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The geometries and electronic spectra of a series of N-protonated corroles, including unsubstituted H4 Cor+ and meso-triaryl substituted H4 TPC+ , H4 TpFPC+ , and H4 TdCPC+ , were
theoretically studied with density functional theory (DFT). The results indicate that all these
compounds have two conformers, one with C2 symmetry (denoted as S1) is more stable than
the other (denoted as S2, C1 symmetry) by 15.8−18.5 kJ/mol. The corrole macrocycles of
these compounds show significant out-of-plane deformation. The enantiomerizations of the
chiral S1 conformers were found to be a multi-step process with the S2 conformers as the intermediates. Electronic absorption spectra and electronic circular dichroism (ECD) of these
compounds were calculated with time-dependent DFT. In comparison with H4 Cor+ , the UVVis absorptions of meso-triaryl species are significantly red-shifted and their Q bands are
enhanced due to the π-π conjugation between the aryl and corrole rings. Several neighboring
electronic transitions were calculated with opposite signs in rotatory strengths, suggesting
that ECD spectroscopy may be a useful tool in studying the electronic transitions of these
compounds.
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cationic radicals in solution and found that OEC can
form dicationic radical by protonation at inner nitrogen [18]. Gisselbrecht et al. studied the electrochemical reactions of H3 OEC and found that the product
of monoelectronic oxidation of H3 OEC can reversibly
transform to the N-protonated corrole (H4 OEC+ ) [13].
Mahammed et al. studied the relations between electronic absorption and emission spectra of water-soluble
corrole and the acidity of solvents. They found that the
inner nitrogen of corrole can be protonated and deprotonated, respectively, at the acid constant of 2.5 and
5.2 [14]. Shen et al. studied the electrochemistry properties and electronic spectra of eleven corroles with different meso-substitutents. They found that monoelectronic oxides of corroles [(H3 Cor)·]+ can quickly change
to H2 Cor· and H4 Cor+ , of which the B bands of absorption spectra are cloven obviously [15]. They also
studied the reactions of free-base corroles with several
organic alkali molecules [19]. Ou et al. investigated the
electrochemical and spectroelectrochemical properties
of meso-substituted corroles and found that the acidity of the solvents have a clear influence on the UV-Vis
spectra, which can be attributed to the solvent and acidity effects on the protonation-deprotonation process of
free base corroles [16, 17]. Despite these experimental
reports, several fundamental problems associating the
N-protonated corrole remain unrevealed at this stage,
such as their exact structures, the origins of spectral
change caused by protonation, and their conformational

I. INTRODUCTION

Corroles, a member of the porphyrinoid family, are
very important multifunctional compounds. Owing to
their unique properties in chemistry and photochemistry, the corroles have great application prospects in
a wide range of areas from catalyst, electrochemistry,
bio-sensors, nonlinear optics, to photodynamic therapy
of tumor [1]. In the past few years, the studies of corroles have become one of the most active branches of
porphyrin chemistry [1−3].
In comparison with normal porphyrins and other relative macrocyclics, an important feature of the corrole ligands is the capability of stabilizing high oxidation states for coordinated metal ions [4−8]. Numerous
transition-metal and main-group metallocorroles have
been synthesized and spectroscopically characterized [9,
10]. In connection with this, the high N−H acidity
of the metal-free corroles stimulated quite a few studies on their protonatation and deprotonation properties
[11−20]. Endeward et al. studied the electron paramagnetic resonance, electron-nuclear double resonance and
triple resonance of free-base octaethylcorrole (H3 OEC)
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stabilities.
In the past decade, density functional theory (DFT)
calculations have been extensively used to study many
aspects of the porphyrins and related four-pyrrole
macrocycles [21−30], including several corrole compounds [28−30]. These studies provided rich information about the structures, bonding characteristics, and
spectroscopic properties of corroles and metallocorroles.
However, N-protonation/deprotonation of the free-base
corroles has not received much theoretical attention despite that significant distinction between the corroles
and normal porphyrins has been found experimentally
in their protonation behaviors.
In the present study, DFT calculations were used
to study the N-protonated ions of the unsubstituted
corrole (Cor) and its three meso-triaryl substituted
derivatives, i.e., meso-triphenylcorrole (H3 TPC), mesotri(pentafluoro-phenyl)corrole (H3 TpFPC), and mesotri(2,5-dichloro-phenyl)corrole (H3 TdCPC). Figure 1
shows the structural sketches of N-protonated corroles (denoted as H4 Cor+ , H4 TPC+ , H4 TpFPC+ , and
H4 TdCPC+ , respectively) with the labels of atom. The
geometric structures, the effects of meso-triaryl substitutions, the conformational inter-conversion mechanism, as well as their electronic spectroscopy were also
investigated.

