spectrum of (a) 10-4 M 1•+ in CH2Cl2 at 298 K; (b) 10-4 M 1•+ in CH2Cl2 at 90 K; (c) powder 2•+ at 90 K

Figure 4. Thermal ellipsoid (50%) drawing of 1. All hydrogen atoms are not shown for clarity. Selected bond lengths (Å): C13-C14, 1.388(3);  
C13-C22, 1.415(3); C13-C7, 1.454(3); C32-C31, 1.395(3); C32-C23, 1.417(3); C32-C33, 1.450(3); C14-C15, 1.391(3); C23-C24, 1.414(3); C23-C22, 1.415(3);  
C21-C20, 1.387(3); C21-C22, 1.422(3); C21-C39, 1.447(3); C20-C15, 1.390(3); C6-C7, 1.353(3); C6-C24, 1.457(3); C25-C24, 1.390(3); C39-C33, 1.357(3); 
C26-C31, 1.386(3); C26-C25, 1.392(3)
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using m062x for geometric optimization is more appropriate, 
especially in the presence of weak intramolecular interactions and 
large conjugations. Upon the incorporation of 2-methylthiophene 
functional groups, it was anticipated that unpaired electrons 
would be dispersed throughout the entire conjugated system. We 
attributed this dispersion to the variation in the length of the bond 
caused by the electron-rich alkyl thiophene group, based on our 
study of the computational data. The distribution of spin density 
in 1•+, in the lowest unoccupied molecular orbital (LUMO), and 
the singly occupied molecular orbital (SOMO) extended across 
the hold molecule, with the spin density being less dispersed on 
the thiophene ring but notably prominent at the pyrene moiety 
(see Figures 5a and 5b). The spin densities observed in 1•+ indicate 
that the presence of substituents influences the degree of radical 
delocalization, thereby influencing the ground states. The electron-
donating inductive effect (+I) is exhibited by four methyl groups 
in 1•+, and the spin densities in 1•+ are predominantly localized within 
the pyrene and thiophene rings. As expected, the DFT calculation 
results for 2•+ are similar to those for 1•+. The lowest unoccupied 
molecular orbitals (LUMO) and single occupied molecular orbitals 
(SOMO) of 2•+ extend within the maintaining molecule, with less 
dispersion on the thiophene ring, but significantly prominent in the 
pyrene region (Figure 5c). The total energy of the two radical cations 
is very close, –3293.6863 a.u. for 1•+ and –3595.6169 a.u. for 2•+. Four 
alkylthienyl groups in 1•+ and 2•+ show an electron donating inductive 
effect (+I) and the spin densities in radicals are mainly distributed 
among the hold rings. Substituents with different polarities lead to 
a change in the charge recombination free energy (ΔG) while the 
solvent reorganization energy (λ) remains constant. Those will affect 
the sign of the electron exchange interaction (J) value. Meanwhile, 
the J value is defined by the energy separation between singlet and 
triplet radical pairs. Therefore, substituents with different inductive 
effects (+I or –I) affect on singlet-triplet energy ordering to determine 
which the ground state is influencing the J value.

Magnetic properties

Quantification of the electronic coupling interaction between 
the highly active species was done using SQUID measurements 
on the solid of radical cations 1•+ and 2•+ (Figure 6). The molar 
paramagnetic susceptibility and temperature, XmT, of 1•+ were found 
to be 0.385 cm3 K mol-1 at 298 K, with the maximum value remaining 
at 90 K upon cooling. It exhibits a progressive decline with increasing 
temperature reduction from 90 to 0 K (At 2 K, 0.04 cm3 K mol-1), 
suggesting the presence of an intermolecular interaction (Figure 6a). 
From 298 to 20 K, XmT for 2•+ was found to be 0.375 cm3 K mol-1 
(Figure 6b). From 20 to 2 K, it decreased progressively (at  2  K, 
0.10  cm3 K mol-1), although more quickly than 1•+, suggesting a 
weaker connection. The magnitude of intermolecular forces between 
1•+ and 2•+ is related to the electronic effects of substituents at positions 
4, 5, 9, and 10 of the pyrene skeleton.

