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’ INTRODUCTION

Diels�Alder (DA) and 1,3-dipolar cycloadditions are among
themost employed reactions for the functionalization of fullerenes.1

The electron-withdrawing nature of fullerenes makes these mol-
ecules ideal dienophiles for DA and 1,3-dipolar reactions.2 C60

readily undergoes [4þ 2] DA cycloaddition reactions with a variety
of reactive dienes, such as anthracene, tetracene, furan, or
cyclopentadiene.3 The [4 þ 2] DA cycloaddition involves exclu-
sively the [6,6]-bonds without the occurrence of subsequent ring
openings.3f,4Adducts formed are sometimes thermally unstable and
can undergo cycloreversion to the initial C60 and diene molecules
upon heating.3b,c,5 One of the first reported DA reactions to C60

was that of cyclopentadiene.3d,f In subsequent works, Pang and
Wilson3b found that the activation energy for the DA reaction of
C60 and cyclopentadiene is 6.9 kcal 3mol

�1, whereas Giovane et al.3c

reported an activation energy of 26.7(2.2 kcal 3mol
�1 for the corres-

ponding retro-DA cycloaddition. From the combination of these two
numbers, one can estimate the reaction energy to be �19.8 (
2.2 kcal 3mol

�1.
In a recent paper,6 some of us theoretically analyzed the DA

reaction between cyclopentadiene and the [6,6]-bond of C60 to
verify the reliability of two-layered methods such as ONIOM2-
(B3LYP/6-31G(d):SVWN/STO-3G) to compute energy bar-
riers and reaction energies in fullerenes and nanotubes.
Calculations on this DA reaction showed that the partition
involving a pyracylene unit of the C60 cage and the incoming
diene provided reaction energies and energy barriers that are very
close to those obtained by the full B3LYP/6-31G(d) calculations.

The energy barrier predicted by theB3LYP/6-31G(d)methodwas
overestimated by ∼11 kcal 3mol

�1. This is quite surprising, since
it is usually said that energy barriers obtained with B3LYP in
combination with a medium or large size basis sets are relatively
good (especially in comparison with other functionals7), although
somewhat underestimated,8 notably, for the simplest DA reaction
between cis-buta-1,3-diene and ethylene, in which it underestimates
the barrier by∼5 kcal 3mol

�1.8a,e,9 The error found in the reaction
energy estimate was even larger.6 At that time, we were unable to
provide a reasonable explanation for the huge difference between
the theoretical and experimental values.

On the July 6, 2010, the authors assisted at an inspiring
conference on the dispersion effects by Prof. Grimme at the IX
Girona Seminar.10 After the talk, we decided to investigate whether
the dispersion effects can be responsible for the large errors in our
theoretical estimation of the reaction energy and energy barrier
for the DA cycloaddition between cyclopentadiene and C60. We
anticipate here that we have found that inclusion of London disper-
sion effects is mandatory to get accurate description of the energy
profile in the DA cycloaddition studied here. Preceding work
by Goerigk and Grimme11 showed that the B3LYP mean absolute
deviation for an extensive benchmark including thermochemistry,
kinetic, and noncovalent interactions was reduced by about
2 kcal 3mol

�1 when dispersion corrections were taken into account
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ABSTRACT: In a previous paper (J. Phys. Chem. A 2009, 113, 9721), we analyzed theoretically the
Diels�Alder cycloaddition between cyclopentadiene and C60 for which experimental results on
energy barriers and reaction energies are known. One of the main conclusions reached was that the
two-layered ONIOM2(B3LYP/6-31G(d):SVWN/STO-3G) method provides results very close to
the full B3LYP/6-31G(d) ones. Unfortunately, however, both the exothermicity of the reaction and
the energy barrier were clearly overestimated by these twomethods. In the present work, we analyze
the effect of the inclusion of Grimme’s dispersion corrections in the energy profile of this reaction.
Our results show that these corrections are essential to get results close to the experimental values. In
addition, we have performed calculations both with and without dispersion corrections for the
Diels�Alder reaction of C60 and several dienes and for the Diels�Alder cycloaddition of a (5,5)
single-walled carbon nanotube and 1,3-cis-butadiene. The results obtained indicate that inclusion of dispersion corrections is
compulsory for the study of the chemical reactivity of fullerenes and nanotubes.
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(B3LYP-D). In addition, previous works by Kruse and Grimme12

