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Theoretical study on the geometry, aromaticity and
electronic properties of porphyrin analogues
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Density functional theory calculations were employed to investigate a family of porphyrin analogues
differing in macrocyclic size and bridging motif. The geometrical features of these macrocycles exhibit
pronounced variations in bond lengths, bond angles, and overall conformations as the framework size
and linkage patterns are altered. Nucleus independent chemical shift (NICS) values and anisotropy of the
induced current density (AICD) analyses were calculated to evaluate the aromaticity of the porphyrin
analogues. The porphyrin analogues exhibit pronounced aromatic character. The electronic properties
were further examined by frontier molecular orbital analysis, revealing systematic changes in orbital
energies with increasing m-conjugation length and with nitrogen substitution at the meso positions. We
expect that these studies will provide new insights and will aid the further development of diverse novel

rsc.li/rsc-advances porphyrin analogues.

Introduction

Macrocyclic complexes have attracted considerable attention in
bioinorganic chemistry, with porphyrins representing one of
the most extensively studied classes. Porphyrins consist of four
pyrrolic subunits, in which the pyrrole rings are interconnected
through methine carbons at the meso positions.' In nature,
porphyrin frameworks participate in numerous essential bio-
logical processes, including photosynthesis in chlorophyll,
oxygen transport in hemoglobin, and oxygen storage in
myoglobin, earning them the designation “pigments of life”.?
Beyond their biological significance, synthetic porphyrins have
also been widely investigated because of their broad applica-
tions in diverse fields.®* In addition, recent studies have
employed machine-learning approaches to predict properties
based on existing porphyrin databases.*

Porphyrin macrocycles exhibit a wide variety of structural
variants, which can be generated by altering the number of
pyrrole rings, substituting pyrrolic nitrogen atoms with other
heteroatoms, replacing meso-carbon atoms with heteroatoms,
or adding or removing meso-carbons from the macrocycle,
among other modifications.” Representative examples include
contracted porphyrins,® expanded porphyrins,” and hetero-
porphyrins® (Scheme 1). Such structural modifications
profoundly influence the intrinsic properties of the macrocycle,
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including its cavity size, degree of planarity, m-electron config-
uration, and aromatic character.” For example, expanded
porphyrins possess enlarged ring frameworks that extend the -
conjugated system, resulting in bathochromic shifts in their
absorption spectra. The nonlinear optical (NLO) properties of
these compounds have been extensively investigated, revealing
that their NLO responses and excited-state dynamics are closely
related to structural variations and to their aromatic or anti-
aromatic character, which is influenced by the total number of
m-electrons.’ In heteroporphyrin systems, our previous theo-
retical studies have shown that regular porphyrins and O-
substituted porphyrins follow a 22m-electron aromaticity
model, whereas heteroporphyrins substituted with PH, AsH, S,
Se, Te, CH,, or SiH, conform to an 18m-[18]annulene aroma-
ticity model."* The aromaticity of porphyrin analogues has been
investigated,"”** and recent reviews have summarized the
methodologies used to assess the aromatic character of
expanded porphyrins.**

Although porphyrins themselves have been extensively
investigated, the structure-property relationships of their
analogues remain insufficiently understood and have not yet
been systematically characterized. This makes it difficult to
elucidate functional regulatory mechanisms at the molecular
level and to further expand their practical applications across
diverse fields. To address these issues, the present study
provides a detailed theoretical investigation of porphyrin
analogues, with the aim of establishing a rational basis for their
future molecular design and functional development. The
porphyrin analogues considered in this work are illustrated in
Scheme 1 and classified according to the number of pyrrole
rings and methine carbon atoms. In groups A-D, the number of
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Scheme 1 Structures of porphyrin analogues investigated in this study.

pyrrole rings increases stepwise from three to six, with adjacent
units connected through meso-atom bridges. Groups E-H also
contain three to six pyrrole rings but involve the insertion or
removal of one or two atoms at the meso positions. In addition,
porphyrazine analogues are included in each group, in which
the meso-carbons atoms are replaced by nitrogen atoms.

Computational methods

All calculations were performed using the Gaussian 16
package.” Geometry optimizations and energy calculations
were carried out with B3LYP-D3,'® which has been widely
applied in computational studies of porphyrin systems.'” The
def2-SVP basis set' was used for all atoms. Frequency analysis
was conducted at the same level of theory to verify that the
stationary points are minima or saddle points. Computed
structures were visualized using CYLview." The molecular
planarity parameter (MPP)*® was calculated using Multiwfn.**
Frontier molecular orbitals (FMOs) and their energies were
calculated at the HF/def2-TZVP** level using the gas-phase
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optimized geometries. Both nucleus independent chemical
shifts (NICS)* values and anisotropy of the induced current
density (AICD)** analyses were computed at the B3LYP-D3/def2-
TZVP level on the same geometries. For NICS calculations of
both planar and nonplanar structures, the reference plane was
defined by least-squares fitting to the heavy atoms of the
macrocycle, and the ring center was determined accordingly.
NICS(0) values were obtained at the geometrical center of the
heavy atoms, while NICS(1) values correspond to the average of
values calculated 1 A above and below the ring center. Aromatic
species exhibit negative NICS values and clockwise induced
current densities, whereas antiaromatic species show positive
NICS values and counterclockwise currents.

