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The Role of Aromaticity on the Building of Nanohybrid
Materials Functionalized with Metalated (Au(lll), Ag(lll),
Cu(lll)) Extended Porphyrins and Single-Walled Carbon
Nanohorns: A Theoretical Study

Jests Muniz,** Enrique Sansores, ™’ Alfredo Olea,”™ and Edgar Valenzuela

An ab initio, systematic study on the aromaticity involving the
group of metalated extended porphyrins, termed meso-
hexakis(pentafluorophenyl)-substituted[26]hexaphyrin(1.1.1.1.1.1)
(HP), was performed for the first time. The aromatic behavior
of the system shifted to antiaromatic in the [28]HP analogue,
due to the presence of hydrogen atoms that break the orbital
symmetry. The absorption bands observed in the experiment
were assigned to an intraligand charge transfer, where the
intrametallic character is also important. The excited states
reveal the absorption of visible light and the possibility of
electronic transfer to different systems. We propose a system
such as single-walled carbon nanohorns (SWCNHs), due

Introduction

Extended porphyrins, called hexaphyrins (HPs), are a new class
of conjugated pyrrolic macrocycles that has been the subject
of intense study due to their optical, electrochemical, and
coordination properties uncommon in porphyrins."’ Another
interesting property seen in expanded porphyrins is the aro-
maticity of the macrocycles, which is determined by the =
electrons in the conjugated circuit. These complexes have also
special annulene chemistry, that is, the number of 7 electrons
in the conjugated circuit usually determines the aromaticity of
the macrocycle. Expanded porphyrins show interesting proper-
ties depending on their structure, such as Mobius aromatic-
ity,>*! nonlinear optics,”* multimetal coordination,”® and
splitting reactions,”) among others. Knowledge of expanded
porphyrins has widely grown due to their accessibility.”! The
regular hexapyrrolic macrocycles have the privilege of confor-
mational flexibility, which provides, as a consequence, a great
variety of metal complexes with unique molecular structures
and electronic states.”’

The system under study is a representative of this group,
namely  the meso-hexakis(pentafluorophenyl)-substituted
[26]HP(1.1.1.1.1.1) 1 (Chart 1) and the derivatives obtained by
Au(lll), Ag(lll), and Cu(lll) metalation of the [26]JHP.I'” The system
synthesized by Mori and Osuka''® has a planar and rectangular
shape with an aromatic character and a 267 conjugated circuit.
The square planar geometry of the internal nitrogen and two f-
carbon atoms of the inverted pyrroles give it the property of an
effective acceptor of metals inside the cycle, as shown by Mori
and Osuka.'” Such metalation was performed with Au(lll),
Cu(lll), and Ag(lll) cations. The aromatic behavior reported in this
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to their special electronic properties, and predict a
novel nanohybrid material. The evidence of electronic
communication between both species is presented in this
work. The HP aromaticity and the spatial configuration of the
interaction with SWCNHs are also related to the strength of
electronic transfer among the systems, making the HP
metalated antiaromatic species and their corresponding
nanohybrids potential candidates to be used as building
blocks in photovoltaic cell materials. © 2012 Wiley Periodicals,
Inc.

DOI: 10.1002/qua.24121

group of extended porphyrins was dramatically altered, since an
antiaromatic character was observed when the system changed
from [26]HP to [28]HP, that is, with the addition of hydrogen
atoms at the upper and lower levels of the cycle. This set of
compounds present absorption bands located in the visible
region, which provides them with the capability of being used
as materials in photovoltaic cells. Analogous systems, such as
Hickel-aromatic N-confused [26]HPs have been theoretically
studied by Toganoh and Furuta" using density functional
theory (DFT) calculations. In this study, a comparison of the total
energies of 754 systems indicated that the most stable conform-
ers depend on the degree of confusion, where ring strain and
intermolecular hydrogen bonding would play a critical role. The
addition of N-confused pyrrole rings into the HP framework
yields smaller energy gaps, keeping nuclear independent chemi-
cal shift (NICS) values unchanged.

On the other hand, single-walled carbon nanohorns
(SWCNHs) are a type of carbon nanotube, first discovered by
lijima et al.">"3 in the CO ablation of carbon nanotubes, and
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Chart 1. a) Molecular structure of the system meso-hexakis(pentafluorophenyl)-substituted[26] HP(1.1.1.1.1.1) (1); b) Au(lll) metalated structure of [26]

HP(1.1.1.1.1.1) (2); ¢) My(Ill) metalated structure of [26] HP(1.1.1.1.1.1), with M = Au (compound 3), M = Ag (compound 6), M

Cu (Compound 7); d) Au(lll)

metalated structure of [28] HP(1.1.1.1.1.1) (4); e) Au,(lll) metalated structure of [28] HP(1.1.1.1.1.1) (5).

represent an alternative topology of carbonaceous materials.
SWCNHs present a conical-shape geometry that gives them
special physical and chemical properties that differ from those
reported on carbon nanotubes, with a wide range of applica-
tions in nanoscience, for example, clean energy technologies
as an energy storage device"*' in drug delivery applica-
tions,!'® as efficient carriers of adsorbed methane,'”'® as cat-
alyst supports, and in magnetic resonance analysis, electro-
chemistry, biosensing applications, photoelectrochemical cells,
photodynamic therapy, and photovoltaics, among others.
SWCNHs are pure and metal-free, making them harmless to
the environment” and requiring no purification. SWCNHs
paste electrodes have been used for the amperometric deter-
mination of concentrated hydrogen peroxide, showing that

@WILEY i@ ONLINE LIBRARY

SWCNH paste electrodes and edge plane graphite electrodes
are interesting alternatives to high surface area platinum elec-
trodes for the determination of concentrated hydrogen perox-
ide.”% SWCNHs have also been used as a fluorescent sensing
platform to detect nucleic acids.*"!