and Korona et al.13 already pointed out the importance of including
the London dispersion corrections to obtain good estimates of the
interaction energy of C60 and C70 with encapsulated H2 molecules.
Moreover, Hesselmann and Korona reported that dispersion cor-
rections are necessary to accurately compute the interaction energy
ofC60with an encapsulated noble gasmolecule.

14However, in these
works, the authors did not analyze the reactivity of these endohedral
fullerenes.

’COMPUTATIONAL DETAILS

Full geometry optimizations have been carried outwith the hybrid
B3LYP15 density functional with the standard 6-31G(d) basis set.16

The two-layered ONIOM approach (ONIOM2)17 has also been
employed to perform geometry optimizations using a combination
of the SVWN method18 together with the standard STO-3G basis
set19 for the low-level calculations and the B3LYPmethods with the
standard 6-31G(d) basis set16 for the high-level part. In both cases,
we also performed the study including dispersion corrections
following Grimme’s approach (B3LYP-D and ONIOM2-D).20

In selected cases, we have also carried out calculations with the
M06-2X functional.21 All systems have been treated with the
spin-restricted formalism. Frequency calculations indicated that
we got the correct stationary points, characterized by the number
of negative eigenvalues of their analytic Hessian matrix (this
number is 0 for minima and 1 for any true transition state). We
have also checked that imaginary frequencies exhibit the ex-
pected motion. All reported reaction and activation energies
include zero-point energies (ZPEs) and thermal corrections
(CvΔT � RΔT) at 298 K to the electronic energies to allow
direct comparison between theoretical and experimental data.
Solvent effects have been estimated in some particular cases with
single-point calculations on the gas phase optimized structures
using the polarizable continuous solvation model (PCM) and
considering toluene as the solvent.22

All calculations including Grimme’s dispersion correct-
ions20a,b were performed using a locally modified version of the
Gaussian 09 program (the “IOP(3/124=3)” because including
the dispersion correction was not yet correctly implemented in
Gaussian 09, revision A.02; the S6 value for B3LYP was incorrectly
set to 1.0 instead of 1.05, as recommended by Grimme;20b this has
been corrected in the B.01 revision).23 Apart from that, we have
adapted the program to allow the inclusion of dispersion effects
within the ONIOM approach with the S6 value set to 1.05 for the
high-level B3LYP-D and to 1.0 for the low-level SVWN-D. The

SVWN functional was not considered in Grimme’s study,20b and in
the case of functionals that do not have a fitted S6 value, the standard
procedure is to assign a S6 value of 1.0.

’RESULTS AND DISCUSSION

Table 1 contains the reaction energies (ΔHR) and energy
barriers (ΔH+) for all calculations performed.ΔH+ corresponds
to the activation barrier calculated with respect to isolated
reactants (i.e., HTS � (HC60 þ Hcyclopentadiene)), whereas ΔHI

+

is relative to the optimized reactant complex (i.e.,HTS�Hint) for
those methods that find such an intermediate. In Figure 1, the
reaction profiles obtained with the B3LYP and B3LYP-D meth-
ods with initial reactants, intermediate, transition state (TS), and
product have been represented. As can be seen in Figure 1, there
is an important effect of the dispersion correction on the energy
profile. This correction increases from the reactants to products
and leads to an intermediate species (reactant complex) that is
not found in the absence of dispersion corrections. The presence
of this intermediate is not unexpected, given the predictable van
der Waals interactions between polarizable C60 and cyclopenta-
diene molecules. Stabilization of this intermediate with respect
to separated reactants is as large as 6.8 kcal 3mol�1. The TS is

