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Abstract: Expanded porphyrins serve as promising candidates for MRI contrast agents and sensitizers in photodynamic therapy. 

In this study, we theoretically designed a series of expanded porphyrins incorporating thiophene and selenophene moieties to 

investigate their optoelectronic properties. Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were 

performed to assess their aromaticity, stability, and photophysical characteristics. Our results reveal that all designed molecules 

exhibit superior optoelectronic performance, with enhanced aromaticity compared to conventional porphyrins. The absorption 

spectra of the molecules closely resemble that of porphyrins, suggesting potential applicability in related biomedical and photonic 

applications. Notably, molecule 4, featuring both a thiophene moiety and a conventional selenophene ring, demonstrates the 

highest stability, an increased energy gap highest between occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO), and a planar geometry, leading to strengthened aromaticity. These findings provide valuable insights for the 

rational design of next-generation porphyrin-based materials. 
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1. Introduction

Porphyrins, renowned for their fundamental roles in biological 
systems, have attracted significant interest in theoretical chemistry 
due to their well-defined electronic structures and diverse 
applications. In particular, 18 π-electron porphyrins have been 
extensively studied for their potential in material science, pigment 
development, and medicinal applications [1–5]. Structurally, these 
molecules consist of four pyrrole subunits connected in a coplanar 
arrangement via methine carbon bridges at their α-carbon positions. 

As higher homologues of conventional porphyrins, expanded 
porphyrins have emerged as a major research focus over the past four 
decades [6–10]. These systems, characterized by enlarged cavities 

and extended conjugation, exhibit unique electronic properties and 
structural flexibility, making them promising candidates for various 
applications in theoretical chemistry. Their ability to bind diverse 
substrates depends on both the specific porphyrin framework and 
cavity dimensions. In neutral expanded porphyrins, aromatic 
conjugation primarily involves the imine-type nitrogen atoms, while 
the amino NH groups remain non-conjugated. Additionally, 
expanded porphyrins display distinctive Hückel and Möbius 
topologies compared to conventional tetrapyrrolic porphyrin 
macrocycles [11], enhancing their utility in biomedical applications 
such as MRI contrast agents and sensitizers for photodynamic 
therapy [12]. Several expanded porphyrins have garnered attention 
in contemporary research. Notably, sapphyrin [13,14], a 
pentapyrrolic expanded porphyrin with a 22 π-electron aromatic 
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system, stands out due to its structural modifications. Unlike 
porphyrin, sapphyrin features an additional pyrrole inserted between 
a meso-carbon and an α-pyrrolic position. Other derivatives, 
including carbasapphyrin [15], benzosapphyrin [16], and 
dithiabenzisapphyrin [17], exhibit distinct aromaticity, stability, and 
absorption properties, contributing to their growing significance in 
optoelectronic applications [18]. 

Thiophene has emerged as a widely used π-conjugated 
building block, often replacing pyrrole units within the porphyrin 
framework [19]. Incorporating heterocyclic rings such as furan, 
thiophene [20,21], or selenophene [22,23] into expanded porphyrins 
enhances their aromatic stability and optoelectronic properties. 
These modified porphyrins, whether featuring normal or inverted 
thiophene/selenophene configurations, display remarkable 
photophysical characteristics [24]. Given this, it is crucial to explore 
how these structural modifications influence the aromaticity, 
stability, and electronic behavior of expanded porphyrins. 

In this study, we theoretically design and analyze four 
macrocyclic molecules (coded as 1–4 in Scheme 1) incorporating 
thiophene and selenophene subunits. Using high-level quantum 
chemistry calculations, we systematically investigate their 
aromaticity, stability, and photophysical properties. Furthermore, we 
assess the impact of conventional versus inverted thiophene and 
selenophene configurations on their optoelectronic behavior. By 
elucidating the relationship between structural modifications and 
electronic properties, this work aims to advance the rational design 
of novel porphyrin-based materials with enhanced functionalities, 
contributing to the development of next-generation materials in 
theoretical chemistry and material science. 

