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Abstract: The origin of individual features in the ground state absorption spectra of two protonated
corroles differing in the architecture of peripheral substitution (either Cm-aryl or Cb-alkyl) have
been studied in detail with the ground state absorption spectroscopy and density functional theory
calculations. The geometry optimization, molecular orbitals and absorption spectra calculation have
been carried out. It was found that protonation leads to the saddle type macrocycle conformation in
contrast with the wave type conformation known for the parent-free base corroles. The mean plane
deviation parameter ∆23 for the macrocycle, pyrrole tilting angles and the degree of pyramidalization
λ2 of all four pyrrole nitrogens was found to depend on the peripheral substitution architecture.
Macrocycle conformation of the protonated forms has distinct asymmetrical features which are
reflected by the sets of values of the tilting angles and values of pyramidalization degree. The pair of
pyrroles B and C has smaller tilting angles and higher pyramidalization degree values, whereas the
opposite trend was found for the pair of pyrroles A and D. Electronic effects and structural differences
induced by substitution lead to the pronounced shifts of the molecular orbitals. In the Cb-alkylated
corrole, almost-degenerated HOMO and HOMO-1 molecular orbitals lead to enhancement of the
configuration interaction. As a result, the Qx transition oscillator strength goes down, becoming
comparable to that of the Qy one. A large HOMO-HUMO-1gap in the Cm-aryl corrole minimizes the
configuration interaction, giving rise to Qx band domination in the visible range spectrum.

Keywords: free base corrole; protonation; macrocycle; substitution; pyramidalization; absorption
spectrum; molecular orbitals

1. Introduction

The concept of the conformational flexibility of tetrapyrrolic macrocycles and elu-
cidation of the role of conformational control in carrying out their functions in natural
and artificially designed systems became the working tool of knowledge in porphyrin
chemistry [1,2]. While the general understanding of the problem has been achieved, plenty
of particular tasks in this area are still waiting to be considered. Thus, an increasing in-
terest in the free base tetrapyrrolic macrocycles with nonplanar molecular conformation
has been noticed during the last decade [3], due to the perspective to use both the amine-
and imine-nitrogens of pyrrolic fragments in the intermolecular reactions and hydrogen
bonding. The idea underlying this interest is the perturbation of the macrocyclic core in
nonplanar porphyrins, resulting in the exposure of pyrrolic nitrogens out of the macrocycle
plane due to the pyrrole ring(s) tilting, which makes pyrrolic nitrogens easily accessible
for interactions. Such a molecular conformation with an “active” macrocycle core can be
easily achieved with either sterically demanding architecture of peripheral substitution,
modification of the macrocyclic core itself by protonation of pyrrolenine imine-nitrogens
or N-substitution [4–10]. The doubly protonated porphyrins bind efficiently ionic species
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(either cationic or anionic, depending the porphyrin host structure) and are able to provide
the selectivity of binding [3,11–13]. Nonplanar free base porphyrins and N-substituted
porphyrins were found to reveal the catalytic activity [14]. Efficient H-bonding and anion
binding has been also demonstrated for the other metal free porphyrinoids with contracted,
expanded and N-confused macrocycles [15,16].

The distinct feature of the macrocycle of the free base corroles is the intrinsic nonpla-
narity, which originates from contraction of macrocycle which is lacking of one methine
bridge and two adjacent pyrrole rings are connected by a Ca-Ca bond. As a result, the
macrocycle consists of three pyrroles and one pyrrolenine ring to maintain its aromatic
character and there are three protons in the macrocycle core. Three protons cannot reside
in the tetrapyrrolic macrocycle plane due to the steric interactions which lead to deviations
from the planar structure of the macrocycle, even in the absence of any other perturbation
factors [17]. Because of three protons in the asymmetric macrocycle core, the free base
corroles always exist as NH tautomers, differing in the arrangement of protons. Taken
together, these peculiarities determine the integrated scheme of the acid–base and tau-
tomeric equilibria in the free base corroles (Scheme 1), and dual channels with distinctly
different equilibrium constants are proved experimentally for both protonation and depro-
tonation [18,19]. These features make the free base corroles very attractive compounds to
provide the fine tuning of the acidity and basicity of the macrocycle core, and deserve to be
subject of the fundamental study.