Table 1. Comparison between the Reaction Energies,ΔHR, and Activation Barriers,ΔH+ (in kcal 3mol�1), Corresponding to the
[4 þ 2] Diels�Alder Cycloaddition Reaction between C60 and Cyclopentadienea

ΔHR ΔH+ ΔHI
+ error (ΔΔHR) error (ΔΔH+) error (ΔΔHI

+)

B3LYP/6-31G(d)b,c �6.6 18.0 13.2 11.1

(�6.4) (17.9) (13.4) (11.0)

B3LYP-D/6-31G(d) �23.3 2.3 9.1 �3.5 �4.6 2.2

ONIOM2(B3LYP/6-31G(d):SVWN/STO-3G)b,c �5.9 18.5 13.9 11.6

(�5.8) (18.3) (14.0) (11.4)

ONIOM2-D(B3LYP/6-31G(d):SVWN/STO-3G) �22.6 2.7 9.4 �2.8 �4.2 2.5

ONIOM2(M06-2X/6-31G(d):SVWN/STO-3G) �22.0 8.2 12.1 �2.2 1.3 5.2
aΔH+ corresponds to the activation barrier calculated with respect to isolated reactants (i.e.,HTS � (HC60 þHcyclopentadiene)), whereas ΔHI

+ refers to
the optimized reactant complex (i.e., HTS � Hint). The difference between the computed energies and the experimental values is also indicated (the
experimental reaction energy is �19.8 ( 2.2 kcal 3mol�1 and the activation barrier is 6.9 kcal 3mol�1). b From ref 6. c In parentheses, the relative
enthalpies including solvent effects.

Figure 1. Comparison between the energy profile (in kcal 3mol�1) for
the reaction between C60 and cyclopentadiene computed at B3LYP/6-
31G(d) (represented in orange and using an straight line) and at
B3LYP-D/6-31G(d) taking into account Grimme’s dispersion correc-
tions (in orange and discontinuous line).
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stabilized by dispersion by asmuch as 15.7 kcal 3mol
�1, as compared

with free C60 and cyclopentadiene. Finally, the stabilization of the
products is even larger (16.7 kcal 3mol

�1). The three last columns of
Table 1 give the error in the theoretical estimates of reaction
energies (ΔΔHR) and energy barriers (ΔΔH

+ andΔΔHI
+) when

compared with the experimental values. In solution of tetrachlor-
oethane, benzene, or toluene, which are the solvents used
experimentally,3b,c,f the molecular collisions are efficient enough to
cool the otherwise rovibrationally hot reactant complex, causing it to
be in thermal equilibrium with the environment. In this situation,
the energy barrier measured experimentally corresponds to the
energy difference between the TS and the reactant complex.
Therefore, the experimental barrier of 6.9 kcal 3mol

�1 must be
compared with the ΔHI

+ for the methods that yield a reactant
complex and with ΔH+ otherwise.

Table 1 shows that the B3LYP/6-31G(d) method under-
estimates the absolute value of the reaction energy by 13.2 kcal 3
mol�1 and overestimates the energy barrier by 11.1 kcal 3mol

�1.
These errors remain almost the same (13.4 and 11.0 kcal 3mol

�1,
respectively) when the effect of the solvent is considered. Due to
the absence of charged or polarized intermediates and TSs in the
reaction mechanism, inclusion of solvent effects almost does not
change the energy profile obtained in the gas-phase, especially in the
presence of solvents with low dielectric constants, such as those used
experimentally for this reaction. For this reason, except otherwise

noted, throughout the manuscript, the discussed results will be
referred to the gas-phase. When dispersion corrections are included,
the exothermicity of the reaction is overestimated by 3.5 kcal 3mol

�1,
and the energy barrier, by 2.2 kcal 3mol

�1. As compared with
B3LYP/6-31G(d), B3LYP-D/6-31G(d) calculations increase the
exothermicity by a huge factor of∼3.5 and reduce the energy barrier
by half. Although the difference between the B3LYP-D/6-31G(d)
theoretical estimates and the experimental results is far from being
negligible, the B3LYP-D/6-31G(d) method clearly improves the
B3LYP/6-31G(d) results.

