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Chirogenesis in Zinc Porphyrins: Theoretical Evaluation of
Electronic Transitions, Controlling Structural Factors and
Axial Ligation
Irina Osadchuk,*[a, b] Riina Aav,[a] Victor Borovkov,[a] and Eric Clot[b]

In the present work, sixteen different zinc porphyrins (possess-
ing different meso substituents) with and without a chiral guest
were modelled using DFT and TD-DFT approaches in order to
understand the influence of various controlling factors on
electronic circular dichroism (ECD) spectra. Two major aspects
are influenced by these factors: excitation energy of the
electronic transitions and their intensity. In the case of
excitation energy, the influence increases in the following order:

orientation of the peripheral substituents< substituent’s na-
ture<axial ligation. However, the deformation of the porphyrin
plane does not affect the excitation energies. In the case of
intensity, the influence increases as follows: substituent’s
nature<conrotatory orientation of the peripheral substitu-
ents<deformation of the porphyrin plane<disrotatory orienta-
tion of the peripheral substituents<axial ligation.

1. Introduction

Porphyrins and their derivatives are involved in a diversity of
biological processes, such as cell respiration, oxygen transport,
light harvesting and fatty acid oxidation.[1–3] Synthetic porphyr-
ins also found a broad application in catalysis,[4–6] optical and
chemo sensors,[7–15] light harvesting,[5,16–18] medicine,[19–22]

supramolecular systems,[1,23–27] electronic devices,[11,28,29] etc.
Specific natural and supramolecular chiral environment may
result in chirogenic processes in porphyrin chromophores,
which can be detected by various spectroscopic methods such
as X-ray,[30–33] IR,[31,34] Raman,[32] NMR,[31,32,35,36] circular polarized
luminescence,[30,37,38] vibrational,[34,39,40] electronic (ECD),[9,19,41–44]

and magnetic[34,45,46] circular dichroism.
However, the question of ECD induction mechanisms in

mono-porphyrins and their derivatives from the theoretical
point of view is still not fully resolved. Initially, the low energy
shift in absorption (and correspondingly ECD) spectra was
explained by the substituents inducing a nonplanar
deformation,[32,47–52] but in 2000 Wertsching et al.[53] reported

that the electronic effects of substituent and in plane nuclear
reorganization have the main impact on this phenomenon.
Ryeng and Ghosh[54] also agreed that the in plane nuclear
reorganization is able to shift the absorption bands to low
energy, however, they stated that structural ruffling brings a
significant perturbation in the electronic structure of porphyrin
and hence causes a red shift of both the B- and Q-bands. In
2003, Haddad et al.[55] showed a strong correlation between
ruffling of the porphyrin plane and red-shift in the absorption
energy and suggested to use this shift as a diagnostic tool of
the non-planarity upon exclusion of the influence of electronic
and structural factors brought by substituents. This is in
agreement with the works of Song et al.[52] and Zhou et al.,[56,57]

which reported that the electronic spectra showed a gradual
red shift upon increasing the degree of distortion. However,
Cramariuc et al.[51] stated that the distortions of the porphyrin
ring contribute only about 20% to the red shifts of the
absorption peaks. This is in agreement with the conclusion of
Guberman-Pfeffer et al.[58] and Thomassen et al.[59] that non-
planarity accounts only in part for the observed shift. In 2016,
Graves et al.[60] reported a nonlinear dependence of the B-band
shifts. Thus, in iron porphyrins blue shifts of the B-bands
correspond to small distortions of up to 1.0 Å and red shifts to
distortions of up to 2.3 Å.

In many works, the influence of a perturbation of the
porphyrin electronic structure on the energy of frontier orbitals
and the corresponding absorption spectra, both
experimentally[59,61–64] and theoretically,[59,61,63,65,66] was investi-
gated. Different substituents at both the β-[59,61,63,65–67] and
meso-[61,62,65,68,69] positions of the porphyrin ring were studied
and it was shown that the substituents changed the energy of
frontier orbitals[51,62,65,66,68,69] and lowered the symmetry of the
molecule,[51,70] which resulted in broadening[61,63,70] and
red[51,61,65,67,70] or blue[63,71] shifting of the B- and Q-absorption
bands. Also, peripheral substituents can significantly change
the nature of the frontier orbitals by localizing electron density
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on the substituents instead of the π-system of the porphyrin
ring.[61–63] LeCours et al.[62] showed based on the absorption
spectra of [5,15-bis[(aryl)ethynyl]-10,20-diphenylporphinato]zinc
(II) complexes, that the energies of the B- and Q-bands are blue
shifted as the aryl substituents at the meso-position become
less electron donating. In 2008, Hayashi et al.[70] reported that
expansion of the π-system in the fused-Zn porphyrins broadens
and shifts the B- and Q-bands to lower energy. A year later, Lee
et al.[61] showed that the π-conjugation in both the meso- and
β-substituents of Zn porphyrins causes broadening and red
shifting of the absorption bands as well as corresponding
intensity enhancement with increased π-conjugation. In 2010,
Göransson et al.[72] suggested that the red shift in absorption is
more affected by the substituent’s extended π-conjugation,
while the broadening of the B-band is more influenced by the
substituent’s position. Ma et al.[73] showed that the HOMO-
LUMO gap increases along with the change of the substituent’s
properties from electron-withdrawing to electron-donating. In
2012 Barbee et al.[74] concluded that the HOMO-LUMO energy
gap increases for both the meso- and β-substituents in nickel
porphyrins in the following order: CH3>Br>CF3>NO2. Also, in
2018 Hajizadeh et al.[75] showed that replacement of the π-
electron bridge substituents at the meso-positions of zinc
porphyrin can increase the LUMO energy level. Additionally, it
was found that perturbation of the electronic structure may be
achieved by incorporation of a hetero atom into the porphyrin
core.[58,76–78]

Beside internal chemical modification of the porphyrin
chromophore, external interactions, such as axial ligation, may
play a significant role in the ECD behavior, since it affects the
charge[79] and the spin state[52,80] of the central metal ion, the
electronic configuration,[52,60,81–84] and the planarity of the
porphyrin molecule.[44,57,79,85–90] Kolling et al.,[91] Wang et al.,[79]

and Song et al.[52] showed that the axial ligation induced a red
shift of the B-bands, whilst a blue shift[92] was also observed
depending on a metal ion. Wang et al.[93] and Walters et al.[69]

reported that the axial ligation selectively increases the a2u

orbital energy in various zinc porphyrins.
Moreover, it is known that ECD spectra are sensitive to

variations in the environment and depend upon electronic
coupling with the porphyrin’s peripheral substituents as it was
shown by Blauer et al.,[94] Kobayashi et al.,[95] and Nagai et al.[96]

For example, in 1993 Blauer et al.[94] reported that the electronic
transitions in the B absorption region are a result of coupling
between the prosthetic heme π-π* electric dipole moments
and dipole moments of the proximate aromatic amino acid
residues. Also, Kobayashi et al.[95] explained how the chiral
peripheral binaphthyl groups are able to induce ECD in achiral
phthalocyanines and determine the sign of ECD spectra.
Further, Nagai et al.[96] showed that replacement of the 2,4-vinyl
side chains in the heme prosthetic group of myoglobin
decreased the intensity of B-band, while change of the 6,7-
diacetate substituents with carboxylates resulted in disappear-
ance of the positive ECD band in the B absorption region.
Angelini et al.[97] explained the split ECD signal as electronic
communication between two chromophores.