II. CALCULATION METHOD

DFT calculations were carried out using Becke’s
three-parameter hybrid functional (referred as B3LYP)
[31, 32] and the standard 6-31G(d) basis sets. For
H4 Cor+ , the primary trial structures were constructed
by placing all the atoms in a plane except four central
hydrogen atoms (denoted as HN ) that are allowed to tilt
up or down the plane in view of the strong steric hindrance between them. In such a way, six trial structures
were obtained and used for preparatory optimization
at the B3LYP/6-31G level of theory, resulting in a set
of stationary points of potential energy surface. These
structures, adapted with proper symmetry constraint,
were re-optimized with B3LYP/6-31G(d). Similar procedures were carried out for H4 TPC+ , H4 TpFPC+ , and
H4 TdCPC+ .
Analytic frequency calculations were performed with
the same method as using in optimizations to verify
an optimized structure to be an energy minimum or a
transition state as well as to obtain the zero-point vibrational energy (ZPE). The conformational distributions at room temperature (298.15 K) were calculated
according to the B3LYP/6-31G(d) optimized energies
and the vibrational contributions to the Gibbs free energies. Intrinsic reaction coordinate (IRC) computations
were done to confirm the transition states to correctly
connect the reactants and the target products. The
electronic absorption and electronic circular dichroism
(ECD) spectra of studied compounds were calculated
DOI:10.1088/1674-0068/25/03/281-290
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FIG. 1 Structural sketches of (a) the studied N-protonated
corroles (1=H4 Cor+ ,
2=H4 TPC+ ,
3=H4 TpFPC+ ,
+
+
4=H4 TdCPC ) and (b) H4 TPC showing atomic labels.

with time-dependent density functional response theory (TDDFT) [33−35]. All calculations were performed
with the Gaussian 09 program suite [36] on a Lenovo
Xeon-7000G GPU supercomputer.

III. RESULTS AND DISCUSSION
A. Ground-state geometry of H4 Cor+

The optimization of H4 Cor+ at the B3LYP/6-31G(d)
level of theory produces two stable structures, denoted
as conformers S1 and S2, respectively. No imaginary
frequency was found by frequency calculations at the
optimized structures, proving that both structures are
energy minima on the potential energy surface (PES).
H4 Cor+ (S1) belongs to the C2 point group with the
C2 axis passing through the C10 atom and the center of the C1−C19 bond. The conformer S1 shows an
out-of-plane saddling deformation with the four pyrrole rings tilted upper and down the molecular mean
plane alternatively, where the mean plane of the corrole macrocycle is defined as that formed by the C5,
C10, C15 atoms and the center of the C1−C19 bond.
The conformer S2 (C1 symmetry) shows a clear stagedistortion for the macrocyclic ring, with one pair of
trans NH groups (i.e., N21H25 and N23H27) titled
c
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FIG. 2 Optimized structures of studied N-protonated corroles (S1 conformers) with the bond lengths (in Å). (a) H4 Cor+ ,
(b) H4 TPC+ , (c) H4 TpFPC+ , (d) H4 TdCPC+ .

above and below the mean plane, respectively, while
the other pair (N20H24 and N22H26) roughly in the
mean plane. Table I lists the relative energies and the
relative Gibbs free energies of the protonated corroles.
As shown in Table I, the energy of H4 Cor+ (S2) is higher
than H4 Cor+ (S1) by 15.8 kJ/mol after ZPE correction,
indicating H4 Cor+ (S1) to be the global minimum. The
conformational distribution of S1:S2 at room temperature (298.15 K) was calculated to be 99.5:0.5 according to the B3LYP/6-31G(d) calculated energies and vibrational contributions to the Gibbs free energies, suggesting an overwhelming predomination of S1 conformer
over S2. In fact, as seen in the following, S2 conformer
is the intermediate for the inner-conversion of the pair
of enantiomers of S1.
Figure 2 shows the structures and bond lengths of S1
conformers of H4 Cor+ and other three studied species.
Table II lists their selected key structural parameters. The pyrrole five-member rings of H4 Cor+ (S1) are
slightly folded, with the dihedral angles between the
DOI:10.1088/1674-0068/25/03/281-290

TABLE I The relative energies and Gibbs free energies (in
kJ/mol) for the conformer S2 with the symmetry of C1 of
N-protonated corroles, compared with the zero values of conformer S1 calculated with B3LYP/6-31G(d).
H4 Cor+
H4 TPC+
H4 TpFPC+
H4 TdCPC+