Organics2023, 4, FOR PEER REVIEW  2 
 

 

imine‐nitrogens or N‐substitution  [4–10]. The doubly protonated porphyrins bind  effi‐

ciently ionic species (either cationic or anionic, depending the porphyrin host structure) 

and are able to provide the selectivity of binding [3,11–13]. Nonplanar free base porphy‐

rins and N‐substituted porphyrins were  found  to reveal  the catalytic activity  [14]. Effi‐

cient H‐bonding and anion binding has been also demonstrated for the other metal free 

porphyrinoids with contracted, expanded and N‐confused macrocycles [15,16]. 

The distinct feature of the macrocycle of the free base corroles is the intrinsic non‐

planarity, which originates from contraction of macrocycle which  is  lacking of one me‐

thine bridge and two adjacent pyrrole rings are connected by a Ca‐Ca bond. As a result, 

the macrocycle consists of  three pyrroles and one pyrrolenine ring  to maintain  its aro‐

matic character and there are three protons in the macrocycle core. Three protons cannot 

reside in the tetrapyrrolic macrocycle plane due to the steric  interactions which  lead to 

deviations from the planar structure of the macrocycle, even in the absence of any other 

perturbation factors [17]. Because of three protons in the asymmetric macrocycle core, the 

free base corroles always exist as NH tautomers, differing in the arrangement of protons. 

Taken together, these peculiarities determine the integrated scheme of the acid–base and 

tautomeric equilibria  in  the  free base corroles  (Scheme 1), and dual channels with dis‐

tinctly different equilibrium  constants are proved experimentally  for both protonation 

and  deprotonation  [18,19].  These  features make  the  free  base  corroles  very  attractive 

compounds to provide the fine tuning of the acidity and basicity of the macrocycle core, 

and deserve to be subject of the fundamental study. 

 

Scheme 1. The acid–base and NH‐tautomeric equilibria of the free base corroles. The pyrrole rings 

notation (by capital letters) is shown at the structure of the tautomer T1. Arrows indicate the equi‐

libria between the individual species (see text for detail). 

Aimed to establish the relationship of the macrocycle basicity and the architecture of 

the  peripheral  substitution,  and  elucidate  the  spectral‐luminescent  properties  of  the 

protonated corroles, we have started the comparative study of two corroles differing with 

the  pattern  of  peripheral  substitution;  namely, 

2,3,7,13,17,18‐hexamethyl‐8,12‐di‐n‐butylcorrole (hereinafter referred as H3OAlkCor) and 

10‐(4,6‐dichloro‐pyrimidinyl)‐5,15‐dimesityl‐corrole  (hereinafter H3PyrMes2Cor)  (Figure 

1). The ground  state absorption  spectra of  the protonated  forms of  these  two  corroles 

(hereinafter H4OAlkCor+ and H4PyrMes2Cor+,  respectively)  reveal huge qualitative dif‐

ferences. The origin of these spectral differences is the subject of study in this work. 

Scheme 1. The acid–base and NH-tautomeric equilibria of the free base corroles. The pyrrole rings
notation (by capital letters) is shown at the structure of the tautomer T1. Arrows indicate the equilibria
between the individual species (see text for detail).

Aimed to establish the relationship of the macrocycle basicity and the architecture of
the peripheral substitution, and elucidate the spectral-luminescent properties of the proto-
nated corroles, we have started the comparative study of two corroles differing with the
pattern of peripheral substitution; namely, 2,3,7,13,17,18-hexamethyl-8,12-di-n-butylcorrole
(hereinafter referred as H3OAlkCor) and 10-(4,6-dichloro-pyrimidinyl)-5,15-dimesityl-
corrole (hereinafter H3PyrMes2Cor) (Figure 1). The ground state absorption spectra of
the protonated forms of these two corroles (hereinafter H4OAlkCor+ and H4PyrMes2Cor+,
respectively) reveal huge qualitative differences. The origin of these spectral differences is
the subject of study in this work.
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2. Materials and Methods

