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INTRODUCTION

The study of interactions between closed-shell are becoming
interesting area of research in recent decades due to its use in
designing monumental molecular devices [1-8]. The term
“metallophilicity” was suggested for the first time in 1994 by
Pyykko and coworkers [6]. Although these attractive interactions
of closed shell atom are clearly counter-intuitive because two
positive charges should repel each other in nature. However the
strength of such attractive interactions are more than classical
non-covalent interactions such as π-π stalking, ion dipole,
dipole-dipole interaction and has been nearly close to the energy
of hydrogen bonding. These interactions are adequate enough
to grant amazing structural and physical properties such as
luminescence, magnetism, polychromism and one-dimensional
electrical conductivity, etc. [1-8]. Although molecular compounds
of gold based metallophilic interactions are well known in the
literature however, analogous but probably weaker silver-silver
interactions have been less studied. Chemistry of silver can
set excellent opportunities over gold chemistry by the virtue
of greater versatility in coordination numbers and geometries
of the former [9-14]. The efforts to evaluate the structure and
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energy characteristics of argentophilic interactions are domi-
nated by Ag(I) complexes however, the chemistry for silver
(III) ions is unexplored because of high oxidizing power of
Ag(II) and Ag(III) [13,14]. Furthermore, heavier d8 transition-
metal ions in square planar complexes, having large crystal
field splitting are also believed to have a closed shell and there-
fore expected to be formed similar metallophilic interactions
[6-8]. There are various metal-metal bonded porphyrin deriva-
tives reported but all are with open shell. In present work, the
effects of possible interactions between two Ag(III) porphyrins
which exist as a dimer are studied.

EXPERIMENTAL

Free base octaethylporphyrine (OEP), other reagents and
solvents were purchased from commercial sources and purified
by standard procedures before use.

Preparation of AgOEP: A 50 mL round bottom flask
was charged with a CH2Cl2 solution (30 mL) of OEP (50 mg,
0.09 mmol). A solution of silver acetate (30 mg, 0.18 mmol)
in 5 mL of methanol/acetonitrile (1:1) was added to the flask
and the mixture was refluxed for 0.5 h in an atmospheric air.

https://orcid.org/0000-0003-2074-8967
https://orcid.org/0000-0002-4988-5239
https://orcid.org/0000-0001-5743-4262
https://orcid.org/0000-0002-1222-0305
https://orcid.org/0000-0003-4237-3633


The reaction mixture was filtered through celite to remove excess
metal salt and the resulting solution was evaporated to complete
dryness under vacuum. The solid compound was subjected to
column chromatography on silica gel. The first fraction eluted
with 50% hexane/dichloromethane was collected and dried
under vacuum to obtain a crimson red solid of AgOEP. The
ultrapure crystalline solid, was obtained by recrystallization
from dry CH2Cl2 solution of complex, layered carefully with
n-hexane and kept in air for slow diffusion. On standing for 5-6
days, the product was formed as a red solid, collected and dried
under vacuum [15]. Yield 40 mg (64%); UV-vis (CH2Cl2) [λmax,
nm (ε, M-1 cm-1)]: 409 nm (1.9 × 105), 525 (0.3 × 105), 560
(0.8 × 105).

Preparation of [AgOEP·(PF6)]2: A 50 mL round bottom
flask was charged with a CH2Cl2 solution of AgOEP (50 mg,
0.076 mmol) and subjected to the addition of AgPF6 (24 mg,
0.095 mmol) and the mixture was stirred at room temperature for
10 min. The resulting solution was then evaporated to dryness.
Yield: 45 mg (74%). UV-vis (CH2Cl2) [λmax, nm (ε, M-1 cm-1)]:
404 nm (0.9 × 105), 515 (0.1 × 105), 550 (0.2 × 105).

