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A series of buckybowls with different size and structure have been tested as potential receptors
of fullerenes Cgy, C;9 and C,9. Among these bowls are corannulene (CoHp), sumanene
(CyHy,), pinakene  (CygHy,), hemifullerene  (CsoHj»), (C36H12),
pentaindenocorannulene (CsoH,o) and bowl-shaped hexabenzocoronene derivatives. An
exhaustive study taking into account different orientations of fullerenes was performed in order
to obtain the most favourable arrangement for interacting with the bowls. Complexes were
optimised at the SCC-DFTB-D level and interaction energy were obtained at the B97-
D2/TZVP level including. Comparison to full B97-D2/TZVP results (optimisation plus
interaction energies) for selected complexes with 7 - 7 interactions suggests that the B97-
D2/TZVP//SCC-DFTB-D approach may be a useful screening tool for designing fullerene
receptors.

Regarding the "catching" ability of the different buckybowls, it can be concluded that the
shape of buckybowl plays a crucial role in its success. So, it seems that addition of flaps at the
bowl rim by benzannelation is an effective strategy to enhance the interaction with fullerenes,
providing flexibility enough as to extend the contact surface with the fullerene moiety. In
accordance, a bowl-shaped hexabenzocoronene derivative (C;,H,;) showed the best ability
among buckybowls evaluated for catching fullerenes Cgy, C79 and C,y; it is noteworthy that
when interacting with Cg the interaction energy is thrice that corresponding to the prototypical
buckybowl, corannulene. On the contrary, the more rigid and compact the structure of a
buckybowl, the smaller ability for interacting with fullerenes.
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compared to that for the published gram-scale synthesis.'®
Undoubtedly, this find represents a significant step for its future
industrial commercialisation.

Introduction

The discovery of a new form of elemental carbon,

buckminsterfullerene (Cgo)!, in mid-80s of last century has
promoted a lot of research activities in the fields of physics,
chemistry and materials science. In addition, this discovery has
conduced to a special interest on bowl-shaped polycyclic
aromatic hydrocarbons (PAHs), commonly known as
buckybowls or fullerene fragments. In contrast to others PAHs
previously discovered the curvature of buckybowls is not a
consequence of addition bulky substituents, but of the
impossibility of placing contiguous pentagons and hexagons in
a planar sheet. Besides their pure scientific interest, buckybowls
also represent chemical entities with future potential
applications, especially for host-guest chemistry, such as the
buckycatcher CeoHas® made up by two corannulene units that
can encapsulate fullerenes, or its more flexible analogue
(CspH,g) that can encapsulate solvating molecules of
nitrobenzene in the solid state.’

The smallest buckybowl, corannulene (1, Fig. 1) has been the
subject of intense experimental and theoretical research in the
last years.*'7 Recently, Butterfield and co-workers have
developed a process for synthesis of corannulene on kilogram
scale that reduces material costs by over 2 orders of magnitude
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Nowadays, the design and synthesis of fullerene receptors is a
very important field of research. Besides its great importance in
the development of new materials in nanotechnology and
nanoscience, it also could be crucial for separation of
fullerenes. This is because recent studies show that fullerenes
and their derivatives represent potential health risks,'® '* and
therefore, in the coming years the need for chromatographic
separation of fullerenes and its detection at low concentration
will surely grow.?

As dispersion plays a major role in = -'m interactions,
maximising the host-guest complementarity is particularly
important in molecular recognition of fullerenes in terms of
both the stability and the selectivity of complexes formed. In
this context, the design and synthesis of molecular receptors for
fullerenes incorporating buckybowls is very attractive, given
that the concave surface of buckybowls can fit highly to the
convex surface of the fullerenes through concave-convex "ball-
and-socket" m-- -7 interactions.’