Scheme 1. Sketch structures of molecules of 1-4. 

2. Computational details

All calculations were conducted utilizing density functional theory 
(DFT) and time-dependent density functional theory (TD-DFT) 
methods. The full optimization of compounds 1-4 was executed 
using the DFT-B3LYP6-311G (d, p) level of theory [25-28]. To 
ensure structural stability, vibrational frequencies were computed for 
the optimized structures at the same theory level, confirming the 
absence of imaginary frequencies and validating that the obtained 
structures represent local energy minima. Vertical electronic 
excitations were determined via TD-DFT calculations using the 
range-separated CAM-B3LYP functional combined with a 6-311G 
(d, p) basis set. Additionally, aromatic stabilization energy (ASE) 
[29] values were computed employing a ring-opening isobond
chemical reaction. Positive reaction energies indicate aromaticity,
while negative values suggest antiaromaticity. The ASE was

evaluated using the B3LYP functional alongside a 6-311G (d, p) 
basis set. All calculations were performed using the Gaussian 16 
software package [30]. 

Critical points are analyzed at specific locations relative to the 
molecular structure. To avoid in-plane components, nucleus-
independent chemical shifts (NICS) values are calculated at 
designated points, such as 1 Å above the thiophene/selenophene ring 
(point a), at the geometrical center of the pyrrole ring (points b, c, 
and e), above the thiophene ring (point d), and at various 
intramolecular positions (points f, g, h, and i), as well as at the 
molecular center (point j), using the GIAO method. In this study, 
calculations were performed using several functionals (CAM-
B3LYP, M05-2X, M06-2X) to assess their performance. NICS (1) zz 
values obtained with the CAM-B3LYP functional closely match 
those from the M05-2X and M06-2X functionals. Therefore, CAM-
B3LYP is selected as the optimal functional due to its widespread 
usage. Molecules are deemed aromatic if the NICS(1)zz value is 
negative, while a positive value suggests antiaromaticity. 
Illustrations of the different critical points are depicted in Scheme 1. 
The critical points were analyzed using the 'atoms in molecules' 
theory of Bader [31] via the AIM2000 package [32]. An NBO 
analysis [33] is also performed to calculate the second-order 
perturbation at the B3LYP/6-311G (d,p) theory level. 

3. Results and discussions

3.1 Geometrical structures 

The optimized ground-state structures of the designed molecules 
were obtained using the B3LYP/6-311G(d,p) level of theory, as 
shown in Figure 1. Notably, molecules 1 and 2 adopt inverted 
configurations, whereas molecules 3 and 4 feature conventional 
structures. These molecules were designed by substituting the 
pyrrole unit in the porphyrin core with either a thiophene or 
selenophene moiety. Specifically, molecules 3 and 4 incorporate the 
standard orientations of thiophene and selenophene, respectively. 
Structural interconversion between these configurations occurs via 
rotation of the thiophene/selenophene ring, transforming molecule 1 
into 3 and molecule 2 into 4. Table 1 summarizes the key optimized 
geometric parameters, providing insights into the structural 
characteristics of the designed molecules. 

Figure 1. Optimized ground state structures of molecules 1-4. 

The N1-N2 bond lengths for molecules 1, 2, 3, and 4 are 6.021, 6.084, 
6.254, and 6.302 Å, respectively. Similarly, the C5-N3 bond lengths 
measure 4.835, 4.882, 5.271, and 5.312 Å, while the C6-S4 bond 
lengths are 4.349, 4.401, 4.838, and 4.857 Å. These values show a 
clear increasing trend in the order of 1 < 2 < 3 < 4. Regarding bond 
angles, the C6-C7-C8 angles for molecules 1–4 are 121.7º, 122.4º, 
127.5º, and 129.4º, respectively, with a similar trend observed for the  
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Table 1. Main optimized geometry structure parameters of 1-4 in the 
ground state. 