In our previous works[98,99] we showed that the conformation
of a chiral guest determines the shape of the induced ECD
spectra of achiral porphyrins upon axial ligation. In the present
work we discuss the electronic and geometry factors and their
respective contribution, which may affect the porphyrin elec-
tronic transitions and subsequently the corresponding ECD
spectra. In particular, four different factors have been analyzed.
First, the influence of pure electronic effects was considered.
For this purpose, zinc porphyrins with a flat macrocyclic
structure, which electronic properties are tuned by varying the
peripheral meso-substituents, were modelled. Second, the
influence of the spatial orientation (tilt) of the peripheral meso-
substituents on the electronic transitions was investigated. In
this part, the porphyrin planes were specifically kept planar,
whilst the dihedral angle of the peripheral substituent’s tilt was
changed. In the third part, the effect of porphyrin distortion
was discussed. In this case, the investigated porphyrins were
symmetrically distorted, while the corresponding peripheral
substituents were fixed perpendicular to the porphyrin plane
and coplanar to each other. Finally, the role of the axial ligation
was investigated.

2. Results and Discussion

2.1. Model Systems

In this study sixteen zinc porphyrins, which differed by two
peripheral meso-substituents at the Cmeso positions, were chosen
as corresponding model systems and hosts for external ligation
(Figure 1). The choice of zinc complexes was dictated by their
preference to adopt a penta-coordinated geometry with axial
coordination of various functional guests not altering the
planarity of the porphyrin ring.[71]

In the present work, the meso-position was chosen for
peripheral substitutions, since it does not significantly distort
the porphyrin plane,[100,101] that is an important aspect for our
study, in contrast to the β-substituents.[67,102–106] Essentially, two
substituents at the 5- and 15-positions were chosen and
classified to be either neutral (R=H, Ph), with electron-donating
(CH3, NMe2, OMe, Ph� Me-p, Ph� NMe2-p, Ph� OMe-p,
C�C� Ph� NMe2-p), or electron-withdrawing (CF3, NO2, CN, F,
OC(O)H, Ph� CF3-p, C�C� Ph� NO2-p) groups. Besides, some
substituents can serve as secondary chromophores (in the case
of OC(O)H, NO2, Ph and its derivatives). It is of note that several
functionalized Ph substituents were analyzed. Though these
substituents usually do not have electron density in their
frontier molecular orbitals resulting in a minor influence on the
electronic structure,[59,69,71,101,103,107] they serve as secondary
chromophores, the properties of which can easily be tuned by
changing the functional groups at the Ph ring. Also, it should
be noted that the meso-substituents cover only a part of the
electronic perturbations. The HOMO (a2u) is heavily populated at
the meso-carbons and has reduced density at the β-carbons in
contrast to the a1u orbital, where the electron density is
localized at both the α- and β-carbons (Figure 2).[68,69] As a chiral
guest, (R)-2-aminobutane was chosen as one of the simplest
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enantiopure molecule. Furthermore, (R)-2-aminobutane does
not contain any chromophoric group and thus, its positional
and conformational changes have minor influence on ECD
spectra.[108] Dichloromethane was chosen as one of the most
commonly used solvents for ECD spectroscopy of porphyrins.

Although a racemic mixture and/or free rotation of the
peripheral substituents and guest molecules are present in a
real solution, and the corresponding association constant and
concentration play an important role in the intensities and
shape of ECD spectra, these dynamic factors were not
considered in this work. In all of the molecules shown below, a
part of or the whole molecular skeleton was fixed in a certain

position and the corresponding calculations were carried out in
order to understand how the particular factor affects the
electronic transitions and subsequently the ECD spectrum.

2.2. Influence of the Electronic Effects

The absorption and ECD spectra of porphyrins and their host-
guest complexes typically have two absorption regions: 500–
650 and 350–450 nm corresponding to the Q- and B-bands with
two electronic transitions in each band.[109,110] As a result of the
forbidden character,[45] intensities of the Q-bands are small and

Figure 1. Structures of guest ((R)-2-aminobutane) and porphyrin hosts with various substituents (ZnP, ZnDP� Me, ZnDPP, ZnDP� OMe, ZnDP� NMe2, ZnDP� F,
ZnDP� OC(O)H, ZnDP� NO2, ZnDP� CN, ZnDP� CF3, ZnDPP� Me-p, ZnDPP� NMe2-p, ZnDPP� CF3-p, ZnDPP� OMe-p, ZnDP� C�C� Ph� NMe2-p, ZnDP� C�C� Ph� NO2-p)
used as model systems for ECD spectral simulations.

Figure 2. Energies of the frontier orbitals involved into the electronic transitions of several flat zinc porphyrins with various orthogonal substituents calculated
using ωB97X-D/cc-pVTZ and visualisation of frontiers orbitals for ZnP and ZnDPP.
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therefore in the present work only the B-bands will be
considered.

It is well known that the electronic structure of a porphyrin
can be changed by adding peripheral substituents with either
electron-donating or electron-withdrawing effects,[74,75,111–114]

which cause the π-electron density to redistribute over the
macrocycle.[115,116] However, addition of peripheral substituents
usually generates some distortion of the porphyrin
plane,[74,75,111–113] hence increasing steric and/or electrostatic
repulsion between the substituents.[41] In general, ECD spectra
are sensitive to both the electronic and conformational
factors,[74,94,113,117] therefore in order to exclude any conforma-
tional contribution, the six first electronic transitions in
structurally flat zinc porphyrins were calculated. Corresponding
geometries were obtained by optimization with frozen dihedral
angles of all non-hydrogen atoms in the porphyrin plane, while
the peripheral substituents were fixed in the orthogonal (90°)
position to the flat porphyrin plane (Figure 2). This procedure
was designed to avoid additional coupling of the porphyrin’s
and substituent’s dipole moments,[30] while as previously
reported the incorporation of Zn ion into porphyrins causes
alteration of the position of meso-substituents.[71]

As expected, the calculated transition energies of ZnP are
degenerate and the rotational strengths are zero, which
correspond to the orthogonal orientation of electric and
magnetic dipole moments (Tables 1 and S1). The energies of
orbitals involved into the electronic transitions of the B-region,
calculated using the ωB97X-D/cc-pVTZ and aug-cc-pVDZ basis
sets, are similar and shown in Figures 2 and S1 and Table S2.

In agreement with the Gouterman’s model the two LUMOs
of ZnP are degenerate and the two HOMOs are “accidently”
degenerate.[118,119] As shown in Figures 2 and S1, all substituents
increase the energy gap between HOMO and HOMO-1, on one
hand and the energy gap between LUMO and LUMO+1, on
the other hand. Herein, a clear tendency is observed as follows:
the electron-donating substituents destabilize both HOMO and
LUMO+1 (except for molecules containing Ph derivatives),
while the electron-withdrawing groups lower the energy of
both LUMOs and HOMOs (except ZnDP� F). As a result, the
HOMO-LUMO gap increases along with increasing the electron-
donating properties, in agreement with the observation of Ma
et al.[73] Moreover, in the systems where the electronic commu-

nication or π-conjugation between porphyrin and the orthogo-
nal substituents are prevented, LUMOs are more affected than
HOMOs. This agrees with the previous studies.[41,46,70,112,120–124] In
agreement with the observation of Theisen et al.[76] addition of
the phenyl groups decreases the HOMO-LUMO gap as
compared to the Ph free analogues. Subsequent introduction of
different functional groups at the p-positions of Ph slightly
destabilized HOMOs and increased the energy gap between
HOMO and HOMO-1, however this influence was significantly
smaller when compared to the effect caused by the substitu-
ents on a porphyrin ring (Table S2).

