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erent interactions in oxo-
manganese porphyrin dimers containing axial N-
donor ligands: a theoretical study†

Hossein Kavousi, Abdolreza Rezaeifard,* Heidar Raeisi
and Maasoumeh Jafarpour

A theoretical analysis for describing the dimeric assemblies of high-valent manganese(V)-oxo meso-

tetraphenylporphyrin (TPP) ([(TPP)MnVO]2
2+) and meso-tetrakis(pentafluorophenyl)porphyrin (TPFPP)

([(TPFPP)MnVO]2
2+) in the presence of axial N-donor ligands is presented. Our theoretical results

revealed two types interactions in dimers: a sandwich-like interaction between phenyl rings of porphyrin

molecules, and a non-bonded T-shape interaction between nitrogen donors attached to Mn centers.

The curvature in the geometry of porphyrin in the [(TPP)MnVO]2
2+/N-donor system is significantly

smaller than that of [(TPFPP)MnVO]2
2+/N-donor system. Moreover, the Mn–N(ax) distances in [(TPFPP)

MnVO]2
2+/N-donor system are shorter than those of [(TPP)MnVO]2

2+/N-donor system. Also, the donor–

acceptor interaction between the imidazoles and the Mn centers are stronger than those of the other

ligands in both porphyrins. These results are supported by atoms in molecules (AIM) and natural bond

orbital (NBO) analysis.
1. Introduction

Multiporphyrin arrays have a wide range of potential applica-
tions in areas such as light harvesting, nonlinear optics (NLO),
organic light-emitting diodes (OLEDs), and photodynamic
therapy (PDT). Hence, these systems have been investigated
widely.1–3 A number of porphyrin dimers have been reported as
promising viscosity-sensitive molecular rotors, efficient elec-
trocatalytic CO2 to CO conversion, dimer-sensitized solar cells,
as ionophores in chemical sensing of anions and cations.4–6 p-
Conjugated molecules with a small highest occupied molecular
orbital–lowest unoccupied molecular orbital (HOMO–LUMO)
gap have also been studied with regard to their potential use as
molecular wires in molecular-scale electronics and nano-
technological devices.7 Porphyrin nanoparticles are favorable
apparatuses of advanced materials because of the rich photo-
chemistry, stability, and conrmed catalytic activity.8 In analogy
to inorganic and other organic nanoparticles, it is predictable
that nanoparticles of porphyrins will have unique photonic
properties not accessible by larger-scaled materials having the
macrocycle, or by the molecules themselves.9,10

The promising results obtained in our recent work on the
synthesis and catalytic oxidation activity of Mn–porphyrin
University of Birjand, Birjand, 97179-414
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tion (ESI) available. See DOI:
nanoparticles11 induced us to investigate a computational
density functional theory (DFT) study to describe the effect of
diverse agents on the structure and activity of manganese(V)-oxo
meso-tetraphenylporphyrin.12–14 Herein, new porphyrinic dimers
comprising two distinct oxo-Mn–porphyrin complexes contain-
ing nitrogen donors is designed which are linked to each other
through phenyl/phenyl as well as axial ligands interactions. The
main purpose of this research is a DFT study to investigate the
interactions between high-valent manganese(V)-oxo meso-tetra-
phenyl porphyrin dimer ([(TPP)MnVO]2

2+) and meso-tetrakis-
(pentaourophenyl) porphyrin dimer ([(TPFPP)MnVO]2

2+). The
interactions between nitrogen donors coordinated to Mn centers
of [(TPP)MnVO]2