The 2,3,7,13,17,18-hexamethyl-8,12-di-n-butylcorrole and10-(4,6-dichloropyrimi- dinyl)-
5,15-dimesityl-corrole derivatives used in the study were prepared and purified according
to the original synthetic procedures [20,21]. The working solutions were prepared by
dissolving the corrole powder in organic solvents. The solutions’ concentrations were
determined according to spectrophotometry, using known extinction coefficients and
have not exceeded 1 × 10−5 M, to avoid the aggregation effects. All of the solvents
dichloromethane (DCM), dimethylsylfoxide (DMSO), acetonitrile (MeCN), ethanol (EtOH)
and tetrahydrofuran (THF) were purchased from Aldrich (spectroscopic grade) and have
been used as received. Electronic absorption spectra of the solutions were recorded on
a CM 2203 two-in-one fluorescence spectrometer (ZAO Solar, Belarus). The experiments
used standard quartz cuvettes (1 × 1 cm) placed into the temperature-controlled cuvette
compartment of the instrument. The built-in thermostat allows it to keep the sample
temperature in the range +5–+60 ◦C with an accuracy of ±0.5◦.

Molecular geometries of the protonated corroles H4OAlkCor+ and H4PyrMes2Cor+

in the ground electronic S0 state were calculated using density functional theory with
exchange-correlated functional PBE and three-exponential basis set at 3z, implemented by
the quantum-chemical calculation program suite PRIRODA-04 [22,23]. The molecular ge-
ometry of artificial unsubstituted H4Cor+ has been also optimized to be used as a reference
compound when analyzing the role of substitution patterns. The spectra of normal modes
were calculated after optimizing the geometries, and the absence of imaginary frequen-
cies for vibrational modes served as the criterion of reaching convergence. Optimization
of the molecular conformation of tetrapyrrolic macrocycles with the density functional
theory takes into account the electronic correlation and makes it possible to obtain the
adequate values of bond lengths, which are consistent with the values obtained by the X-ray
diffraction analysis [1]. For the optimized structure, the energy of the ground state and
the energies of molecular orbitals were calculated, and the bond lengths and bond angles
between the skeletal atoms of the macrocycle were determined. Electronic absorption
spectra were calculated for the optimized molecular structures with the semi-empirical
ZINDO/S method providing reasonable correlation with the experiment.

The nitrogen atom pyramidalization was estimated with the hybridization degree λ2

value [24], which was calculated according to Equation (1):

1 + λ2cosθ = 0, (1)

where θ is the arithmetic mean of the values of three angles between the directions of the
bonds of the pyrrolic nitrogen with neighboring atoms: θ (CaNCa) and two θ (CaNH).

To characterize the non-planar distortions of the contracted corrole macrocycle contain-
ing 23 skeletal atoms, the mean plane deviation parameter ∆23 (MPD ∆23) was introduced
by analogy with MPD ∆24 for the porphyrin macrocycles [7]:
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∆23 =

√√√√ 1
23

+
23

∑
i=1

∆z2
i , (2)

where ∆zi is deviation an i-th skeletal from the macrocycle mean plane.

3. Results and Discussion
3.1. Ground State Absorption Spectra

The ground state absorption spectra of the protonated corroles H4OAlkCor+ and
H4PyrMes2Cor+, along with their free bases H3OAlkCor and H3PyrMes2Cor, are shown in
Figure 2. The spectra of the free base corroles solutions have been explained earlier as a re-
sult of superimposing of the individual spectra of two NH-tautomers [25,26], with the long
wavelength absorption Qx(0,0) bands belonging to each of two tautomers, which are indi-
cated in italics (610.0 and 592.0 nm, respectively, for tautomers T1 and T2 of H4OAlkCor+,
and 635.0 and 599.0 nm, respectively, for tautomers T1 and T2 of H4PyrMes2Cor+). The
spectra of the free base corrole tautomers with Cb-alkyl or Cm-aryl substitution was found
to differ in the quantitative manner only [26]. On the contrary, the ground state absorption
spectra of their protonated forms reveal two different patterns. Thus, the spectrum of the
H4OAlkCor+ (Figure 2a) has two bands in the visible range of about the same intensity with
corresponding maxima at 602 and 579.5 nm. The difference in the transition energies of two
bands relates to the difference in the energies of two excited states, since the absorption
takes place from the ground electronic state. Therefore, the energy gap between these
two excited states amounting at 645 cm−1 can be evaluated. Since the long wavelength
absorption at 602 nm should be univocally assigned to the pure electronic Qx(0,0) band, the
energy gap is too small to assign the vibronic origin to the band peaking at 579.5 nm. Thus
it should be considered as the band Qy(0,0) belonging to the second pure electronic tran-
sition S0→S2, since the asymmetry of the corrole macrocycle keeps out two of the lowest
electronic states to degenerate, as it takes place in the case of symmetrically substituted
doubly protonated porphyrins [27]. It should be pointed out that these bands are shifted
hypsochromically compared to the band of the free base long wavelength tautomer T1,
having a weak maximum at 610 nm. The weak diffuse absorption in the range 500–580 nm
is due to overlapping vibronic absorption bands.
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Figure  2. The ground  state absorption  spectra of  the protonated  corroles  (solid  line, maxima  in 