Further, the electronic states of SWCNHs have also been
studied®” by tight-binding calculations. It was shown that the
pentagon at the center of the cone is the most favorable loca-
tion for emitting tunneling electrons in the presence of an
external field. This indicates that SWCNH assemblies might be
used as highly localized sources of electrons for tin-plating at
a small lithographic scale. Calculations performed by DFT/
B3LYP[23] the semiempirical Austin model AM1[24] and the
our own n-layered integrated molecular orbital and molecular
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mechanics[25-27] methods show that greater binding energy
and reactivity of SWCNH is associated with carbon atoms
located near the conical tip of the SWCNH.[28] The tip of a
SWCNH is a conic carbon cluster that corresponds to a struc-
ture with 5-fold symmetry formed from a two-dimensional gra-
phene sheet due to a 19° inclination defect. The arrangement
of carbon atoms at the apex of a conical SWCN tip is analo-
gous to the fullerene hemisphere at the end of an encapsu-
lated carbon nanotube.”?’ The latter topological model has
been used in the present work to build a full 114 C-atom
SWCNH model.

Recently, it was found that SWCNHs are excellent candidates
to be used as novel materials in renewable energy applica-
tions.*” It has been shown that electron transfer is present
between a SWCNH and the porphyrin a-5-(2-aminophenyl)-a-
15(2nitrophenyl)-10,20-bis(2,4,6-trimethylphenyl)-porphyrin
(H,P). The evidence of electron and energy transfer is accom-
plished from the H,P system to the SWCNH. It has also been
shown that electron transfer from a porphyrin system, namely
5,10,15,20-tetrakis(2,4,6-trimethylphenyl)-6’-carboxylquinoxalino
[2,3-b'lquinoxalino[12,13-b'lporphyrinatozinc(ll) (ZnPBQ) to the
conduction band of a TiO, surface is yielded.®"

These results position porphyrin systems as potential candi-
dates to be used as materials for solar cells. In this respect, so-
lar energy is an alternative to fossil or nuclear energy supplies,
and will play an important role in safety and sustainability by
covering rising energy demands in the near future.?>*¥ The
current cost of electricity from commercial silicon-based solar
cells is 10 times higher than that of utility-scale power genera-
tion.* The traditional inorganic photovoltaic materials pres-
ent complicated and energy-intensive manufacturing proc-
esses, leading expensive production costs. On the other hand,
they contain hazardous elements and the devices are heavy,
bulky, rigid, and fragile. As a consequence, carbon-based solar
cells have emerged as an alternative to this commercial
technology.>3¢

In particular, organic photovoltaics (OPV) belong to this
group, comprising crystalline small molecule approaches,®"3
certain dye-sensitized Grétel cells,”*” and amorphous polymers
(plastics).*" OPVs are of great relevance due to their promis-
ing low cost and high-volume production.*? Furthermore,
OPVs are lightweight® and can also take virtually any
shape.* All these features make OPVs excellent candidates
for harvesting solar energy.”” As a consequence, the Equinox
Summit International Committee has suggested the use of
OPVs for the basic electrification of 2.5 billion people in rural
areas without access to the power grid. Taking the latter into
account, the search for new organic photovoltaic materials is
an important issue to be addressed.

We propose the systems under study in this work as a
potential candidate to be used in OPV applications. The use of
metalized extended porphyrins with SWCNHs in applications
of electron transfer has not been achieved so far, and no theo-
retical studies are available on the electronic structure of such
nanohybrid materials. The aim of this work is to theoretically
understand the aromaticity of metalated extended porphyrins
and the electron transfer mechanisms behind the interaction

International Journal of Quantum Chemistry 2013, 113, 1034-1046

with SWCNHs. The results of this study may aid in the design
new nanohybrid materials to be used in clean-energy
applications.

Computational Methods

Full geometry optimizations were performed with DFT at the
B3LYP™>¥! |evel for the extended porphyrins and SWCNH model.
The B3LYP functional combines the exact Hartree-Fock
exchange with the Lee, Yang, and Parr correlation functional
that includes the most important correlation effects. The Stutt-
gart small core pseudorelativistic effective core potentials
(ECPs)™ ¢! with 19 valence electrons were employed for Au, Ag
and Cu. The ECPs were used with the valence triple-f plus one
polarization type; that is, the basis set TZVP, which is an opti-
mized contracted Gaussian basis set for Au, Ag, and Cu, calcu-
lated with the same methodology as those of the basis com-
puted by Schifer et al™” For the nonmetallic atoms, the 6-
31G++(2d2fp) basis set was used.***? To study the energy
interactions among extended porphyrins and a SWCNH, basis
set superposition error calculations were performed in accord-
ance with the counterpoise methodology developed by Boys
and Bernardi®® using a density functional that includes disper-
sion effects, the B97D Grimme’s functional,”"’ based on Becke's
power series ansatz®? and parameterized by including
damped atom-pairwise dispersion corrections of the form Cg -
RS, where Cg are the consistent atomic parameters and R the
intermolecular distance. The interaction energy was calculated
according to Eq. (1):