It should be noted that the meso-substituents influence
both HOMOs, but their effect on the a1u orbital is smaller, since
this orbital has nodes at the meso-positions (Figures 2 and
S2).[69,124–126] As was mentioned above, the electron-donating
and electron-withdrawing substituents behaved oppositely to
each other by destabilizing and stabilizing the a2u orbital,
respectively. In the case of CN and NO2 substituents, the effect
is so strong that it even causes inversion of the orbitals order
with respect to other substituted porphyrins, which agrees with
the observations of Walters at al.[69] and Liao et al.[124] Halogens
having both electron-donating and electron-withdrawing char-
acteristics, as was reported by Yamaguchi et al.[52] and Liao
et al.,[124] stabilized the a1u orbital and destabilize the a2u orbital,
as it was observed in ZnDP� F. In the case of Ph and its
functionalized derivatives the inversion of LUMOs was found to
take place (Figure S2).

Replacement of hydrogens with other substituents has a
dual effect: destabilizes HOMO-1 and/or stabilizes LUMOs by
removing the energy degeneracy of frontier orbitals, which in
turn shifts the corresponding electronic transitions to a lower
energy (Tables 1 and S1). The electron-donating substituents
shifted the transition energy by 7–35 nm to the red region,
while in the case of electron-withdrawing groups the low
energy shift was noticeably smaller being 1–14 nm. This agrees
with the previously obtained theoretical and experimental
results, which showed that introduction of the peripheral
substituents resulted in broaden[61,63,70] and red shifted[51,61,67,69]

B-bands. Thus, Lee et al.[61] experimentally showed that in zinc
porphyrins with π-conjugated electron-donating groups the B-
bands are 5–14 nm red shifted depending on the reference
complex. LeCours et al.[62] based on the absorption spectra
reported that the energies of the B-bands of [5,15-bis[(aryl)
ethynyl]-10,20-diphenyl-porphinato]zinc(II) complexes are up to
20 nm shifted to the lower energy region as compared to the
complex with phenyl substituents. In different zinc porphyrins
with various meso-substituents experimentally studied by
Zawadzka et al.[35,127] the B-bands were shifted by 12–17 nm.
Nowak-Król et al.[128] and Huang et al.[129] based on the exper-
imental measurements also found that the B-bands in zinc
porphyrins can be red-shifted up to 24 nm, depending on the
meso-substituents. Magdaong et al.[130] observed the 12 nm
difference between the B-bands absorption maxima of ZnP and
ZnDPP in both PhCN and toluene that correlates well with our
calculation result of 10 nm. Moreover, the electron-donating/
withdrawing effects of functionalized Ph derivatives had a
minor (about 1–2 nm) influence on the transition energies. This

Table 1. The maximal rotational strengths (R(v) of B electronic transitions,
corresponding energies, and g-factors calculated for flat zinc porphyrins
using ωB97X-D/cc-pVTZ basis set.

Porphyrin Excit. Ex. en. [nm] R(v)
[cgs]

g-factor,
10� 6

ZnDP� NMe2 V 383 � 0.05 � 0.12
VI 382 0.31 0.95

ZnDP� C�CPH� NMe2-p III 402 2.21 3.88
IV 398 � 1.17 � 5.30

ZnDP� C�CPH� NO2-p III 401 0.33 0.59
IV 395 � 0.17 � 0.79

ZnDP� OC(O)H III 380 0.09 0.27
IV 379 0.85 2.10

ZnDPP� NMe-p III 385 0.68 4.90
IV 381 � 0.05 � 0.63
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is also in line with the observation of Guberman-Pfeffer et al.,[58]

which was based on the simulated absorption spectra, and
reported that Ph vs Ph� CF3-p had no effect on the optical
properties. This also correlated with the theoretical and
experimental observation of Lebedev at al.[30] that p-meth-
oxycarbonyl groups shifted the B-band by 4–5 nm to the red
region as compared to free-base meso-tetrabenzoporphyrin,
where the position of meso-groups are close to orthogonal.

In the case of substituted zinc porphyrins, the calculated
rotational strengths become non-zero. Moreover, both the
electron-donating and electron-withdrawing groups increased
the absolute values of the calculated rotational strengths. This
could be explained by minimal interference of the π-πS

conjugation in the orbitals of peripheral substituents and
porphyrin[76] or by in plane reorganization of the atoms,[30,112]

which generates chirality in an inherently achiral zinc porphyrin.
In Table 1 the Kuhn’s g-factors (the dissymmetry or anisotropy
factors), which are the ratio of ECD and absorbance signals, are
given. The g-factors for the majority of studied systems are
negligibly small being in the range of 10� 6–10� 7, but not zero,
hence proving their asymmetry. However, the calculated values
of the rotational strengths are essentially small. For all
porphyrins except ZnDP� C�C� Ph� NMe2-p, the absolute values
of the rotational strength in the B-region are less than 1.0 cgs,
and consequently, the ECD spectra of these porphyrins are
experimentally undetectable. In the case of
ZnDP� C�C� Ph� NMe2-p, as the most distorted molecule, the
calculated rotational strengths are 2.2 and � 1.2 cgs. This agrees
with the previously obtained experimental reports about silent
ECD spectra of achiral porphyrins.[131,132]

In summary, incorporation of the electron-donating or
electron-withdrawing groups removes the energy degeneracy
of HOMOs and LUMOs and splits the excitation energies of the
two B electronic transitions. However, in planar achiral porphyr-
ins the orientation of electronic and magnetic transition
moments remains orthogonal resulting in rotational strengths
close to zero and subsequently silent ECD spectra.

2.3. Influence of Spatial Orientation of Porphyrin Peripheral
Substituents

The total rotational strength has two types of major contribu-
tions: intrinsic rotational strength of the porphyrin electronic
transitions and perturbations caused by coupling between the
transitions of porphyrin and other chromophoric
moieties.[94,95,117] As it was shown in investigations of Nagai
et al.,[96] Kobayashi et al.[95] and Kiefl et al.[117] the presence and
relative orientation of peripheral chromophoric substituents
strongly influence the intensities and signs of the ECD bands.
To estimate the degree of this effect, the porphyrin plane was
constrained to be planar, while the relative orientation of the
peripheral substituents was varied to form a tilt of 60° or 120°
with respect to the porphyrin plane with both mutual
conrotatory and disrotatory relative orientations (Figure 3). In
order to estimate a maximal potential influence of the
orientation of the peripheral substituents, the dihedral angles

were chosen to be 60° and 120° being slightly smaller or larger
than the standard dihedral angles in metal porphyrins in the
ground state which are in the range of 69°–90° and 90°–111°,
correspondingly.[51,71]

Similarly to previously discussed flat porphyrins, both
HOMOs and LUMOs are sensitive to the spatial orientation of
the peripheral substituents (Figures 4 and S3 and Table S3). The
tilt of the peripheral substituents increases the energy gap
between HOMO and HOMO-1 by destabilizing HOMO, whereas
the energy of HOMO-1 remained almost unchanged. The tilt of
the peripheral substituents also increases the energy gap
between LUMOs by raising the energy of LUMO+1. The
influence of the position of the substituents on the energies of
the frontiers orbitals could be rationalized by enhanced
resonance and/or electronic communication and between the
porphyrin ring and the substituents, together with increased
electron density on the substituents (Figure S4).[61,69,70,133] In
addition, for both HOMOs and LUMOs an inversion of orbitals
was also observed (Figures 4, S3 and S4).

