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Recent studies have shown that fullerenes and porphyrins or
metalloporphyrins form supramolecular host-guest complexes, of
which the majority contain closest contacts between one of the
electron-rich 6:6 bonds of the guest fullerene and the geometric
center of the host porphyrin or metalloporphyrin.1-6 Contact
distances are of the order of 2.7-3.0 Å, much longer than normal
metal-olefin bonding distances commonly found in organometallic
complexes. The nature of the fullerene-porphyrin interactions is
not easily described in terms of conventional bonding arguments;
instead, explanations that account forπ-π interactions or van der
Waals forces are required to explain the supramolecular association.1a,7

A recent study by Reed et al. found that a free-base porphyrin binds
C60 somewhat more strongly than do metalloporphyrins,1c suggest-
ing the importance of electrostatic interactions. Charge-transfer
interactions between the host and guest have also been invoked in
the literature.5 Clearly, the nature of the fullerene-porphyrin
interactions is still not clearly understood, and we report here high-
level theoretical calculations to address more fully the nature of
these interactions.

Our calculations employed the Perdew-Burke-Ernzerhof (PBE)
density functional,8 which has been used in the study of weak
interactions.9 In addition, the extended transition state method was
used to decompose the interaction energy∆Eint into electrostatic
∆Velstat, orbital∆Eoi, and Pauli-repulsion∆EPauli terms.10 All density
functional theory (DFT) calculations have been performed using a
double-ú Salter-type (STO) basis set plus polarization functions
(DZP) as included with ADF 2002.2.11 The geometries of four
supramolecular complexes were calculated and are shown in Figure
1.

The calculated distances (Dcc) between the geometric centers of
the porphyrin ring and the electron-rich 6:6 bond of the fullerene
are in accord with the experimental values (Table 1).1a,2aThis level
of theory was further tested by calculating the PBE/DZP binding
energies for benzene-benzene, naphthalene-naphthalene dimers,
and a naphthalene-anthracene complex. The binding energies
obtained from the PBE/DZP level without correction for basis set
superposition error (BSSE) agreed with those reported in the
literature12 (see Supporting Information). These results suggest that
traditional BSSE corrections using the counterpoise method may
not be applicable when using the PBE functional. There are some
C60/metalloporphyrin complexes where the 5:6 bonds of C60 have
the closest contact with the metal centers.3c,4 This experimental
observation implies that the exceptional structural orientation of
having a 5:6 bond located on the central metal ion also corresponds
to a minimum in the potential energy surface.

The results in Table 1 show that the interaction energy for the
C60/porphyrin (1) is greater than that for the C60/metalloporphyrin
(2), in good agreement with the experimental observation that a
free-base porphyrin binds C60 more strongly.1c For the two C70

complexes (3 and 4), the C70/porphyrin (3) has only a slightly
greater interaction energy than the C70/metalloporphyrin (4). These
results also show that the complexes having C70 as the guest (3
and4) show a slightly larger degree of charge transfer and greater
interaction energies. The interaction energies given here are smaller
than those obtained by molecular mechanics calculations (-28.0
to -33.6 kcal/mol),1abut are greater than those obtained from BLYP
calculations without BSSE corrections (-5.8 to-7.7 kcal/mol).1a

It is possible that the force field used in molecular mechanics
calculations may have overestimated the contribution to the total
energy by the van der Waals interactions.

Table 1 also shows that for all complexes both the electrostatic
and the orbital interaction terms are attractive, while the Pauli term,
which accounts for the interactions between closed shells, is
repulsive as expected. The orbital interaction energy arises mainly
from charge transfer between occupied and unoccupied orbitals.
The attractive electrostatic interactions are much greater for those
complexes having a metalloporphyrin as the host molecule which
has a greater charge separation because of the presence of a metal
center. Pauli repulsive interactions increase significantly on going
from the free-base porphyrin complexes to the metalloporphyrin
complexes, while the orbital interaction energies change only
moderately. The relative changes in the three components of the
total interaction energy indicate that complexes with a metallopor-
phyrin host have a smaller∆Eint because of increased repulsive
Pauli interactions.

Electrostatic interactions contribute approximately 50-60% to
the total attractive interactions. The other attractive interactions
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Figure 1. The PBE/DZP optimized structures of C60/tetraphenylporphyrin
(1, 1554 STOs), C60/tetraphenylporphyrinato-zinc (2, 1576 STOs), C70/
tetraphenylporphyrin (3, 1684 STOs), and C70/tetraphenylporphyrinato-zinc
(4, 1706 STOs).