V(R) = Exg(R) — Ex°(R) — E5°(R) U

where the lower index refers to the system considered, while
the upper index refers to the basis set used. System A refers
to the set of HPs under study, while B corresponds to the
SWCNH. The excited state calculations were performed using
the time-dependent DFT computational methodology (TD-
DFT),”® at the MO6-HF level,®™ since B3LYP has failed to
describe charge transfer interactions.”™ To model the com-
pounds in solution, TD-DFT calculations were carried out with
the isodensity Tomasi's polarized continuous model®® in
CH,Cl,. Orbital populations were obtained according to the
NBO method.””! The aromaticity calculations were performed
according to the NICS methodology developed by Schleyer
et al,”® where a ‘ghost” atom is located about the aromatic
cycle to quantify the magnetic shielding coming from the dia-
tropic currents 3 produced in the system. All computations
were carried out using the GAUSSIANO9 code.>”!

Results and Discussion
Structural description

Compound 1 and its derivatives were fully optimized by the
method described in the Computational Details section. All opti-
mized structures are shown in Figure 1. After geometry optimi-
zation, compound 1 presents a planar geometry with slight
deviations near the center of the ring. The spatial representation
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HOMO

Figure 1. Optimized molecular structures of the systems under study: a)-e) represent complexes 1-5, respec-
tively. The lateral views depict the spatial representation of the frontier MOs HOMO and LUMO. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of the frontier molecular orbitals (MOs) is also shown in Figure
1a; the highest occupied molecular orbital (HOMO) is composed
of n-orbitals located on the C and N atoms at the ring. The low-
est unoccupied molecular orbital (LUMO) has a contribution of
n-orbitals on the center of the ring. Complex 2, which has an Au
atom located close to the center of the molecule, presents a

@WILEY i@ ONLINE LIBRARY

twisted structure with a slight devi-
ation from the plane, as can be
seen from the view perspective in
Figure 1b (the pentafluorophenyl
substituents are omitted for clarity
in this configuration). The HOMO
for this complex has a similar con-
tribution to that of compound 1
and, in this case, a contribution
from the Au p orbitals is also pres-
ent. The contribution from the
LUMO is similar to that of com-
pound 1. The twisted structure
reported in system 2 may be attrib-
uted to the strength of the Au—C
bonds (~200 pm), which consider-
ably comprises half of the ring and
deviates it from the plane. This can
also be corroborated from the fron-
tier MOs depicted in Figure 1b,
denoting a large amount of charge
located in the region of Au—C
bonding.

The presence of a second Au
atom in complex 3 changes the ge-
ometry of the molecule from a
twisted to a bent structure, as can
be observed from the lateral view
in Figure 1c, which is in clear agree-
ment with the results found by
experiment."% In this complex, the
Au p orbitals contribute to the
HOMO, while for the LUMO, the
contributions are located on the N
atoms. A comparison of the struc-
tural parameters found experimen-
tally and by the present theoretical
method is reported in Table 1,
where bond distances and angles
are included. The same behavior
observed in complex 2 is present in
complex 3, that is, a large amount
of orbital population is allocated
around the metal centers (as
observed from the frontier MOs),
providing as a consequence a bend
along the plane of the HP.

Geometry optimizations of com-
plexes 4 and 5, the metalated
derivatives of complexes 2 and 3,
respectively, were also carried out.
The theoretical results for these compounds are in reasonable
agreement with those found by experiment, as can be seen
from Table 1. The HOMO of complex 4 is mainly located at the
center of the ring, as can be seen from Figure 1d, while the
LUMO is mainly located on the C atoms around the ring. Com-
plex 5 shows a similar pattern on the frontier MOs to that of