In all the examined porphyrins, the tilt of the peripheral
substituents significantly changes the energies of frontier
orbitals, which lead to a shift in the transition energies by up to
17 nm to the low energy region and an increase in the energy
gap between the transitions by up to 12 nm (Tables 2 and S4).
Thus, the smallest change in the energy gap between the
electronic transitions was found for ZnDP� OMe and for
ZnDP� OC(O)H. Noticeably, OMe is not a secondary chromo-
phore and OC(O)H is a very weak secondary chromophore. In
contrast, the largest energy gap between the electronic
transitions was observed in the case of ZnDPP� NMe2-p,
ZnDP� NO2, ZnDP� C�C� Ph� NMe2-p, and ZnDP� C�C� Ph� NO2-p.
Apparently, this is because of the fact that these porphyrins
have comparably strong secondary chromophores possessing a
good electronic communication with the porphyrin ring. Also, a
relative orientation of the peripheral substituents does not play

Figure 3. Spatial orientation of peripheral chromophoric substituents.
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a significant role as illustrated by an almost invariant energy
gap between two electronic transitions in the same porphyrin
for both conrotatory and disrotatory orientations of the
peripheral substituents. This is in agreement with the exper-
imental observations by Walters et al.,[69] that the difference in
absorption energies of ZnTPP and ZnTPP� X-p, in which the
positions of aryls usually deviate from the orthogonal orienta-
tion, can cause absorption shift up to 17–19 nm.[51,71] Also, the
theoretical and experimental studies by Mizutani et al.[134,135]

revealed that the supramolecules possessing hydrogen bonds,
which prevent free rotation of the naphthyl substituents and

keep it in the tilt position, exhibited the ECD bands shifted by
3–6 nm to the lower energy region as compared to similar
supramolecules without corresponding hydrogen bonds. Fur-
thermore, the peripheral chromophoric meso-substituents
themselves induced the red shifts by 17 nm.

As it was mentioned above, in the case of flat porphyrins
with orthogonal peripheral substituents the calculated rota-
tional strengths were close to zero. However, deviation of the
peripheral substituents from the orthogonal position allows
coupling between the porphyrin and secondary chromophore’s
π-π* electronic transitions. It also should be noted that the tilt

Figure 4. Energies of the orbitals involved into electronic transitions of flat ZnDPP, ZnDPP� NMe2-p, ZnDP� C�C� Ph� NMe2-p, ZnDPP� CF3-p,
ZnDP� C�C� Ph� NO2-p, ZnDP� OMe and ZnDP� OC(O)H porphyrins calculated using ωB97X-D/cc-pVTZ. Solid lines–porphyrins with the orthogonal position of
substituents; dashed lines–porphyrins with the conrotatory orientation of substituents; double lines–porphyrins with the disrotatory orientation of
substituents.

Table 2. Energies, rotational strengths (R(v) of the B electronic transitions (III and IV)) and g-factors in flat ZnDP� OC(O)H, ZnDP� OMe,ZnDP� C�C� Ph� NMe2-
p, ZnDP� C�C� Ph� NO2-p, ZnDP� NO2, ZnDP� NMe2 and ZnDPP� NMe2-p with substituents in the conrotatory and disrotatory orientation calculated using
ωB97X-D/cc-pVTZ.

Porphyrin Excit. conrotatory orientation of Sub. disrotatory orientation of Sub
Ex. en. [nm] R(v) [cgs] g-factor, 10� 5 Ex. en. [nm] R(v) [cgs] g-factor, 10� 5

ZnDP� OC(O)H III 381 � 0.02 � 0.01 381 22.98 5.52
IV 379 1.01 0.06 379 � 2.14 � 0.65

ZnDP� OMe III 384 � 0.07 � 0.02 384 0.67 0.24
IV 383 � 0.06 � 0.02 383 16.07 4.45

Zn� DP� C�C� Ph� NMe2-p III 417 � 0.11 � 0.02 417 49.38 11.05
IV 405 0.03 0.02 405 � 52.12 � 29.75

ZnDP� C�C� Ph� NO2-p III 409 � 0.05 � 0.01 409 60.41 12.61
IV 398 � 0.02 � 0.01 398 � 56.70 � 32.22

ZnDP� NO2 III 388 � 0.19 � 0.07 386 � 158.11 � 48.32
IV 376 0.15 0.08 376 � 37.87 � 16.49

ZnDP� NMe2 III 406 2.86 0.87 406 135.86 44.41
IV 403 0.95 0.44 403 � 24.84 � 11.66

ZnDPP� NMe2-p III 402 0.24 0.06 402 � 9.47 � 2.15
IV 391 � 1.55 � 0.77 391 � 2.85 � 1.42
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of the substituents causes delocalization of the frontier orbitals
(Figures 5 and S4). This results in increasing the asymmetry of
modelled systems (greater g-factors),in a nonzero scalar product
of electric and magnetic dipole moments and absolute values
of rotational strengths of up to 158.1 cgs (Tables 2 and S4). In
contrast to the excitation energies, the orientation of peripheral
substituents is essential for the intensities. In most cases, when
the peripheral substituents are in the conrotatory position, the
rotational strength remains small (up to 2.86 cgs, 3.33 cgs using
aug-cc-pVDZ basis set). The rotational strengths calculated
using both cc-pVTZ and aug-cc-pVDZ are very similar and
follow the same trend. However, although in the case of a
conrotatory orientation of peripheral substituents the intensities
are larger as compared to those of flat porphyrins with the
orthogonal substituents, they are still relatively small to be
observed experimentally. In Figure 6, the three most intensive
ECD spectra obtained for ZnDPP� CF3-p, ZnDP� NMe2 and
ZnDP� OC(O)H are shown, while the ECD spectra of other
porphyrins are shown in the Figure S5.

When the peripheral substituents are in a disrotatory
orientation, the absolute values of the rotational strengths
significantly increase (up to 158.1 cgs). The increase of the
absolute values of the rotational strengths was observed in all
the studied porphyrins, as a result of greater chirality gener-
ation (larger g-factors) (Tables 2 and S4). This agrees with the
theoretical and experimental results obtained by Nagai et al.[96]

and Kobayashi et al.,[95] which showed that the relative
orientation of chromophoric substituents influence the intensity
and signs of corresponding ECD bands. Thus, in Figure 7a the
four most intense ECD spectra are shown. Based on these data
it could be concluded that the basis set used for simulation has
a minor effect on the intense ECD spectra.

However, when the ECD signals are moderate (10–20 cgs), a
clear dependence on the basis set is observed (Figures 7b and
S6 and Table S4). It was found that varying the basis set
changes not only the intensity of the peaks (ZnDPP� CF3-p and
ZnDPP� NMe2-p), but also the sign (ZnDPP, ZnDP� OC(O)H,
ZnDPP� Me-p, and ZnDPP� OMe-p). Wherein, the rotational
strengths calculated using the length and velocity formalisms
differ by 0.02–0.90 and 0.4–1.7 cgs for the cc-VTZ and aug-cc-
VDZ basis sets, respectively. In previous theoretical works[136,137]

these differences were considered as small and it was
concluded that the size of both basis sets is enough for a good
description of the electric dipole moments.

In summary, the tilt of the peripheral substituents increases
the energy gap between the two B electronic transitions and
shifts them to a lower-energy region. However, the position of
the substituents relative to each other is not so significant for
the transition energies, but essential for the rotational
strengths. The observed tendency in increasing the absolute
value of rotational strengths is in the following order of

Figure 5. Frontier orbitals of ZnDP� OC(O)H, ZnDPP� NMe2-p and
ZnDP� C�C� Ph� NO2-p, with conrotatory orientation of peripheral substitu-
ents.

