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Abstract
Magnetically induced current densities have been calculated for porphycenes at the
density functional theory (DFT) level using gauge-including atomic orbitals to ensure
gauge-origin independence and a fast basis-set convergence of the current densities.
The current densities have been analyzed by using the gauge-including magnetically
induced current (GIMIC) method. The porphycenes are aromatic sustaining strong
diatropic ring currents. The ring-current pathways have been determined by integrating the strength of the current density passing selected bonds. The calculations show
that the ring current of the porphycenes splits into an outer and inner branch at the
pyrrolic rings implying that the ring current involves all 26 π electrons of the porphycenes, which is similar to the ring current of porphyrins. The pyrrolic rings of the
aromatic porphycenes do not sustain any significant local ring currents. Dihydroporphycene with four inner hydrogens is antiaromatic with weakly aromatic pyrrolic rings.
The annelated benzoic rings in benzoporphycene sustain local paratropic ring-currents,
whereas the global ring current of dibenzoporphycene splits into an outer and inner
branch at the benzoic rings. Comparison of calculated 1 H NMR shieldings with ringcurrent strengths shows that interactions between the inner hydrogen and the neighbor
nitrogen is more significant for differences in the 1 H NMR shieldings than variations
in global ring-current strengths. Calculated excitation energies show that the antiaromatic dihydroporphycene has a smaller optical gap than the aromatic porphycene, even
though its HOMO-LUMO gap is larger.
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Introduction

Vogel et al. performed systematic studies of novel kinds of aromatic porphyrin structures
in the mid-1980s, which led to the discovery of porphycene. 1 Porphycenes are a class of
compounds that is reminiscent of porphyrin with four linked pyrrolic rings forming a central 16-membered macroring and an outer annulene ring with 20π electrons. Waluk et al.
showed later that the electronic structure and the aromatic properties of porphycenes can
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be understood by using the perimeter model for the outer C20 H20 2+ macroring fulfilling
Hückel’s aromaticity rule. 2 The porphycene chemistry has later been extended to synthesis
of more general porphycene-like structures such as corrphycene, hemiporphycene, and isoporphycene, 2–7 which have the same length of conjugation pathways as porphycene. Porphycene
chemistry is still today a very active research field, because porphycene and porphycene
derivatives can be used in many applications such as sensitizers for photodynamic therapy,
in catalysis, and as dyes in solar cells, etc. 8–13 Porphycenes form stable metal complexes
that can be used in different contexts. 14–16 Porphycene has also been suggested to be the
most stable of all porphyrin-like isomers, because of its rectangular cavity with four inner
nitrogens and two inner hydrogens that can form strong intramolecular hydrogen bonds. 17–19
The aromatic properties of porphycenes have been studied experimentally by 1 H NMR
spectroscopy 20 and computationally by calculating aromatic stabilization energies, 20,21 magnetic shielding functions, 21–23 and magnetically induced current densities. 21–25 Optical spectroscopy measurements 16,22 and graph-theoretical methods 26 have also been used for assessing aromatic properties of porphycenes. Spectroscopic and aromatic properties of porphycenes have recently been reviewed. 13,27
Vogel et al. suggested in the 1990s that porphycenes have a similar [18]π aromatic pathway
as the classical aromatic pathway of porphyrins, 14 where the aromatic pathway is not considered to pass the ethylidene (C=C) bridges of the pyrrolic rings without an inner hydrogen
and the inner NH groups of the pyrrolic rings do not belong to the aromatic pathway. More
recently one has discovered that at least the 22π electrons of the 11 conjugated bonds have
to be considered in order to obtain the correct description of the magnetic properties of freebase porphyrin. 28 Steiner and Fowler, 24 who performed explicit current density calculations,
suggested that the current density of porphycene consists of a distinct single delocalization
pathway that bifurcates at the four pyrrolic rings. Extensive ring-current strength studies on
different porphyrinoids show that the bifurcation of the diatropic current pathways occurs in
practically all aromatic porphyrinoids. 29–34 The strength of the current pathway passing the