LUMO
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Table 1. Structural parameters of the complexes under study.
Angle Angle
Experimental Theory Bond (deg.) (deg.)
Bond (A) (A) angle experiment theory
Bond lengths and angles for complex 1
N1—C5 1.37 1.42 C7—N3—C8 105.23 104.06
N2—C9 1.38 1.42 C9—C15—N6 127.00 130.09
C5—C6 1.41 143 C11—N4—C12 107.74 104.19
co—C10 1.38 143 C12—C13—C14 127.46 129.58
N3—C7 1.38 140 C13—C14—N5 126.65 130.28
Bond lengths and angles for complex 2
Aul—C1 1.98 2.03 C1—Au1—C2 91.44 91.82
Aul1—C2 2.01 2.03 NT1—Au1—N2 88.88 88.67
Aul—N1 2.08 2.13 C5—N1—Aul 126.72 126.11
Aul1—N2 2.08 213 C7—C2—Aul 124.16 122.82
N1—C5 1.37 1.38 N2—Au1—C1 90.73 90.37
Bond lengths and angles for complex 3
Aul—Au2 4.22 4.21 C1—Au1—C2 88.57 89.74
Au2—C3 2.04 2.03 N1—Au1—N2 86.54 86.30
Au2—C4 2.02 2.03 C3—Au2—C4 88.98 89.74
Au2—N5 2.1 2.14 N6—Au2—N5 87.02 86.30
Au2—N6 2.10 2.14 C5—N1—Aul 126.28 125.58
Bond lengths and angles for complex 4
Aul—C1 1.98 2.02 C1—Au1—C2 91.44 91.98
Au1—C2 2.01 2.02 NT1—Au1—N2 88.88 89.07
Aul—N1 2.08 2.11 C5—N1—Aul 126.72 125.65
Aul1—N2 2.08 2.11 C7—C2—Aul 124.16 122.62
N1—C5 1.37 1.40 N2—Au1—C1 90.73 90.40
Bond lengths and angles for complex 5
Aul—Au2 4.22 4.26 C1—Au1—C2 88.57 89.48
Au2—C3 2.04 2.03 N1—Au1—N2 86.54 85.92
Au2—C4 2.02 2.03 C3—Au2—C4 88.98 89.48
Au2—N5 2.1 213 N6—Au2—N5 87.02 85.92
Au2—N6 2.10 2.12 C5—N1—Aul 126.28 125.32
Bond lengths and angles for complex 6
Agl—Ag1 - 432 Cl—Ag1—C2 - 87.3
Ag1—C3 - 206 N1—Ag1—N2 - 86.4
Ag1—C4 - 206 C3—Ag2—C4 - 87.3
Ag1—N5 - 2.14 N6—Ag2—N5 - 86.4
Ag1—N6 - 214 C5—N1—Ag1 - 127.2
Bond lengths and angles for complex 7
Cul—Cu2 - 4.20 C1—Cu1—C2 - 81.0
Cul—C3 - 1.94 N1—Cu1—N2 - 89.2
Cul—C4 - 1.94 C3—Cu2—C4 - 81.0
Cul—N5 - 1.98 N6—Cu2—N5 - 89.2
Cu1—N6 - 1.97 C5—N1—Cul - 126.8

4, as is depicted in Figure Te. The characteristic planarity
observed in complexes 2-5 is due to the presence of the gold
atoms, as can be inferred from the optimized geometry for
compound 1, where no gold atoms are present. The planarity
of the complex is a consequence of the stabilization in the

Table 2. Total electronic energies of the systems under study.

System Energy (hartrees)

1 —5845.2128

2 —5978.9981

3 —6112.6731

4 —5980.2721
—6113.9477

6 —6133.1968

7™ —6234.0295

[a] Ag, metallated HP. [b] Cu, metallated HP.
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energy due to the attachment of Au atoms at the extended
porphyrin, as reported in Table 2. The structural difference in
complexes 4 and 5 is the attachment of the hydrogen atoms
to the upper and lower pyrrole groups on the HP. The geome-
try is essentially the same than those in complexes 2 and 3,
but the shape of the frontier MOs is altered; the interacting =
orbitals break the symmetry and populate the region of the
central pyrroles, while the electronic population on the metal-
lic centers is substantially reduced with only slight contribu-
tions coming from the Au d,, orbitals.

Aromatic character

To understand the aromatic properties of the compounds under
study, NICS calculations were performed in complexes 1-5.
These results are summarized in Table 3. In compound 1, the

Table 3. NICS values located at different geometrical centers.

Compound® 1 2 3 4 5 6 7
NICST (ppm)  —11.77

NICS2 (ppm) —14.89 —1233 —10.16 1874 3441 -949 —854
NICS3 (ppm) —11.97 —11.94 21.55

[a] NICS1 is at the left side of the geometrical center of the ring, NICS2
is at the geometrical center of the ring and NICS3 is at the left side of
the center of the ring. See Chart 1a for reference.

ghost atoms were aligned to the center of the ring (see Chart 1
for more details). According to the NICS values, compound 1
appears to be strongly aromatic. In the case of complex 2, the
ghost atoms were located at a region far from the gold atoms
and aromatic behavior is also observed. In the case of complex
3, a ghost atom was located at the center of the ring on the in-
termediate zone between the gold atoms (Chart 1). As can be
seen from Table 3, complex 3 reveals strong aromaticity at this
location. Complexes 4 and 5 show strong antiaromaticity that
can be inferred from the hydrogen atoms attached to the N
atoms on the upper and lower sides of the molecules, that is,
the [28]HP configuration. This striking result is in agreement
with the experiment performed by Mori and Osuka,'® where
the antiaromatic behavior in porphyrins was reported for the
first time. Such character is uncommon in extended porphyrins.
The protonation on complexes 4 and 5 alters the distribution of
7 orbitals around the cycle (see the HOMOs depicted in Figs.
1d and 1e), and consequently alters the nature of the existing
diatropic currents, giving the system the observed antiaromatic
character. The attachment of H atoms at the pyrrole group
shifts the nature of the complex from aromatic to antiaromatic.
The latter can be understood from the analysis of the frontier
MOs depicted in Figure 1: compound 2 presents a 26w conju-
gated circuit, observed in the spatial distribution of the HOMO,
while at complex 4, the addition of the H atoms changes the
symmetry and yields four bonding m-orbitals.