regular):  (a)  H4OAlkCor+  in  EtOH;  (b)  H4PyrMes2Cor+  in  THF.  The  corresponding  free  bases 
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Figure 2. The ground state absorption spectra of the protonated corroles (solid line, maxima in
regular): (a) H4OAlkCor+ in EtOH; (b) H4PyrMes2Cor+ in THF. The corresponding free bases
H3OAlkCor and H3PyrMes2Cor spectra are shown for comparison (dotted line, maxima in italic).
Spectra are normalized for the Soret band intensity and multiplied by factor 3 in the range above
500 nm for sake of clarity.
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The strong absorption band with a maximum at 642 nm dominates in the spectrum of
the H4PyrMes2Cor+ and should be assigned as the pure electronic Qx(0,0) band (Figure 2b).
This band has a bathochromic shift compared to the Qx(0,0) band of the free base long
wavelength tautomer T1, with a maximum at 635 nm. The energy gap between the lowest
S1 electronic state of the H4PyrMes2Cor+ and the next one, corresponding to absorption at
595 nm, is 1050 cm−1 only. Suggesting a more distorted molecular conformation for the
Cm-aryl substituted protonated corroles, as it is for the doubly protonated porphyrins [5,28],
this band should be assigned as the pure electronic Qy(0,0) band. Thus, the substitution
architecture dramatically affects the spectra of protonated corroles, and the origin of
differences needs to be clarified.

3.2. Macrocycle Conformation

Optimization of the molecular geometry of the protonated corroles reveals that the
macrocycle adopts the saddle type conformation with pyrrole rings alternatively tilted up
and down relative to the macrocycle mean plane, which was chosen as a plane passing
through all three of the meso carbons, i.e., the C5C10C15 plane. Eschenmoser diagrams
(Figure 3) show the deviation of the skeletal atoms from the macrocycle mean plane. The
analysis of skeletal deviations shown at Figure 3 and the structural data summarized
in Table 1 allow conclusions about the molecular conformation in detail. First of all, it
should be stressed that the average macrocycle nonplanarity estimated with the mean plane
deviation parameter ∆23 differs noticeably for all three optimized structures. The minimum
of the ∆23 value of 0.226 Å was found for unsubstituted H4Cor+, Cb-alkylation induces
rising of the ∆23 value up to 0.247 Å, and Cm-aryl substitution doubles this difference,
so the∆23 value amounts to 0.265 Å. These values support the above suggestion on the
different degree of macrocycle nonplanarity based on the analysis of ∆E(S2–S1) splitting.
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Table 1. Parameters of conformation of the protonated corrole macrocycles (see text for detail).

Molecule ∆23,Å ϕ(A),◦ ϕ(B),◦ ϕ(C),◦ ϕ(D),◦ C1–C19,Å

H4OAlkCor+ 0.247 14.4 9.9 9.8 13.5 1.428
H4PyrMes2Cor+ 0.265 13.6 12.9 13.5 12.8 1.427

H4Cor+ 0.225 12.5 10.0 10.4 11.7 1.424

Upon protonation, the average increase in the mean plane deviation parameter ∆23 is
smaller for the Cm-aryl substituted corrole (0.2 Å→ 0.265 Å) compared to the Cb-alkylated
one (0.16 Å→ 0.245 Å). Since both NH tautomers of H3PyrMes2Cor are known to have
the wave type molecular conformation [25,29], the saddle conformation of the protonated
H4PyrMes2Cor+ implies that wave-to-saddle conformational transition takes place for
this molecule. On the contrary, two NH-tautomers of the free base H3OAlkCor have
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different types of nonplanar distortion: tautomer T1 has wave-type distortion, whereas the
dominating tautomer T2 possesses the saddle-type macrocycle [29]. Based on close values
of the C1–C19 bond length in the protonated H4OAlkCor+ and in tautomer T2 of the free
base H3OAlkCor, one can expect that the saddle conformation of the protonated corrole
would resemble some features of the parent-free base T2 tautomer.