It is clear from our results that the dispersion corrections are
essential to make theoretical predictions of the reactivity of
fullerenes. There are some examples of experimentally relatively
facile reactions of fullerenes24 for which relatively high barriers
have been computed. We think that most of these barriers are
likely to be overestimated because of the lack of dispersion
interactions in the theoretical approaches used. It is worth noting
that Siegbahn, Blomberg, and Chen25 have shown in a recent
paper that for some mechanisms of enzymatic reactions, van der
Waals interactions are significant along the whole reaction profile
and have to be included to get good agreement with experiments.
Some of us have also recently reported that the inclusion of dis-
persion correction (i.e., B3LYP-D) is, indeed, needed for getting
good results for weak interactions with the B3LYP functional.26

Finally, two years ago, Rakow and co-workers showed that including

Figure 2. Representation of the optimized transition state structure
with the most relevant distances (in Å). The different colors used to
denote the C�C bond distances indicate the level of theory used.
B3LYP/6-31G(d) values are depicted using dark orange; B3LYP-D/6-
31G(d), in light orange; ONIOM2(B3LYP/6-31G(d):SVWN/STO-
3G), in dark blue; ONIOM2-D(B3LYP/6-31G(d):SVWN/STO-3G),
in light blue; and ONIOM2(M06-2X/6-31G(d):SVWN/STO-3G), in
cyan. H atoms and dark-blue C atoms constitute the layer treated at a
high level in the ONIOM2 approach.

Figure 3. Representation of the optimized reactant complex structure
with the most relevant distances (in Å). The different colors used to
denote the C�C bond distances indicate the level of theory used:
B3LYP-D/6-31G(d), in light orange; ONIOM2-D(B3LYP/6-31G(d):
SVWN/STO-3G), in light blue; and ONIOM2(M06-2X/6-31G(d):
SVWN/STO-3G), in cyan. H atoms and dark-blue C atoms constitute
the layer treated at a high level in the ONIOM2 approach.
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dispersion corrections in B3LYP calculations is crucial to correctly
compute the reaction barrier of the exchange in BBr3 by HSiR3.

27

The effects reported in these works are, however, not as large as
those observed in the present work.

Figure 2 shows the molecular structure of the concerted and
synchronous TS. As can be seen, differences in the most important
distances (the attacked [6,6] C�C bond of C60 and the two
forming bonds) calculated at the B3LYP/6-31G(d) and B3LYP-D/
6-31G(d) levels are less than 0.01 Å, the B3LYP-D/6-31G(d) TS
being somewhat earlier as expected from the fact that the reaction is
more exothermic at this level of theory.28 The geometry of the
reactant complex found with the B3LYP-D/6-31G(d) method
drawn in Figure 3 shows that the distance between cyclopentadiene
and C60 in this intermediate is ∼3 Å.

As said in the Introduction, in our previous contribution,6 it
was found that the two-layered ONIOM2(B3LYP/6-31G(d):
SVWN/STO-3G) method provides geometries and energies
very close to the full B3LYP/6-31G(d) results. As shown in
Table 1 and Figure 4, energy differences in reaction energies and
energy barriers for these two methods are < 0.7 kcal 3mol�1.
Figure 3 shows that the differences in the two most important
distances of the TS are of only few thousandths of an angstrom.
In this figure, the pyracylene unit of the C60 and the cyclopenta-
diene molecule taken as the high level layer is depicted. We have
checked here that the same behavior is found when going from
the B3LYP-D/6-31G(d) to the ONIOM2-D(B3LYP/6-31G(d):
SVWN/STO-3G) method. Table 1 and Figures 2 to 4 indicate
that this is, indeed, the case. Differences in energies between
these two methods are again less than 0.7 kcal 3mol�1, and
differences in the distances of the TS and the reactant complex
are of few thousandths of an angstrom.