2+ and [(TPFPP)MnVO]2
2+ dimer structures are

also investigated.
2. Computational methodology

The Gaussian 09W program suite15 was used for all quantum
chemistry computations. The electronic geometries of all
systems were fully optimized in their ground states in the gas
phase, using the B3LYP/6-31G (d) level of theory16–18 and the
relativistic effective core potentials of Mn atom are considered
using the LANL2DZ (Los Alamos National Laboratory 2 double
z) as extra basis.19 Approximate distances between the phenyl
rings in the complexes investigated have been assessed by
introducing ‘ghost atoms’ in geometric centers of the rings and
measurement of the distances between them. The frequency
calculations were performed at the same level to verify whether
stationary points from geometry optimization calculations were
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Gas phase DFT optimized structure of the [(TPP)MnO]2
2+ and

[(TPFPP)MnO]2
2+.
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local minima or saddle points. The binding energies were cor-
rected for the basis set superposition error (BSSE) by the Boys–
Bernardi counterpoise technique.20 The procedure for obtaining
the adsorption energy is as follows:

Eads ¼ Ecomplex �
 Xmonomers

i

EðiÞ
!

(1)

where
Xmonomers

i

EðiÞ
 !

is the sum of electronic energies of the

fully optimized geometries of isolated monomers, while Ecomplex

denotes the electronic energy of a system studied. It should be
mentioned that the adsorption energy encompasses both inter-
action (Eint) and deformation (Edef) energy contributions, which
are both occurred during the adsorption process. Hence, the
following equations are applied to calculate these contributions:

Eads ¼ Edef + Eint (2)

Eint ¼ Ecomplex � Emonomers in complex (3)

The natural bond orbital (NBO) analysis21 is also conducted
on optimized geometries with the NBO 3.1 included in Gaussian
09. In order to understand the nature of bonding between the
constituent atoms, the topological properties of the complexes
have been calculated using the atoms-in-molecules (AIM)
approach22 with MULTIWFN soware.23
Fig. 2 Gas phase DFT optimized structure of the [(TPFPP)(ImH)
MnO]2

2+.
3. Results and discussion
3.1. Optimized geometries and energetic

Geometric analysis of [(TPP)MnVO]2
2+ and [(TPFPP)MnVO]2

2+

structures shows the existence of sandwich-like interaction
between the phenyl rings at the meso-positions (Fig. 1). We
found that in the energy minima geometries the distance
between sandwiched aromatic rings is about 1.72 Å which is
about a single C–C bond. The torsion angle between phenyl
groups and porphyrin plan is about 93�. The structures were
optimized in association with different N-donor ligands (imid-
azole, pyridine and piperidin). The sandwich-like interaction
between phenyl rings of porphyrin molecules as well as a non-
bonded T-shape interaction between nitrogen donors attached
to Mn centers of porphyrins were identied as the most ener-
getically stable geometries (an example show in Fig. 2). The
calculated bond distances, bond angles, torsion angles,
adsorption energy (Eads), interaction energy (Eint) and defor-
mation energy (Edef) at the B3LYP level for[(TPP)MnVO]2

2+,
[(TPFPP)MnVO]2

2+and their derivatives are listed in Table 1.
The Mn–N(ax) distances of the [(TPP)MnVO]2

2+ and [(TPFPP)
MnVO]2

2+ in the presence of different nitrogen donors are found
to vary in the order ImH < Py < piperidine in the gas phase. Also,
the Mn–N(ax) distances of nitrogen donors in association with
[(TPFP)MnVO]2

2+ are shorter than those in association with
[(TPP)MnVO]2

2+. Thus, the manganese(V)-oxo species in the
[(TPFP)MnVO]2

2+/N-donors systems are expected to be more
active than the [(TPP)MnVO]2

2+/N-donors systems as evidenced
by its oxidation activity (cyclooctene epoxidation yield are 27
and 85% for Mn(TPP)OAc and Mn(TPFPP)OAc nanoparticles,
This journal is © The Royal Society of Chemistry 2018
respectively with ImH as an axial ligand11). The shortest Mn–
N(ax) distance was observed for [(TPFPP)MnVO]2