Although several buckybowls with different geometric and
electronic properties have been synthesised in the last years,
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Fig. 1 Buckybowls evaluated in this work.

most stacking interaction studies between buckybowls and
fullerenes have focused on corannulene and its derivatives;'" '*
2l To the best of our knowledge, studies with sumanene'!,
pentaindenocorannulene'' and bowl-shaped
hexabenzocoronene derivatives have been reported.?'**

On the other hand, it is quite likely that changing the
corannulene pincers of the double concave hydrocarbon
buckycatcher® by other buckybowls could be a good strategy to
improve its efficiency. In this sense, recently, Denis has shown
that changing these corannulene pincers by
pentaindenocorannulene increases the interaction energy about
15 kcal/mol.?"" ** Therefore, the aim of this work is to carry out
a comprehensive theoretical study of stacking interactions
between a series of buckybowls with different size and
structure and fullerenes. Our ultimate goal is finding the best
buckybowl to improve the efficiency and/or selectivity of the
future buckycatchers.

Computational details

All complexes evaluated were optimised by the self-consistent
charge density functional tight-binding method using an
empirical correction to the dispersion (SCC-DFTB-D). DFTB+
code was applied for this method together with mio-1-1
parameter set.”>*® Interaction energies were obtained at the
B97-D2/TZVP level wusing the resolution of identity
approximation (RI) as implemented in TURBOMOLE 5.10
program suite.?’ This level seems appropriate for this kind of
study."”

Counterpoise corrections were applied to all reported
interaction energies to avoid basis set superposition error
(BSSE).*° Furthermore, some selected complexes were also
optimised at the B97-D2/TZVP level in order to assess the
performance of the B97-D2/TZVP//SCC-DFTB-D calculations
for studying 7 - -7 interactions.

The visualisation of non-covalent interactions regions was
conducted using the NCIPLOT-3.0 program,’" *? and then
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graphics of the concave-convex m--'m interactions were
obtained using the VMD 1.9.1 software.*> NCI enables
identification of non-covalent interactions and is based on the
peaks that appear in the reduced density gradient (RDG) at low
densities. When an RDG isosurface for a low value of RDG is
plotted, the non-covalent regions clearly appear in the
supramolecular complex. These interactions correspond to both
favourable and unfavourable interactions. To differentiate
between them, the sign of the second density Hessian
eigenvalue times the density is colour-mapped onto the
isosurface; bonding interactions can be identified by the
negative sign. To save computation time, promolecular
densities have been used, as was done previously with good
results.**

Results and discussion

A series of stacking interactions between buckybowls and
fullerenes (Cgg, C79 and Cyp) were evaluated in this work. Fig. 1
shows the buckybowls studied, most of them previously
synthesised.”> ****¢ The first group (compounds 1-4) comprises
the most popular buckybowl, corannulene (1), and three
structures built from the central unit of corannulene. The
second group includes sumanene (5) and three structures built
from the central unit of it (6-8). In the third group the
geometrical centre of the structure is not a ring but a C-C bond;
the central unit is a pyracyclene and it is expanded in a central
position (compounds 9 and 10) or in a lateral position
(compounds 11 and 12). The fourth group has a central unit of
coronene. Coronene is a fully planar structure, but the addition
of five-membered external rings leads to a bowl-shaped
geometry (compounds 13-15). Finally, a slightly different kind
of buckybowl was taken into account: compound 16. The
prototypical buckybowls (as corannulene or sumanene)
corresponds to a fragment of fullerene Cg. However,
compound 16 corresponds to a fragment of C;,. The structure
of this latter compound could be considered as a fusion of two
corannulene units, and it would be interesting to analyse its
ability for supplying a different environment for binding to
fullerene. To the best of our knowledge, only compound 15 has
not been synthetised yet; this compound has been devised by us
for trying to improve the "catching ability" of 14.

Complexes were optimised at the SCC-DFTB-D level and
interaction energy calculations were performed at the B97-
D2/TZVP level. Different faces of fullerenes and spatial
dispositions were also taken into account in this study. All
complexes were constructed by aligning of the central ring of
the buckybowl with the central ring of the faces of fullerenes
given in Fig. S1 (Supplementary Information). Fig. S2 explains
the "building" and the naming of complexes.

Performance of B97-D2//SCC-DFTB-D for studying n-*'7t
interactions

According to several studies, B97-D2 seems a good approach
for studying 7t -7 interactions.'® '% '3 174750 However, B97-D2
is still quite time-consuming to be employed in the systematic
search of suitable strategies for improving the efficiency and/or
selectivity of fullerene receptors, especially for studying
complexes without any symmetry.

