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Abstract: The first comparative DFT (B3LYP/6-31G*) study of the Zn-porphyrin and its two derivatives, ZnP(P)4
and ZnP(As)4, is reported. For all three species studied, ZnP, ZnP(P)4 and ZnP(As)4, the singlet was calculated
to be the lowest-energy structure and singlet-triplet gapwas found to decrease from ca. 41—42 kcal/mol for N to
ca. 17—18 kcal/mol for P and to ca. 10 kcal/mol for As. Both ZnP(P)4 and ZnP(As)4 were calculated to attain very
pronounced bowl-like shapes. The frontier molecular orbitals (MOs) of the core-modified porphyrins are quite
similar to the ZnP frontier MOs. For the HOMO-2 of the core-modified porphyrins due to the ZnP(P)4/ZnP(As)4
bowl-like shapes we might suppose the existence of “internal” electron delocalization inside the ZnP(P)4/
ZnP(As)4 “bowls”. Noticeable reduction of the HOMO/LUMO gaps was calculated for ZnP(P)4 and ZnP(As)4, by
ca. 1.10 and 1.47 eV, respectively, compared to ZnP. The core-modification of porphyrins by P and especially by
As was found to result in significant decrease of the charge on Zn-centers, by ca. 0.61—0.67e for P and by ca.
0.69—0.76e for As. Charges on P- and As-centers were computed to have large positive values, ca. 0.41—0.45e
and ca. 0.43—0.47e, for P and As, respectively, compared to significant negative values, ca. −0.65 to −0.66e
for N. The porphyrin core-modification by heavier N congeners, P andAs, can noticeablymodify the structures,
electronic, and optical properties of porphyrins, thus affecting their reactivity and potential applications.

Keywords: bowl-like distortions; chemistry and its applications; core-modification; density functional theory;
electronic properties; NBO analysis; porphyrins; VCCA-2020.

Introduction

Metalloporphyrins and their derivatives are representatives of the extremely interesting and broad class of 18-
π-electron aromatic tetrapyrrole compounds [1–5]. They play the role of cofactors in various enzymes due to
their ability to bind metal ions in different oxidation states along with their noticeable structural flexibility
allowing them to adopt conformations required for fulfilling specific biological functions [1–11]. Tetrapyrroles
find numerous applications in catalysis [1, 2, 5, 12], molecular photonics [5, 13, 14], as sensitizers for dye-
sensitized solar cells [2, 5, 14–17], in artificial photosynthesis [18, 19], as sensor devices [20], and inmedicine [1,
2, 5]. Their sizes, shapes, and different properties can be fine-tuned by suitable structural modifications. An
attractive and promising approach is themodification of the porphyrin core by replacing one or several pyrrole
N-atomswith other heteroatoms: chalcogens (O, S, Se, Te), C, and P. The resulting porphyrinoids are known as
heteroatom-containing porphyrins or core-modified porphyrins and possess very interesting physicochemical
properties and structures that can be quite different from those of regular N4-porphyrins [21–27]. This can
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result in core-modified porphyrins having promising novel applications. Computational research can be
helpful in predicting structures and properties of novel core-modified porphyrins and their derivatives (vide
infra, and also see Refs. [26, 27]).

Let us consider more closely core modification of porphyrins with the heavier congener of nitrogen,
phosphorus. Pyrrole isologue, phosphole C5H5P, was shown to have much lower aromaticity compared to the
pyrrole due to insufficient conjugation between the cis-dienic π-system and the P-atom lone electron pair [28].
However, C5H5P possesses several prominent features [28]: (i) a trigonal pyramidal geometry of the P-center
due to insufficient n-π interactions; (ii) the effective π*(P–R) – π-π*(1,3-diene) hyperconjugation which lowers
the C5H5P lowest unoccupiedmolecular orbital (LUMO) energy compared to the pyrrole LUMO; (iii) C5H5PMOs
energies can be easily tuned by different modifications on P-center; and (iv) the P-bridged 1,3-diene unit is
rigid, electron rich, and polarizable. The core-modification by P should be considered as a promising strategy
for tuning porphyrinoids’ properties.