Figure 6. The most intensive ECD spectra of planar porphyrins

Figure 7. a) The most intensive ECD spectra of planar porphyrins
(ZnDP� C�C� Ph� NO2-p, ZnDP� NMe2, ZnDP� OC(O)H and ZnDPP� NO2) with
the disrotatory orientation of peripheral substituents and b) moderate ECD
spectra of planar porphyrins (ZnDPP, ZnDPP� NMe2-p, and ZnDPP� OMe-p)
with the disrotatory orientation of peripheral substituents simulated using
the ωB97X-D functional, cc-pVTZ (solid line) and aug-cc-pVDZ (dashed line)
basis sets.
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substituent orientation: orthogonal>conrotatory orientation>
disrotatory orientation. In principle, if the peripheral substitu-
ents are fixed in a certain orientation they will have significant
impact on induced chirality, and hence on the intensity of the
ECD bands. In addition, the corresponding ECD signals will be
shifted to the low energy region.

2.4. Influence of Porphyrin Plane Distortion

In general, the porphyrin plane is flexible[138–142] and relatively
modest energies of 10.2 kcalmol� 1 are required for the out of
plane deformation of a free base porphyrin.[143] The deforma-
tions can occur as a result of the influence of the
environment,[60,144,145] bulky substituents,[32,47–52,146] and complex-
ation of an axial ligand.[98,139,147] Apparently, the out of plane
deformations weaken the macrocycle π-electronic system

through reducing the overlap of neighboring pz orbitals,[138] and
hence may generate chirality in achiral porphyrins. Therefore, in
this particular case the structural changes are strongly corre-
lated with the intrinsic rotational strength[42,58,117] and are also a
main factor responsible for the low energy shift of B-band.[55,147]

However, Pfeffer et al.[58] stated that, although non-planarity is
the main factor which influences absorption spectra, it is not
the only one. In contrast Cramariuc et al.[51] reported that
distortion by its own covers less than 20% of the HOMO-LUMO
energy gap decrease.

In order to investigate the role of the structural deforma-
tion, the porphyrin planes were distorted so that the dihedral
angles between two Cβ of one pyrrole ring and between two Cβ

of the diametrically opposite pyrrole ring were 4°, 8°, and 12°
(for C1� C2� C3� C4) or � 4°, � 8°, and � 12° (for C5� C6� C7� C8),
respectively (Figure 8). The corresponding pairs of these angles
were frozen and the peripheral aromatic substituents were fixed
in the perpendicular position to the porphyrin plane during
geometry optimization in order to decrease coupling between
the dipole moments of porphyrin and substituent.

According to the observations of Zhou et al.[57] and Zhang
et al.[86] the structural distortion of porphyrin plane destabilizes
HOMOs and LUMOs, but in the porphyrins studied here the
destabilization was found to be relatively small, up to 0.07 or
0.11 eV using cc-pVTZ and aug-cc-pVDZ basis sets, respectively
(Table S5). Thus, the orbital energies change is smaller than that
in the case of introduction and orientation variability of the
peripheral substituents. The energy gaps between the orbitals
are also not changed significantly with the transition energies
remained close to each other (Tables 3 and S6). This agrees
with the results of Cramariuc et al.[51] that distortion by its own
covers less than 20% of the HOMO-LUMO energy gap decrease,
and disagrees with the previous experimental researches
stating that the porphyrin plane distortion leads to lower
absorption energy.[49,52,57] We suggest that this is a result of
exclusion of dynamic and solvent effects and coupling between
porphyrin and peripheral chromophoric substituents.

Figure 8. Distortion of porphyrin plane.

Table 3. Most intense rotational strengths (R(v) of the B electronic transitions (III and IV)), energies correspond to them and g-factors in distorted porphyrins
calculated using ωB97X-D/cc-pVTZ.

Porphyrin Excit. Distortion at 4° Distortion at 8° Distortion at 12°
Ex. en. [nm] R(v) [cgs] g-factor, 10� 5 Ex. en. [nm] R(v) [cgs] g-factor,

10� 5
Ex. en. [nm] R(v) [cgs] g-factor, 10� 5

ZnP III 372 � 44.06 � 12.23 372 � 14.91 � 4.15 373 5.50 1.54
IV 372 44.12 12.25 372 14.95 4.16 373 � 5.48 � 1.53

ZnDP� C�C� Ph� NO2-p III 401 � 5.26 � 0.96 401 � 5.26 � 0.96 402 � 0.71 � 0.13
IV 395 3.92 1.78 395 3.55 1.61 396 0.27 0.12

ZnDP� NO2 III 376 6.32 1.63 376 � 1.62 � 0.42 376 0.46 0.12
IV 374 � 0.74 � 0.23 374 0.68 0.21 374 0.00 0.00
V 366 � 4.11 � 684.93 366 0.78 29.17 366 2.52 96.98
VI 366 � 0.64 � 858.80 366 0.02 3.68 366 � 2.83 � 97.68

ZnDP� CF3 III 375 22.57 5.72 377 � 0.22 � 0.06 377 0.16 0.04
IV 370 � 17.21 � 6.00 372 0.16 0.09 373 � 0.10 � 0.04
V 349 � 8.45 � 4225.30 353 0.02 2.67 354 � 0.04 � 1627

ZnDPP� Me-p III 383 � 6.42 � 1.51 384 � 15.25 � 3.56 384 � 3.06 � 0.72
IV 381 4.87 1.94 381 11.77 4.70 381 2.39 0.96

ZnDPP� CF3-p III 383 � 0.68 � 0.16 383 � 15.19 � 3.63 384 � 0.02 0.00
IV 380 0.58 0.23 381 12.03 4.80 381 0.07 0.03
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Despite of a small influence on the transition energies,
distortion of the porphyrin plane has a significant effect on the
corresponding rotational strengths (Tables 3 and S6, with the
largest values highlighted in bold). Furthermore, it influences
the corresponding g-factors, which became larger than those of
flat porphyrins with the conrotatory orientation of substituents,
but still being smaller than the g-factors of flat porphyrins with
the disrotatory orientation of substituents. The largest calcu-
lated absolute values of the rotational strengths (ca. 44 cgs)
correspond to ZnP, when the twist angles of opposite pyrrole
rings were 4°. However, this value was further decreased down
to 5.5 cgs with increasing the distortion to 12°. In the case of
other distorted porphyrins, the rotational strength was signifi-
cantly smaller because of electronic communication and
coupling with the peripheral substituents. For example, for non-
aromatic and non-planar substituents (such as NMe2, OMe, NO2,
CF3) the maximum absolute values of rotational strength also
corresponded to the distortion of 4° and varied form 1.4 cgs for
OMe to 22.6 cgs for CF3. In contrast, in the case of linear
substituents (such as F and CN) the absolute values of rotational
strengths increased insignificantly upon distortion and did not
exceed 0.1 cgs. A similar situation was observed for Me, Ph,
Ph� NMe2-p, where the absolute values of rotational strengths
increased up to 0.5 cgs with distortion. For other aromatic
substituents, the largest absolute values of the rotational
strength could be observed at different degrees of porphyrin
distortion. For example, the maximum absolute value of
ZnDPP� CF3-p (15.1 cgs) was observed at 8°, while
ZnDPP� C�C� Ph� NMe2-p has rotational strengths of 4.3 and
4.1 cgs at 4° and 12°, respectively. This agrees well with the
conclusion by Graves et al.[60] based on the experimental and
theoretical study of heme about a nonlinear absorption
dependence upon distortion.

As the rotational strength is a scalar product of the
transition electric and magnetic dipole moments, an angle of
90° between these two vectors results in zero rotational
strength. Hence, in general the larger deviation from 90°
subsequently yields the greater absolute value of rotational
strength that was corroborated by the obtained results.
However, in ZnDPP� Me-p, ZnDP� C�C� Ph� NMe2-p, and
ZnDP� C�C� Ph� NO2-p the decrease in deviation was compen-
sated by a significant increase in the transition magnetic dipole
moments. This is because of enlargement of the deformation of
the porphyrin plane, which led to increase of the transition
magnetic dipole moments by several orders of magnitude,
whilst the transition electric dipole moments remained almost
unchanged (see, Table S7, with the largest values highlighted in
bold). The results obtained using the aug-cc-pVDZ basis set
were close to those using cc-pVTZ (see, Table S7). However, it
should be noticed that in contrast to the transition electric
dipole moments, the magnetic dipole moments are not
invariant in present calculations.