1 2 3 4 
Bond lengths (Å) 
N1-N2 6.021 6.084 6.254 6.302 
C5-N3 4.835 4.882 5.271 5.312 
C6-S4 4.349 4.401 4.838 4.857 
Bond angles (°) 
C6-C7-C8 121.7 122.4 127.5 129.4 
C9-C10-C11 125.3 125.5 126.4 127.1 
Dihedral angles (°) 
C6-C7-C8-N1 10.1 9.7 0.0 0.0 
C9-C10-C11-S4 0.6 0.4 0.0 0.0 

C9-C10-C11 angles. Dihedral angles of C6-C7-C8-N1 and C9-C10-
C11-S4, listed in Table 1, further highlight structural differences. 
Notably, molecules 3 and 4 exhibit nearly zero dihedral angles, 
indicating enhanced coplanarity. In contrast, molecules 1 and 2 
feature a perpendicular thiophene/selenophene unit relative to the 
porphyrin core, while the rest of the macrocycle remains nearly 
coplanar. To assess aromaticity and stability, we employed the 
aromatic stabilization energy (ASE) method, previously used to 
evaluate five-membered rings in the ground state. ASE provides an 
energetic measure of aromaticity, with larger values indicating 
greater stability. Calculations referenced thiophene, selenophene, 
pyrrole, and five-membered rings with localized single and double 

bonds (see Scheme 2) [34]. As shown in Table 2, ASE values follow 
the trend 4 > 3 > 2 > 1, indicating a progressive decrease in stability 
from molecule 4 to molecule 1. 

Table 2. Computed aromatic stabilization energy (ASE, in kcal/mol) 
of molecules 1-4. 

1 2 3 4 

ASE 324.8 342.6 363.6 386.4 

Scheme 2. The homodesmic schemes of 1-4. 

Table 3. NICS (1)zz values for 1-4 in the ground state. 
NICS (ppm) 1 2 3 4 

a thiophene / selenophene ring NICS (1)zz -19.38 -19.62 -22.28 -22.56

b pyrrole ring NICS (1)zz -1.32 -1.56 -1.54 -1.62

c pyrrole ring NICS (1)zz -1.67 -1.98 -1.37 -1.28

d thiophene ring NICS (1)zz -18.32 -18.64 -21.21 -21.83

e pyrrole ring NICS (1)zz -1.02 -1.36 -1.82 -1.25

f intramolecular critical point NICS (1)zz -17.42 -18.36 -17.18 -18.42

g intramolecular critical point NICS (1)zz -18.39 -19.20 -18.32 -19.14

h intramolecular critical point NICS (1)zz -17.26 -18.63 -18.71 -18.36

i intramolecular critical point NICS (1)zz -18.23 -17.83 -17.28 -19.31

j molecular ring center NICS (1)zz -16.76 -17.18 -18.01 -18.28

3.2 Aromaticity and electron delocalization 

To further investigate the aromaticity of the designed molecules, we 
employed the nucleus-independent chemical shift (NICS) as a 
quantitative metric. Specifically, we focused on the representative 
NICS(1)zz values, which have been validated as reliable indicators 
of aromaticity in the S₀ state [35]. Typically, highly negative 
NICS(1)zz values indicate strong aromaticity, whereas positive 
values denote antiaromaticity. Furthermore, more negative NICS 
values correlate with increased stability. This approach, illustrated 
in Scheme 1, has been widely utilized for assessing the aromaticity 
and stability of porphyrins [36]. 