3

inner hydrogen is weaker than the one passing the ethylidene bridge of the same pyrrolic ring,
whereas at the pyrrolic rings without an inner hydrogen the current density is divided almost
equally along the two branches. 29 Explicit current density calculations and integration of the
current strengths passing different chemical bonds show unambiguously that the individual
pyrrolic rings do not sustain any significant local ring currents. 35 Thus, a better description
of the aromatic properties of free-base porphyrin is obtained when considering that the 26π
electrons of all conjugated bonds contribute to the aromatic pathway. 29,36,37 Antiaromatic
porphyrinoids are dominated by a strong paratropic current inside the porphyrinoid rings
that extends towards the exterior of the molecule. 34,38–40
In this work, we have optimized the molecular structures of eleven porphycenes and
one dihydroporphycene and calculated ring-current strengths and current pathways in order
to obtain deeper insights about the aromatic properties of porphycenes. The employed
computational methods and obtained molecular structures are described in Section 2. The
calculated ring-current strengths and current pathways are presented in Section 3. The main
results are summarized and discussed in Section 4.

2
2.1

Computational Methods
Structure Optimization

The molecular structures were optimized at the density functional theory (DFT) level using
Becke’s three-parameter functional (B3LYP) 41–43 with Grimme’s D3-BJ dispersion correction 44 and the Karlsruhe triple-ζ quality basis sets (def2-TZVP). 45 Porphycene was also
optimized using the same basis sets and the Minnesota global hybrid functional with 54%
Hartree-Fock exchange (M06-2X) 46 and the Becke-Half-and-Half-LYP (BHLYP) hybrid functional. 47 All calculations were done with Turbomole version 7.1 program package. 48,49 The
carbon-carbon and carbon-nitrogen bond lengths of the porphycene molecule optimized using
different functionals are compared with available experimental data. 1 The comparison show
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that the root mean square (RMS) deviations for the C–C and C–N bonds are 0.011, 0.012
and 0.010 Å for B3LYP, BHLYP and M06-2X, respectively, which shows that the molecular
structures optimized at the different levels of theory are almost identical.

2.2

Molecular Structures and Nomenclature

Porphycene (I) is a planar molecule that belongs to the C2h point group. It has two adjacent
pyrrolic rings which are directly connected via their α- and α0 -carbons, while the α- and
α0 -carbons of the other pyrrolic rings are connected via ethylidene (-HC=CH-) groups. The
labeling of carbon atoms and pyrrolic rings are shown in Figure 1.

Figure 1: Atom labeling and ring numbering of the porphycene molecule. The figure has
been made with Marvinsketch 18.25 50 and GIMP 2.8.22. 51
The Z-configuration of the meso ethylidene moiety has lower energy than the E-configuration, which can also be expected due to steric effects. 18 The inner hydrogens can have a trans
or a cis configuration. The calculations show that the trans configuration is 2.7 kcal/mol
below the cis conformer and that they are separated by a transition barrier of 5.0 kcal/mol.
The transition barrier is much lower than for porphyrins suggesting that there is indeed a
strong interaction between the nitrogen and the hydrogen of the adjacent NH group. 52–55
The molecular structure of porphycene (I) is shown in Figure 2a. Dihydroporphycene (II)
5

shown in Figure 2b has four inner hydrogens to the nitrogens of the pyrrolic rings. It has
a saddle structure with the inner hydrogens pointing out from the porphycene ring due to
steric effects.

(a)

(b)

(c)

(d)

Figure 2: The molecular structure of (a) porphycene (I), (b) dihydroporphycene (II) (c)
dinitroporphycene (III), and (d) fluoroporphycene (IV). The figure has been made with
Marvinsketch 18.25.
Dinitroporphycene (III) shown in Figure 2c is a meso-dinitro substituted porphycene
with a planar porphycene ring that has been synthesized by Anguera et al. 27,56 The synthesized dinitroporphycene had phenyl substituents at the β positions of the four pyrrolic
rings, whereas in the calculations we replaced the phenyl groups with hydrogens. The trans
conformer of the inner hydrogen is 3.2 kcal/mol lower in energy than the cis one.
The porphycene ring of fluoroporphycene (IV) shown in Figure 2d is non-planar. The
presence of the CF3 groups distort the planarity of the porphycene ring. Molecule IV has
6

one trifluoromethyl substituent to each pyrrolic ring. Two of the trifluoromethyl groups are
at β positions and two at the β 0 positions closest to each other. The trans conformer of the
inner hydrogens is energetically 3.3 kcal/mol below the cis structure.