As has just been shown, whilst the distortion of the
porphyrin plane plays a significant role in the appearance of
the ECD signals, this is not the sole factor to be considered. This
observation agrees well with the previously mentioned con-
clusion of Guberman-Pfeffer et al.[58] and Cramariuc et al.[51] that

non-planarity is partly responsible for the observed shift. In
spite of the fact that distorted ZnP has the largest calculated
absolute values of rotational strengths, because of their
degeneracy and opposite signs, they could not be observed in
experimental ECD spectra (Table S6 and Figures 9 and S7). This
is also in agreement with the experimentally observed silent
ECD spectra of non-ligated distorted porphyrins.[148,149]

In the most distorted porphyrins the absolute values of the
rotational strengths were smaller than 1.0 cgs, too small to be
observed experimentally. In the case of ZnDPP� Me-p,
ZnDPP� CF3-p, and ZnDP� CF3 the bisignate B-band with less
intensive higher-energy component was simulated (Figures 9a
and S7). In the case of ZnDP� NMe2, ZnDP� NO2,
ZnDP� C�C� Ph� NMe2-p, and ZnDP� C�C� Ph� NO2-p, the sub-
stituents and further distortion of porphyrin plane led to
stabilization of LUMO+2 and LUMO+3 (ZnDP� NMe2 and
ZnDP� NO2) or destabilization of HOMO-2 and HOMO-3
(ZnDP� C�C� Ph� NMe2-p and ZnDP� C�C� Ph� NO2-p) yielding
additional transitions in the B-band region and its bisignate
profile (Figures 9b and S7). As seen in Figure 9b, the ECD
spectra of ZnDP� NMe2 exhibit the most intense bands when
the porphyrin plane is distorted by 4°. Furthermore, upon
increasing the distortion up to 8° the signals intensities are
decreased and the signs are inverted.

In summary, deformation of the porphyrin plane does not
affect the excitation energies, but has a significant impact on
the rotational strengths and changes not only its absolute value
but also is able to switch an ECD sign. Furthermore, coupling

Figure 9. Simulated ECD spectra of distorted a) ZnDPP� CF3-p and
b) ZnDP� NMe2 calculated using ωB97X-D/cc-pVTZ.
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between the electronic transition moments of the porphyrin
unit and the peripheral aromatic substituents decreases the
absolute values of rotational strengths. In contrast to the
previous experimental statements,[32,47–50] it was found that the
symmetrical deformation of a porphyrin plane does not shift
the ECD bands to the low energy region, while it can influence
its sign and intensity.

2.5. Influence of Axial Ligation

It is well known that in five-coordinative complexes, an axial
ligand causes a displacement of the metal ion out of the
porphyrin core[85,139,140] and also distorts the plane of the
macrocycle,[44,57,85–90] hence causing the porphyrin ring
contraction.[44,86] Moreover, axial ligation changes the energies
and shapes of the frontier orbitals.[80,85,86] ECD spectra are

sensitive to both electronic and geometric factors, which are
altered by ligand binding.[41,79,86,96,150,151] As a result of these
perturbations, the excitation energies of ligated metal porphyr-
ins are shifted to low[41,44,79,86,96,152] or high[92] energy. For zinc
porphyrins the ligation causes a red shift.[91,92,153] In addition,
upon axial ligation the B electronic transitions acquire a charge
transfer character.[41,99]

In order to understand how axial ligation influences the
corresponding electronic transitions and subsequently the ECD
spectra without any geometry changes, we simulated the
spectra of flat ligated porphyrins, where the peripheral
chromophoric substituents were fixed perpendicularly to the
macrocycle plane (Figure 10).

In agreement with the previous theoretical and experimen-
tal studies,[80,85,86] binding of an axial ligand to flat porphyrins
destabilizes both HOMOs and to a smaller extent both LUMOs
(Figures 11 and S8 and Table S8). In porphyrins with electron-
donating substituents, the axial ligation increases the energy
gaps between HOMO and HOMO-1 as well as between LUMO
and LUMO+1, hence removing the degeneracy of the frontier
orbitals. It also decreases the HOMO-LUMO gap. In the case of
porphyrins with electron-withdrawing substituents, axial liga-
tion increases the energy gaps between HOMO and HOMO-1
(except ZnDP� CF3, ZnDP� CN and ZnDP� NO2, where in ligated
complexes the inversion of HOMO and HOMO-1 relative to the
same non-ligated complexes or ligated ZnP took place), but the
energy gap between LUMO and LUMO+1 remains the same.
The energies of the orbitals involved in the electronic
transitions in the B absorption region calculated using the aug-
cc-pVDZ basis set are similar to those obtained using the cc-
pVTZ basis set (Table S8). It was found that axial ligation shifted
the transition energies to the low energy region by about 10–
19 nm (Tables 4 and S9), in agreement with the experimentally
measured values of 10.4 nm reported by Kolling et al.[91] and
15.4 nm reported by Nappa et al.[153] Our results also agree with
the experimental observations by Walters et al.[69] that para
substituents on Ph shift the transition energies up to 17 nm to
lower energy.

Moreover, in all cases, except ZnDP� NMe2, the energy gap
between the third and fourth transitions is increased by about
1–12 nm as compared to the ligand free flat porphyrin. In flat
ligated ZnDP� NMe2, ZnDP� NO2, ZnDP� CN, ZnDP� CF3,Figure 10. Ligated porphyrins.

Table 4. The maximal rotational strengths (R(v) of B electronic transitions (III and IV)) corresponding energies and g-factors calculated for axially ligated flat
porphyrins and fully optimized axially ligated porphyrins using ωB97X-D/cc-pVTZ.

Porphyrin Excitat. Flat ligated porph. Fully opt. ligated porph
Ex. en. [nm] R(v) [cgs] g-factor,10� 4 Ex. en. [nm] R(v) [cgs] g-factor,10� 4

ZnDP� OC(O)H III 393 � 39.4 � 4.17 393 � 18.2 � 1.91
IV 391 31.7 2.78 392 7.3 0.64

ZnDP� NO2 III 390 � 2.8 � 0.27 400 122.5 13.35
IV 389 15.8 1.80 394 � 0.4 � 0.07

ZnDP� CF3 III 388 16.1 1.81 391 � 151.9 � 17.41
IV 387 � 18.7 � 2.79 389 132.2 20.19

ZnDPP� Me-p III 397 � 35.9 � 2.69 400 2.5 0.19
IV 395 18.9 2.27 397 � 2.3 � 0.32

ZnDPP� NMe2-p III 398 � 4.9 � 0.36 409 39.9 2.81
IV 395 � 5.1 � 0.71 401 � 29.4 � 4.82
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ZnDP� C�C� Ph� NMe2-p and ZnDP� C�C� Pp� NO2-p, transitions
with a large contribution of the transition from the lowest
HOMO-X, close in energy to HOMO-1, were observed in the B
region (Tables S9 and S10). The transitions from the lowest
HOMO-X also explain the constant nature of the energy gap
between the third and the fourth transitions in ZnDP� NMe2

upon axial ligation. In contrast to all other studied flat porphyrin
complexes, in flat ligated ZnDP� NMe2 the third and fourth
transitions are transitions from substituent-localized HOMO-2 or
HOMO-3 to LUMO or LUMO+2 that is similar to flat non-ligated
ZnDP� NMe2 (Figure 12).