When comparing the pyrrolic nitrogen positions in the H4OAlkCor+ and H4PyrMes2Cor+,
one can conclude that, in the latter, they find themselves alternatively down-up-down-up
relative to the mean macrocycle plane, whereas in the former, a down-down-up-up pattern
is observed. Therefore, in the H4OAlkCor+, the couple of nitrogens N21 and N22, lie under
the mean plane, and the nitrogens N23 and N24 lie above it, resulting in the asymmetrical
stair-like arrangement which enhances the nitrogen’s repulsion. In the H4PyrMes2Cor+,
such repulsion is minimized due to the more symmetrical nitrogen arrangement.

In relation to the early theoretical study of protonated Cm-aryl substituted corroles [30],
where the existence of two conformers with energy separation 15.8–18.5 kJ/mol have been
suggested, one must state that any spectral evidences of the heterogeneity in the solutions
of protonated corroles was not found. This statement is in line with our earlier study [18],
where no temperature activation was observed in the solutions of protonated corroles, up
to temperatures 333 K.

The tilting angles were found to be different for the pairs of pyrroles A and D, and B
and C in H4OAlkCor+ and H4Cor+ (Table 1). In the dipyrromethene fragment (pyrroles B
and C) the ϕ is about 10◦ for both compounds, whereas in the dipyrrole fragment (pyrroles
A and D) it increases for ~2◦ in H4Cor+ and ~4◦ in H4OAlkCor+. The dipyrromethene-to-
dipyrroletilting angle ϕ difference indicates the asymmetry of saddling, and the increase in
tilting angle in the H4OAlkCor+ results from the sterical hindrances due to the interaction
of methyl groups in the C2 and C18 positions of pyrroles A and D.

This sterical repulsion is evidenced also in the C1-C19 bond length increase in going
from the unsubstituted H4Cor+ corrole to the H4OalkCor+, and in moving of methyl sub-
stituents in the C2 and C18 positions out of the pyrrole plane due to steric repulsion (torsion
angles N24C19C18CMe and N21C1C2CMe increase). Introducing the sterically demanding
4,6-dichloropyrimidinyl and mesityl rings in the Cm-positions of the macrocycle leads to
an increase in the tilting angles, but at the same time makes them more evenly distributed.
A different source of tilting angle increase in the H4PyrMes2Cor+ is reflected by a decrease
in the C1-C19 bond length, compared to the H4OAlkCor+ (see Table 1).

The amine nitrogens of the free base corrole is known to undergo pyramidalization
with the pattern differing between two NH-tautomers [19]. The Driving force for the
pyramidalization is the same as for the pyrrole tilting; namely, the steric repulsion of NH
groups in the macrocycle core. The Coulomb repulsion force adds to steric repulsion in
the protonated corrole, leading to increase both the pyrrole tilting and pyrrole nitrogen
pyramidalization. Based on the optimized molecular structures of protonated corroles, we
quantified the pyramidalization with the hybridization degree λ2 values (Table 2).

Table 2. Hybridization degree λ2 of the pyrrole nitrogens calculated with Equation (1).

Molecule N21(pyrrole A) N22(pyrrole B) N23(pyrrole C) N24(pyrrole D)