Table 3 presents the calculated NICS(1)zz values for 
molecules 1–4 in their ground states. Notably, all NICS(1)zz values 

at 1 Å above critical points a–j are negative, confirming the aromatic 
nature of these molecules. At critical point a, the NICS(1)zz values 
are -19.38, -19.62, -22.28, and -22.56 ppm for molecules 1–4, 
respectively, indicating that normal thiophene and selenophene rings 
exhibit greater stability than their inverted counterparts. Furthermore, 
at critical point d, the thiophene moiety in molecules 3 and 4 displays 
higher aromaticity than in molecules 1 and 2. Similar trends are 
observed for NICS(1)zz values at 1 Å above critical points b, c, and 
e, as well as at intramolecular critical points f, g, h, and i. At the 
molecular center, the NICS(1) values in the ground state are -16.76, 
-17.18, -18.01, and -18.28 ppm for molecules 1–4, respectively,
demonstrating an increasing trend in aromaticity in the order of 1 <
2 < 3 < 4. Additionally, molecules with conventional
thiophene/selenophene moieties exhibit greater stability than those
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with inverted structures. Notably, selenium-containing molecules (3 
and 4) are more stable than their sulfur-containing counterparts (1 
and 2), consistent with previous studies [37,38]. For comparison, the 
NICS(1) value of porphyrin is only -16.15 ppm [39], indicating that 
all designed molecules exhibit stronger aromaticity than porphyrin. 
Overall, these findings provide valuable insights into the aromaticity 
and stability of the designed molecules, highlighting their potential 
for applications in various fields. 

Understanding the frontier molecular orbitals (FMOs) [40,41] 
is essential for evaluating the aromaticity and stability of molecules. 
The energy levels of the highest occupied molecular orbital 
(HOMO), lowest unoccupied molecular orbital (LUMO), and their 
energy gap (ΔH-L) serve as key indicators of molecular stability. 
Figure 2 presents the FMO diagrams and energy levels of HOMO, 
HOMO-1, LUMO, LUMO+1, and ΔH-L for molecules 1–4. The 
HOMO, HOMO-1, LUMO, and LUMO+1 exhibit delocalization 
across the entire π-conjugated backbone. Specifically, the HOMO 
and HOMO-1 correspond to π-bonding orbitals, while the LUMO 
and LUMO+1 represent π*-antibonding orbitals. These molecules 
undergo π→π* transitions and conform to the four-orbital theory of 
porphyrins [42]. This orbital distribution facilitates intramolecular 
charge transfer, contributing to molecular stability. A larger HOMO-
LUMO gap typically indicates lower susceptibility to optical 
excitation and greater stability. The calculated HOMO-LUMO gaps 
for molecules 1 (0.06 eV), 2 (0.08 eV), 3 (0.13 eV), and 4 (0.15 eV) 
are shown in Figure 2. Notably, molecules 3 and 4 exhibit larger gaps 
than molecules 1 and 2, suggesting enhanced stability. Additionally, 
a positive correlation is observed between the absolute value of 
NICS(1)zz and the HOMO-LUMO energy gap, indicating that larger 
energy gaps correspond to more negative NICS(1)zz values. Overall, 
among the studied molecules, 2 is more stable than 1, and 4 is more 
stable than 3. Furthermore, replacing the pyrrole nitrogen atom with 
a Se heteroatom results in a more stable structure compared to S 
substitution. 

Second-order perturbation energy is a key parameter in assessing the 
strength of stabilizing interactions between the lone pairs of S/Se 
heteroatoms in thiophene/selenophene and the π-antibonding C–C 
orbitals, as revealed by Natural Bond Orbital (NBO) analysis. For 
molecules 1–4, the second-order perturbation energy values are 44, 
42, 20, and 17 kcal/mol, respectively. These results suggest that the 
Se heteroatom in selenophene exhibits greater lone-pair 
delocalization than the S heteroatom in thiophene. Consequently, 
replacing the pyrrole nitrogen atom with a Se heteroatom leads to a 
more stable structure compared to S substitution. 