Axial ligation also influences the rotational strengths by
significant enhancement of its absolute values. Herein, it should
be noted that the electric transition moments are almost
unchanged (Table S11a). This enhancement may relate to
increasing the angle deviation between the corresponding
electric and magnetic dipole moments from 90° (for non-ligated
porphyrins) by 1–2° (for flat ligated porphyrins), and to
enlarging the magnetic transition moments by 1–2 orders of
magnitude as compared to ligand free flat porphyrins, the
magnetic dipole moments of which are close to zero
(Table S11). However, in contrast to the transition electric dipole
moments, the magnetic dipole moments are not invariant in
the present calculations. Flat ligated ZnDP� C�C� Ph� NMe2-p
and ZnDP� C�C� Ph� NO2-p behaved differently. Due to strong
electron communication, a significant change in the transitions
electric dipole moments upon complexation was observed.

Also, the g-factors of ligated porphyrins increased by 1–2
orders of magnitude as compared to non-ligated porphyrins,
hence indicating asymmetry generation upon binding a chiral
ligand. However, the guest studied in the present work does
not significantly distort the porphyrin plane either interact with
the peripheral substituents, which significantly decrease the

Figure 11. Energies of orbitals involved into the electronic transitions of ZnP, ZnDPP, ZnDP� OMe, ZnDPP� NMe2-p, ZnDP� C�C� Ph� NMe2-p, ZnDPP� CF3-p,
ZnDP� C�C� Ph� NO2-p, ZnDP� OC(O)H porphyrins calculated using ωB97X-D/cc-pVTZ. Solid lines–flat non ligated porphyrins; dashed lines–flat ligated
porphyrins; double lines–fully optimized ligated porphyrins.

Figure 12. Frontier orbitals of ligated ZnDP� NMe2 involved in the B
transitions, showed the most intensive transitions.
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calculated g-factor as compared to the real-life systems having
the corresponding g-factor values in the range of + /� 10� 5–
10� 2.[154]

The ECD spectra simulated using the cc-pVTZ basis set
(Figure S9) are similar to those simulated using the aug-cc-
pVDZ basis set. In the cases of flat ligated porphyrins (ZnP,
ZnDPP� Me-p, ZnDPP� NMe2-p, ZnDPP� OMe-p, ZnDP� OMe,
ZnDP� OC(O)H, ZnDP� Me, ZnDP� F) one negative band of 5–
10 cgs is obtained (Figures 13 and S9). In flat ligated
ZnDP� C�C� Ph� NMe2-p and ZnDP� C�C� Ph� NO2-p the ECD
bands were also negative but with lower intensity (Figure S9).
In flat ligated ZnDP� CF3 two closely located negative bands
were found (Figure 13b). In the case of flat ligated ZnDPP and
ZnDPP� CF3-p the ECD bands were also positive (Figures 13a
and S9). In flat ligated ZnDP� CN, ZnDP� CF3 and ZnDP� NO2

two/three peaks of opposite signs in the B-band region were
observed because of presence of the corresponding third/
fourth transition (Figure 13b).

However, as it was previously reported, binding an axial
ligand causes a distortion of the porphyrin ring,[98,99] displace-
ment of the metal ion out of the macrocycle plane,[85,139,140] and
consequent contraction of the porphyrin core.[44,86] In the
studied fully optimized complexes upon axial ligation both the
corresponding porphyrin distortion of ca 1–3° and metal ion
displacement were observed (Table S12). This resulted in
lengthening of the Cmeso� C’meso (Cmeso� R) distances by about
0.005–0.1 Å, while other Cmeso� C’meso (Cmeso� H) shortened (green
and blue arrows in Figure 14). The maximal and minimal
Cmeso� C’meso (Cmeso� R) changes of distances are 0.222 and
0.001 Å for ZnDP� Me and ZnP, respectively.

By analogy with flat axially ligated porphyrins, axial ligation
in fully optimized porphyrins destabilizes both HOMOs and one
or both LUMOs (Figures 11, S8 and Table S13), with LUMOs
being destabilized to a lesser extent. In the majority of fully
optimized host-guest complexes the energy gaps between
HOMO/HOMO-1 and between LUMO/LUMO+1 increase as
compared to flat axially ligated porphyrins, thus decreasing the
overall HOMO-LUMO gaps. Interestingly, in flat and fully
optimized ligated porphyrins the electron density of the frontier
orbitals was mainly localized on the porphyrin plane and partly
on the peripheral substituents and on nitrogen of the guest
(Figures S10 and S11).

Axial ligation shifts the transition energies to the red region
up to 26 nm as compared to ligand free flat porphyrin that is in
full agreement with the previous theoretical[41,44,86,96,155] and
experimental[41,44,79,96,152,156] works. Thus, Kolling et al.[91] and
Nappa et al.[153] reported the experimentally obtained red shift
of absorption B-band of up to 26.7 nm upon ligation of Zn
complex of tetraphenylporphyrin. Also, Zhang et al.[86] measured
the red shift of up to 17.8 nm for ligated saddled zinc porphyrin
complexes.

Moreover, the energy gap between the third and fourth
transitions is changed compared to that of flat porphyrins as
with and without an axial ligand (Tables 4 and S9). The sole
exception is ZnDP� NMe2, in which this shift is +2 and � 2 nm
for the third and fourth transition, correspondingly, that could
be explained by inversion of these transitions. In fact, in flat
ligated and non-ligated ZnDP� NMe2 the third and the fourth
transitions correspond to HOMO-2!LUMO and to HOMO-3!
LUMO, respectively. However, in fully optimized ligated
ZnDP� NMe2 these transitions become the fifth and the sixth
transitions, whilst HOMO-1!LUMO and HOMO-1!LUMO+1
become the third and the fourth transitions (Figure 12 and
Table S9).

The absolute values of rotational strengths in fully opti-
mized ligated porphyrins are significantly larger than those in
flat ligand free porphyrins (showing nearly zero rotatory
strengths) due to increase of the transition magnetic dipole
moments and deviation of the angles between the transition
electric and magnetic dipole moments from 90° (Table S11).
The corresponding g-factors of ligated fully optimized porphyr-
ins are comparable with those calculated for flat ligated

Figure 13. ECD spectra of flat ligated porphyrins a) ZnP, ZnDPP,

Figure 14. Contraction of the porphyrin core caused by ligation.
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porphyrins and by 1–2 orders of magnitude larger than the g-
factors of non-ligated porphyrins also showing the asymmetry
generation by binding of a chiral guest.