H4OAlkCor+ 2.228 2.306 2.300 2.225
H4PyrMes2Cor+ 2.166 2.297 2.289 2.154

H4Cor+ 2.202 2.297 2.293 2.203

Analysis of the calculated λ2 values stresses the macrocycle conformation asymmetry
once again. In all three protonated macrocycles, different pyramidalization was found in
the dipyrromethene and dipyrrole fragments. The remarkable feature is that pyrroles B and
C in the dipyrromethene fragment of all three protonated corroles reveal essentially the
same λ2 values, ~2.3. Such a behavior prevents the simplified explanation that tilting angle
and pyramidalization can change one at the expense of the other. Pyrrole tilting varies
noticeably, but the pyramidalization does not change. On the contrary, the hybridization
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degree λ2 values for the pyrroles A and D in the dipyrrole fragment reveal adistinct trend
related to the substitution pattern. The λ2 value of ~2.2 was calculated for the unsubstituted
protonated H4Cor+ corrole. The hybridization degree λ2 increases upon Cb-alkylation up
to ~2.23, but decreases down to ~2.16 upon Cm-aryl substitution. Again, the reciprocal
relationship with the tilting angle value is invalid. Therefore, one can conclude that
nonplanar distortions in the dipyrromethene fragment of the protonated macrocycle are
larger. Taking into account the recently reported relationship of the hybridization degree
λ2 and π-conjugation pathway through the pyrrole ring [31], one can suggest that the
outer branch in the dipyrromethene fragment (via Cb-positions) should have excess of the
electron density and the π-conjugation pathway is pushed to the macrocycle periphery.
A smaller hybridization degree λ2 of the nitrogens in the dipyrrole fragment allows a less
different proportion of the π-conjugation macrocyclic currents via the inner and outer
branches of the pyrrolic ring. The inner part of the dipyrrole fragment will have higher
electronic density compared to the inner part of the dipyrromethene fragment, giving rise
to the gradient electric field in the macrocycle core.

3.3. Molecular Orbitals Calculations

The molecular orbitals of the protonated corroles were calculated with the DFT method,
and Figure 4 shows the four Gouterman molecular orbitals which are known to be deter-
minative for the absorption spectra of tetrapyrrolic compounds [32]. One can see that the
substitution architecture and the induced structural differences give rise to the alterations
of the electronic density distribution over the macrocycle. Thus, the least differences among
the studied derivatives are observed for the lowest unoccupied molecular orbitals, LUMO
and LUMO+1. However, distinctly smaller amount of the electronic density appears at
the pyrrolic nitrogens N22 and N23 for the LUMO+1 molecular orbital of both substituted
derivatives, compared to that of the unsubstituted protonated H4Cor+ corrole, with it is
practically vanishes in case of the H4PyrMes2Cor+. The shape of the LUMO orbitals is
about the same for the unsubstituted derivative H4Cor+ and the H4OAlkCor+, but the
nodes are observed at the pyrrolic nitrogens N22 and N23 for the H4PyrMes2Cor+.

The highest occupied molecular orbitals HOMO and HOMO-1 orbitals demonstrate
completely different behavior. The HOMO and HOMO-1 orbital patterns of the unsubsti-
tuted H4Cor+ can be found in the H4PyrMes2Cor+ macrocycle, but their ordering is reversed.
This is evidenced by the same pattern of distribution of electronic density in the macrocy-
cle, when the nodes and antinodes locate at the same atoms/bonds. Thus, the “a1u-like”
orbital (in the D4h symmetry group notation) is the HOMO for the unsubstituted H4Cor+

macrocycle, but it appears as HOMO-1 for the H4PyrMes2Cor+. On the contrary, “a2u-like”
orbital is the HOMO-1 for the H4Cor+, but the HOMO for the H4PyrMes2Cor+. Therefore,
the molecular orbital shifts can be argued about in the case of Cm-aryl substitution.

But, it is not the case for the Cb-alkyl substitution, where the orbital mixing takes place.
Each of the HOMO and HOMO-1 orbitals bear the features of both the highest occupied
molecular orbitals of the unsubstituted H4Cor+. These orbitals seem to be similar to each
other and can be interexchanged with reflection, relative to the plane orthogonal to the
macrocycle plane and passing through the carbon C5 and the middle of the C1-C19 bond.
These features resemble those of two degenerated lowest unoccupied molecular orbitals in
the porphine, egx and egy. Thus, one can suggest the HOMO and HOMO-1 orbitals of the
H4OAlkCor+ are very close in energy. Indeed, the calculated molecular orbital energies,
plotted on Figure 5, confirm that it is the case.