Table 1. The Closest Center-to-Center Distances (Dcc in Å),
Interaction Energies in kcal/mol Together with the Three Energy
Components, and VDD Atomic Charges of 1-4

1 2 3 4

Dcc (calcd) 2.743 2.770 2.908 2.864
Dcc (expt)a 2.756 2.720 2.884 2.814
∆Eint -17.33 -16.25 -18.39 -18.11
∆Velstat -20.75 -29.51 -21.67 -26.67
∆Eoi -15.84 -18.51 -17.21 -18.93
∆EPauli 19.26 31.76 20.49 27.50
∑∆Qfullerene

VDD -0.12 -0.10 -0.14 -0.13
∑∆Qporphyrin

VDD 0.12 0.10 0.14 0.13

a The X-ray crystal structures were taken from refs 1a and 2a.
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(∆
Eoi) either follow the same trend as the electrostatic interactions
or change only slightly from one complex to another. This result
suggests that correlation of the relative orientation of the guest and
host molecules in the supramolecular complexes through examina-
tion of their molecular electrostatic potentials (MEPs) will be useful.
The MEPs of the fullerenes and porphyrins were calculated at the
PBE/6-31G(d,p) level at the optimized geometries shown in Figure
1 with Gaussian 98 and plotted using Molekel 4.213 (Figure 2).
The MEP plots for C60 and C70 show that the positive electrostatic
potential (shown in blue) corresponds to the center regions of the
five- and six-membered rings, although the two-dimensional
projection of the molecular structure onto the MEPs shown in Figure
2 obscures this feature somewhat. Along the 6:6 bonds, regions of
negative potential (shown in red) are noticeable, although these
are less obvious for C70 than for C60. For the porphyrins, the
negative potential is mainly associated with the nitrogen atoms,
while in the free-base porphyrin the protonated nitrogen atoms
display much less negative potentials because of the covalent N-H
bonds.

The relative orientations of the guest with respect to the host in
all four of the supramolecular complexes are mirrored in the MEPs
of the guest and host molecules. The orientations adopted show
that all four nitrogen atoms of the host are coincident with the
centers of the four carbon rings (two five-membered and two six-
membered) surrounding the closest contact 6:6 bond. The electron
flow for the four complexes was studied using the Voronoi
deformation density (VDD) method.14 The results given in Table
1 indicate that the guest-host interactions are also associated with
a charge transfer of about 0.10-0.14 electrons from the porphyrin
moiety to the fullerene guest, consistent with the notion that
fullerenes are normally the electron acceptors.15 The majority of
available crystal structures of fullerene-porphyrin complexes show
this complementary orientation.

The host molecule in each of the supramolecular complexes
studied has phenyl groups at the fourmeso positions. For
comparison, calculations were also performed on complexes with
unsubstituted porphyrins. The interaction energies for C60/porphine,
C70/porphine, C60/porphine-Zn, and C70/porphine-Zn are all ap-
proximately 3.0-4.0 kcal/mol smaller than the corresponding
fullerene-substituted porphyrin supramolecular complexes. This
small difference in energy is derived from the four C-H‚‚‚π
interactions between the C-H bond on each phenyl group and the
π system of the fullerenes. This estimation of the C-H‚‚‚π
interaction energy (∼1.0 kcal/mol per C-H‚‚‚π) is consistent with
other results reported in the literature.16

In summary, the fullerene-porphyrin interaction energies ob-
tained for the four complexes reported here are in the range from
-16 to -18 kcal/mol. The change in the interaction energies on
going from fullerene-porphyrin to fullerene-metalloporphyrin
complexes is not significant because the increase of the electrostatic
attractive forces is offset by the increase of Pauli repulsive
interactions. Attractive orbital interactions change moderately from
one complex to another, and the relative orientation of the guest

and host molecules can be understood in terms of the complemen-
tary nature of their molecular electrostatic potentials. Comparison
with calculations for complexes that do not contain C-H‚‚‚π
interactions suggests that each such interaction contributes ap-
proximately-1.0 kcal/mol to the total interaction energy.
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Figure 2. Molecular electrostatic potentials maps of C60, C70, tetraphen-
ylporphyrin, and tetraphenylporphyrinato-zinc.
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