(a)

(b)

(c)

Figure 3: The molecular structure of (a) hemiporphycene (V), (b) corrphycene (VI), and
(c) isoporphycene (VII). The figure has been made with Marvinsketch 18.25.
Hemiporphycene (V) shown in Figure 3a has two methine (CH) groups bridging three of
the pyrrolic rings. It has a direct link between the α0 and α carbons of two pyrrolic rings and
a Z-ethylidene ((Z)-CH=CH-) bridge between the α carbon of two pyrrolic rings. Ostapko et
al. recently reported the synthesis and characterization of free-base hemiporphycene. 57 The
calculations show that the trans tautomer shown in Figure 3a has the lowest energy, which
is in agreement with previous calculations. 18
Corrphycene (VI) in Figure 3b has two methine groups linking two pyrrolic rings on the
opposite side of the macroring. It has a Z-ethylidene bridge between two of the pyrrolic rings
and two pyrrolic rings are directly linked at their α and α0 -carbons. Different corrphycenes
have been synthesized. 5,58,59 Wu et al. showed that the minimum energy structure is the
conformer in which the inner hydrogens are in trans position and the ethylidene moiety has
a Z-configuration, which results in a planar molecular structure. 18
Isoporphycene (VII) in Figure 3c has two direct links between the pyrrolic rings on
opposite sides of the porphycene ring. A methine group links two pyrrolic rings and a
-CH=CH–CH= group links two pyrrolic rings. The calculations show that the Z-configuration
7

of the -CH=CH–CH= group is 7.2 kcal/mol lower energy than the E-configuration, which
agrees with results obtained in previous calculations. 60 When isoporphycene has ethyl substituents in the β and β 0 positions, the E-configuration of free-base isoporphycene has slightly
lower energy than the Z-configuration. 6,18,60

(a)

(b)

(c)

Figure 4: The molecular structure of the (a) porphyrin (3.0.0.1) VIII, (b)porphyrin (2.0.0.2)
IX, and (c) porphyrin (4.0.0.0) X. The figure has been made with Marvinsketch 18.25.
Molecule VIII shown in Figure 4a has a similar structure as isoporphycene. However, in
VIII, the two directly-linked pyrrolic rings are next to each other. The two other bridges
between pyrrolic rings consist of a methine and a -C=CH–CH= moiety as in VII. The
Z-configuration of the -C=CH–CH= group is the energetically lower structure. 18
Molecule IX shown in Figure 4b has two direct links between three pyrrolic rings and it
has two ethylidene bridges connecting three pyrrolic rings at the α0 - and α positions. The
Z-configuration of the ethylidene bridges has the lowest energy. 18
Molecule X shown in Figure 4c has pyrrolic rings linked by three direct bridges at the α
and α0 positions. The fourth bridge consists of a -CH–CH=CH–CH- group. To the best of
our knowledge, molecules VIII, IX and X have not been synthesized.
Molecule XI in Figure 5a is benzoporphycene representing a class of porphycene derivatives that have an extended conjugation pathway due to two benzoic rings that are annelated
to the porphycene macrocycle. Several kinds of benzoporphycenes are obtained by adding
the benzoic ring at different positions. 27,61 The synthesis of molecule X was first reported
8

(a)

(b)

Figure 5: The molecular structure of (a) benzoporphycene (XI) and (b) dibenzoporphycene
(XII). The figure has been made with Marvinsketch 18.25.
by Vogel. 14 The synthesized benzoporphycene had tert-butyl substituents in the β positions,
whereas we replaced them with hydrogens in order to save computational time. Many benzoporphycenes have been investigated experimentally and computationally, 12–14,27 whereas
to our knowledge molecule XI has not been previously studied computationally. The calculations show that the trans conformer of the inner hydrogens is 1.8 kcal/mol below the cis
one. The molecular structure of molecule XI is bowl shaped.
Dibenzoporphycene (XII) in Figure 5b is a porphycene derivative with the ethylidene
bridges between pyrrolic rings replaced by benzoic rings, which increases the conjugation
length. The cis conformer is 0.4 kcal/mol below the trans one, which is in agreement with
previous calculations. 62 The presence of the two benzoic ring at the meso position distort
the planarity of the porphycene moiety.
The atomic coordinates of the molecular structures are given as supporting information
(SI).
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2.3