However, so far studies devoted to the core-modification of porphyrins and their derivatives with P have
been relatively scarce. In the series of studies Matano, Nakabuchi, Imahori and co-workers reported syntheses
and characterizations of various porphyrins and their derivatives with one pyrrole N replaced by a P-atom
[29–35]. The treatment of the σ3-P,N3-porphyrin with [RhCl(CO)2]2 in CH2Cl2 was shown to give [RhIII-P,N3]Cl2
complex [30]. The P- and S-core-modified σ3-P,S,N2-porphyrin was shown to give the Pd-P,S,N2 complex, and
for the S-core-modified S2,N2-porphyrin no complexation was observed [31]. The results were supported by the
density functional theory (DFT) studies onmodel compounds. Similar Ni-P,S,N2 and Pt-P,S,N2 complexes were
synthesized aswell [31]. The σ3-P,N3-porphyrin (trigonal pyramidal P-center) was shown to to possess a slightly
distorted 18π-electron plane and the 22π-electron σ4-P,N3-porphyrin (tetrahedral P-center)was shown to have a
highly ruffled structure. Significant structural distortions were also found in the RhIII and PdII complexes of
these compounds [29, 30]. The metal complexes of these porphyrins were found to exhibit weak anti-
aromaticity in terms of the magnetic criterion [32, 33]. In the 2009 review, Matano and Imahori reported
phosphole-containing porphyrins and porphyrinogens as macrocyclic mixed-donor ligands [34]. The in-
vestigations of the influence of different combinations of core heteroatoms (P, N, S, and O) on the macrocycle
coordination properties showed the P,S,N2-calixpyrroles to behave as monophosphine ligands, whereas the
P,X,N2-calixphyrins were shown to behave as neutral, monoanionic, or dianionic tetradentate ligands with
electronic structures varying widely depending on the combination of core-modifying elements. It is also
worthwhile to mention the 2009 DFT investigation of electronic structure and reactivity for oxidative addition
for the Pd complex of P,S-containing hybrid calixphyrin [35]. Also, it is of interest to mention the 2003 DFT
study by Delaere and Nguyen of the P-containing porphyrins with one or two pyrrole nitrogens replaced by P
[36]. Upon substitution of a NH- by a PH-unit the carbon skeleton of the porphyrin was shown to remain
essentially planar, whereas replacement of a N-atom by P-atom caused weak distortion of the ring.

Thus, it can be seen that porphyrins modified with more P atoms could possess intriguing structural,
electronic, optical, and,most important, metal-coordinating properties. However, no studies of the completely
P-core-modified porphyrins (P4-porphyrins, or P(P)4) have been reported, except the 2012 report by Barbee and
Kuznetsov on the NiP(P)4 compound [37]. Motivated by the lack of such studies, Kuznetsov reported the
computational investigations of structures, electronic properties, and various complexes formation for the
completely P-core-modified metalloporphyrins, MP(P)4, M = Sc-Zn (and also for completely P-core-modified
phthalocyanine) [37–43]. In 2015, the first systematic DFT study of the structures and electronic properties of
theMP(P)4 compounds (M = Sc, Ti, Fe, Ni, Cu, and Zn) was reported alongwith the systematic comparisonwith
the tetrapyrrole MP counterparts [39]. The prominent structural feature of all the MP(P)4 compounds studied
was their bowl-like shapes, in sharp contrast to generally planar or slightly distorted MP counterparts. Sig-
nificant positive charges were computed to be accumulated on P-atoms in MP(P)4 and positive charges on
metals in them were found to be noticeably lower than in the MP counterparts. The calculated MP(P)4 HOMO/
LUMO and optical gaps were noticeably smaller than the corresponding gaps of their MP counterparts, which
was explained by stabilization of the MP(P)4 LUMOs. In the follow-up 2016 work, the comparative DFT study,
including Natural Bond Orbitals (NBO) analysis, of the binding energies between the first-row transitionmetal
cations Mn+ (M = Sc-Zn) and two ligands of the similar type, porphine P2- and its completely P-modified
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counterpart P(P)4
2−, was reported [40]. The binding energy trends between Mn+ and P(P)4