∆E
17.3
20.1
18.6
18.0

∆(E+ZPE)
15.8
18.5
17.4
16.2

∆G
3.9
4.9
3.9
3.5

Cα NCα and the Cα Cβ Cβ Cα planes to be 178.5◦ for pyrrole rings I and IV and 176.6◦ for pyrrole rings II and
III. The fold of pyrrole rings in H4 Cor+ (S1) is comparable with porphyrin diacid (the dihedral angle between
the Cα NCα and the Cα Cβ Cβ Cα planes in H4 P2+ is
176.3◦ ) [37]. The central hydrogen atoms (HN atoms)
are significantly tilted from the pyrrole planes, with the
HN NCα Cα dihedral angle to be 147.7◦ for rings I and
c
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TABLE II Selected structural parameters of N-protonated corroles (S1 conformers) by B3LYP/6-31G(d) calculations.
H4 Cor+

H4 TPC+
H4 TPFPC+
H4 TdCPC+
◦
Dihedral angle/( )
N20−C1−C19−N23
13.7
17.8
16.1
14.8
N20−C4−C6−N21
−12.7
−19.0
−17.8
−15.2
N21−C9−C11−N22
12.0
22.0
20.4
16.0
N20−C1−C2−C3
0.7
0.2
0.4
0.6
N21−C6−C7−C8
−1.8
−2.2
−1.9
−1.9
H24−N20−C1−C2
−149.1
−154.5
−152.3
−150.9
H25−N21−C6−C7
145.5
150.4
148.5
146.0
Distance between HN atoms/Å
H24−H25
2.049
2.125
2.114
2.079
H24−H27
2.260
2.282
2.276
2.261
H25−H26
2.255
2.453
2.423
2.342
Mean absolute displacements
|N|a
0.086(0.004)
0.108(0.059)
0.095(0.043)
0.089(0.016)
|Cα |a
0.065(0.113)
0.085(0.159)
0.084(0.158)
0.076(0.140)
|Cβ |a
0.357(0.386)
0.453(0.617)
0.426(0.578)
0.393(0.484)
|HN |a
0.718(0.665)
0.698(0.797)
0.714(0.750)
0.712(0.711)
a
The values without paparentheses belong to pyrrole rings I and IV and those in parentheses to pyrrole rings II and III.
|Cα |, |Cβ |, |N|, and |HN | are the mean absolute displacements of α-, β-carbons, pyrrole nitrogens, and inner hydrogens
from the mean plane of the corrole macrocycle.

IV and 142.3◦ for rings II and III, indicating that the
N atoms of corrole have a slight sp3 hybridization character. The distances for the two central HN atoms of
opposite pyrroles are 2.339 Å, which is comparable to
the required ∼2.3 Å for the van der Waals contact of
two hydrogen atoms. On the other hand, the distances
between the neighboring HN atoms are much smaller
(∼2.05 Å), hinting a subtle balance between the steric
hindrance of the inner hydrogen atoms and in-planar
resilience force of the corrole macrocycle.
The nonplanar deformation caused by N-protonation
can be measured by the deviations of Cβ and Cα atoms
with respect to the mean-plane. Figure 3 displays the
deviations of the macrocyclic atoms of the four protonated corroles (S1 conformers) relative to the meanplanes. For rings I and IV the average deviations of
Cβ and Cα from the mean-plane are 0.357 and 0.065 Å,
respectively, while the corresponding values in ring II
and ring III are 0.386 and 0.113 Å, respectively. This
seems to be expectable since the rings I and IV are directly connected by C1−C19 bond, whereas the ring
II and ring III are bridged to neighboring rings with
meso-methylene groups, which considerably facilitates
their out-of-plane deformations.
A unique feature of H4 Cor+ that markedly differs
from H4 P+ is that the N-protonation of the former
causes the rings I and IV to twist with each other.
The degree of twisting can be characterized with the
C2−C1−C19−C18 dihedral angle that was calculated
to be 31.5◦ . This twisting between two rings generates
DOI:10.1088/1674-0068/25/03/281-290

FIG. 3 Linear displays of the out-of-plane deviation for the
pyrrole atoms of four studied N-protonated corroles (S1 conformers). The mean plane of the molecular is defined by the
three meso-carbons.

the chirality of the molecule as the case in binaphthaline
derivatives.
B. Geometries of N-protonated meso-triarylcorroles

Like H4 Cor+ , DFT calculations revealed two energy
minima for H4 TPC+ , H4 TpFPC+ , and H4 TdCPC+ ,
i.e., the conformer S1 with C2 symmetry and the conformer S2 with C1 symmetry. The structural sketches
and bond-length/bond-angle parameters of S1 conformers are shown in Fig.2 and Table II. The energy difc
°2012
Chinese Physical Society