Recently, Sygula and Collier have suggested the use of
molecular mechanics (MM) methods as rapid screening tool for
designing molecular tweezers and clips.?’ Although their results
are fairly acceptable, a most accurate description of the
concave-convex 1 -7 interactions could be very useful in the
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Table 1. Interaction energies, Ein, (kcal/mol) and equilibrium distances, dq,

(A) for different complexes studied previously with n---7 interactions.* The
percentage of error of the B97-D2/TZVP//SCC-DFTB-D interaction energy

(less favourable interaction) regarding to the B97-D2/cc-pVTZ one is shown
in parentheses.

B97-D2/cc-pVTZ*  B97-D2/TZVP//SCC-DFTB-D

deq Em& deq Em&
Planar complexes
Benzene dimer 3.90 -1.60 3.55 -0.53 (67%)
Naphthalene dimer 3.77 -4.12 3.54 -2.70 (35%)
Anthracene dimer 3.73 -6.83 3.54 -5.12 (25%)
Pyrene dimer 3.69 -8.93 3.53 -7.20 (19%)
Coronene dimer 3.64 -16.30 3.53 -14.13 (13%)
Curved complexes
11 3.62 -16.06 3.73 -14.95 (7%)
55 3.62 -21.09 3.94 -18.02 (15%)
15 3.63 -16.89 3.80 -15.20 (10%)
51 3.70 -18.18 3.94 -16.40 (10%)
Curved and planar complexes
Coronene--1 3.25 -17.17 3.36 -15.65 (9%)
Coronene- -5 3.18 -17.10 3.28 -14.85 (13%)

* Data from reference 49.

Table 2. Interaction energies, Ein, (kcal/mol) and equilibrium distances, d.q,
(A) for different cases of curved complexes with Cg. The percentage of error
of the B97-D2/TZVP//SCC-DFTB-D interaction energy (less favourable
interaction) regarding to the B97-D2/cc-pVTZ one is shown in parentheses.

B97-D2/TZVP B97-D2/TZVP//SCC-DFTB-D
deﬂ Eml deﬂ E int

1-+-Ceo(Fi-¢) 3.456 -17.03 3.636 -16.42 (4%)
2+ Cgo(F1-536) 4.086 -37.95 4313 -36.56 (4%)
5++Ceo(F2-560) 3.450 -20.40 3.856 -17.77 (13%)

6-Ce(Fae)  4.005 22.53 4.206 21.52 (5%)
6°++Ceo(F2-530) 4.091 -22.29 4221 -21.62 (3%)
6-++Coo(F2-s60) 3.977 -22.96 4238 -21.70 (6%)

8+-Ceo(Fa-€) 5.054 -19.76 5.062 -19.53 (1%)
8-+ Coo(F2-s30) 4.885 -22.69 5.011 -22.26 (2%)
8-+ Coo(F2-560) 5.094 -19.41 5.063 -19.13 (2%)
10--Ce(Fi-1) 3529 22.58 3.786 21.12 (%)
10---Cgo(F1-2) 3.527 -22.63 3.786 -21.12 (7%)
10---Ceo(F2-1) 3.637 -22.58 3.873 -21.60 (4%)
10--Ceo(F22)  3.599 2291 3.867 21.40 (7%)

14---Ceo(F1) 4.483 -29.54 4.729 -27.98 (5%)
14---Ceo(F2-1) 4.463 -30.30 4.685 -28.77 (5%)
14--Ce(F2) 4577 26.55 4.641 25.06 (6%)
15 Ceo(F-1)  4.130 -49.80 4223 -49.47 (1%)

Céong"'C(,o -3992 -3855 (4%)

selection of suitable strategies to design new fullerene
receptors. On the other hand, the recent SCC-DFTB-D
approach not only shows outstanding time/performance
efficiency in several studies, but also does not require large
amounts of empirical parameter fields to describe molecular
properties.’" 3 Therefore, taking into account the limitations of
MM methods, we believe that SCC-DFTB-D approach could be
a more balanced and suitable screening tool.