2+ complex in
the presence of ImH, while, [(TPP)MnVO]2

2+ complex has the
longest Mn–N(ax) distance in association with piperidine.
According to results given in Table 1, adsorption energy (Eads)
values are negative, which means that the adsorption process is
favorable. The most negative interaction energy belongs to the
[(TPFPP)MnVO]2

2+ in combination with pyridine with
�11 347.7 kcal mol�1. It means that T-shape interaction
between pyridines coordinated to Mn centers of [(TPFPP)
MnVO]2

2+is more favorable than the other derivatives. The
adsorption energy encompasses interaction (Eint) and defor-
mation (Edef) energy contributions, both of which occur during
the adsorption process. The deformation and interaction
energies of these systems were calculated (Table 1). Inspection
of the results in Table 1 clearly shows that the deformation
energy of porphyrin ring in the [(TPP)MnVO]2

2+/N-donor system
is less than the [(TPFPP)MnVO]2

2+/N-donor system, which
RSC Adv., 2018, 8, 9770–9774 | 9771
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Table 1 The selected geometric parameters (r and q is in Å and �), torsion angle between the phenyl groups and porphyrin plan (4), adsorption
energy (Eads), interaction (Eint) and deformation (Edef) energy in kcal mol�1 for [(TPP)(N-donors) MnO]2

2+ and [(TPFPP)(N-donors) MnO]2
2+dimers

calculated in the gas phasea

Porphyrin N-donor Mn–N(ax) Mn–O 4 Eads Einter Edef

TPP ImH 2.370 1.520 95.1 �662.7 �902.1 239.4
Py 2.538 1.518 94.4 �681.2 �915.4 234.2
Piperidine 2.547 1.521 93.7 �768.7 �1004.7 236.0
None — 1.523 93.5 �563.9 �798.5 234.6

TPFPP ImH 2.316 1.517 93.8 �710.8 �2624.1 1913.3
Py 2.472 1.516 93.5 �3101.7 �11347.7 8246.1
Piperidine 2.508 1.518 93.2 �756.0 �2607.3 1851.3
None — 1.516 93.9 �313.7 �1935.5 1621.8

a TPP, meso-tetra-phenylporphyrin; TPFPP, meso-tetra-pentauorophenylporphyrin; ImH, imidazole; Py, pyridine.
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means that the curvature in the geometry of porphyrin in the
[(TPP)MnVO]2

2+/N-donor system is signicantly smaller than
the [(TPFPP)MnVO]2

2+/N-donor system.
3.2. Frontier molecular orbital analysis

The energy difference between the highest occupied (HOMO)
and the lowest unoccupied (LUMO) molecular orbitals,
DE(HOMO–LUMO), chemical hardness and chemical potential of
[(TPP)MnVO]2

2+, [(TPFPP)MnVO]2
2+ and their derivatives are

given in Table S1 (in ESI†). The molecular orbital spatial
distributions of HOMO and LUMO for [(TPP)(ImH)MnVO]2

2+,
[(TPP)(Py)MnVO]2

2+, [(TPFPP)(ImH)MnVO]2
2+ and [(TPFPP)(Py)

MnVO]2
2+ are shown in Fig. S1 (ESI†). According to Fig. S1,† the

HOMO and LUMO of [(TPP)MnVO]2
2+ species concentrate in the

center of both porphyrin rings, whereas the HOMO and LUMO
of [(TPFPP)MnVO]2

2+ species concentrate only in the center of
one porphyrin ring. According to Koopmans's theorem, the
ionization potential is simply the orbital energy of the HOMO,
with change in sign. For spin-paired molecules, the electron
affinity is the negative of the orbital energy of the LUMO;
therefore, for a molecule, the chemical potential (m) and global
hardness (h) can be calculated as follows:24–26

h ¼ ELUMO � EHOMO

2
m ¼ ELUMO þ EHOMO

2
(4)

Thus a hard molecule has a large energy gap, and a so one
provides a small gap. According to the data presented in Table
S1,† the axial bases generate a soer oxo species. Furthermore,
the [(TPP)MnVO]2