The energy difference between the HOMO and HOMO-1 of the H4OAlkCor+ is
970cm−1 (0.120 eV). This value is much smaller compared to 2220 cm−1 (0.275 eV) and
1790cm−1 (0.221 eV) for the H4PyrMes2Cor+ and H4Cor+, respectively. The small energy
difference between the HOMO and HOMO-1 provides the conditions for the efficient
configuration interaction. The configuration interaction of two electronic transitions has
the maximum value in case the transition energy degenerates, i.e., when the molecular
orbitals involved in their formation are of the same energy. According to the Gouterman
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model [32], when the configuration interaction increases due to a decrease in the energy
difference between the HOMO and HOMO-1, the absorptivity of the lowest electronic
transition Qx(0,0) is expected to drop. This is the case for the H4OAlkCor+. On the contrary,
large detuning of orbitals in the H4PyrMes2Cor+ diminishes the configuration interaction
and the long wavelength band absorptivity increases. Thus, the molecular orbital energy
calculations provide the basis to explain the experimentally observed spectral differences.
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Figure 5. The four Gouterman molecular orbital energy plots for the protonated corroles.

3.4. Calculations of the Absorption Spectra

To reassure the suggested interpretation, the ground state absorption spectra(both the
transition wavelengths and the oscillator strengths) were calculated with the ZINDO/S
method. ZINDO/S spectra calculations, taken with the molecular structure optimized with
the DFT method, were proved to allow for tetrapyrrolic macrocycles a good correlation
with the experiment with the minimum need for computational time [1]. The results of the
calculations are summarized in Table 3.

Table 3. The maxima of two lowest electronic transition bands and the corresponding oscillator
strengths for the protonated corroles.

Molecule Qx(0,0)/Qy(0,0), nm f x/fy

H4OAlkCor+ 676.0/632.2 0.060/0.045
H4PyrMes2Cor+ 669.6/589.0 0.115/0.005

H4Cor+ 666.4/634.1 0.047/0.032

The calculated spectrum for the H4PyrMes2Cor+ demonstrates good reproducibility
of both band positions and oscillator strengths in the experimental spectrum. Due to
domination of the oscillator strength of the Qx(0,0) band the theoretical spectrum has
a single band feature as it was found in the experiment. The theoretical band position
maxima of the H4OAlkCor+ are bathochromically shifted relative to the experimental one.
One can suggest that this overestimation of the wavelength maxima is likely due to the
HOMO and HOMO-1 orbital mixing, as was evidenced above. However, the oscillator
strengths f is reproduced nicely for both transitions, and they are of comparable intensity,
as it is found in the experimental spectrum.

The calculated oscillator strengths for the H4Cor+ are in line with these observations.
The proportion of the oscillator strengths lies in between the two above cases, in agreement
with the intermediate value of the energy difference of HOMO and HOMO-1 orbitals.
Thus, one can conclude that the oscillator strength of the long wavelength transition
of the H4OAlkCor+ decreases due to an increased configuration interaction, leading to
formation of both absorption bands with comparable intensity. On the contrary, a decrease
in the configuration interaction in the H4PyrMes2Cor+ enables the domination of the long
wavelength transition.

3.5. Tuning the Configuration Interaction with Specific Solvation

The protonated form of the H4OAlkCor+ was studied in the series of solvents with
different properties: dichloromethane (DCM) is a nonpolar aprotic solvent; dimethylsyl-
foxide (DMSO) and acetonitrile (MeCN) are polar aprotic solvents; and ethanol (EtOH)
is a polar protic solvent. The aim of the studies is to inspect the solvatochromic shifts of
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two absorption bands and verify the band assignment. The protonated form was achieved
in all of the cases and the spectra have been measured (Figure 6).
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Figure 6. The ground state absorption spectra of the H4OAlkCor+ in visible wavelength range as a
function of solvent.

The solvent dependence was found to differ for two bands. This finding supports
the assignment of these bands to two different electronic transitions. If the high frequency
band would be of vibronic origin, it should follow the solvent shift of the parent electronic
band, but this is not the case.

The Qx(0,0) band undergoes a noticeable shift with the solvent change, whereas the
position of the Qy(0,0) band remains practically unchanged. Such a difference can be
explained when the general and specific solvent effects take place simultaneously [33]. The
latter is likely to be the hydrogen-bonding interactions in the macrocycle core, which take
place for the protonated tetrapyrrolic macrocycles [4,5]. One more feature can be seen in the
spectra: the intensity of the Qx(0,0) band increases as its maximum shifts bathochromically.
Keeping in the mind that Qy(0,0) band does not shift, this observation means that the
intensity increase parallels the increase in the energy gap between two electronic transitions.
This finding supports the suggested role of the configuration interaction in the formation of
the spectral pattern. Indeed, the increase in the energy gap originates from the molecular
orbitals detuning, which, in its own turn, decreases the configuration interaction.