Chin. J. Chem. Phys., Vol. 25, No. 3

Structures and Electronic Spectra of N-protonated Corroles

ferences between two conformers were calculated to be
18.5, 17.4, and 16.2 kJ/mol, respectively, for H4 TPC+ ,
H4 TpFPC+ , and H4 TdCPC+ , which are slight larger
than that of H4 Cor+ .
As expected, meso-triaryl substitutions have evident
effect on the structural parameters around meso-carbon
atoms. In comparison with H4 Cor+ , the Cα −Cm bonds
of H4 TPC+ are increased by 0.015 Å on the average
and the Cα CmCα angles decreased by ∼2.8◦ . Similar
trends were observed for H4 TpFPC+ and H4 TdCPC+ .
In addition, meso-triaryl substitution induces more pronounced nonplanar distortion of corrole macrocycle. As
shown in Fig.3, in comparison with H4 Cor+ , the deviations of Cα , Cβ , and N atoms from the mean-plane are
considerably increased in H4 TPC+ , H4 TpFPC+ , and
H4 TdCPC+ . For the case of H4 TPC+ , the average
deviation of Cβ atoms from the corrole mean plane is
0.617 Å for rings II/III and 0.453 Å for rings I/IV, both
of which are about 1.5 times larger than the corresponding values in H4 Cor+ . It is worthwhile to note that the
twist between the pyrrole rings I and IV is increased
by meso-triaryl substitutions. The C2−C1−C19−C18
dihedral angle were calculated to be 38.5◦ , 35.9◦ , and
33.6◦ for H4 TPC+ , H4 TpFPC+ , and H4 TdCPC+ , increased by 2.1◦ −7.0◦ as compared with H4 Cor+ , respectively.
The aryl planes of all the three protonated triarylcorroles are twisted with respect to the corrole
mean plane, due to the steric hindrance between
the aryl groups and the neighboring pyrrole hydrogen atoms. The optimized dihedral angles between
the corrole mean plane and the aryl groups attached
on the C5 and C15 atoms are 41.1◦ , 49.4◦ , and
76.3◦ , respectively, for H4 TPC+ , H4 TpFPC+ and
H4 TdCPC+ , whereas those between the corrole mean
plane and the aryl group attached on the C10 atom
are 45.6◦ , 51.9◦ , and 75.9◦ , respectively. The arylcorrole torsion may also be measured by dihedral angles
C4−C5−C28−C39 and C9−C10−C29−C44. The optimized C4−C5−C28−C39/C9−C10−C29−C44 dihedral angles are 45.9◦ /126.4◦ for H4 TPC+ , 54.4◦ /120.3◦
for H4 TpFPC+ , and 81.0◦ /97.2◦ for H4 TdCPC+ . This
trend reflects the enhanced steric hindrance for the aryl
substituents with bulky atoms. In order to estimate
the torsional stabilities, we have carried out partial optimization for all degrees of freedom except the dihedral
angle C4−C5−C28−C39 (or C9−C10−C29−C44) that
was fixed at certain values.
Figure 4 shows the relative energies of the
three N-protonated triarylcorroles with the change of
C4−C5−C28−C39 and C9−C10−C29−C44 dihedral
angles, where the energies at the optimized angles were
chosen as zero. As shown in Fig.4, the energy profiles
of all the three protonated triarylcorroles are quite flat,
which is expectable in view of the single-bond nature
of the Cm −Caryl bonds. It can be evaluated from the
energy profiles that the energy changes are less than
5.0 kJ/mol when the variations of C4−C5−C28−C39
DOI:10.1088/1674-0068/25/03/281-290
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FIG. 4 B3LYP/6-31G(d) calculated relative energies of N-protonated triarylcorroles via the change of
C4−C5−C28−C39 (a) and C9−C10−C29−C44 (b) dihedral angles.

or C9−C10−C29−C44 dihedral angles do not exceed
40.0◦ /46.1◦ , 43.7◦ /47.8◦ , and 48.2◦ /44.1◦ , respectively,
for H4 TPC+ , H4 TpFPC+ , and H4 TdCPC+ .
C. Enantiomerization of N-protonated corroles