Results and discussion
Geometry of porphyrin analogues

The optimized structures of the corresponding porphyrin
analogues A1-D1 are shown in Fig. 1. Across this series, the
average bond lengths of the a-Cpyrrole=Cpreso (Meso-methine
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1.40 1.40
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Fig. 1 Optimized geometries of porphyrin analogues A1-D1. “average bond length of all meso-methine bridges; “average bond angle of all
meso-methine bridges; “Cg atoms of flipped pyrrole rings excluded from MPP calculations.
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Fig. 2 Optimized geometries of porphyrin analogues E1—H1. ®Average bond length of all meso-methine bridges; “average bond angle of all
meso-methine bridges; “Cg atoms of flipped pyrrole rings excluded from MPP calculations.
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Fig. 3 Optimized geometries of porphyrazine analogues A2—H2. Average bond length of all aza-N bridges; ®average bond angle of all aza-N
bridges; “Cg atoms of flipped pyrrole rings excluded from MPP calculations.
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bridges) remain approximately 1.40 A, whereas the o-Cpyrrole™
Cineso=®Cpyrrole  angles vary significantly. The method for
calculating the average bond lengths and bond angles of the
porphyrin analogues is illustrated in Fig. S1. The average angle
increases from 122° in A1 to 127° in B1 and 135° in C1, indi-
cating a progressive widening of this angle with an increasing
number of pyrrole units. However, the average angle in D1
decreases to 129°, deviating from this trend. This difference
may arise from variations in the overall molecular conforma-
tion, with C1 adopting an approximately circular arrangement
and D1 appearing closer to a rectangular geometry. Notably, the
geometry of D1 appears more similar to that of B1, which may
account for their similar bond angles. An alternative confor-
mation of D1, designated D1-1, was analyzed to assess the effect
of molecular geometry. This structure adopts a circular geom-
etry similar to that of C1 and shows an average o-Cpyrrole=Cineso™
0-Cpyrrole angle of 140° (Fig. S2). Computational results indicate
that D1 is 26.3 kcal mol ™" lower in energy than D1-1, suggesting
that D1 represents the more stable conformation, consistent
with experimental observations.>

The planarity of these molecules was also evaluated. The
molecular planarity parameters (MPP) for A1-D1 are 0.39, 0.00,
0.00, and 0.22 A, respectively. The ideal bond angle of a sp*
hybridized atom is approximately 120°.>® The average o-Cpyrrole=
Cineso—%-Cpyrrole angle in A1 is close to the ideal value, at 122°.
However, steric repulsion from the internal NH protons in its
small central cavity forces one pyrrole ring to protrude outside
the macrocyclic center, reducing the overall planarity. In B1 and
C1, the a-Cpyrrole=Creso=0-Cpyrrole angles are slightly larger than
120° and the structures remain relatively stable, possibly due to
electronic delocalization. In contrast, two imine-type pyrrole
rings in D1 are flipped, with their nitrogen atoms oriented away

14n—[14]annulene 18n—[18]annulene

NICS(1) (ppm)  -13.11 -13.84
HOMA 0.65 0.83
A1 B1

22n—-[22]annulene
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from the porphyrin core, introducing additional steric strain
and further reducing planarity.

For E1-H1 (Fig. 2), the average bond lengths and angles of
the o-Cpyrrole=Cineso=%-Cpyrrole UNits are comparable to those in
A1-D1. In addition, the planarity of the structures shows little
variation, except for the tri-pyrrole system. Compared with A1,
E1 contains an additional carbon atom inserted between two
pyrrole units, which enlarges the central cavity of the macro-
cycle. At the same time, the number of protonated pyrrolic
nitrogen decreases to compensate for the additional meso-
carbons, resulting in a higher degree of planarity for E1 (MPP =
0.00 A) compared with A1 (MPP = 0.39 A).