Methods of Current-Density Calculation

Current densities were calculated with the open-source GIMIC program. 35,63–65 The input
data for the current density calculations are basis-set information, density matrices and magnetically perturbed density matrices, which are obtained in calculations of nuclear magnetic
resonance (NMR) shielding constants. The NMR shielding constants were calculated with
Turbomole version 7.1 at the B3LYP/def2-TZVP level using gauge-including atomic orbitals
(GIAO) in order to ensure gauge-origin independence and a fast basis-set convergence for
the current density. 66–68 The strength of the current density passing selected chemical bonds
was obtained by integrating the current flow passing a plane that intersects the bond perpendicularly in the middle of the bond. 63 The exact position of the integration plane is
not crucial because of the charge conservation of the current density. 69 Most of the current
density passing the bond is taken into account, because the integration plane begins in the
center of the ring and ends far outside the molecule. The external magnetic field is applied
perpendicularly to the porphycene ring. The current densities obtained with GIMIC can
also be visualized. 70 We use freely available software like ParaView and VMD, 71,72 whereas
many other softwares that visualize vector fields can be employed. GIMP and Jmol were
used in this work for creating the current-strength graphics. 51,73

3
3.1

Current-density calculations
Porphycene, Dihydroporphycene, Dinitroporphycene and Fluoroporphycene

Our current density calculations show that porphycenes are aromatic sustaining a strong
diatropic ring current. The ring current splits into an inner and an outer pathway at the
pyrrolic rings. The inner pathway is weaker when a hydrogen is attached to the pyrrolic
nitrogen.
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(a)

(b)

(c)

Figure 6: The calculated ring-current strengths and current pathways in free-base (a) transporphycene (I), (b) cis-porphycene and (c) dihydroporphycene (II). The figure has been
made with Jmol 14.6.4 and GIMP 2.8.22. 51,73
For free-base trans-porphycene the net global ring-current strength is 25 nA/T. Positive
ring-current strengths denote diatropic currents. Aromatic molecular rings sustain net diatropic ring currents, whereas paratropic currents have negative current strengths in our
notation. At the pyrrolic rings without an inner hydrogen, the ring current splits into two
branches of about equal strength. The strengths of the different current pathways of transporphycene (I) are shown in Figure 6a. The strength of the current passing the nitrogen
with an inner hydrogen is about half the one passing the β carbons. The current strengths
of free-base cis-porphycene are shown in Figure 6b. The global ring-current strength of
cis-porphycene is 24 nA/T, which is 1 nA/T weaker than for trans-porphycene. For cisporphycene, the current strengths of the inner and outer routes have the same ratio as for
free-base trans-porphycene.
The dihydroporphycene (II) ring is antiaromatic sustaining a net global paratropic current strength of -9 nA/T. The pyrrolic rings sustain local diatropic ring currents of 3 nA/T.
The current strengths and the different current pathways are shown in Figure 6c.
The orbital energy difference of 2.68 eV between the highest-occupied molecular orbital
(HOMO) and the lowest-unoccupied molecular orbital (LUMO) for molecule II is larger than
the HOMO-LUMO gap of 2.47 eV for molecule I as also reported previously. 22 Even though
11

the HOMO-LUMO gap is larger for the antiaromatic dihydrogenporphycene (II) than for
the aromatic porphycene (I), the excitation energy of the first excited singlet state of 1.99
eV for molecule II is smaller than the first singlet excitation energy of 2.24 eV for molecule
I. The first excited state of I is dominated by the HOMO-LUMO+1 transition, whereas the
first excited state of II is dominated by the HOMO-LUMO transition. Thus, comparisons
of HOMO-LUMO gaps might not be completely reliable for assessing molecular stability
and aromatic character. The dipole transition to the first excited of molecule I has a large
oscillator strength of 0.13, whereas the oscillator strength of the first excited singlet state
of molecule II is only 0.0003. The transition to the first excited singlet state of molecule
II has a large magnetic transition moment of 4.54. The small oscillator strength and the
large magnetic transition moment are typical for antiaromatic molecules. 74 The excitation
energies, magnetic transition moments, and oscillator strengths of molecules I and II were
calculated at the time-dependent density functional theory (TDDFT) level using the B3LYP
functional and the def2-TZVP basis sets. 49,75,76