The C2 symmetry of the N-protonated corroles (S1
conformers) means that they have pairs of enantiomers
(denoted as S1-a and S1-b, respectively). The interconversion between the enantiomers is of interest as it
is directly connected with the conformational stability
and may have a significant effect on the photophysical
properties of these compounds. In principle the kinetics
of enantiomerization can be obtained from temperaturedependent NMR study, but no such experiment has
been reported yet, probably due to the difficulty of separation of enantiomers. Thus DFT calculations were
carried out to get a better understanding of the enantiomerization process of the N-protonated corroles. As
our calculation results revealed that the enantiomerizations of the four studied N-protonated corroles are similar, we will concentrate our discussion on H4 Cor+ .
For H4 Cor+ , our calculations reveal a multi-step
process for the S1-a/S1-b enantiomerization, with the
enantiomer pair of S2 conformer as the intermediates. The relative energies of the steady conformations and the transition states are shown in Fig.5.
The first step of the enantiomerization is from S1-a to
c
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FIG. 5 (a) Conformational inversion of two conjugate S1
structures of H4 Cor+ . (b) Schematic diagram showing the
relative energies (in kJ/mol) for steady conformations (S1a/b and S2-a/b) and the transition states (TS1, TS2, and
TS3). (c) The schematic diagrams showing the nuclear motions along the reaction coordinates of transition states.

the intermediate S2-a. The transition state (TS1) for
this step has a moderately large barrier (38.0 kJ/mol
by B3LYP/6-31G(d)). TS1 is a mainly dominating
structure, with three of the four HN atoms locating on one side of the corrole mean-plane while the
fourth on the opposite side. This arrangement is expected to dramatically release the strain of adjacent
NH groups. Frequency calculation of TS1 gives a single
imaginary frequency (411i cm−1 ) of which the nuclear
motions are shown in Fig.5(c). The reaction vector
of 0.375D(C1C19N23H27)+0.327D(C18C19N23H27)−
0.342D(C15C16N23H27)−0.323D(C17C16N23H27) indicates a large vertical motion of the H27 atom from
one side of the mean plane towards another side. Connection of S1-a and S2-a with TS1 was confirmed by an
IRC computation.
The second step is the interconversion of two conjugate S2 structures, S2-a and S2-b. Our calculations
manifest that this process can be fulfilled via two pathways, denoted as path I and path II, respectively. Path
I needs a transition state TS2 which is Cs symmetry,
the mirror-plane is perpendicular to the C1−C19 bond
and passes through the C10 atom and the center of the
C1−C19 bond). For TS2, the NH groups of ring I and
IV locate on one side of the mean-plane and those of
ring II and III locate on another side. Frequency calculation of TS2 gave a relative small imaginary frequency
DOI:10.1088/1674-0068/25/03/281-290
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of 153i cm−1 , for which the displacements of inner hydrogen atoms are also showed in Fig.5(c). According to
our B3LYP/6-31G(d) calculations, the barrier of path
I is quite small (2.4 kJ/mol). For path II, the transition state (TS3) belongs to C2 group with C2 axis passing through the C10 atom and the center of C1−C19
bond. The N20H24 and N21H25 groups of TS3 locate
on one side of the mean plane, while the other two
NH groups locate on the opposite side, with distance
between neighboring HN atoms to be 1.777−2.359 Å.
Frequency calculation of TS3 leads to an imaginary frequency 203i cm−1 . IRC calculation proved that the
H25 and H26 atoms vertically move from one side of
the mean plane to the opposite direction simultaneously. DFT calculation gave rise to a much higher barrier (38.2 kJ/mol) for path II as compared with path
I. In view of the large difference in reaction barriers, it
comes clear that path I should dominate the S2-a/S2-b
inter-conversion step.
The last step for the S1-a/S1-b enantiomerization is
conversion from S2-b to S1-b. It just is the opposite
process of the first step. Since the energy difference
between TS2 and S2 is quite small, we turn to conclude
that the kinetics of conformational inversion of H4 Cor+
is mainly controlled by the first and the third steps, i.e.,
from S1-a to S2-a and from S2-b to S1-b.
The enantiomerization of three N-protonated triarylcorroles was found similar to H4 Cor+ . The barriers
of TS1/TS2/TS3 were calculated to be 41.8/19.3/53.7,
40.3/19.0/48.2, and 36.4/17.2/39.9 kJ/mol, respectively, for H4 TPC+ , H4 TpFPC+ , and H4 TdCPC+ .
These values are comparable with H4 Cor+ .