The presence of n electrons at the center of the ring breaks
the circulation of electronic currents caused by the 26=
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electrons, and gives rise to the antiaromatic behavior reported
with the NMR shielding results, calculated using the NICS
methodology. As has already been reported, the metalation of
two Au atoms (complex 3) at the central side of the ring
bends the structure of the HP and stabilizes the overall energy.
Energy stabilization rectifies the twisting, bringing the molecu-
lar structure of the HP to a flat, bent geometry computed with
our calculations, in excellent agreement with experiment.'”
The stability in system 3 with respect to 2 is also correlated
with the aromatic character, since the NICS value for 3 is larger
than that of 2 (Table 3). This is in agreement with the work by
Toganoh and Furuta,""" where a correlation between the rela-
tive energies of N-confused HPs and their NICS values was
found. As is reported in Table 2, the HP tends to be stabilized
when the addition of Au atoms is supplied; consequently, the
total energy is also decreased. This is also in accordance with
results given by Toganoh and Furuta.'"! A correlation between
the number of intramolecular hydrogen bonds (N...H) and the
relative energies in N-confused HPs was established. In the
present work, system 3 presents two additional Au...H intra-
molecular hydrogen bonds, providing, as a consequence, stabi-
lization of the overall energy. A minimum occurs in compound
3, where the NICS values are the greatest among the aromatic
Au series of HPs.

In the case of compound 2, where the metalation of an Au
atom is achieved, the overall aromatic behavior is significantly
reduced (Table 3). The latter suggests a correlation between
the stability of the species and the aromatic character, which
is representative of the aromatic compounds®®®" and is in
agreement with the results by Toganoh and Furuta.l'"”

The increase in the NICS value in complex 3 might be attrib-
uted to the presence of dxz orbitals coming from the Au
atoms; that is, the d orbitals supply electrons to the internal
electronic currents on the plane of the HP, quantified by
magnetic shielding measurements. This behavior has been
reported on trinuclear Au(l) atoms and extended systems!''%?
where the d-d interaction plays an important role in aromatic-
ity. The complexes under study maintain a n-character in the
aromaticity, but the presence of a J-character cannot be
neglected.

On the other hand, when Ag and Cu atoms are attached
around the center of the cycle, we observe an analogous aro-
matic character to that of complex 3 (Table 3). That is, HP 6,
metalated with two Ag(lll) cations, represents the analogue sys-
tem 3 and exhibits similar NICS values to those of the dinuclear
Au system. The frontier MOs of the analogue Au HP are equiva-
lent to this system (see Fig. 1c for comparison), with the pres-
ence of d,, orbitals at the Ag atoms, suggesting the presence of
J-aromaticity reported in system 3; consequently, the d electrons
in the circuit increase the aromatic character and stabilize the
energy. The Cu metalated HP (complex 7) reports an analogous
aromaticity to that of complex 2; the NICS value of this com-
pound is reduced due to the smaller population found for the
d-electrons according to the spatial representation of the frontier
MOs.

As already stated, a shift in aromaticity is present on the
change from [26]HP to [28]HP, when hydrogenation takes
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place. The natural charges remain virtually unchanged along
the aromatic cycles for complexes 2 and 4, and the attach-
ment of H atoms at the pyrrole groups gives a new configura-
tion to the spatial distribution on the frontier MOs, that is, the
presence of bonding m-orbitals at the geometrical center of
the HP and the absence of d-orbitals break the current flow,
leading to the antiaromatic character calculated for compound
4. The same tendency is also reported for HPs 3 and 5: the
current flow is altered in complex 5, no d-electrons are
involved and antiaromaticity is the ruling character.

Excited states

The absorption bands were modeled in accordance with the
TD-DFT methodology. It is known that TD-DFT yields errors for
the excitation energies of charge transfer excited states when
combined with standard exchange-correlation functionals,
such as B3LYP?® Besides, the correct 1/R asymptotic behavior
of charge transfer states with respect to R between the sepa-
rated charges of the charge transfer state is not reproduced
by TD-DFT using such functionals. Many density functionals
are unable to treat the polarizability of conjugated systems™®>!
and thus they fail for the ground-state energy of systems,
such as protonated polyenes.®” This failure may be due to an
incorrect long-range behavior of the effective potentials gener-
ated by the density functionals widely used because of their
accuracy for broad areas of other thermochemical predictions.
This incorrect long-range behavior comes from a self-interac-
tion error in local DFT exchange functionals. The breakdown
for systems with medium-range electron-—electron coupling
can be attenuated using an improved functional.®® Conse-
quently, we used the functional M06-HF,”* with full Hartree—
Fock exchange, eliminating self-exchange interactions at long
range. This functional has given good performance in TD-DFT
calculations of charge transfer states, and it also satisfies the
uniform electron gas limit, giving, on average, better results
than the B3LYP functional.>¥!

For the systems under study, the absorption band maxima
are centered beyond 500 nm with high oscillator strengths,
indicating no luminescent character. The absorption profiles
computed for complexes 1-7 are presented in Table 4, and
may be associated with the absorption bands located in the

Table 4. Excited state calculation in accordance to TD-DFT
methodology.
Energy Wavelength Oscillator

System Multiplicity (eV) (nm) strength
Aromatic compounds

1 Singlet 205 6034 (5502  0.8501

2 (1 Au atom) Singlet 1.98 625.8 (610)" 0.2228

3 (2 Au atoms) Singlet 1.97 630.1 (680)" 0.4493

6 (2 Ag atoms) Singlet 1.79 691.0 0.3031

7 (2 Cu atoms) Singlet 1.81 683.1 0.0918
Antiaromatic compounds

4 (1 Au atom) Singlet 2.19 566.7 (500)! 0.0102

5 (2 Au atoms) Singlet 1.96 630.8 (530)! 0.0467
[a] Experimental data are given in parenthesis from Ref. [10].
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LUMO +1

LUMO +1

HOMO

Figure 2. Single electron transitions of the absorption bands with the largest |Cl—coefficients|. The transitions a)-d) refer to Systems 1-4. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

experiment. The Soret-like behavior found in the experiment is
also present in the current series of calculations; that is, the ar-
omatic HPs 1-3 and 6 have a high oscillator strength, which
may be related to a high molar absorptivity, as was found in
Mori’s experiment. On the other hand, the antiaromatic HPs 4
and 5 present a low oscillator strength, which may also be
assigned to a low molar absorptivity, as is actually reported in
experiment (Table 4).

