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Table 1 Separation distances (dcc and dC
60
···N, in Å) and binding energies (Ebind and E

CP
bind, in kcal mol−1) reported for H2TPP· · ·C60 complex by using

DFT with and without counterpoise (CP) correction for basis set superposition error (BSSE).

Functional/basis sets dcc
a

dC
60
···N

b
Ebind E

CP
bind Ref.

BLYP/DZP 2.8 3.14 −5.8 6

BLYP/DNP 3.81 4.00 2.3 23,26

PBE/DZP 2.74 −17.33 22

PBE/DNP 3.31 3.53 −2.2 23,26

PBE/DZP 2.78 −18.22 −2.07 27

PBE/TZP 2.91 −2.07 0.92 27

B3LYP 3.1 −3.34 30

PBE/DZP+Edisp 2.44 −46.58 −24.90 27

PBE/TZP+Edisp 2.75 −22.37 −19.14 27

PBE-D3/def2-SVP 2.67 −27.0 28

PBE/DNP+Edisp 2.86 2.98 −25.5 29

a
dcc is the distance between the geometric centers of the porphyrin ring and the electron-rich 6:6 bond of the fullerene; b

dC
60
···N represents the closest

contacts of N atoms of tetraphenylporphine with 6:6 C−C bond of pyracylene unit of the C60.

2 Methods and computational details

2.1 Computational details

For all electronic structure calculations, the Gaussian 09 software
package was used.32 The performance of six different function-
als (B3LYP,33 CAM-B3LYP,34 LC-BLYP,18 B97-D,16 ωB97X-D35

and M05-2X36) for the calculation of the H2TPP···H2TPP and
H2TPP···C60 systems have been tested. All the functionals were
employed in conjunction with the 6-31G(d,p) basis set. Counter-
poise correction was applied to all calculated binding energies in
order to avoid the basis set superposition error.

B3LYP is a hybrid functional that combines the exchange-
correlation of a conventional GGA method with a percentage of
Hartree–Fock exchange (20 %). Due to this combination, B3LYP
functional can describe exchange interaction to long distances.
However, B3LYP fails to describe dispersion energy in a vdW com-
plex because it uses correlation energy from GGA functionals,
which are local in nature.

CAM-B3LYP and LC-BLYP functionals use the LC scheme. In
the LC scheme17,18 the two-electron operator 1/r12 is separated
into short-range and long-range parts by using the standard error
function, erf. In a short-range, the interaction is described by DFT
exchange, while the long-range orbital-orbital exchange interac-
tion is described with Hartree–Fock (HF) exchange integral, that
is:

1

r12

=
1−erf(µr12)

r12
︸ ︷︷ ︸

SR

+
erf(µr12)

r12
︸ ︷︷ ︸

LR

, (1)

where µ is a parameter that determines the radio of each part.

B97-D uses the DFT-D method. Here, an empirical correction
term is added to the DFT energy in order to take into account the
dispersion interaction, such as:

Etot = EDFT +Edisp, (2)

where Edisp is an empirical dispersion correction.

ωB97X-D functional, which uses both LC and DFT-D schemes,
is argued35 to be generally superior in overall performance to

pure LC, hybrid and other DFT-D functionals when calculating
noncovalent energy interactions, equilibrium geometries, excited
charge-transfer states and atomization energies.

In addition to the above, we analyzed the performance of one
meta-GGA functional, namely M05-2X, on porphyrin–fullerene
system. M05-2X is inferred to take into account “medium-range”
electron correlations due to the way it is parametrized, which it
is enough to describe the dispersion interactions in many com-
plexes. Also, due to the high percentage of HF that M05-2X func-
tional uses, the exchange interaction to long distance can be de-
scribed by this functional.36,37 The total energy is described by
this functional as

E
hyb
XC

= E
HF
X +

(

1−
X

100

)

(EDFT
X −E

HF
X )+E

DFT
C , (3)

where E
HF
X

is the Hartree–Fock exchange energy, E
DFT
X

is the
DFT exchange energy, and E

DFT
C

is the DFT correlation energy.
X , the percentage of Hartree–Fock exchange in the hybrid func-
tional, is equal to 56, much higher than in B3LYP (XB3LYP = 20).
In this equation, the total correlation energy in DFT is mod-
eled as the sum of the dynamic correlation energy given by
E

DFT
C

and the non-dynamical correlation energy contained in
(
1−

X

100

)
(EDFT

X
−E

HF
X

).36 As can be seen in Eq. 3, M05-2X has a
different long-range exchange correction and medium-range dis-
persion energy correction compared to LC and DFT-D functionals,
respectively.

2.2 Energy of interaction

The interaction energy between two molecules, which is useful
and conceptually consistent, is given by the following expres-
sion:38,39

Eint = E
α∪β
AB

(AB)−
[

E
α
A
(AB)+E

β
B
(AB)

]

, (4)

where E
Z
X
(Y ) represents the energy of system X at geometry Y

with a basis set Z. Eq. 4 is valid for any distance separation
between the mass centers of the molecules. This definition is
limited to the Born–Oppenheimer approximation for molecular
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B97-D functional predicted intermolecular distances shorter
than those found in experimental X-ray structures and stronger
attractive binding energies for H2TPP···H2TPP dimer and
H2TPP···C60 complex. ωB97X-D functional, which combines DFT-
D and LC schemes, showed a good agreement with the experi-
mental intermolecular distances for both systems. However, the
binding energies turned to be too negative, apparently since DFT-
D scheme overestimates the dispersion energy in both model sys-
tems. It has been suggested that the functionals incorporating
DFT-D scheme correctly describe the R

−6 asymptotic distance-
dependence of dispersion forces for both medium and long dis-
tances.47 In contrast, meta-hybrid functionals like M05-2X do not
include the R

−6 dependent term, and thus can fail in the studies
of noncovalent systems. Nevertheless, in this work we found that
in the medium range the dispersion energy for TPP···C60 systems
is better described with the M05-2X functional, which uses a high
parameterization and nondynamical correlation energy, than with
DFT-D functionals, that incorporate an empirical dispersion cor-
rection.

The use of the LC scheme considerably improves the results for
geometry and energy. However, unlike DFT-D and M05-2X func-
tionals, the intermolecular distances obtained with LC-BLYP are
slightly larger than the experimental values, and their not very
attractive binding energy could not be entirely correct. This is ex-
plained by the absence of dispersion correction in the LC scheme.

Finally, our experimental results obtained by means of AFM ob-
servations suggest that the porphyrin–porphyrin noncovalent in-
teractions are stronger than the porphyrin–fullerene interactions,
despite of that the calculated intermolecular separations show an
opposite behavior.
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