D. Electronic absorption spectra and electronic circular
dichroism spectra

Electronic spectra of the porphyrins are usually interpreted with the four-orbital model of Gouterman
[38], which assumes that the B-bands (in near-UV region) and Q-bands (in visible region) correspond to
the one-electron excitations from the nearly degenerate HOMO/HOMO-1 to the strictly degenerate LUMO.
Assuming D4h symmetry for the macrocycle, both the
Q and B states of normal porphyrins are Eu symmetry.
Recent TDDFT and DFT-CIS calculations have manifested the general justifiability of this simple model in
describing the electronic states of normal porphyrins,
although it has been shown that more single-excited
configurations have to be considered for the B-state
[23−26]. The corroles differ from normal porphyrins by
missing a meso-methenyl group, and thus the forth-fold
axis is lost in corroles. As the degeneration of electronic
states is relieved by symmetry lowering, the electronic
spectra of corroles are more complex than the normal
porphyrins.
Table III lists the energy levels and symmetry
labels of the highest occupied and lowest unoccuc
°2012
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TABLE III B3LYP/6-31G(d) orbital energies (in eV) of N-protonated corroles (S1 conformers).
FMO
LUMO+5
LUMO+4
LUMO+3
LUMO+2
LUMO+1
LUMO
HOMO
HOMO-1
HOMO-2
HOMO-3
HOMO-4
HOMO-5
HOMO-6
HOMO-7
HOMO-8
HOMO-9

Label
43a
41b
42a
40b
39b
41a
38b
40a
39a
37b
38a
36b
35b
37a
34b
33b

H4 Cor+
Energy
−1.95
-2.31
−2.97
−3.50
−5.46
−5.92
−8.65
−8.85
−10.67
−10.70
−10.81
−10.83
−11.01
−11.20
−12.35
−13.84

H4 TPC+
Label
Energy
74a
−2.47
70b
−2.70
73a
−2.77
69b
−3.12
68b
−5.01
72a
−5.46
67b
−7.74
71a
−8.39
70a
−9.14
66b
−9.19
69a
−9.22
65b
−9.25
68a
−9.27
64b
−9.50
67a
−10.19
63b
−10.20

pied molecular orbitals of the four N-protonated corroles. The HOMO-LUMO gaps of H4 Cor+ , H4 TPC+ ,
H4 TpFPC+ , and H4 TdCPC+ are 2.73, 2.28, 2.45, and
2.60 eV, respectively. Due to the loss of forth-ford
axis, the LUMO and LUMO+1 of the four species are
split by 0.41−0.46 eV. The HOMO and HOMO-1 of
H4 Cor+ are nearly degenerate with small energy differences of 0.20 eV. The LUMO+2 are well separated
from LUMO+1 by 1.89−1.96 eV for all the four species;
whereas the (HOMO-1)/(HOMO-2) energy separations
are 1.82, 0.75, 0.52, and 0.65 eV, respectively, for
H4 Cor+ , H4 TPC+ , H4 TpFPC+ , and H4 TdCPC+ . The
considerable decrease in (HOMO-1)-(HOMO-2) separation of H4 TPC+ /H4 TpFPC+ /H4 TdCPC+ , which
seems due to the conjugation effect between the πelectrons of corrole macrocycle and the meso-aryl
groups, implies an inadequacy of four-orbital model in
describing some of its low-lying excited states.
The electronic absorption spectra of several Nprotonated corroles with peripheral substitutents have
been reported in Refs.[11−17]. Ou et al. and Gisselbrecht et al. independently studied the UV-Vis spectra
of H4 OEC+ in acidic solutions [13, 17]. In the B-band
region, a strong absorption at 409 nm (3.03 eV) and a
shoulder at 394 nm (3.15 eV) were observed. In the Qband region, H4 OEC+ shows two weak absorptions at
580 and 600 nm (2.14 and 2.07 eV). Similar spectrum
was measured by Paolesse et al. who studied the UVVis spectra of the free base H3 TPC in different solvents
[11]. In AcOH, a strong absorption was observed at
424 nm (2.92 eV) together with a quite strong shoulder
band at 453 nm (2.74 eV). Two Q-bands at 545 and
684 nm (2.27 and 1.81 eV) were observed for H4 TPC+ ,
with the 684 nm band stronger than the 545 nm one.
DOI:10.1088/1674-0068/25/03/281-290

H4 TpFPC+
Label
Energy
101b
−3.12
103a
−3.45
100b
−3.45
99b
−3.74
98b
−5.65
102a
−6.06
97b
−8.51
101a
−8.89
100a
−9.41
96b
−9.45
99a
−9.45
98a
−9.74
95b
−9.74
94b
−9.95
97a
−10.70
93b
−10.71

H4 TdCPC+
Label
Energy
95b
−3.01
96a
−3.15
94b
−3.17
93b
−3.26
92b
−5.16
95a
−5.61
91b
−8.21
94a
−8.48
93a
−9.13
90b
−9.13
92a
−9.14
89b
−9.54
91a
−9.57
88b
−9.60
90a
−10.30
87b
−10.32