4. Conclusions

The ground state absorption spectra of two protonated corroles differing in the archi-
tecture of peripheral substitution have been studied in detail. The Cm-aryl substitution
leads to the formation of one strong absorption band in the visible range, which has a
bathochromic shift compared to the position of the long wavelength band of the corre-
sponding free base corrole. On the contrary, the Cb-alkylated derivative demonstrates two
absorption bands of about the same intensity, with the long wavelength transition having a
hypsochromic shift compared to that of the corresponding free base. Both studied corroles
adopt the saddle-type macrocycle distortions upon protonation, with the pyrrole tilting
angles ϕ being higher for the Cm-aryl-substituted derivative. The mean plane deviation
parameter ∆23 is 0.265 and 0.247 Å for the Cm-aryl and Cb-alkylated corroles, respectively.
The saddling magnitude was found to parallel the trend observed for doubly protonated
porphyrins; namely, the Cm-aryl substituted derivative, which revealed higher tilting angles
compared to those in the Cb-alkylated one. However, in contrast with doubly protonated
symmetrically substituted porphyrins, where tilting angles are the same, the ϕ angles are
higher for the pyrroles A and D in the bipyrrole unit, compared to those for pyrroles B
and C in the pyrromethene fragment. Comparison with the unsubstituted protonated
corrole model allows us to suggest that this difference is intrinsic, but in the case of the
Cb-alkylated corrole, the tilting angle increases additionally due to the steric hindrances of
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methyl groups attached to the C2 and C18 positions. All of the pyrrole nitrogens undergo
substantial pyramidalization upon protonation. The degree of pyramidalization λ2 was
found to be higher for the pyrroles B and C in the dipyrromethene fragment, compared
to those for pyrroles A and D in the bipyrrole unit. The difference in λ2 values between
two pairs of pyrroles is smaller for the Cb-alkylated derivative, leading to a more sym-
metrical molecular conformation. All of these structural differences result in alterations
of the electronic structure of the two studied corroles. While the LUMO and LUMO+1
molecular orbitals are not too different in the shape, the HOMO and HOMO-1 orbitals
demonstrate completely different pictures of wavefunction nodes/antinodes in the macro-
cycle. Moreover, these orbitals practically degenerate in the Cb-alkylated derivative, giving
rise to a huge increase in the configuration interaction, which, in its own turn, leads to the
reducing of absorptivity of the long wavelength electronic transition. A smaller energy gap
between the Qx and Qy bands in the Cb-alkylated corrole (645 cm−1), compared to that in
the Cm-aryl corrole (1050 cm−1), indicates that the former has the higher symmetry. As a
result of the increased configuration interaction in the Cb-alkylated corrole, the oscillator
strength of the long wavelength transition decreases, producing two absorption bands of
comparable intensity, whereas the long wavelength absorption band Qx dominates over
the Qy band in the spectrum of the Cm-aryl corrole.

The protonated forms of corroles are of increasing interest as basic compounds for
the design of luminescent sensors. Therefore, any way to tune sensitivity or improve the
performance is of importance. We suggest that spectral features are fruitfully analyzed
with the concept of multicenter interactions when the overall molecular response is due
to interplay, frequently in the nonlinear manner, of individual molecular fragments, or
even individual atoms like the pyrrole nitrogens, whose pyramidalization was shown to
serve as the gate to arrange the π-conjugated macrocycle pathway. Concerning the pyrrole
nitrogen pyramidalization, its role in the formation of the electronic structure of nonplanar
macrocycles is underestimated, especially of those having the contracted macrocycle. The
anion sensing with either an N-pyrrole-modified or protonated macrocycle core is also
mediated with pyrrole pyramidalization. Our recent finding is that N-substitution induced
a bathochromic shift in porphyrin and it is almost completely due to the nitrogen pyrami-
dalization, rather than to the substituted pyrrole tilting, as was expected traditionally [34].
Future research in this direction is in progress.
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