The ECD spectra of fully optimized axially ligated porphyrins
simulated using the cc-pVTZ basis set are shown in Figures 15
and S9. The ECD spectra of fully optimized ligated ZnP,
ZnDP� OMe, ZnDP� OC(O)H and ZnDP� F remained almost
unchanged as compared to those of flat ligated porphyrins.
However, in the case of ZnDP� Me and ZnDP� NO2 full
optimization of the structures caused a significant increase of
the B-band intensities as compared to flat ligated porphyrins
(Figure S9). In several cases the profiles of the ECD spectra are
drastically changed. For example, the transition sign of ZnDPP
is switched from positive to negative as a result of optimization.
In the case of ZnDPP� CF3-p and ZnDPP� NMe2-p a positive-to-
negative bisignate signal appeared instead of a strong negative
band observed for the corresponding ligated flat porphyrins.
Most of these changes could be explained by coupling with
peripheral substituents. Thus, in ligated fully optimized ZnP,
ZnDP� F, ZnDP� CN, ZnDP� CF3, and ZnDP� Me the correspond-
ing substituents are not chromophores resulting in the absence
of coupling, and consequently only one negative band is
observed. Despite of the different porphyrin plane distortion
(small in ZnDP� Me and large in ZnDP� CF3) the intensities of
these negative bands are comparable to be � 11.0 cgs and
� 16.2 cgs, respectively (Table S9). Therefore, one may conclude
that distortion of the porphyrin plane does not play a main role

in the ECD spectra formation. However, distortion of the
porphyrin plane decreases the energy gap between LUMO and
lower-energy HOMO-X, hence resulting in increase of the
intensities of higher-energy transitions that in turn might be
observed in the B region (for example, ZnDP� CF3 ZnDP� CN and
ZnDP� NMe2). In the case of ligated fully optimized ZnDP� OMe,
ZnDP� OC(O)H, ZnDP� NMe2, and ZnDP� NO2 the tilt of periph-
eral substituents increases the intensities of the corresponding
bands. If these substituents are in a conrotatory relative
orientation, the intensities increased marginally (ZnDP� OC(O)H
and ZnDP� NMe2), whilst a disrotatory orientation results in a
more noticeable enhancement (ZnDP� NO2). However, the most
drastic changes were caused by Ph and its derivatives in the
disrotatory orientation where the ECD profile is significantly
changed. For example, in ligated fully optimized ZnDPP the
band sign is switched from positive to negative and in ligated
fully optimized ZnDPP� NMe2-p a positive-to-negative bisignate
signal appeared instead of a strong negative band observed for
the corresponding flat porphyrin complexes. When the orienta-
tion of Ph and its derivatives is conrotatory, their influence on
ECD spectra is also significant by decreasing the intensity of B-
bands to some extent. Previously, LeCours et al.[62] based on the
theoretical and experimental studies concluded that influence
of the axial ligation on ECD spectra is smaller than that of
porphyrin meso-substitution, however in this work it was clearly
seen that both these effects act synergistically. Our results are
in agreement with the experimental an theoretical works of
Mizutani et al.[134,135] reported only one ECD signal for ligated
zinc porphyrin complexes without peripheral chromophoric
substituents and two bisignated ECD bands for ligated zinc
porphyrin complexes with peripheral chromophoric substitu-
ents, which were fixed in a certain position by hydrogen bonds.
The bisignated ECD bands were also measured in the works of
Konrad et al,.[98] Imai et al.[157] and Balaz et al.[151] for ligated zinc
porphyrin complexes with peripheral chromophoric substitu-
ents.

As mentioned above, when simulations were done using
the aug-cc-pVDZ basis set, some differences in simulated ECD
spectra were observed (Figure S9). In particular, ligated ZnDPP
and ZnDPP� OMe-p exhibited negative bands with intensities of
� 11,3 and � 11,4 cgs, respectively, which were larger than those
obtained using the cc-pVTZ basis set (� 4,2 and � 2,0 cgs,
respectively). In the cases of ligated ZnDPP� Me-p and
ZnDPP� CF3-p only one positive band with intensities of +2,4
and +1,4 cgs, respectively was observed using the aug-cc-
pVDZ basis set. In contrast, upon using the cc-pVTZ basis set a
bisignate signal (with intensities of � 0.2 and +0.3 cgs) and one
negative signal (with intensities of � 0.6 cgs) were observed for
ZnDPP� Me-p and ZnDPP� CF3-p, respectively. However, the ECD
spectra of all other ligated porphyrins were very similar
regardless of the basis set used. Based on the data described
above, the ECD spectra simulated using cc-pVTZ and aug-cc-
pVDZ have a similar profile, while the intensities are varied.
However, when the intensities are small (below 2,5 cgs) some
differences in the shape and sign of ECD spectra upon using
the cc-pVTZ and aug-cc-pVDZ basis sets are observed.

Figure 15. Simulated ECD spectra of ligated fully optimized a) ZnDPP� Me-p,
ZnDP� C�C� Ph� NMe2-p, ZnDP� NMe2, ZnDP� NO2 and b) ZnDPP,
ZnDP� NMe2-p and ZnDP� CF3 calculated using ωB97X-D/cc-pVTZ.
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In summary, it was found that axial ligation of porphyrins
shifts the excitation energy to the lower-energy region and
increases the energy gap between the two B electronic
transitions. Moreover, the ECD spectra of axially ligated flat and
fully optimized porphyrins are drastically different as a result of
different orientations of the peripheral chromophoric substitu-
ents in fully optimized porphyrin complexes.

3. Conclusion

In this work, the six first electronic transitions of sixteen zinc
porphyrins with and without an axial chiral ligand were
calculated using the TD-DFT method, ωB97X� D functional and
two basis sets (cc-pVTZ and aug-cc-pVDZ). For non-silent ECD
systems the corresponding spectra were simulated.

It can be concluded that all controlling factors, such as
substituent’s electron-donating/withdrawing effect, orientation
of the peripheral substituents, deformation of the porphyrin
plane, and axial ligation, affect the B electronic transitions and
ECD spectra. The influence can be divided into two major
contributions: excitation energy and rotational strength. The
former is affected in the following order: orientation of the
peripheral chromophoric substituents> substituent’s effect>
axial ligation. However, symmetrical deformation of the por-
phyrin plane has a negligible impact on the excitation energies.
In the case of rotational strength, the influence increases as
follows: substituent’s effect<conrotatory orientation of the
peripheral substituents< symmetrical deformation of the por-
phyrin plane<disrotatory orientation of the peripheral substitu-
ents<axial ligation. Also, it was found that coupling between
the porphyrin and peripheral chromophoric substituents de-
creases the absolute values of rotational strengths.

This comprehensive theoretical analysis of various structural
and supramolecular factors should have important implications
for a judicious design of prospective efficient chirogenic
systems on the basis of porphyrin chromophores.

Computational Section
In this work the geometry optimization was performed using
RI[158–160]-BP86[161,162]-D3[163]/def2-SV(P)[164] implemented in Turbomole
7.0[165] – the method which showed a good agreement with the
experimental data reported in previous works.[98,99,166,167] The geo-
metries of the complexes are given in SI.

The ECD spectra were simulated using the Gaussian16 Rev. B.01[168]

software and TD-DFT method.[169–171] The simulations were done
using the ωB97X-D[172] functional, which previously showed a good
agreement with the experimental spectra of zinc porphyrins,[98,99,166]

and using the cc-pVTZ[173–177] and aug-cc-pVDZ[173,174,178] basis sets.
The cc-pVTZ basis set was chosen, since its quality was enough for
adequate description of the corresponding electric dipole moments
and therefore rotatory strengths.[99,179–181] In addition to this basis
set, a smaller basis set with diffused functions – aug-cc-pVDZ was
tried, since in some works it was stated that the diffused functions
are essential for ECD spectral simulations.[180–183] Also, previous
investigation showed that a good correlation between the simu-
lated and experimental spectra can be obtained already with the

DZVP basis set.[99,137,184] However, Nguyen et al.[185] and Theisen
et al.[76] reported that particularly for porphyrin zinc complexes the
polarization and diffuse functions have only a minor effect on the
TD-DFT excitation energies of tetrapyrrolic compounds. In the
present work both these functionals were used and the obtained
results were compared. All simulations were performed using the
SMD[186] continuum solvent model as it gives a better agreement
with the experiment[99,166] and dichloromethane was chosen as one
of the most popular solvents for ECD spectroscopy of porphyrins.
The first six excited states were calculated in order to ensure that
both the Q- and B-band regions of absorption spectrum are
covered.

The ECD spectra were visualized using GaussView 6.1.[187] A
bandwidth of 0.1 eV was used for spectral building and the rotatory
strengths were calculated on the basis of the dipole velocity
formalism, since it is origin independent.[181]
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