Thus, the performance of the B97-D2//SCC-DFTB-D regarding
the full B97-D2 has been evaluated for four groups of
complexes with 7-- -7 interactions: (1) complexes with eclipsed
PAHs; (2) complexes with curved PAHs; (3) mixed complexes
made up by planar and curved PAHs; (4) complexes made up
by curved PAHs and Cg,. Table 1 shows the results for the three

This journal is © The Royal Society of Chemistry 2012
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B97-D2/TZVP//SCC-DFTB-D
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Fig. 2 B97-D2/TZVP vs. B97-D2/TZVP//SCC-DFTB-D interaction energy in
(kcal/mol). Linear fit gave Eint (o7-02/12vp) = 0.9942Eint (8o7-02/T2vp//scc-oFte0) - 1.271
with an R*value of 0.995.

first groups, obtained previously by us at the B97-D2/cc-pVTZ
level® and Table 2 shows the results for the last group
performed at the B97-D2/TZVP level. Complexes of Table 2
are chosen trying to select a diverse set of buckybowls and
including several faces of fullerenes.

Regarding the geometry of dimers, the results of Tables 1-2
show a moderate increase in the equilibrium distance between
monomers (taken as the distance between the centre of the
buckybowl’s central ring and the centre of the ring of the
fullerene directly faced to it) obtained at the SCC-DFTB-D
level relative to that obtained at the B97-D2 level. There are
only two clear exceptions to this trend: planar complexes where
the trend is opposite and complexes 8:--Cgy where equilibrium
distances are very similar with the two calculation levels (only
a difference of about a tenth of angstrom arises). As it will be
discussed later, this distinctive feature of compound 8 is related
to its particular structure (closed and deep): this fact leads to
very distant fullerenes, regardless the level of calculation.
Obviously the quality of the interaction energies obtained using
the SCC-DFTB-D geometries is directly related to the quality
of these geometries, which seem not too bad as they lead to
rather satisfactory interaction energies. The worst results
correspond to complexes formed by planar monomers, but even
in this case the results improve as the size grows, reaching a
moderate error (about 2 kcal/mol, 13 %) for the coronene
dimer. Thereby, B97-D2/TZVP//SCC-DFTB-D calculations
could also seem appropriate for studying large m---m planar
complexes. For complexes with curved monomers the energetic
results are much better and even errors of only 1 % are
obtained. Moreover, the correlation between interaction
energies is excellent (R* = 0.995) as shown in Fig. 2, which
includes the results for the complexes with Cg, of Table 2. Only
complex 5---Cgy deviates slightly of the linear behaviour,
although no much. This is also directly related with the
outstanding energetic error of Table 2 (13 %), which in turn is
consequence of the largest difference in equilibrium distance
(more than 4 tenths of angstrom). On the opposite side,
complexes 8---Cg are found, with very small errors of 1-2 %,
as expected from their good geometries. It certainly happens
something similar with the complex 15---Cgg, with an error of 1
%, as a result of a difference smaller to a tenth of angstrom in
the equilibrium distance.

J. Name., 2012, 00, 1-3 | 3
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Table 3. Equilibrium distances (A) for the most stable conformation of the
studied complexes. All optimisations were performed at the SCC-DFTB-D
level.

X:C(,o X:Cm X:C40
1---X 3.636 3.644 3.649
2---X 4.313 4.361 4.328
3---X 4.075°
4---X 3.862°
5---X 3.856 3912 3.596"
6---X 4.238 4.047° 4.128
7---X 4.197
8---X 5.011 5.003 4.907
9---X 4.412
10---X 3.873 3.907 3.804
11---X 4.300°
12---X 4.084
13---X 3.373¢
14---X 4.685
15---X 4.223 4.096* 3.836
16---X 4.101

*In these complexes the buckybowl’s central ring is very displaced from the
centre of the face of fullerene used to build the complex; therefore, deq is
taken as the distance between the centre of the buckybowl’s central ring and
the closest atom of fullerene.

2 3 4 56 7 8 9 10 1112 13 14 15 16

il |’|| 1

-30 4

Emt

40 4

-50 4

Fig. 3 B97-D2/TZVP//SCC-DFTB-D interaction energy (kcal/mol) for complexes
buckybowl---fullerene.