Computational details: Ultraviolet-visible spectra were
measured on a Perkin-Elmer UV/Vis spectrometer. The photo-
luminescence measurements were done with a Horiba Jobin
Yvon Fluorolog-322 spectrometer at room temperature. The
detector was Hamamatsu R9910 photomultiplier for the emission
spectral range of about 300-830 nm. The coordinates of OEP+

for geometry optimizations were obtained from direct drawing
on gauss view software. The counter anions have not been included
in calculation. Complex OEP+ has the molecular formula
C74H94N8Ag2. The Gaussian 09, revision B.01, package [16]
used for all structure optimizations. The geometry optimiza-
tions have been done without any constraints and frequency
calculations were also performed to ensure that optimized
geometries don’t have any imaginary frequencies [17].

Geometry optimizations have been carried out using the
unrestricted dispersion corrected density functional method
B97D [17]. The basis set was SDD [18] for the silver atom and
6-31G** for C, N and H atoms. Polarized continuum (PCM)
model was used for dichloromethane solvent correction in all
the calculations. Geometry optimization was also performed
on B3LYP [19-21] hybrid functional, which does not account
dispersion effects to put light on the role of dispersion into the
optimized complexes. The topographical analysis of B97D
optimized geometry of AgOEP+ was performed by the software
DAMQT. The wave functions generated with the Gaussian 09
program were further used for the QTAIM and NBO analysis
by the Multiwfn [22]. Molecular orbitals and the corresponding
diagrams were analyzed and sketched with the Chemcraft
software [23].

RESULTS AND DISCUSSION

The ultraviolet-visible spectrum of AgOEP was recorded
in CH2Cl2 which displays a distinct Soret and Q bands position
at 409 nm, 526 and 560 nm, respectively. However, slight blue
shifts was observed in comparison to the parent compound in
the oxidized complex (Fig. 1); low energy broad bands are
completely missing due to the formation of Ag(III) porphyrin

in solution (vide infra). Complex [AgOEP·(PF6)]2 gives pink
emission at low temperature (77 K). The complex features a
intense emission at 550 nm (Figs. 2-3). The energy difference
between HOMO and LUMO of monomer and dimer has been
compared and reported in Fig. 4. It has been found that the
energy required for a transition from HOMO to LUMO decre-
ases upon dimer formation, which could be reason for intense
emission properties of dimer.
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Fig. 1. UV-visible spectra (in dichloromethane at 295 K) of AgOEP (a)
and [AgOEP·(PF6)]2 (b)
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Fig. 2. (A) Normalized emission spectra of solid sample of (AgOEP·PF6)2

at 77 K, excitation wavelength 404 nm
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Fig. 3. Photographic image of [AgOEP·(PF6)2] dimer in dichloromethane
at 295 K, (a) under normal light, (b) under UV light (365 nm) and
at 77 K, (c) under normal light, (d) under UV light (365 nm)

Computational studies: Computational studies were
done using DFT at the UB97D/SDD/6-31G** level, basis set
combination, to gain more insight into the electronic structure.
The geometries of AgOEP+

 (without counter anions) were
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optimized and the calculations virtually produce the evidence
of metallophilic interaction. The oxidation of silver(II) centre
causes the porphyrin ring to be more distorted due to shorter
Ag-Npor distance along with the drastic reductions of the
Ag(III)···Ag(III) separation, slip angle and lateral slip between
two porphyrin rings.

(a) 
(b)

LUMO

LUMO

HOMO
HOMO

-4.98 -5.31

-5.53
-5.76

∆E = 0.55 eV ∆E = 0.45 eV

Fig. 4. Energy diagrams and selected Kohn-Sham orbitals (top view) of
UB97D/SDD/LANL2DZ optimized geometry of (A) (A) AgOEP+

(B) (AgOEP+)2

To investigate the role of dispersion into the optimized
complexes, geometry optimization was also done using B3LYP
hybrid functional, which does not involve dispersion effects.
Although calculations show similar Ag-Npor distances as obser-
ved with UB97D, there are indeed large separation between
two rings as reflected in the MPS, slip angle, lateral slip and
Ag···Ag distances in AgOEP+ (Fig. 5). However, inclusion of
the dispersion correction by B97D causes both the rings to
come closer in AgOEP+ facilitating the Ag(III)···Ag(III) inter-
action.