 3.3. Absorption and emission spectra 

The TD-DFT method was employed to calculate the vertical 
electronic excitations, and the simulated electronic configurations 
are summarized in Table 4. The fitted Gaussian-type absorption 
curves are presented in Figure 3. It is well known that porphyrins 
exhibit distinct absorption features, primarily in the Soret (S) and Q 
bands [43]. As shown in Figure 3, all four designed molecules (1–4) 
display major absorption bands in the ultraviolet-visible region, 
closely resembling the absorption spectrum of porphyrins in terms 
of position. For molecules 1 and 2, the dominant electronic transition 
corresponds to HOMO → LUMO+1, whereas for 3 and 4, the major 
transition is HOMO → LUMO. Notably, the presence of a 
selenophene ring results in significantly red-shifted and intensified 
absorption compared to the thiophene-containing counterparts. 
Additionally, conventional thiophene/selenophene structures exhibit 
blue-shifted absorptions compared to their inverted configurations. 
Among the studied molecules, compound 4 exhibits the lowest-lying 
excitation at 657 nm, with a major HOMO → LUMO transition and 
a maximum oscillator strength of 1.208. The fitted Gaussian-type 
emission spectra are shown in Figure 4. TD-DFT, a well-established 
method for simulating molecular emission spectra, was used to 
calculate the emission energies, yielding values of 1. 54, 1.45, 1.85,  

Figure 2. Molecular orbital distributions and diagrams of the frontier molecular orbitals (from HOMO-3 to LUMO+3) for 1, 2, 3 and 4. 
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Table 4. Calculated absorption features of 1-4. 
Molecules E/nm (eV) Major contribution Oscillator strength 

1 756(1.64) HOMO→LUMO+1 (51%) 
HOMO-1→LUMO+1(44%) 

1.016 

2 793(1.56) HOMO→LUMO+1 (45%) 
HOMO-1→LUMO (39%) 

1.049 

3 624 (1.99) HOMO→LUMO (52%) 
HOMO-1→LUMO (47%) 

1.156 

4 657 (1.89) HOMO→LUMO (53%) 
HOMO-1→LUMO+1 (46%) 

1.208 

Figure 3. The fitted Gaussian type absorption spectra based on the TD-DFT/CAM-B3LYP/6-311G (d, p) calculation for molecules 1-4. 

Figure 4. The fitted Gaussian type emission spectra for molecules 1-4. 

and 1.75 eV for molecules 1, 2, 3, and 4, respectively. Furthermore, 
the calculated Stokes shifts, defined as the energy difference 
between the lowest-lying absorption and emission spectra, range 
from 0.1 to 0.14 eV. 
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4. Conclusions

In summary, we conducted a comprehensive theoretical 
investigation into the aromaticity, stability, and photophysical 
properties of molecules 1–4, incorporating thiophene and 
selenophene units into expanded porphyrins. Using DFT and TD-
DFT calculations, we established a direct correlation between 
molecular stability and aromaticity, as assessed by ΔH-L values and 
NICS(1)zz values. Notably, all designed molecules exhibit stronger 
aromaticity than porphyrin. Our findings indicate that molecules 
with conventional thiophene or selenophene rings exhibit superior 
stability compared to their inverted counterparts, owing to their 
enhanced coplanarity. As a result, molecules 3 and 4 are more likely 
to form π–π stacking interactions. Additionally, substitution of the 
pyrrole nitrogen with a selenium (Se) heteroatom increases the 
HOMO–LUMO energy gap, reducing susceptibility to optical 
excitation and enhancing molecular stability compared to sulfur (S) 
heteroatoms. The absorption spectra of all four molecules align with 
porphyrins, featuring prominent Soret and Q bands. These 
absorption characteristics primarily arise from HOMO → LUMO+1 
or HOMO → LUMO transitions, facilitating intramolecular charge 
transfer. Among the designed molecules, compound 4 stands out due 
to its larger HOMO–LUMO energy gap, more planar structure, and 
stronger aromaticity. Overall, these theoretical insights provide a 
valuable foundation for the future design and development of novel 
expanded porphyrin materials with enhanced stability and 
optoelectronic properties. 
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