2−/P2− were shown to
be similar for both ligands. The complete P-core-modification of porphyrins was found to decrease the Mn+-
ligand binding energies; however, all the MP(P)4 compounds studied were shown to be stable according to the
calculated Ebind values. Also in 2016, motivated by the phenomenon of stack formation by regular metal-
loporphyrins, the stack formation between ZnP(P)4 species without any linkers or substituents was found
computationally [41]. Three modes of coordination were found to be possible. The dimer with the monomeric
ZnP(P)4 units oriented by their Zn-centers toward each otherwas found to be themost stable species. Next year,
motivated by numerous examples of the complex formation between regular metalloporphyrins and fuller-
enes, Kuznetsov computationally investigated possibility of the complex formation between ZnP(P)4 and
NiP(P)4 and C60 without any linkers, both in the gas phase andwith implicit effects from C6H6 [42]. The binding
energies in the MP(P)4-C60 complexes were computed to be relatively small, ca. 1–1.6 kcal/mol and ca. 5 kcal/
mol for M = Zn and Ni, respectively (CAM-B3LYP method). The ZnP(P)4 species was found to be noticeably
distorted in the complex whereas NiP(P)4 inside the NiP(P)4-C60 complex essentially retained its bowl-like
shape. Next, motivated by the phenomenon of numerous complexes formation between tetrapyrroles and
nanoparticles (NPs), Kuznetsov computationally studied the complex formation between two core-modified
ZnP(X)4 species (X = P and S) without any substituents or linkers and small NP Zn6S6 [43]. The complex
formation was investigated with two theoretical approaches, B3LYP/6-31G* and CAM-B3LYP/6-31G*, both in
the gas phase and with implicit effects from benzene. Both complexes were found to be quite strongly bound,
with binding energies varying from ca. 29 up to ca. 69 kcal/mol. In general, the shape of the ZnP(S)4 porphyrin
macrocycle was considered as more favorable for the stronger binding between the NP and core-modified
porphyrin. Very recently, Kuznetsov performed DFT studies on the P-core-modified and S-core-modified
phthalocyanines (Pc) ZnPcs, ZnPc(P)4 and ZnPc(S)4, using B3LYP and two dispersion-corrected functionals,
wB97XD and CAM-B3LYP. Also, computational study of the complexes between C60 and ZnPc(P)4 and ZnPc(S)4
was done. The size of the “bowl” cavity of the both core-modified phthalocyanines was found to be essentially
the same. The calculated binding energies of the complexes optimized using the CAM-B3LYP and wB97XD
varied within ca. 14–52 kcal/mol and were generally by ca. 8.5—12.4 kcal/mol higher for the C60-ZnPc(S)4
complex.

Thus, motivated by the above-presented studies on P-core-modified porphyrins and their derivatives, we
decided to perform first comparative DFT studies of the regular porphyrin, ZnP, and its two analogs modified
with the heavier congeners of nitrogen: P, ZnP(P)4, and As, ZnP(As)4. We want to emphasize here that our goal
was to make comparisons between the ZnP species and its core-modified analogs, ZnP(P)4, taken for com-
parison purposes, and ZnP(As)4, which has never been studied before, computationally or experimentally, from
the point of view of their structures and some electronic (frontier molecular orbitals and orbital gaps, energy
gaps, charges) and optical (peaks and gaps calculated by time-dependent DFT) properties. Themore profound
studies are planned for the follow-up research and are currently being undertaken.

The paper is organized as follows. In the next section, we describe the computational approaches
employed. Then we address energetics of ZnP, ZnP(P)4, and ZnP(As)4 and compare their structural features.
Afterward we consider some of their molecular orbitals, HOMO/LUMO gaps, and optical gaps, and also NBO
charges. Finally, we summarize the research findings and discuss further research perspectives.

Theoretical methods

The study reported here was performed using the Gaussian 09 package, revision B.01 [44]. The ZnP, ZnP(P)4,
and ZnP(As)4 species (both singlets and triplets) were optimized without any symmetry constraints, and the
resulting structures were assessed using vibrational frequency analysis to check whether or not the optimized
structures represented true minimum-energy geometries.

Weperformed the geometry optimizations and frequencies calculations using the hybrid functional B3LYP
[45, 46] with the split-valence polarized 6-31G* basis set [47–53], furthermore referred to as B3LYP/6-31G*.
Previously, the B3LYP/6-31G* approach was proved to give metalloporphyrin geometries in good agreement
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with experimental data (see, e.g., Ref. [54]): thus, Kozlowski et al. demonstrated applying the B3LYP/6-31G*
approach to several unsubstituted planar MPs (M = Cr-Zn) that the computed range of M-N bond distances,
1.96–2.09 Å, covered essentially the range of experimentally observed values [54]. This approach was also
shown by Hirao and co-workers to produce the ordering of spin states of metalloporphyrin complexes
reasonably well [55].