For more accurate measurement of the extent of such
Ag(III)···Ag(III) interaction, AIM (atoms in molecules) analysis
was performed. The software DAMQT 2.1.0 was utilized for
the topographical analysis of B97D/LANL2DZ/SDD optimized

geometry of AgOEP+. Upon single point calculations employing
B97D/LANL2DZ/SDD level of theory, the electron density at
the bond critical point for the Ag(III)···Ag(III) is found to be
0.011 a.u. (Fig. 6). Wiberg indices are also calculated and the
bond order for Ag(III)···Ag(III) was found to be 0.008 which
also supports such interaction.
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Fig. 5. Optimized geometries of AgOEP+ at (a) UB97D/SDD/LANL2DZ,
(b) UB3LYP/SDD/LANL2DZ (H-atoms have been omitted for
clarity. [(a) average value, (b) average distance between the two
intramolecular least-squares planes of the C20N4 pophyrinato core.
(c) slip angle: average angle (θ) between the vector joining two
macrocyclic centers and the unit vectors normal to the two
macrocyclic C20N4 porphyrinato cores. (d) lateral shift: [sin(θ) ×
(Ct···Ct)]. (e) non-bonding distance]

Furthermore, the topological analysis of the electron density
within the framework of Bader’s theory (QTAIM method) was
also carried out [24-26]. To explore the Ag···Ag interactions
in silver porphyrin dimers. In the analysis, we have found bond
paths (BPs) and bond critical points (BCPs) between the two
Ag atoms in the atomic basins of electron density gradient
contour lines map and its Laplacian distribution ∇2ρ(r), bond
critical points (3, -1), bond paths, selected zero-flux surfaces
and electron localization function (ELF) map for the Ag···Ag
interactions are shown in Fig. 7. The presence of a unique bond
path with a bond critical point connecting two atoms is usually
invoked as one criterion of interacting atoms. Besides, the
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Fig. 6. (a) DAMQT 2.1.0 picture of AgOEP+
 showing bond critical point between two Ag(III)···Ag(III) atoms (B) orbital showing Ag···Ag

interaction in AgOEP+
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Fig. 7. QTAIM analysis of Ag···Ag interaction in AgOEP+: (a) shaded surface maps of electron localization function (ELF). (b) contour line
plots of the electron density ρ, (c) contour line plots of the Laplacian distribution of electron density ∇2ρ(r), the solid (red) and dashed
(blue) lines corresponds to positive and negative values of ∇2ρ(r) respectively and (c) shaded surface maps of electron localization
function (ELF). Bond paths are shown as green lines, selected zero-flux surfaces or interbasin paths as blue lines, bond critical points,
BCPs, (3, -1) are shown in blue. Values of the electron density ρ and Laplacian distribution ∇2ρ(r) at the BCBs present in between the
Ag atoms are given in atomic unit (a.u)

topological properties of the electron density and its Laplacian
distribution at the bond critical points have been related to the
nature of the interaction between atoms.

There are two factors which govern the Ag-Ag contacts
and should be responsible for the face-to-face arrangements
of the complex. (i) Ag(III)-Ag(III) interaction and (ii) π-π inter-
actions. Actually, two porphyrin rings of the dimmers should
be slipped rather than ideally eclipsed one which is assigned
as a geometric requirement of face-to-face π-π interaction
proposed by Scheidt et al. [27]. In present case, two porphyrin
rings are on the top of each other, which suggest that the Ag-
Ag interaction is compensating the repulsion caused by two
rings, mostly on top of each other in AgOEP+. The interaction
energy can be calculated by 2 × energy of monomer-energy
of dimer and it was found to be 55.34 Kcal/mol.

Conclusion

For an attractive π-π interaction the aromatic rings should
be slipped. Present investigation clearly demonstrates that
metallophilic attractive interactions do play an essential role
in bringing two porphyrin in AgOEP+ more cofacial as evident
by the short Ag(III)···Ag(III) distance. The observations are
further supported by the QTAIM Analysis, ELF studies, etc.
The Ag(III)···Ag(III) interaction further reflected reflected in
pink colour emission at low temperature.
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