2+ species are soer than the [(TPFPP)
MnVO]2

2+ species.
Fig. 3 Molecular graph of [(TPFP)MnVO]2
2+ which display C–H/F–C

hydrogen bonds.
3.3. Atoms-in-molecules (AIM) topological analysis

The quantum theory of ‘‘atoms in molecules’’ (QTAIM)22 was
applied in this study to nd critical points (CP) and further to
analyze them in terms of electron densities, Laplacians and the
total electron energy density HC. The QTAIM topological results
are summarized in Table S2 (ESI†). Inspection of the results in
Table S2,† shows the relatively high r (ranging from 0.3220–
0.3276) and VrBCP

2 (ranging from 1.1319–1.1902) for Mn–O
9772 | RSC Adv., 2018, 8, 9770–9774
bonds with HC < 0, demonstrating covalent bonds with medium
strength or even more. But, the Mn–N(ax) bonds have low r

(ranging from 0.0270–0.0453) and positive VrBCP

2 (ranging from
0.0768–0.1514), which reveal an electrostatic nature in the
bonds. It is in line with the classication of bonds given by
Rozas et al.27 The electron density of Mn–N(ax) for [(TPFP)
MnVO]2

2+/N-donors systems are more than corresponding
values for [(TPP)MnVO]2

2+/N-donors systems. These results are
associated with the shorter distances of Mn–N(ax) for [(TPFP)
MnVO]2

2+/N-donors systems, which are in complete agreement
with geometrical results. Moreover, some evidences for inter-
action of uorine groups with the pyrolic hydrogens of [(TPFP)
MnVO]2

2+ are also observed (Fig. 3). These interactions may be
responsible for more curved structure of [(TPFP)MnVO]2

2+

species.
3.4. Natural bond orbital (NBO) analyses

To nd more exact information about the nature of these
systems, further study is devoted to the NBO analysis.21 The
results presented in Table S3 (ESI†) shows second-order
perturbation stabilization energies, E(2), corresponding to
charge transfer between nitrogen lone pair of axial ligand and
s*Mn�O orbital ðEð2ÞlpNðaxÞ/s*Mn�OÞ. The maximum and
minimum values of the second-order perturbation stabilization
This journal is © The Royal Society of Chemistry 2018
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energies ðEð2ÞlpNðaxÞ/s*Mn�OÞ correspond to [(TPFPP)(ImH)
MnVO]2

2+ and [(TPP)(Py)MnVO]2
2+ complexes, respectively. The

E(2) parameter can be taken as an index to estimate the relative
strength of the electron donation of the axial ligand to the Mn–
O bond. The values of Eð2ÞlpNðaxÞ/s*Mn�O in [(TPFPP)(N-donors)
MnVO]2

2+ systems are more than pertinent values in [(TPP)(N-
donors)MnVO]2

2+ systems. These results once again conrm
that the donor–acceptor interaction between the N-donors and
the Mn centers of [(TPFPP)MnVO]2

2+ are stronger than [(TPP)
MnVO]2

2+ species. Also, the donor–acceptor interaction between
the imidazole and the Mn centers is stronger than those of the
other ligands in association with the both porphyrins.
Furthermore, our results show that non-bonded T-shape inter-
action between N-donors has a signicant negative effect on
their donor ability. For example, pyridines with a strong T-shape
interaction exhibited weaker donor ability than that of piperi-
dine in association with both [(TPFPP)MnVO]2

2+ and [(TPP)
MnVO]2

2+ species. (Eð2ÞlpNðaxÞ/s*Mn�O for pyridines is less than
other N-donors).