The structural effects of different bridging motifs, including
meso-methine bridges and aza-N bridges, were further exam-
ined in porphyrin analogues. The optimized geometries of the
porphyrazine analogues A2-H2, in which nitrogen atoms
occupy the meso positions, are shown in Fig. 3. In A2-H2, the
average o-Cpyrrole~Npeso bond length is approximately 1.33 A,
which is shorter than the corresponding o-Cpyrrole=Cireso bond
length in A1-H1 (about 1.40 A, Fig. 1 and 2). This difference is
consistent with the slightly smaller covalent radius of nitrogen
compared to carbon (0.71 A vs. 0.75 A).*” Similarly, the average
%-Cpyrrole~Nmeso=%-Cpyrrole angles in A2-H2 are smaller than the
corresponding a-Cpyrrole=Creso=0Cpyrrole angles in A1-H1. These
geometric differences affect the overall molecular planarity.
Compared to A1-H1, the A2-H2 structures generally show larger
MPP values, indicating increased structural distortion.

Among these systems, the structural change is particularly
pronounced for C1 and C2: C1 maintains a planar conformation
with a MPP value of 0.00 A (Fig. 1), whereas C2 exhibits the
largest MPP of 0.70 A (Fig. 3). This difference is likely associated
with increased ring strain arising from a key structural feature:
an aza-N bridge linking the two imine-type pyrrole moieties.

Vectors Magnitude

26n-[26]annulene

-14.86 -15.08
0.86 0.87
Cc1 D1

Fig. 4 NICS(1), HOMA values, AICD (isovalue = 0.070), and LIC plots of porphyrin analogues A1-D1.
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Notably, the bond length of the aza-N bridge is shorter than the
corresponding meso-methine bridge, leading to steric repulsion
between the nitrogen atoms of two imine-type pyrrole rings. To
relieve this unfavourable interaction, the fragment undergoes
dihedral rotation, causing the two pyrrole rings to deviate from
coplanarity and resulting in an overall twisted conformation for
C2. To examine this hypothesis, geometry optimizations were
carried out on two representative fragments. The structure in
which an aza-N bridge connects two imine-type pyrrole rings
was defined as fragment 1, whereas the structure in which an
meso-methine bridge connects two imine-type pyrrole rings was
defined as fragment 2 (Fig. S3). The optimized structures show
that the most stable conformation of fragment 1 adopts
a dihedral angle N-C-N-C of —69°, whereas fragment 2 remains
nearly planar with a corresponding dihedral angle of —1°
(Fig. S3). Fragment 1 adopts a —69° dihedral angle, likely in an
effort to relieve unfavourable interaction between the nitrogen
atoms of two imine-type pyrrole rings. These results indicate
that incorporation of the fragment 1 induces pronounced
nonplanar distortion, providing an explanation for the mark-
edly reduced planarity observed for C2.

Aromaticity of porphyrin analogues

Studies of aromaticity and antiaromaticity are essential for
understanding fundamental molecular properties and reac-
tivity. To evaluate the aromatic character of the porphyrin
analogues, NICS values and AICD analyses were calculated. The
NICS(1) values at the center of the macrocycle for A1-H1 are
shown in Fig. 4 and 5, and the NICS values for individual pyrrole
rings are summarized in Table S1 and Table S2. The calculated
NICS(1) values for A1, B1, C1, and D1 are —13.11, —13.84,
—14.86, and —15.08 ppm, respectively. The gradual increase in

14n—-[14]annulene
NICS(1) (ppm) -12.21 -12.49
HOMA 0.73 0.78
E1 F1

18n-[18]annulene
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the magnitude of the NICS(1) values from A1 to D1 is primarily
attributed to the increasing number of m-electrons. Both NICS
scans® and harmonic oscillator model of aromaticity (HOMA)*
values exhibit trends consistent with the NICS(1) results (Fig. 4
and S4). A similar trend is observed for E1-H1, with the NICS(1)
values following the order H1 < G1 < F1 < E1. The dominant
current pathways, determined from AICD, line integral convo-
lution (LIC),*® and bond current strength (BCS)** analyses
(Fig. S5-S6) and indicated by red lines, are shown in Fig. 4 and
5. AICD and LIC plots show that all porphyrin analogues from
A1 to H1 exhibit a clockwise ring current. This indicates
aromatic character, in good agreement with the NICS results.
A correlation between structural planarity and aromaticity is
observed in most systems, with more planar structures gener-
ally exhibiting stronger aromatic character (Fig. S7). For
example, in the tetra-pyrrole systems, B1 and F1 display MPP
values of 0.00 and 0.15 A, respectively, accompanied by NICS(1)
values of —13.84 and —12.49 ppm (Fig. 1, 2, 4 and 5).
Although E1 is more planar than A1, with MPP values of 0.00
and 0.39 A, respectively, its aromaticity is slightly weaker, as
indicated by NICS(1) values of —12.21 ppm for E1 and
—13.11 ppm for Al. This behavior may be partly explained by
the bowl-shaped conformation of Al. As reported by Casa-
bianca, molecular curvature can influence aromaticity.>* In A1,
the NICS values on the concave and convex sides are —16.34 and
—9.88 ppm, respectively (Fig. S8). Compared with the planar
structure E1, the enhancement of the concave side NICS value
in A1 is more pronounced, ultimately leading to a more negative
overall NICS(1) value. In the hexa-pyrrole systems, D1 and H1
exhibit significant NICS(1) values of —15.08 and —16.86 ppm,
with corresponding MPP values of 0.22 and 0.36 A, respectively.
This result may be related to the placement of the NICS probe
(bq), with NICS values calculated at the ring centers defined as