As already mentioned the worst result in Table 2 and Fig. 2
corresponds to the 5---Cqy complex (the complex between
sumanene and fullerene), but if Table 1 is analysed at the same
time (for complexes with curved monomers) is easy to realise
that the worst results correspond to those cases involving
sumanene; especially when it is doubly involved (5---5, 15 %).
However, corannulene participation leads to clearly better
results: between 7 (corannulene dimer) and 10 % of error. In
the same way the complex designed by Sygulaz, CeoHag " Coo
(which incorporates two corannulene units) shows an error of
only 4%.

In summary, for complexes with curved monomers B97-
D2/TZVP//SCC-DFTB-D calculations lead to very reasonable
interaction energies if compared with the full B97-D2 ones.
With the only exception of complexes with sumanene, the
difference in interaction energy ranges from 0.26 to 1.56
kcal/mol (which corresponds to an error of 1-7 %). When
sumanene is involved the results are slightly worse, with a
difference of 2.56 kcal/mol (13 %) for the complex with Cgy. At
first sight, inspection of the structure of buckybowls of Table 2
leads to a first hypothesis: only sumanene includes sp® carbon
atoms, i.e., only this buckybowl has the ability to establish C-
H---m interactions with fullerene. This kind of interaction can
play a quite important role as shown recently since it takes

4| J. Name., 2012, 00, 1-3

place especially for compounds with saturated rings, where the
internal hydrogen atom of the CH, group points directly to the
7 cloud of fullerenes.!” It would not be surprising that SCC-
DFTB-D method was not able to account for this subtle effect.
For that reason, the monomers are not close enough and the
reproduction of interaction energy is slightly less accurate when
sumanene participates.

In brief, despite some limitations, the B97-D2/TZVP//SCC-
DFTB-D approach provides sufficiently accurate results so that
it can be used as a useful tool for a rapid selection of suitable
strategies for rational design of molecular clips and tweezers.
Moreover, SCC-DFTB-D method also can be very useful to
provide start guess for more accurate calculations of the largest
7 T complexes.

Stacking interactions between buckybowls with fullerene Cg,
Crp, and Cyg

Dispersion interactions play the most prominent role in the
association of buckybowls with fullerenes.'” So, it seems very
obvious that increasing the buckybowl size will lead to an
enhancement of the interaction with fullerene. However, the
key question is: how to increase the buckybowl size to
maximise fullerene recognition? In order to answer this
question, the stacking interaction between a series of
buckybowls and fullerene Cg, has been evaluated.

First, the stacking interaction taking into account different faces
of fullerene Cq4, was evaluated in order to obtain the most
favourable face for interacting with buckybowls. According to
our results, the stacking interaction with different faces of Cg
leads to differences ranging from 0.31 to 3.71 kcal/mol (Table
S1, Supplementary Information). Therefore, it seems that the
choice of the face is not relevant in some cases, but it is crucial
to get the correct results in others. A similar analysis was
performed with fullerenes C;y and C,p, but only with some
selected buckybowls: 1 and 5, the most popular buckybowls,
corannulene and sumanene; 2 and 6, a variant of the above two;
8, a very particular buckybowl (a very closed bowl with a very
large depth); 10, the most simple example of buckybowls
derived from pyracyclene; and 15, an example of the coronene
derived structures, and clearly the best buckycatcher for Cg.
According to our results (Table S1, Supplementary
Information) comparable conclusions to those obtained with
Cgo are achieved. The main difference is that for complexes
with these two fullerenes the choice of the face is more critical:
there are no cases where this selection is irrelevant since always
leads to differences higher than 1 kcal/mol in interaction
energy. In general these differences (especially with Cyq,
ranging from 1.61 to 3.93 kcal/mol) are always higher if
compared with those of the same complexes with Cgy. This is a
pretty reasonable result since Cg is the most spherical fullerene
and therefore the particular face for binding to the bowl should
be less relevant.

Taking into account only the best case (largest interaction
energy) for each buckybowl---fullerene complex, Table 3
summarises the equilibrium distances, dq, at the SCC-DFTB-D
level, and Fig. 3 shows a comparison of the calculated
interaction energies. As expected, none general correlation
between equilibrium distance and interaction energy was found
(Fig. S5, Supplementary Information), because differences in
structure of buckybowls are too large. Only for the case of
compound 13 with Cg4, a significantly shorter equilibrium
distance than for 1, corannulene, was found. Compound 8 leads
to the complexes with the largest d.4, which is consequence of

This journal is © The Royal Society of Chemistry 2012
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Table 4. B97 component of the interaction energy and dispersion
contribution (kcal/mol) for the most stable complexes (optimised at the SCC-
DFTB-D level) calculated at the B97-D2/TZVP level.