Table IV lists the excitation energies, oscillator
strengths, and the weights of major configurations
for the excited states of H4 Cor+ calculated with
TDDFT/6-31G(d). The calculated rotatory strengths
are also listed in Table IV, although there has no
experimental ECD spectrum being reported for Nprotonanted corroles yet. As the experimental spectrum of H4 Cor+ is not available at this stage, the results of H4 OEC+ are listed in Table IV for comparison
in view that β-octaethyl substitutions only weakly alter
the electronic spectra of porphyrin-related compounds.
Figure 6 displays the calculated UV-Visible absorption and ECD spectra of the four studied species. According to the TD-B3LYP calculation, the first and
the second excited singlet states of H4 Cor+ are the
11 B state (2.37 eV, f =0.0488) and 11 A state (2.43 eV,
f =0.0126). The rotatory strengths of 11 B and 11 A are
14.46×10−40 and −3.97×10−40 cgs, respectively. As
shown in Table IV, these two states can be described as
the combination of the one-electron excitations from the
HOMO and HOMO-1 to the LUMO and LUMO+1, respectively. Experimentally, weak bands were observed
at 2.07 (Q1) and 2.14 eV (Q2), respectively, in the electronic absorption spectrum of H4 OEC+ . The calculated
energy separation of 0.06 eV between the 11 B and 11 A
of H4 Cor+ is quite close to experimental value (0.07 eV)
of H4 OEC+ . The 21 A and 21 B states of H4 Cor+ were
calculated by TD-B3LYP to have very close excitation
energies (3.60 and 3.61 eV, respectively) and both states
have rather large oscillator strengths. According to the
TD-B3LYP result, the 21 A and 21 B states are largely
due to the one-electron excitations of four frontier orbitals, but the configurations HOMO-5→LUMO also
weakly contributes to the 21 B state. We tentatively asc
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TABLE IV Excitation energies (∆E in eV), oscillator strengths (f ), and rotatory strengths (R) of H4 Cor+ and H4 TPC+
(S1 conformers) calculated with TDDFT at TD-B3LYP/6-31G(d) level.
Compositiona
∆E
f
+
H4 Cor
H-1→L+1 (31.0%), H→L (68.1%)
2.37 0.0488
H-1→L (58.3%), H→L+1 (40.8%)
2.43 0.0126
H-1→L (39.2%), H→L+1 (56.8%)
3.60 0.9886
H-5→L (2.0%), H-1→L+1 (64.0%), H→L (28.5%)
3.61 0.8728
H-2→L (97.0%)
4.12 0.0008
H-3→L (96.2%)
4.16 0.0620
H4 TPC+
H-1→L+1 (14.5%), H→L (85.5%)
2.06 0.3111
H-1→L (37.9%), H→L+1 (60.7%)
2.27 0.0237
H-7→L+1(2.1%), H-6→L (8.1%), H-2→L (3.5%),
3.10 0.7034
H-1→L (51.7%), H→L+1 (30.4%)
21 B
H-7→L (12.7%), H-5→L (2.6%), H-3→L (4.5%),
3.21 0.9172
H-1→L+1 (65.8%), H→L (9.9%)
31 A
H-6→L (2.7%), H-2→L (92.7%)
3.26 0.0533
31 B
H-5→L (11.1%), H-3→L (80.4%), H-1→L+1(4.2%)
3.27 0.1846
41 A
H-6→L (25.1%), H-5→L+1 (2.2%), H-4→L (71.4%)
3.28 0.0008
1
4 B
H-5→L (83.4%), H-3→L (14.0%)
3.30 0.0124
51 A
H-7→L+1 (2.5%), H-6→L (60.6%), H-4→L (23.5%), 3.39 0.2285
H-2→L (2.3%), H-1→L (3.9%), H→L+1 (4.9%)
a
Contributions of the main configurations are shown in parentheses. H=HOMO, L=LUMO,
b
R in 10−40 cgs (erg·esu·cm/Gauss).
c
Experimental results.
d
Solution spectrum of H4 OEC+ from Ref.[17].
e
Solution spectrum from Ref.[11].
State
11 B
11 A
21 A
21 B
31 A
31 B
11 B
11 A
21 A

Rb
14.46
−3.97
−160.08
114.81
−1.98
23.70
59.64
−3.40
−159.47

∆E c
2.07d
2.14d
3.03d
3.15d

Assign.
Q1
Q2
B1
B2

1.81e
2.27e
2.74e

Q1
Q2
B1

142.87

2.92e

B2

−2.67
13.65
−2.56
14.43
−123.70
L+1=LUMO+1, etc.