To understand the nature of the excited states involved in
the absorption bands, the transitions with the largest Cl-coeffi-
cients are presented in Figure 2. The most probable set of
MOs where a one-electron transition may take place are pre-
sented. These results are also summarized in Table 4. The
absorption band in compound 1 was located at 603.4 nm and
the transition is depicted in Figure 2a, which can be assigned
to the 550 nm band observed experimentally. The transition is
triggered from the HOMO to the LUMO+1. The spatial repre-
sentation of the HOMO is composed of 7 orbitals located
around the aromatic cycle as depicted in Figure 2a, while the
LUMO+1 is a virtual orbital where no electrons reside; never-
theless, it gives a picture of the most probable sites where the
electron would be transferred to after it is excited. It was

International Journal of Quantum Chemistry 2013, 113, 1034-1046

found that the 7= orbitals were unaltered, indicating that the
absorption band originated from a charge transfer around the
aromatic cycle of the HP.

Complex 2 presents an experimental absorption band
located at 610 nm,""® which may be assigned to the 625.8 nm
band computed with the TD-DFT methodology. The MOs
involved in the transition are depicted in Figure 2b. In this
case, the electronic transition comes from the HOMO-1 to the
LUMO+1. The first MO is mainly composed of n orbitals
around the cycle with a d2 mixture allocated at the Au atom
on the periphery of the HP, while at the LUMO+1, no contri-
bution is found on the Au atom. As a consequence, it appears
that the electronic transition giving rise to the absorption
band found experimentally for complex 2 corresponds to a
metal to ligand charge transfer interaction, where the intrali-
gand (IL) character is also important.

Complex 4 represents the antiaromatic analogue of complex
2. The absorption band was assigned to the one-electron tran-
sition located at 567 nm with an oscillator strength of 0.0102,
which corresponds to the 500 nm experimental band.'® As
depicted in Figure 2d, the transition with the largest Cl coeffi-
cient is a higher energy process starting at the HOMO and
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Figure 3. Single electron transitions of the absorption bands with the largest |Cl—coefficients|. The transitions a)-c) refer to Systems 5-7. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

going to the LUMO+3. The = orbitals involved in this process
are allocated to the HP cyclic ring. Nevertheless, the absorp-
tion mechanism in this case appears to be ruled by a charge
transfer from the = orbitals of the aromatic ring at the HOMO
to the Au d, orbital of the LUMO+-3, with the characteristic IL
character reported in the analogue complex 2, which is also
extended to the pentafluorophenyl substituents attached to
the cycle.

Complex 3 presents an absorption band observed experimen-
tally at 680 nm, which can be associated with the computed
transition at 630 nm (Fig. 1c), with an oscillator strength of
0.449. According to the excitation (HOMO — LUMO-+1), the d-
aromatic character of the HP is mainly responsible for the elec-
tron transfer, that is, the electronic charge allocated on the d,,
orbitals at the Au atoms on the HOMO are triggered to the
same Au d,, on the LUMO-3, while the contribution from the
7 orbitals cannot be neglected. As a consequence, the transition
involved may be addressed to a metal centered charge transfer.

The metalated Au, antiaromatic analogue is presented in
Figure 3a. The absorption band calculated for this excitation is
located at 631 nm, presenting a shift with regard to the exper-
imental band of about 100 nm. It may be due to the small

@WILEY i@ ONLINE LIBRARY

molar absorptivity & (~10° M~" cm™"), which is 150% smaller
than those excitations with the largest ¢ coefficients. The oscil-
lator strength of this interaction is very small (0.0102) as well,
in accordance with the reported experimental value. As
depicted in Figure 3a, it was found that the transition is mainly
ruled by an IL charge transfer from the hybrid sp orbitals allo-
cated to the HP pyrrole groups to the 7 orbitals on the same
ligands. A slight contribution from the HOMO-1 Au d,, orbitals
to the Au d,, on the LUMO is also present, that is, the intrame-
tallic character of the interaction in this system is relevant only
to a small extent.

The absorption band of the metalized Ag, HP has not been
obtained experimentally. In this study, we predict the elec-
tronic nature for the interactions involved in the possible
absorption band: the interaction with the greatest oscillator
strength is a low-lying transition located at 690 nm. The transi-
tion comes from the HOMO to the LUMO+1. The n—n* interac-
tion has an analogue character to that of the Au species, and
the intrametallic d,,—7* character also has an important contri-
bution on the absorption band (Fig. 3b).