(a)

(b)

Figure 7: The calculated ring-current strengths and current pathways of (a) dinitroporphycene (III) and (b) fluoroporphycene (IV). The figure has been made with Jmol 14.6.4
and GIMP 2.8.22. 51,73

The calculated current strengths of molecules III and IV show how electro-negative
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substituents affect the current density. Molecule III has two nitro groups (-NO2 ) in the
meso positions as shown in Figure 7a. The ring-current strength is about 22 nA/T, which
is 3 nA/T weaker than for molecule I. The ring-current pathways are the same as for I,
whereas the individual current pathways are weaker than for I.
Molecule IV has trifluoromethyl (CF3 ) groups substituents at the β carbons as shown in
Figure 7b. It sustains a net ring current of 22 nA/T showing that the ring-current strength
is weaker because the electro-negative substituents remove electrons from the conjugation
pathway. The largest effect is obtained for the pyrrolic rings without an inner hydrogen. In
molecule I, the ring-current is equally split between the inner and outer pathway, whereas in
molecule IV, the current strength of the outer pathway is nearly half the current strength
passing via the nitrogen. For the pyrrolic rings with inner hydrogens, the ratio between the
current strengths of the inner and the outer pathway is about the same as for I.

3.2

Hemiporphycene, Corrphycene and Isoporphycene

(a)

(b)

(c)

Figure 8: The calculated ring-current strengths and current pathways for (a) hemiporphycene
(V), (b) corrphycene (VI), and (c) isoporphycene (VII). The figure has been made with Jmol
14.6.4 and GIMP 2.8.22. 51,73
The current strengths and current pathways of hemiporphycene, corrphycene, and isoporphycene are shown in Figure 8. Hemiporphycene (IV) is also aromatic sustaining a net

13

diatropic ring-current strength of 24 nA/T, which is only 1 nA/T smaller than for transporphycene. The ring-current pathways have the same topology as the ones for free-base
trans-porphycene. Corrphycene (V) sustains a net ring-current strength of 24 nA/T. The
ring-current splits almost equally at the pyrrolic rings without an inner hydrogen, whereas at
the pyrrolic rings with an inner hydrogen, the main current flow of about 18 nA/T takes the
outer route. Isoporphycene sustains a net diatropic ring-current of 23 nA/T. It has similar
current strengths and current pathways as corrphycene.

3.3

Molecules VIII, IX and X

Porphyrin (3.0.0.1) VIII, porphyrin (2.0.0.2) IX, and porphyrin(4.0.0.0) X are aromatic
sustaining global ring currents of 21 nA/T, 26 nA/T, and 25 nA/T, respectively. The current
strength of the different current pathways have roughly the same topology as for the other
studied porphycenes. The ring current splits almost equally at the pyrrolic rings without
an inner hydrogen and at the pyrrolic ring with an inner hydrogen the current strength of
the inner route is between one third to half of the current that takes the outer route. The
current strengths and current pathways are shown in Figure 9.

(a)

(b)

(c)

Figure 9: The calculated ring-current strengths and current pathways for (a) porphyrin
(3.0.0.1) VII, (b) porphyrin (2.0.0.2) VIII and (c) porphyrin (4.0.0.0) IX. The figure has
been made with Jmol 14.6.4 and GIMP 2.8.22. 51,73
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3.4