Geometry optimizations and frequencies calculations, also for comparison purposes, were performed in
the gas phase andwith implicit effects of two solvents with differing polarities, benzene and dichloromethane,
taken into account (dielectric constants ε(C6H6) = 2.2706 and ε(CH2Cl2) = 8.93) using the self-consistent reaction
field IEF-PCM method [56]. The UFF default model used in the Gaussian 09 package, with the electrostatic
scaling factor α set to 1.0, was employed. These solvents were chosen because organic syntheses and char-
acterization are often performed using them.

Below we consider the B3LYP/6-31G* results without the zero-point correction ZPE. The charge distribu-
tion analysis was performed using the Natural Bond Orbital (NBO) scheme with the ‘pop = nbo’ command as
implemented in the Gaussian 09 package [57, 58]. Molecular orbitals (MOs) for the ground state structures were
calculated at the B3LYP/6-31G* level in the gas phase on the B3LYP/6-31G* optimized geometries. Molecular
structures and MOs were visualized using OpenGL version of Molden 5.8.2 visualization software [59].

Results and discussion

Electronic states and structural features

In Table 1 characteristics of the ZnP(X)4 (X =N, P, As) species calculated at the B3LYP/6-31G* level of theory are
presented, and Fig. 1 shows the calculated lowest-lying (singlet) structures of ZnP(X)4, with selected structural
parameters, at the B3LYP/6-31G* level. FromTable 1 it can be seen that for the ZnP(X)4 compounds singlet is the
global structure for all three X = N, P, As, although the singlet-triplet gap decreases steadily from X = N to As:
from ca. 41—42 kcal/mol for N to ca. 17—18 kcal/mol for P and to ca. 10 kcal/mol for As. Implicit solvent effects
non-significantly decrease the singlet-triplet gap values keeping the same trend.

Comparison of the structural features of the porphyrins ZnP(X)4 (Fig. 1) shows drastic changes upon
replacement of N with its heavier congeners. (i) Both ZnP(P)4 and ZnP(As)4 attain very pronounced bowl-like
shape, which was found earlier for different completely P-core-modified porphyrins (see Refs. [37–43]). While
the original ZnP species is essentially planar, which can be seen from the value of its valence angle N-Zn-N,
which is essentially equal to 180°both in the gas phase andwith two implicit solvents used (Fig. 1a), for ZnP(P)4
and ZnP(As)4 the values of the valence angles P-Zn-P and As-Zn-As noticeably differ from 180°, being 173.84°//
173.15°//174.27° and 173.11°//171.88°//170.71°, respectively (gas phase//C6H6//CH2Cl2) (Fig. 1b, c). Interestingly,
for X=P the value of the P-Zn-P anglefirst slightly decreaseswhen going from the gas phase to implicit benzene
and then slightly increases from implicit benzene to implicit CH2Cl2, whereas for X = As steady slight decrease
of the As-Zn-As angle value was calculated. (ii) The values of the dihedral angles, X4-X2-X3-Zn (Fig. 1b,c),
which were used as measure of Zn entering the “bowl”, show the slight protrusion of Zn inside the molecular
bowls, being −4.36°//−4.10°//−4.06° for X = P and −4.84°//−5.77°//−6.56° for X = As. While for X = P steady
slight decrease of the dihedral angle value is observed from the gas phase to benzene to dichloromethane, for
X = As steady slight increase was calculated. (iii) The Zn-X bond distances steadily increase from X = N to
X = As, by 0.327—0.332 and 0.378—0.391 Å for P and As, respectively (cf. Fig. 1a–c). For all three X’s, the Zn-X
bond distances increase steadily when going from the gas phase to implicit C6H6 and to implicit CH2Cl2. (iv)
Because of the decrease of the atom pyramidality from N to P to As, the value of the valence angle Zn-X-Cα
noticeably decreases from N to P to As, by 15.28—15.40° and 17.97—18.94° for X = P and As, respectively (cf.
Fig. 1a–c). For X = As, this angle slightly decreases from the gas phase to implicit benzene to implicit
dichloromethane,whereas for X=NandP it remains almost the same. (v) Also, it is interesting to notice that the
distances Cm-Cm and Cβ-Cβ between the opposite sides of the porphyrinmacrocycle taken as themeasure of the
porphyrin “bowl” size (see Fig. 1b, c for notations), are quite close for the both ZnP(P)4 and ZnP(As)4 species
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(Fig. 1b, c). For ZnP(As)4 the Cm-Cm distances are elongated by 0.045—0.048 Å and the Cβ-Cβ distances are
shortened by 0.071—0.078 Å compared to ZnP(P)4. From the gas phase through implicit C6H6 and to implicit
CH2Cl2, both Cm-Cm and Cβ-Cβ distances are steadily shortened. (vi) Thus, the main structural difference
between ZnP(P)4 and ZnP(As)4 is in the “bottom part” of the molecular bowl because in the former species Zn
protrudes inside a little less than the latter. Also, there is the little difference in the size of “rim” of the porphyrin
“bowl”.