The low-energy absorption band calculated for the aromatic
metalated Cu, HP is centered at 683 nm. In this case, a n-7*

International Journal of Quantum Chemistry 2013, 113, 1034-1046

1041


http://q-chem.org/
http://onlinelibrary.wiley.com/

1042

Figure 4. Molecular representation of the model systems used to study the intermolecular interactions among SWCNHs and HPs species: a) face-to-face
arrangement; b) lateral wall interaction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

transition was found coming from the HOMO-1 to the
LUMO-+1. Nevertheless, as depicted in Figure 3¢, a ligand to
metal charge transfer contribution is also present.

HPs and SWCNH intermolecular interactions

The available properties of electronic communication among
the group of HPs and a SWCNH were also studied. To correlate
the interaction energies with the capabilities of electron trans-
fer between the SWCNH and the HP, two basic molecular mod-
els were suggested. The potential energy surface was scanned
according to Eqg. (1) to find an interaction between the
extended porphyrin and the SWCNH. In the first model,
depicted in Figure 4a, both systems interact through the tip of
the SWCNH and one of the pyrrole groups at the HP. This site
was chosen as a weaker steric repulsion would be found, due

0.6 T

CNH head to Hexaphyrin AE(B97D) ~---===-
05 i

04 |
03
02

01 F

V(R)/a.u.

0F & .
0.1 f -~ 4

-

02 r ’*
Py s R

320 400 500 600
R /pm

Figure 5. Potential energy curve V(R) for the face-to-face arrangement:
Compound 1 + SWCNH nanohybrid system. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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to the small electronic population found at the frontier MOs
(Fig. 1). In the second model, the HP is set adjacent to the
SWCNH wall, as presented in Figure 4b. The distances consid-
ered in the interaction were taken from a small distance (~300
pm) to larger distances, where the presence of electronic com-
munication would be virtually absent (>600 pm).

The interaction energy curve representing the face-to-face
arrangement of system 1 and the SWCNH is shown in Figure
5. A fully repulsive interaction was observed. At short distan-
ces, no binding is reported, and at longer distances, the inter-
action between the two units is completely lost. In the second
arrangement (Fig. 6), where the HP interacts with the SWCNH
wall, the opposite behavior was observed, that is, at short dis-
tances, a high energy is obtained, while for large distances the
energy remains constant. A shallow minimum is observed,
located at about 410 nm.

\ CNH lateral wall to Hexaphyrin AE(BOTD) ~----—-
04} _‘1_ 1
03F % 1
- \
L] [
= o2} 3 i
€ PR
s \ SRR
P
01t G > g
ol ‘-\._‘-' -
s e S i s ¥
300 400 500 600

R /pm

Figure 6. Potential energy curve V(R) for the lateral arrangement: Com-
pound 1 + SWCNH nanohybrid system. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Potential energy curve V(R) for the face-to-face arrangement:

complex 3 + SWCNH nanohybrid system. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

The aromatic Au, HP (system 3) was also studied at the two
geometrical arrangements described above. In the face-to-face
arrangement, a clear minimum was found located at 430 nm,
indicating that an intermolecular interaction is present between
the metalated HP and the SWCNH, as is presented in Figure 7.
This result reveals that the presence of the Au atoms at the aro-
matic cycle is responsible for the weak chemical bonding. As no
ligand has been considered in this model, the bonding may be
assigned to dispersive interactions described in an approximate
fashion by the B97D Grimmes' functional.[50] The interaction
from the HP at the SWCNH walls has also been characterized
by potential energy scanning, and the calculations are summar-
ized in Figure 8: a shallow minimum is also found, but a repul-
sive nature at long distances rules the nature of the interaction.

The Au, antiaromatic HP (system 5) was also studied with
the model. A minimum in the face-to-face configuration was
found and presented in Figure 9, the equilibrium energy is
slightly increased and the bonding distance is decreased to
350 pm, yielding a strong interaction between the HP and the
SWCNH. The ionic nature of the attraction might be another
mechanism behind the interaction, as no ligand is considered

- ; ;
CNH lateral wall to Au aromatic hexaphyrin AE(B97D) —=======*
|
i
08 | '{x o
Y
4 %
2 06} 1
—_ 3
=] \
- 04 5 1
*
"\
02 f + ]
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ot o, 4
i e e e A
300 400 500 600
R /pm

Figure 8. Potential energy curve V(R) for the lateral arrangement: complex
3 + SWCNH nanohybrid system. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Potential energy curve V(R) for the face-to-face arrangement:
complex 5 + SWCNH nanohybrid system. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

to bridge both systems. Besides, the new aromatic and antiar-
omatic character coming from the presence of the Au atoms
at the cycle of the HP modifies the electronic structure of the
system with respect to the first case.

The weak attraction may be understood from the elec-
tronic charge distributed at the equilibrium geometry
reported in the corresponding graphs. An NBO calculation
was performed (Table 5)

at those geometries and a

Table 5. NBO partial charges on the nanohybrid system CHN +
extended porphyrin. All systems refer to the face-to-face arrangement.

System CNH Extended porphyrin
CNH + HP(3) —0.00253 0.00253
CNH + HP(5) —0.00974 0.00974
CNH + HP(7) —0.01012 0.01012

HP stands for Hexaphyrin.