Photophysical properties

It is useful to use UV-Vis spectroscopy to look at the optical 
properties of radicals.38 In light of the unique magnetism exhibited 
by compounds 1 - 2, the UV-Vis absorption spectra of 1 - 2 and their 
respective cationic radical species 1•+ - 2•+ were obtained at ambient 
temperature in the solid state (Figure 6). As depicted in Figure 6a, 
the absorption spectrum of compound 1 in the soild state exhibited 
two prominent signals. The transition from π to π* in the conjugated 
backbone is responsible for the signal at a longer wavelength, roughly 
310-360 nm, while the electronic transitions of the distinct aromatic 
units are linked to the band at a shorter wavelength, λmax = 260‑310 nm. 
In the soild state, the absorption spectrum of compound 1 exhibited 
a signal at 250 nm, with smaller signals at 285 and 355 nm. The 
absorption spectrum of the 1•+ species displayed similarities to that 
of compound 1 in solution, with three signals concentrated in the 
250‑380  nm range (λmax = 265 nm). Owing to their comparable 

Figure 5. (a) Spin density map of 1•+. (b) The SOMO of 1•+ and the LUMO of 1•+. (c) The SOMO of 2•+ and the LUMO of 2•+
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Figure 6. SQUID magnetometry on powder samples (a) 1•+, (b) 2•+ at 1000 Oe in the warming mode

Figure 7. (a) UV absorption spectra of 1 and 1•+ in soild state, (b) 2 and 2•+ in soild state

structures, 1 and 2 produced spectral shapes that were almost identical 
in terms of their features (such as fine structures and narrow, strong 
maximum signals). Because of the thiophene and other aromatic 
groups, the conjugated compounds all displayed absorption signals at 
high level energy (~ 250 nm).39 Additionally, the beginning point of 
the absorption signals rose by more than 10 nm upon the conversion 
from 1 to 1•+ (and 2 to 2•+). Free radical compounds are often found 
to exhibit a little shift towards longer wavelengths in the UV-Vis 
absorption spectrum when compared to their neutral counterparts. 
In this investigation, the spectra of 1 and 2 were compared with the 
spectra of their respective radical forms, 1•+ and 2•+, revealing distinct 
signals indicative of radical absorption at 405  nm. This finding 
supports the radical nature of 1 and 2. The energy difference between 
the HOMO and LUMO (ΔEgap) was determined from the absorption 
onset wavelength (λabs-onset) using the formula: ΔEgap = 1240/λabs-onset. For 
1 and 2, the λabs-onset values were 402 and 429 nm, respectively, which 
led to the calculation of the gaps of 3.08 and 2.82 eV for 1 and 2. The 
creation of a more extended and delocalized π-conjugated system is 
also consistent with this minor decrease of the gap, which is typically 
found in conjugated oligomers. Compared to 2.5 eV, which is greater 
than several well-known OFET materials, this gap is much higher. 
Furthermore, a comparison between 1 and 2 revealed that the gap of 2 
was marginally smaller than that of 1 because the λabs-onset of 2 with a 
methoxy was larger than that of 1 with a methyl substituent. A wider 
gap often indicates greater photo-degradation stability.40 Due to its 
larger rigid core, compound 1 demonstrates strong π–π interactions and 
may serve as a promising material for use in organic electronic devices. 
Ongoing research is focused on exploring the potential application of 
this compound in electronic devices such as field effect transistors. 

CONCLUSIONS

In summary, we have generated the initial thiophene-modified 

pyrene radical cations 1•+ and 2•+ via Ag[Al(OC(CF3)3)4] as the 
oxidizing agent. Examination through EPR spectroscopy and 
DFT calculations revealed that these cationic radicals displayed 
distinct characteristics in comparison to the corresponding neutral 
thiophene-modified pyrene compounds. Comparing these TTPs 
to other smaller PAHs, our data reveals an intriguing finding: 
despite the two distinct substituents of pyrene linked by thiophene, 
the magnetic/optoelectronic properties of these two TTPs are 
partially identical. For instance, the inclusion of an electron-rich 
thiophene group conferred some diradical properties to the one-
electron oxidized compounds 1•+-2•+. The radical cation 1•+ exhibits 
enhanced stability and demonstrates superior optoelectronic 
characteristics. Furthermore, in contrast to 2•+, 1•+ produces more 
prominent diradical characteristics at lower temperatures, a reduced 
λabs-onset, and an increased bandgap. Overall, the bulky group is 
anticipated to not only enhance the stability of the resulting cation 
by dispersing electron spin density but also hinder intermolecular 
electronic interaction to yield a distinct radical. Methoxy has a 
strong electron-donating ability, which can increase the electron 
density of the thiophene group connected to the carbon atom and 
change the strength of the coupling. The steric hindrance of methyl 
substituents is small and has a certain electron-donating ability, 
which is beneficial for increasing intermolecular coupling. This 
work offers a novel way to control the physicochemical parameters 
and electron spin density distribution of organic radicals. The 
photoelectric qualities of monoradical cations also point to a wide 
range of potential uses for them in the realm of novel photoelectric 
materials.

SUPPLEMENTARY MATERIAL

Some images of the systems used in this work are available in 
http://quimicanova.sbq.org.br as a PDF file, with free access.
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