Vectors Magnitude

22n-[22]annulene 26n-[24]annulene

-14.07 -16.86
0.84 0.77
G1 H1

Fig. 5 NICS(1), HOMA values, AICD (isovalue = 0.070), and LIC plots of porphyrin analogues E1-H1.
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Fig. 6 Molecular orbital distributions and diagrams of the frontier
molecular orbitals for A1-H1. The energies are shown in eV.

the nonweighted mean of the heavy atom coordinates. In the
NICS calculations for D1 and H1, the NICS probe is positioned
close to the Cg atoms of the two flipped pyrrole rings. This
placement may have a considerable impact on the calculated
NICS values. NICS scans show that when the probe is placed
more than 1.4 A from the ring center, the NICS value of D1
becomes more negative than that of H1, indicating relatively
stronger aromaticity for D1. (Fig. S7).

The porphyrazine analogues with nitrogen at the meso
positions exhibit NICS(1) values in the range of —17.00 to
—10.00 ppm (Table S1), comparable to those of the A1-H1 series
of porphyrin analogues, suggesting that their overall aromatic
character remains largely unchanged.

HOMO-LUMO gap of porphyrin analogues

To better understand the influence of structural variations on
the electronic properties of these porphyrin analogues, the
HOMO-LUMO energy gaps were analyzed, which serve as
important indicators of molecular conjugation, optical proper-
ties, and electronic stability.> The spatial distributions of the
frontier molecular orbitals for porphyrin analogues A1-D1 are
depicted in Fig. 6. For A1-D1, the HOMOs are predominantly
localized on the pyrrole carbon atoms, corresponding to a;,-
type orbitals whereas the LUMOs are mainly distributed over

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Plot of HOMO-LUMO energy gap for A1-H1 and A2-H2.

the whole m-conjugated backbone, corresponding to eg-type
orbitals.* The calculated HOMO-LUMO energy gaps for A1-D1
are 7.42, 6.25, 5.32, and 4.59 eV, respectively. As the m-conju-
gation pathways become longer from Al to D1, the HOMO-
LUMO energy gap decreases. Extension of the t-conjugated
system affects both the HOMO and LUMO energy levels,
resulting in an increase in the HOMO energy and a decrease in
the LUMO energy, with the effect being more pronounced for
the LUMO. A clear decrease in the HOMO-LUMO energy gap is
also observed from E1 to H1. HOMO-LUMO energy gap calcu-
lations performed with other functionals exhibit the same trend
(Table S3).

Compared with porphyrin analogues with carbon at the meso
positions, porphyrazine analogues, in which the meso-carbons
are replaced by nitrogen, generally exhibit a smaller HOMO-
LUMO gap (Fig. 7 and Table S4). In most cases, the narrowing of
the HOMO-LUMO gap is primarily associated with stabilization
of the LUMO. For instance, the HOMO-LUMO gap decreases
from 6.25 eV in B1 to 5.45 eV in B2 (Table S4). This reduction is
primarily due to a 0.81 eV lowering of the LUMO energy upon
substitution of meso-carbon atoms by nitrogen, which is likely
related to the higher electronegativity of nitrogen (3.04)
compared with carbon (2.55).%” In contrast, the HOMO energy
remains largely unchanged, as the contribution of the meso
positions to the HOMO orbital is negligible.

Conclusions

In this study, the structural, aromatic, and electronic properties
of a series of porphyrin analogues were systematically investi-
gated. Structural analyses reveal that variations in the number
of pyrrole units within the macrocyclic framework, as well as
differences in bridging motifs, have a pronounced influence on
molecular planarity. In particular, incorporation of aza-N

RSC Adv, 2026, 16, 19312-19319 | 19317
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bridges can introduce local steric strain, leading to significant
nonplanar distortion in certain analogues. Aromaticity analyses
based on NICS and AICD calculations indicate that more planar
structures generally exhibit stronger aromatic character,
whereas deviations from planarity can noticeably affect
aromaticity. Increasing m-conjugation in porphyrin analogues
generally raises the HOMO energy and lowers the LUMO energy,
resulting in a smaller HOMO-LUMO gap. In addition, substi-
tution of meso-carbon atoms by nitrogen typically leads to
smaller HOMO-LUMO gaps compared with porphyrin
analogues containing meso-carbon atoms. We hope that these
findings offer guidance for the rational design of functional
porphyrin-like systems.
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