4. Conclusion

In this study, a sandwich-like interaction between phenyl rings
of porphyrin ligands and a T-shape conguration interaction
between nitrogen donors attached to Mn centers were
described. The geometries, electronic structures, vibrational
frequencies and physical properties such as dipole moment,
chemical potential, and chemical hardness of [(TPFPP)
MnVO]2

2+ and [(TPP)MnVO]2
2+ in combination with three

classes of nitrogen donors were investigated in the gas phase
using DFT calculations. Our results showed that when the N-
donor ligands were coordinated to the Mn centers of
porphyrin complexes, the less deformation energy was observed
for [(TPP)MnVO]2+ dimers than that of [(TPFPP)MnVO]2+ dimers.
The maximum interaction between nitrogen donors belongs to
pyridine. [(TPFPP)(ImH)MnVO]2

2+ exhibited the maximum
second-order perturbation stabilization energies
ðEð2ÞlpNðaxÞ/s*Mn�OÞ. Furthermore, the geometrical results are
nicely conrmed by the AIM data.
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4 A. Vyšniauskas, D. Ding, M. Qurashi, I. Boczarow, M. Balaz,
H. L. Anderson and M. K. Kuimova, Chem.–Eur. J., 2017,
23, 10933–11175.

5 A. J. Mozer, M. J. Griffith, G. Tsekouras, P. Wagner,
G. G. Wallace, S. h. Mori, K. Sunahara, M. Miyashita,
J. C. Earles, K. C. Gordon, L. Du, R. Katoh, A. Furube and
D. L. Officer, J. Am. Chem. Soc., 2009, 131, 15621–15623.

6 G. Lisak, T. Tamaki and T. Ogawa, Anal. Chem., 2017, 89,
3943–3951.

7 R. E. Martin and F. Diederich, Angew. Chem., Int. Ed. Engl.,
1999, 38, 1350.

8 J.-C. Chambron, V. Heitz and J.-P. Sauvage, in The Porphyrin
Handbook, ed. K. M. Kadish, K. M. Smith and R. Guilard,
Academic Press, New York, 2000, Vol. 6, pp. 1–42.

9 C. M. Drain, F. Niatis, A. Vasenko and J. D. Batteas, Angew.
Chem., Int. Ed., 1998, 37, 2344–2347.

10 T. N. Milic, N. Chi, D. G. Yablon, G. W. Flynn, J. D. Batteas
and C. M. Drain, Angew. Chem., Int. Ed., 2002, 42, 2117–2119.

11 A. Rezaeifard, V. Soltani and M. Jafarpour, Eur. J. Inorg.
Chem., 2013, 2657–2664.

12 H. Kavousi, A. Rezaeifard, H. Raissi and M. Jafarpour, J.
Porphyrins Phthalocyanines, 2015, 19, 651–662.

13 H. Kavousi, H. Raissi, A. Rezaeifard and M. Jafarpour, J.
Porphyrins Phthalocyanines, 2015, 19, 1130–1139.

14 A. Rezaeifard, H. Kavousi, H. Raissi and M. Jafarpour, J.
Porphyrins Phthalocyanines, 2015, 19, 1197–1203.

15 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr.,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and
D. J. Fox, Gaussian 09, Revision A.02, Gaussian Inc.,
Wallingford CT, 2009.

16 A. D. Becke, J. Chem. Phys., 1993, 98, 5648–5662.
17 P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270–283.
18 W. R. Wadt and P. J. Hay, J. Chem. Phys., 1985, 82, 284–298.
19 L. E. Roy, P. J. Hay and R. L. Martin, J. Chem. Theory Comput.,

2008, 4, 1029–1031.
20 S. B. Boys and F. Bernardi, Mol. Phys., 1970, 19, 553–566.
21 E. D. Glendening, A. E. Reed, J. E. Carpenter and

F. Weinhold, NBO Version 3.1. Gaussian, Inc., Wallingford,
CT, 2009, included in Gaussian 09.
RSC Adv., 2018, 8, 9770–9774 | 9773

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00540k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
5:

01
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
22 F. BieglerKönig and J. Schönbohm, J. Comput. Chem., 2002,
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