X=Ceo X=C X=Cyo
B97  Dispersion  B97  Dispersion  B97  Dispersion
X 11.59 -28.01 12.05 -29.41 10.97 -27.02
2---X 2430 -60.86 26.00 -63.92 22.41 -55.54
3--X 1848 -40.63
4--X 1690 -39.71
5--X  12.00 -29.77 12.73 -31.42 12.19 -29.00
6---X 1643 -38.13 17.96 -40.99 16.35 -37.21
7---X  20.55 -51.82
8-X 1722 -39.48 17.99 -40.20 15.98 -37.16
9---X  16.04 -38.37
10---X  12.85 -34.45 14.52 -37.31 12.86 -33.06
11---X  22.60 -50.43
12---X  15.44 -38.77
13--- X 22.61 -59.43
14---X  20.89 -49.66
15X 30.46 -79.93 35.99 -86.59 30.04 -74.95
16---X  19.85 -48.00

the closed and deep structure of this buckybowl, as already
commented above.

Fig. 3 shows that in general interaction with Cy, is slightly more
favourable than with Cg4; however, the interaction with Cy is
meaningfully less favourable. Consequently, it is not expected
that these buckybowls to specifically bind one of the fullerenes
when exposed to a Cgy/C;¢ mixture, since the major difference
for catching Cq, and C;, is only about 1.3 kcal/mol for
compounds 2 and 6. With Cy the differences, relative to Cg,
are higher reaching 3.43 and 4.56 kcal/mol for compounds 2 an
15; thus some selectivity could be found, especially when
compound 15 is exposed to a Cg/C, mixture (but this
combination is not very common, since usually Cgq is mixed
with larger fullerenes).

According to Fig. 3, compounds 2, 7, 13, and 15 lead to the
most favourable cases (interaction energy stronger than -30
kcal/mol). Compounds 2, 7, and 15 show a rather interesting
particularity: they are the only ones that have a ring that shares
only a bond with the rim of the bowl; that external ring might
be called a flap. As can be seen, these three buckybowls show a
noteworthy improvement in the fullerene recognition compared
to buckybowls of the same group without flaps. It could be
argued that this improvement might be simply caused by the
increase of the size of the bowl with the subsequent increase of
dispersion. This issue has no simple answer, but if the
behaviour of compounds 14 and 15 are compared (the only case
where the same structure with and without flaps is available),
then it can be observed that a increase of the bowl size (from 48
to 72 carbon atoms, 50 %) leads to a significantly higher
increase of the interaction energy with Cgy (from -28.77 to -
49.47 kcal/mol, 72 %). Compound 13 leads to one of the
highest interaction energies (-36.26 kcal/mol with Cg) but it
does not have flaps, as they were described above. However,
this compound has four external hexagonal rings that act in a
similar manner. They are less able to bend as the case of the
real flaps (the anchoring to the rim of the bowl is by sharing
two bonds), but its structure is flexible enough for "embracing"
the fullerene to some extent. This ability leads to an increase of
the interaction energy with Cg, of 26 % if compared with that of
compound 14, having both compounds very similar sizes.
Moreover, it is worth noting that only for this compound 13 the
equilibrium distance in the complex with Cg, deq, is smaller
than that of corannulene, 1.

This journal is © The Royal Society of Chemistry 2012
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number of C atoms
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Fig 4. Relationship between the bowl size (given by the number of carbons, N()
and the interaction energy: Ej,; = - 0.6218Nc — 3.859 with an R? value of 0.937.
The red point corresponds to the tweezers designed by Sygula et al?