[SWCNH][HP]" configuration was found for both the Au, ar-
omatic and antiaromatic species. Consequently, the bonding
found by the interaction energies analysis also presents an

T : ’
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Figure 10. Potential energy curve V(R) for the lateral arrangement: com-
plex 5 + SWCNH nanohybrid system. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Potential energy curve V(R) for the face-to-face arrangement:
complex 7 + SWCNH nanohybrid system. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Potential energy curve V(R) for the lateral arrangement: com-
plex 7 + SWCNH nanohybrid system. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

ionic nature. Furthermore, the presence of a ligand connect-
ing the HP and the SWCNH would only increase the attrac-
tion, but the possibility of electronic communication among

HOMO

HOMO -1

these species would mainly be ruled by the electrostatic
contribution.

The interaction of system 5 with the SWCNH lateral walls is
reported in Figure 10, and a merely repulsive interaction was
found for this arrangement. The latter is consistent with previ-
ous results,®™ where attraction is virtually absent at the tip of
the HP.

The same analysis was also applied to the aromatic Cu,
complex (system 7) to compare the behavior shown for the
Au HP analogues. As shown in Figure 11, an equilibrium con-
figuration was located at about 425 nm (R,) in the face-to-face
configuration. At short distances, large repulsion energy was
clearly identified, which may be due to the large steric repul-
sion. At long distances, the interaction is virtually lost, as
would be expected from the behavior observed in the com-
plexes under study.

The interaction between the SWCNH walls and the HP
presents a clear repulsive character at the second configura-
tion (Fig. 12), where no interaction was found at the lateral
arrangement, indicating that no chemical bonding would be
seen in the experiment with this geometrical configuration.
This tendency is also consistent with previous results,®>! where
an intermolecular interaction with molecular systems has only
been reported at the SWCNH tip.

According to the latter calculations, extended porphyrin 1 is
not a good candidate for use in nanohybrid materials. Never-
theless, once the species is metalated with Au or Cu atoms, a
dramatic change is observed, as electronic communication at a
distance of 350 pm and 425 pm for the Au, and Cu, HPs,
respectively, was found. The construction of nanohybrid mate-
rials with Au and Cu metalated extended porphyrins and
SWCNHs may represent excellent candidates to be used as
building blocks in solar cell materials, due to the facile elec-
tron communication among the species.

The experimentally observed absorption bands clearly indi-
cate the absorption of energy in the visible region, which acti-
vates the electronic population on the HP; it may conse-
quently be transferred to structures such as the SWCNHs
reported in this work.

HOMO - 2

Figure 13. Spatial representation of the occupied frontier MOs of the 114-C atom SWCNH model system. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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This analysis clearly reveals an electrostatic interaction
(dipole or higher order attraction) among the HP species and
the SWCNH. A further analysis to this statement may be veri-
fied from the orbital energies of the HP and SWCNH. Consider-
ing the Au, aromatic HP (Fig. 1¢), its LUMO energy is —0.1666
hartrees, which is comparable to the SWCNH HOMO energy of
—0.1487 hartrees, addressing the availability of electronic inter-
communication in the nanohybrid compound.

On the other hand, the Au, antiaromatic compound 5
presents a LUMO energy of —0.1469 hartrees, which is basi-
cally the same than that of the SWCNH HOMO. This explains
the stronger interaction found in this case, and it also explains
the shortening of the equilibrium distance with regard to the
aromatic analogue. The shift from aromatic to antiaromatic
character after protonation of compound 3 stabilizes the or-
bital energy and consequently represents a good candidate
for photovoltaic applications. This behavior is also observed in
the Cu, species, where the HOMO is located at —0.1647 har-
trees. In this case, a longer equilibrium distance of ~400 nm is
reported (Fig. 11). This may be due to the large energy differ-
ence between the LUMO of the Cu, HP and the SWCNH
HOMO energy (10 kcal/mol).

Compound 1, with no metal attached to it, has a fully repul-
sive interaction. It can be explained from the spatial distribu-
tion of the LUMO, as seen in Figure 1a, where no contribution
is found at the center of the ring. That contribution strictly
appears when the metalation takes place. The LUMO contribu-
tion at the center of the ring gives a favorable region for elec-
tronic interaction with the SWCNHs. In particular, as has been
shown, the face-to-face configuration is the most favorable
geometrical arrangement to achieve a chemical interaction in
the three cases presented in this work. This may be due to the
spatial distribution of the highest occupied MOs at the
SWCNHs, that is, the HOMO has no electronic population at
the top of the structures, as depicted in Figure 13, but the
HOMO-1 and HOMO-2 are particularly populated at the top of
the structure, increasing the probability of interaction with the
set of HPs.

Conclusions

The nature of the aromatic and antiaromatic behavior of a
group of metalated HPs has been studied. The geometrical
structure of such systems is intimately related to the magni-
tude of the NICS values that dictate the strength of the aroma-
ticity. The 6-bonding present on the cycle of the metalated HP
also plays a role in the aromatic character and rules the intra-
metallic character in the one-electron transitions involved in
the excited states that give rise to the experimentally observed
absorption bands. It is proposed that this group of systems
may aid in building a nanohybrid material composed of a
metalated HP and a SWCNH. The best site to induce an inter-
molecular interaction would be where the HP meets the
SWCNH at its tip. In this way, proof of an intermolecular attrac-
tion was found and electronic communication between both
species would be expected. This property is associated with
materials that may be used as building blocks on photovoltaic

@WILEY i@ ONLINE LIBRARY

cells due to electronic transport. These results may motivate
further syntheses and detailed experimental studies of such
nanohybrid systems.

Keywords: density functional theory - nanohybrid materials -
aromaticity - electronic transfer - excited states
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