FIG. 6 Calculated UV-Visible absorption (up) and ECD (down) spectra of N-protonated corroles.

sign these two states to the strong absorption at 3.03 eV
and the shoulder at its high-energy side (3.15 eV). It
seems that the TD-B3LYP calculation underestimates
the energy separation between 21 B and 21 A, which deserves further study in future. It is worthwhile to note
DOI:10.1088/1674-0068/25/03/281-290

that 21 A and 21 B states have relatively large rotatory
strengths but with opposite signs, hinting that these
two states may be distinguishable in ECD spectra.
The first and the second excited singlet states of
H4 TPC+ were calculated to be the 11 B state (2.06 eV,
c
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f =0.3111) and the 11 A state (2.27 eV, f =0.0237),
which correspond to the middle strong absorption band
at 1.81 eV (Q1) and the weak band at 2.27 eV (Q2),
respectively, in the experiments [11]. The calculated
energy separation of 0.21 eV between 11 B and 11 A
is slightly smaller than experimental value (0.46 eV).
Similar to the case of H4 Cor+ , the 11 B and 11 A states
of H4 TPC+ can be described as the combination of the
one-electron excitations from the HOMO and HOMO-1,
respectively, to the LUMO and LUMO+1. The 21 A
and 21 B states of H4 TPC+ were calculated to be
3.10 eV (f =0.7034) and 3.21 eV (f =0.9172), respectively. We assign the 21 A state to the shoulder band
at 2.74 eV and the 21 B state to the strongest absorption at 2.92 eV. According to the TD-B3LYP result,
the 21 A state consists of five principal configurations,
i.e., HOMO-1→LUMO (51.7%), HOMO→LUMO+1
(30.4%), HOMO-6→LUMO (8.1%), HOMO-2→LUMO
(3.5%), and HOMO-7→LUMO+1 (2.1%). The 21 B
state also consists of five principal configurations,
i.e., HOMO-1→LUMO+1 (65.8%), HOMO-7→LUMO
(12.7%), HOMO→LUMO (9.9%), HOMO-3→LUMO
(4.5%), and HOMO-5→LUMO (2.6%). The “fourorbital excitations” contribute approximately 82.1%
components to the 21 A state and 75.7% to the 21 B
state. All the low-lying excited states of H4 TPC+ show
significant decreases in energies in comparison with the
corresponding transitions of H4 Cor+ , which is probably due to the conjugation effect of the -systems of the
corrole macrocycle with the meso-phenyl groups. In addition, π-π conjugation may be also responsible for the
increased oscillator strength and rotatory strength of
11 B state of H4 TPC+ as compared with H4 Cor+ .
As shown in Fig.6, the excited states of H4 TpFPC+
and H4 TdCPC+ are generally consistent with H4 TPC+ .
However, the red-shifts of electronic absorptions, especially the Q-bands, in the spectra of H4 TpFPC+ and
H4 TdCPC+ are less than the corresponding bands of
H4 TPC+ , suggesting a decreased π-π conjugation in
the former two compounds. This consists with the
trend of their averaged dihedral angles between the
phenyl and corrole rings, which increase in the order
of H4 TPC+ <H4 TpFPC+ <H4 TdCPC+ .
Comparison of calculations with the experimental results reveals that the TD-B3LYP calculations underestimate the energies of Q-states by 0.1−0.3 eV and those
of B-states by 0.3−0.7 eV. This magnitude of derivation
is roughly comparable with the computational results
of other four-pyrrole macrocyclics using the same level
of theory. For instances, the Q-band and the B-band
of H4 P2+ have been overestimated by about 0.1 and
0.5 eV, respectively [37]. In addition, our calculations
manifest that, while the electronic spectra of protonated
corroles are very complex due to the symmetry lowering, many nearby electronic transitions possess opposite
signs in rotatory strengths, making ECD spectroscopy
a useful tool to study the electronic properties of these
nontrivial compounds.
DOI:10.1088/1674-0068/25/03/281-290
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IV. CONCLUSION

We have theoretically investigated the ground-state
structures and electronic spectra of N-protonated corroles with DFT and TDDFT. It was revealed that the
most stable conformer (S1) of protonated corroles is a
saddled structure with C2 symmetry. Similar to the
N-protonated porphyrin diacids, the four central hydrogen atoms in S1 conformer tilt up and alternatively
with respect to the mean plane of corrole skeleton. The
enantiomerization of the chiral S1 conformer is a multistep process with an intermediate conformer S2. The
meso-triaryl substitutions increase the nonplanar deformation of macrocycle skeleton and cause red-shift of the
UV-Vis bands due to the π-π conjugation between the
aryl and corrole rings. The UV-Vis absorption spectra
of N-protonated corroles contain a couple of electronic
transitions, which are much more complex in comparison with their prophyrin counterparts due to the lost
of forth-fold axis. The calculations suggest that ECD
spectroscopy may be a useful tool in studying the electronic properties of N-protonated corroles.
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