As already noted, a possible way to measure the efficiency of a
receptor is comparing its size with the interaction energy that it
causes. This is because simply increasing the size of a receptor
an increase of the dispersion energy is achieved when this
receptor binds to fullerene. Although the number of C atoms of
a structure is not a very reliable measure of the size of this
structure, it may account for the relevance of dispersion. As
expected, Fig. 4 shows a rather good correlation between the
number of C atoms of a bowl and the interaction energy with
Ceo (R* = 0.937). Nevertheless, the most important thing is
detecting the deviations of the linear behaviour looking for the
most efficient receptors; that is to say, the best receptors that
produce large interaction energies without a large increase of
size. In this respect, it seems clear that compounds 2, 7, 10, 12,
15, and especially 13, are efficient receptors with larger
interaction energy than predicted by their size. Compounds 2, 7,
13, and 15 (with some kind of flaps) were already commented
above, and thus Fig. 4 reinforces the previous conclusions.
Compounds 10 and 12 also work rather well, with larger
interaction energy than predicted by their size. However, due to
their small size, this good performance in relative terms is not
so good in absolute terms. Compounds 3, and especially 8 and
14 are found in the opposite situation, with smaller interaction
energy than predicted by their size. They are very rigid and
compact structures with little ability to "embrace" the
fullerenes. Especially poor is the performance of compound 14,
a large bowl with rather modest "catching" aptitude. Addition
of flaps to this structure leads to buckybowl 15 (proposed here,
but not yet synthesised): clearly the strongest fullerene receptor
obtained. It almost triplicates the interaction produced by
corannulene, 1, and leads to an increase of about 11 kcal/mol in
the interaction energy if compared with that of the tweezers
designed by Sygula er al.” These tweezers (shown in red in Fig.
4) do not have a high efficiency relative to the number of C
atoms, but this is not surprising since in this case not all the C
atoms face directly the fullerene (as it is the case of a
significant part of the tetrabenzocyclooctatetraene tether).

In summary, an important conclusion could be that addition of
flaps at the bowl rim seems a promising strategy for designing
more effective fullerene receptors. The addition of these flaps
not only increases the size of the m-system, but also does so in
an advantageous manner since the slight flexibility of the flaps
favours the "embrace" of fullerenes. Although this flexibility is

J. Name., 2012, 00, 1-3 | 5
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Fig. 5 Interaction energy vs. dispersion component (kcal/mol). Top: complexes
with Ceo; Ejne = 0.6337E4, + 1.983, R’= 0.985. Middle: complexes with Cyo; Ejne =
0.5867E,5p + 0.1327, R’= 0.996. Bottom: complexes with Cao; Eine = 0.6082E;, +
0.8041, R’= 0.996.

Journal Name

0.012
0.004
-0.004
-0.012

-0.020
Fig.6 Bottom views (following the arrow) of the NCIPLOT gradient isosurface (0.4
a.u.). The surfaces are coloured on a blue-green-red scale according to the
strength and type (attractive or repulsive) of interaction. Blue indicates strong
attractive interactions, green indicate weak vdW interactions, and red indicates
strong nonbonded overlap. Front and top views of NCIPLOT are available in the
Supplementary Information.

rather small, is strong enough to modify significantly the
distance between the external rings and the fullerene, thereby
modifying the dispersion effects (see page 4 of Supplementary
Information). If the bowl does not have any kind of flaps, at
least it should have some flexibility to be an efficient fullerene
receptor. Therefore, in general, large rigid structures can be
good receptors but with an efficiency much lesser than
predicted by their size.
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In order to analyse in more detail the balance of energy
contributions to the stability of the complexes, the interaction
energy was decomposed according to a very simple method.
So, the two main contributions of the model employed were
taken into account; that is, the pure B97 interaction energy and
the empirical dispersion contribution to the interaction energy.
Results in Table 4 show that dispersion plays a crucial role in
the interaction energy of complexes. First, because the
contribution of the pure B97 functional is clearly repulsive, so
dispersion is responsible for the binding in complexes. And
second, and more noteworthy, because as can be seen in Fig. 5,
there is an excellent correlation between dispersion and
interaction energies for complexes evaluated (with R* = 0.985,
0.996, and 0.996 for complexes with Cgyp, C;9, and Cy,
respectively). Only bowls 3, 10, and 11 when complexed with
Cgo deviate from the perfectly linear behaviour by a somewhat
appreciable difference: compound 10 leads to larger interaction
energy than that predicted by dispersion; compounds 3 and 11
lead to an opposite condition. In order to explain these minimal
discrepancies, a qualitative analysis based on the contribution
of electrostatics to interaction energy (similar to that performed
previously in a recent paper'’) has been carried out (see
Supplementary Information).