It can be supposed that both ZnP(P)4 and ZnP(As)4 due to their pronounced bowl-like distortionsmay serve
as good receptors for various species, e.g., nanoparticles, fullerenes, or smallmolecules (H2, O2, hydrocarbons,
etc.). For the ZnP(P)4 species the ability to act as a receptor for semiconductor nanoparticles exemplified by
Zn6S6 [43] and fullerene C60 [42] was already demonstrated computationally, and more similar research is
currently under way.

Frontier molecular orbitals and NBO charges

In Figs. 2 and 3 several MOs with similar shapes are shown for ZnP (Fig. 2) and ZnP(P)4 (Fig. 3a) and ZnP(As)4
(Fig. 3b). Consideration and comparison of these MOs along with the data from Table 1 leads to the following
conclusions. (i) Replacement of N by P/As in the porphyrin core (core-modification with P or As) essentially
does not affect noticeably both the shape and composition of theMOs considered. Noticeable similarity can be

Table : ZnP(X) compounds (X = N, P, As) (BLYP/-G* approach, gas phase//CH//CHCl).

Species ΔE, kcal/mol E(HOMO/LUMO), A.U. ΔE(HOMO/LUMO), eV TDDFT gap, eVa NBO, e

M X

ZnP, A .//
.//
.

−./−.//
−./−.//
−./−.

.//
.//
.

.(w)b, ...//
.(w), ...//
.(w), ...

.//
.//
.

−.//
−.//
−.

ZnP, A .//
.//
.

−./−.
−./−.//
−./−.

−./−.//
−./−.
−./−.

ZnP(P),
A .//

.//
.

−./−.//
−./−.//
−./−.

.//
.//
.

.(w), .(w), .//
.(w), .(w), .//
.(w), .(w), .

.//
.//
.

.//
.//
.

ZnP(P),
A .//

.//

.

−./−.
−./−.//
−./−.

−./−.//
−./−.
−./−.

ZnP(As),
A .//

.//
.

−./−.//
−./−.//
−./−.

.//
.//
.

.(w)b, ...//
.(w), ...//
.(w), ...

.//
.

//.

.//
.//
.

ZnP(As),
A .//

.//

.

−./−.
−./−.//
−./−.

−./−.//
−./−.
−./−.