We have also tested the performance of the hybrid meta
exchange-correlation DFT functional M06-2X,21 which includes
medium-range correlation. It was found that M06-2X correctly
accounts for π�π stacking interactions and nonbonded inter-
actions;21 however, it was observed that B3LYP (with double-ζ
basis sets) gives values that are closer to CBS-QB3 estimates than

M06-2X for estimating the conversion of π to σ bonds in
cycloaddition reactions.29 Our calculations performed at
ONIOM2(M06-2X/6-31G(d):SVWN/STO-3G) for the cy-
cloaddition reaction of C60 with cyclopentadiene indicate that
ONIOM2(M06-2X:SVWN) gives accurate reaction energies (the
reaction energy is overestimated by 2.2 kcal 3mol; see Table 1 and
Figure 4), but somewhat less accurate activation barriers.

As alreadymentioned, the experimental barrier of 6.9 kcal 3mol
�1

should be compared with the difference in energy between the TS
and the reactant complex. The ONIOM2(M06-2X:SVWN) com-
puted activation barrier (ΔHI

+) is 5.2 kcal 3mol
�1 higher than the

experimental value. As compared with the ONIOM2-D(B3LYP:
SVWN) results, the overestimation of the ONIOM2(M06-2X:
SVWN) energy barrier is due to a destabilization of the transition
state relative to separated reactants. This effect is already seen in the
formation of a less stable reactant complex (the reactant complex at
B3LYP or ONIOM2(B3LYP:SVWN) is∼�6.7 kcal 3mol

�1 more
stable than isolated reactants, whereas it is only�3.9 kcal 3mol

�1 at
ONIOM2(M06-2X:SVWN)). This lower stability of the reactant
complex located at ONIOM2(M06-2X/6-31G(d):SVWN/STO-
3G) is consistent with the longer C�C bond distance between the
reacting carbons of the cyclopentadiene and C60 on the optimized
structure (at ONIOM2(M06-2X:SVWN) the distance is 3.114 Å,
whereas it is 3.037 and 3.043 Å for full B3LYP-D and ONIOM2-D
(B3LYP:SVWN), respectively, see Figure 3). Although both
B3LYP-D andM06-2X provide an accurate description of the cyclo-
addition reaction studied here, the use of B3LYP-D is preferred
because it provides a better estimate of the activation barrier of the
process.

We have finally extended our study considering other dienes
reactingwithC60 and also a single-wall carbon nanotube (SWCNT)
(an armchair (5,5) SWCNT consisting of six rows of benzenoid
units; namely, C140H20) to investigate whether the effect of disper-
sion is only important for the particular reaction C60þ cyclopenta-
diene or if it is rather general. In Table 2 and Figure 5, the energy
profiles for the reaction of C60 and the (5,5)-SWCNT with 1,3-cis-
butadiene and the reaction of C60 with either anthracene or
o-quinodimethane are represented. For the cycloaddition reaction
between C60 and cyclopentadiene, we observed that the introduc-
tion of dispersion effects leads to an overall stabilization of 16.7
kcal 3mol

�1 for the reaction energy and 15.7 kcal 3mol
�1 for the

Figure 4. Energy profile (in kcal 3mol
�1) corresponding to the Diels�

Alder reaction of C60 with cyclopentadiene computed at B3LYP/6-31G(d)
(represented in orange and continuous line), B3LYP-D/6-31G(d) (in
orange, discontinuous line), ONIOM2(B3LYP/6-31G(d):SVWN/STO-
3G) (in blue, continuous line), ONIOM2-D(B3LYP/6-31G(d):SVWN/
STO-3G) (in blue, discontinuous line) and ONIOM2(M06-2X/6-31G-
(d):SVWN/STO-3G) (in cyan, continuous line).