Benzoporphycene and Dibenzoporphycene

Benzoporphycene (XI) is globally aromatic, sustaining a net ring current of 17 nA/T. However, the fused benzoic rings sustain local paratropic ring currents of -4.5 nA/T. The current
strengths of the different current pathways are shown in Figure 10a. The ring current splits
at the pyrrolic rings as for the other studied porphycenes. However, the current-strength
pattern of XI differs significantly from the rest, because the annelated benzoic rings are
antiaromatic. A strong diatropic ring current of 21 nA/T passes the inner C–C bond of the
benzoic rings, because the outer route involves 20 π electrons, whereas the inner one has 18
π electrons. Most of the ring current takes the inner route at the pyrrolic ring without an
inner hydrogen, because no aromatic pathways with 4n + 2 π electrons pass via the outer
route of the pyrrolic rings without an inner hydrogen. The ring current is almost equally
split at the pyrrolic rings with an inner hydrogen, because the inner and the outer routes
have the same number of π electrons.
Dibenzoporphycene (XII) is aromatic sustaining a net ring-current strength of 21 nA/T.
The global ring current splits into an outer and inner pathway at each of the pyrrolic and
benzoic rings. The current density significantly differs from that of molecule XI. XII has
current pathways with 4n + 2 π electrons that can pass all carbons and nitrogens. The
current strengths of the different current pathways at the pyrrolic rings are similar to the
ones for the other porphycenes. The global ring current splits into a strong ring current of
16.4 nA/T via the outer route and 4.5 nA/T takes the inner route. The benzoic rings do
not sustain any significant local diatropic ring current. The current strengths of the different
current pathways are shown in Figure 10b.

4

Summary and discussion

The current pathway of porphycenes consists of a global ring current that divides into an
outer and inner branch at the pyrrolic rings. At the pyrrolic rings without an inner hydrogen
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(a)

(b)

Figure 10: The calculated ring-current strengths and current pathways for (a) benzoporphycene (XI) and (b) dibenzoporphycene (XII). The figure has been made with Jmol 14.6.4
and GIMP 2.8.22. 51,73
the current strengths along the two branches are about the same, whereas the ring-current
strength along inner pathway via the NH groups is between one third and one half of the
strength of the current that takes the outer route. The ring-current pathways and ringcurrent strengths are qualitatively the same for the studied aromatic porphycenes without
any annelated benzoic rings (I, III-X). Porphyrin and these porphycenes have qualitatively
the same ring-current topology. 29,34,35 The pyrrolic rings of the aromatic porphycenes do not
sustain any significant local ring current, which also holds for porphyrins in general. 35 The
pyrrolic rings are weakly aromatic in the antiaromatic dihydroporphycene (II). The annelated
benzoic rings in benzoporphycene (XI) are weakly antiaromatic sustaining local paratropic
ring currents. The global diatropic ring current of molecule XI is 8 nA/T weaker than for
porphycene (I). The current density pattern of the porphycene moiety of dibenzoporphycene
(XII) is similar to the one for the other porphycenes. The current density splits into an
inner and outer pathway at the benzoic rings, which do not sustain any significant local ring
current of their own.
Calculations of excitation energies show that the antiaromatic dihydroporphycene (II)
has a smaller optical gap than the aromatic porphycene (I), even though the HOMO-LUMO
gap of molecule II is larger than for I.
16

Figure 11: Calculated ring-current strength as a function of the average magnetic shieldings
of the inner hydrogens. The figure has been made with Gnuplot 5.2. 77
The calculated 1 H NMR shieldings for the inner hydrogens are plotted in Figure 11 as
a function of the ring-current strength of the porphycene ring. The data used in the figure
are given in the SI. The graph shows that there is no correlation between the magnetic
shieldings and ring-current strengths. Thus, local contributions to the 1 H NMR shieldings are
more important than differences in the ring-current contributions to the 1 H NMR shieldings,
which originate from the small variations in global ring-current strengths of the studied
porphycenes. The rectangular coordination center of the porphycene ring leads to strong
interactions between the inner hydrogen and the neighbor nitrogen that affects the 1 H NMR
shieldings. The experimentally observed 1 H NMR chemical shifts for the inner hydrogens
of 2-3 ppm relatively to tetramethylsilane (TMS) 20 are not due to local ring currents in the
pyrrolic rings, because our current density calculations reveal that the pyrrolic rings do not
sustain any significant local ring currents.
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of Geometric H/D Isotope Effects on the Coupled Hydrogen Bonds in Porphycene
Derivatives. J. Am. Chem. Soc. 2007, 129, 296–304.

24

(56) Anguera, G.; Llinás, M. C.; Batllori, X.; Sánchez-Garcı́a, D. Aryl nitroporphycenes and
derivatives: first regioselective synthesis of dinitroporphycenes. J. Porphyr. Phthalocyanines 2011, 15, 865–870.
(57) Ostapko, J.; Nawara, K.; Kijak, M.; Buczyńska, J.; Leśniewska, B.; Pietrzak, M.;
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