aWe provide here values for the severalfirst peaks in the TDDFT results, with oscillator strength in the range .–.. b“w”means
the weak peaks, with oscillator strength less than ..
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seen between the ZnP HOMO and HOMO-3, on one side, and the ZnP(P)4/ZnP(As)4 HOMO and HOMO-1, on
another side. Only theMOs ordering is changed for the core-modified analogs of ZnP. (ii) The ZnP(P)4/ZnP(As)4
HOMO-2 is the analog of the ZnPHOMO-1. Because of the ZnP(P)4/ZnP(As)4 bowl-like shapeswemight suppose
the existence of “internal” electron delocalization (or “internal” aromaticity, although this hypothesis requires
further investigations) inside the ZnP(P)4/ZnP(As)4 “bowls” (see Fig. 3). (iii) The ZnP(P)4/ZnP(As)4 LUMO and
LUMO+1 are similar to the ZnP LUMO/LUMO+1 (cf. Figs. 2 and 3), some differences seen in the ZnP(P)4/
ZnP(As)4 LUMO and LUMO+1 can be explained by the bowl-like distortions of ZnP(P)4 and ZnP(As)4. (iv)
Noticeable closure of the HOMO/LUMO gaps was calculated to occur in the ZnP(P)4 and ZnP(As)4 species, by
ca. 1.10 and 1.47 eV, respectively, compared to ZnP (see Table 1). This can be explained by quite significant
HOMOdestabilization and LUMO stabilization for ZnP(P)4 [37–43] and ZnP(As)4 compared to ZnP. Furthermore,
from the TDDFT results we can see that the TDDFT gaps (designated either by appearance of the first weak peak
(oscillator strengths less than 0.01) or by the first strong peak (oscillator strengths 0.01—0.1) also reduce
steadily from ZnP to ZnP(P)4 and further to ZnP(As)4 (Table 1). (v) The implicit solvent effects on the HOMO/
LUMO and TDDFT gaps can be essentially neglected.

Fig. 1: Calculated singlet
structures of ZnP(X)4 (X = N (a),
P (b), and As (c)), with selected
structural parameters, at the
B3LYP/6-31G* level, in the gas
phase//C6H6//CH2Cl2. Bond
distances are given in Å, bond
angles and dihedral angles are
given in degrees. Color coding:
gray for Zn, light blue for N,
dark blue for P, light brown for
As, brown for C, and white
for H.

Fig. 2: Frontier molecular
orbitals along with HOMO-1,
HOMO-3, and LUMO+1 of the
ZnP species.

566 A. E. Kuznetsov: Computational comparison of core-modified porphyrins



Furthermore, comparison of the calculated NBO charges, provided in Table 1, shows the following. (i) The
core-modification of porphyrins by P and especially by As results in significant decrease of the charge on Zn-
centers, by ca. 0.61—0.67e for P and by ca. 0.69—0.76e for As. (ii) Charges on P- and As-centers have large
positive values, ca. 0.41—0.45e and ca. 0.43—0.47e, for P and As, respectively, compared to significant
negative values, ca. −0.65 to −0.66e for N. This can be clearly explained by decreasing electronegativies (by
Pauling scale) fromN (3.04) to P (2.19) and further to As (2.18) [60] and by increasing covalent radii (in pm) from
N (71) to P (107) and to As (119) [61]. (iii) With the implicit solvent effects included, the calculated NBO charges
steadily increase from the gas phase to benzene and further to CH2Cl2.

The above-considered results show aswell that the porphyrin core-modification by heavier N congeners, P
andAs, canmodify the porphyrin electronic and optical properties, thus affecting their reactivity and potential
applications. More detailed TDDFT studies of UV–vis spectra of these compounds are necessary to shed more
light on how their properties can be changed/tuned by the core-modification with P and As.

Conclusions

We have performed the first comparative DFT (B3LYP/6-31G*) study of the Zn-porphyrin and its two de-
rivatives, ZnP(P)4 and ZnP(As)4, investigating in details the effects of core-modification by the heavier N
congeners, P andAs, on the structures, electronic, and optical properties, and charge distribution in porphyrin
molecules, both in the gas phase and with effects from two implicit solvents, benzene and dichloromethane,
included. The results of this computational study can be summarized as follows.

(i) For all three species studied, ZnP, ZnP(P)4, and ZnP(As)4, the singlet was calculated to be the lowest-
energy structure. The singlet-triplet gap was found to decrease from ca. 41—42 kcal/mol for N to ca. 17—
18 kcal/mol for P and to ca. 10 kcal/mol for As. Implicit solventswere found not to have significant effects
on the singlet-triplet gap values.

(ii) Both ZnP(P)4 and ZnP(As)4 were calculated to attain very pronounced bowl-like shapes, which was
found earlier for completely P-core-modified porphyrins [37–43]. The values of the dihedral angles,
X4-X2-X3-Zn (Fig. 1b, c) show the slight protrusion of Zn inside the molecular bowls. The Zn-X bond
distanceswere calculated to steadily increase fromX=N toX=As, by 0.327—0.332 and0.378—0.391 Å for
P andAs, respectively (cf. Fig. 1a–c). For all three X’s, the Zn-X bonddistanceswere computed to increase
steadily when going from the gas phase to implicit C6H6 and to implicit CH2Cl2.