Table 2. Comparison between the Reaction Energies ΔHR

and Activation BarriersΔH+ (in kcal 3mol�1) Corresponding
to the [4 þ 2] Diels�Alder Cycloaddition Reaction between
C60 and Several Dienes, And between (5,5) SWCNT and 1,3-
cis-Butadiene Computed at ONIOM2(B3LYP/6-31G(d):
SVWN/STO-3G) and ONIOM2-D(B3LYP/6-31G(d):
SVWN/STO-3G) Taking into Account Grimme’s Dispersion
Correctiona

ONIOM ONIOM-D

ΔHR ΔH+ ΔHI
+ ΔHR ΔH+ ΔHI

+

(5,5) SWCNT þ 1,3-cis-butadiene 17.7 37.8 0.2 20.8

C60 þ 1,3-cis-butadiene �17.0 20.0 �31.6 5.9 10.0

C60 þ anthracene 3.2 26.7 26.4 �18.8 3.7 16.1

C60 þ o-quinodimethane �44.0 7.7 8.2 �59.9 �7.3 1.4
aΔH+ corresponds to the activation barrier calculated with respect to
isolated reactants (i.e.,HTS� (HC60 þHdiene)), whereasΔHI

+ refers to
the optimized reactant complex (i.e., HTS � Hint).
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activation barrier (calculated with respect to separated reactants).
Similar results are obtained when 1,3-cis-butadiene is considered
(i.e., both the reaction and the activation energies are stabilized by
∼15 kcal 3mol

�1) and when a (5,5) SWCNT is used instead of C60

as the dienophile (there is an overall stabilization of approximately
17 kcal 3mol

�1).30 Therefore, the incorporation of dispersion effects

remains extremely relevant to accurately compute the activation and
reaction energies of cycloaddition reactions involving fullerene and
related carbon nanostructures.

It is not surprising that the energetics of the DA reaction
between C60 and anthracene are even more affected by the
consideration of dispersion corrections. The reaction and
the activation energy of the process including dispersion are ∼
22 kcal 3mol�1 more stable than the uncorrected values, which
convert the reaction from highly unfavorable (the reaction energy
is endothermic by 3.2 kcal 3mol

�1 and the activation barrier is ∼
27 kcal 3mol

�1) to substantially favorable (the reaction energy is
exothermic by ∼�18 kcal 3mol

�1, and the barrier with respect to
separated reactants is reduced to 3.7 kcal 3mol

�1). Finally, disper-
sion effects are also important for the study of the cycloaddition
reaction between o-quinodimethane and C60 (corrected values are
∼15 kcal 3mol

�1 more stable than the dispersion-free reaction and
activation barriers).

In summary, we have shown in this paper that dispersion
corrections change dramatically the energy profile of the DA
reactions between C60 and several dienes. Large stabilizations are
found in all cases studied, which range from∼15 kcal 3mol

�1 for
relatively small dienes, such as 1,3-cis-butadiene, cyclopentadiene, or
o-quinodimethane, up to 22 kcal 3mol

�1 for those larger dienes
presenting aromatic rings, such as anthracene. The reactivity profile
of a (5,5) SWCNT is also dramaticallymodified after the incorpora-
tion of dispersion corrections. Effects in the molecular structure of
reactants, TS, and adducts are minor. However, they are very
important in the energy profile, and the present work indicates that
proper inclusion of London dispersion interactions is needed to
obtain accurate energies. Therefore, we conclude that inclusion of
dispersion corrections is mandatory for the study of the chemical
reactivity of fullerenes and nanotubes.
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