Fig. 3: Frontier molecular
orbitals along with HOMO-1,
HOMO-2, and LUMO+1 of the
ZnP(P)4 (a) ZnP(As)4 (b) and
species.
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(iii) The distances Cm-Cm and Cβ-Cβ between the opposite sides of the porphyrin macrocycle (see Fig. 1b, c
for notations), were found to be quite close for the both ZnP(P)4 and ZnP(As)4 species. For ZnP(As)4
the Cm-Cm distances are elongated by 0.045—0.048 Å and the Cβ-Cβ distances are shortened by 0.071—
0.078 Å compared to ZnP(P)4. From the gas phase through implicit C6H6 and to implicit CH2Cl2, both Cm-
Cm and Cβ-Cβ distances are steadily shortened.

(iv) Themain structural difference between ZnP(P)4 and ZnP(As)4 was found to be in the “bottom part” of the
molecular bowl because in the former species Znprotrudes inside a little less than the latter. Also, there is
the little difference in the size of “rim” of the porphyrin “bowl”.

(v) Core-modification with P or As was found not to affect noticeably both the shape and composition of the
MOs considered. Significant similarity canbe seen between the ZnPHOMOandHOMO-3 and the ZnP(P)4/
ZnP(As)4 HOMO and HOMO-1. Only the MOs ordering is changed for the core-modified analogs of ZnP.

(vi) The ZnP(P)4/ZnP(As)4 HOMO-2 is the analog of the ZnP HOMO-1. Because of the ZnP(P)4/ZnP(As)4 bowl-
like shapes we might suppose the existence of “internal” electron delocalization (or “internal” aroma-
ticity, although this hypothesis re quires further investigations) inside the ZnP(P)4/ZnP(As)4 “bowls” (see
Fig. 3).

(vii) Noticeable closure of theHOMO/LUMOgapswas calculated to occur in the ZnP(P)4 and ZnP(As)4 species,
by ca. 1.10 and 1.47 eV, respectively, compared to ZnP (see Table 1). This can be explained by quite
significant HOMO destabilization and LUMO stabilization for ZnP(P)4 [37–43] and ZnP(As)4 compared to
ZnP. Furthermore, from the TDDFT results we can see that the TDDFT gaps also reduce steadily from ZnP
to ZnP(P)4 and further to ZnP(As)4 (Table 1). The implicit solvent effects on the HOMO/LUMO and TDDFT
gaps can be essentially neglected.

(viii) The core-modification of porphyrins by P and especially by As results in significant decrease of the
charge on Zn-centers, by ca. 0.61—0.67e for P and by ca. 0.69—0.76e for As. Charges on P- andAs-centers
were computed to have large positive values, ca. 0.41—0.45e and ca. 0.43—0.47e, for P and As,
respectively, compared to significant negative values, ca. −0.65 to −0.66e for N. This can be clearly
explained by decreasing electronegativies from N to P and further to As and by increasing covalent radii
from N to P and to As. With the implicit solvent effects included, the calculated NBO charges steadily
increase from the gas phase to benzene and further to CH2Cl2.

Thus, from the results obtained it can be seen that porphyrin core-modification by heavier N congeners, P and
As, can noticeably modify the structures, electronic and optical properties of porphyrins, thus affecting their
reactivity and potential applications. For instance, we can suppose that this core-modification can make the
modified porphyrins act as good receptors for various species, e.g., nanoparticles, fullerenes, or small mol-
ecules (H2, O2, hydrocarbons, etc.).

Based on these conclusions, the following perspective directions of studies can be formulated.
(i) To study in details electronic structure and aromaticity of the P- and As-core-modified porphyrins.
(ii) To investigate the effects of various electron-donating or electron-withdrawing substituents on structures

and various properties of the P- and As-core-modified porphyrins.
(iii) To extend studies of core-modified porphyrins to other core-modifying elements, e.g., S, Se, Te, Sb.
(iv) To study in more details formation of various complexes of core-modified porphyrins, first of all, with

small nanoparticles, fullerene C60, graphene, and small molecules.

Some of these studies are being undertaken currently.
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