This journal is © The Royal Society of Chemistry 2012
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Finally, a qualitative non-covalent interactions (NCI) analysis
has been performed to obtain more information about m---7
interactions and more data about the behaviour of the different
bowls. The visualisation of m- -7 interactions between the two
monomers in the real space was drawn using VMD software™
with an isosurface of 0.4 a.u. and scale running from -0.020
(min) to 0.020 a.u. (max): blue, green and red indicate strongly
attractive, weak and strongly repulsive interactions,
respectively. Fig. 6 shows the NCI plots for complexes with Cg
(Fig. S3 in the Supplementary Information includes more views
of the NCI plots). The first thing that catches the eye in this
figure is that compounds 8 and 14 (which are the most
inefficient ones in relation to their size, as discussed above) are
precisely those that show more significant discontinuities in
their RDG isosurfaces. This is undoubtedly related to the fact,
as previously commented, that these two bowls have very
compact and deep structures, which leads to the longest
equilibrium distances (4.685 A for 14---Cq, and especially
5.011 A for 8:--Cy). For this reason, for these two compounds
the interaction with fullerene is much more important with the
walls than with the bottom of the bowl. Even so, for compound
14 the interaction is still rather important due to the
considerable size of the surface (consequence of the size of
compound) and the significant attractive zones. In general, the
best receptors in absolute terms as 2, 7, 11, 13, 15, and 16 or in
relative terms (in relation to its size) also including 10 and 12,
are related to large and continuous RDG surfaces with
important attractive zones (blue). Compound 7 is the only
exception to this trend: in this case the small discontinuity of
the surface is compensated by the presence of three strong
attractive areas. The surface of the 11---Cq4q clearly shows the
displacement of fullerene to the right side of the bowl,
weakening the interaction in the other side. Comparison of NCI
plots of 14---C4y and 15---C4y shows the huge difference
between these two cases: the addition of flaps not only
increases the interaction surface but it also removes the
discontinuities of it. This causes a huge shortening of the
equilibrium distance: 0.462 A. In summary, NCI plots reinforce
the conclusion that shape of buckybowl plays a fundamental
role for the enhancement of the fullerene recognition.

Conclusions

According to our results, the B97-D2/TZVP//SCC-DFTB-D
approach seems to be a useful tool for a rapid selection of
suitable strategies for rational evaluation and design of
fullerene receptors. Fullerene orientation relative to the bowl
has very little importance in some cases, but in others it is
essential to get the proper results (differences of almost 4
kcal/mol can be obtained).

Dispersion plays a crucial role on the interaction energy in
these complexes: it is responsible for the binding in them,
showing an excellent correlation with the interaction energies
(the minimal deviations can be explained by a qualitative
analysis based on the contribution of -electrostatics to
interaction energy). As expected, the increase on dispersion
energy shows a fairly good correlation with the increase on
bowl size. However, there are some substantial deviations that
can be attributed to the shape of the bowl. In this way,
compounds whose structure possesses flaps at the rim of the
bowl show an enhanced ability for interacting with fullerenes.
On the contrary, compounds with very rigid and compact
structures show little ability to "embrace" the fullerenes.

This journal is © The Royal Society of Chemistry 2012
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The largest interaction corresponds to complexes with the
devised compound 15, a bowl-shaped hexabenzocoronene
derivative. This buckybowl has a large size and added flaps,
which allows obtaining interaction energies of about 50
kcal/mol (triple than that achieved with corannulene). However,
in relation to its size, the most efficient receptor is compound
13, which also has a kind of flaps. This type of appendix not
only increases the size of the m-system, but also does so in an
advantageous manner since their slight flexibility favours the
"embrace" of fullerenes. If the bowl does not have any kind of
flaps, at least should have some flexibility to be an efficient
fullerene receptor. For that reason, large compounds with a
very rigid structure can be good receptors but with an efficiency
much smaller than predicted by their size.

NCI plots reinforce the conclusion that the shape of the
buckybowl plays a fundamental role for the enhancement of
fullerene recognition. The best receptors are related to large and
continuous RDG surfaces with important attractive zones.
Finally, it is worth mentioning that the interaction energy for
the complexes with C;y shows only small increases with respect
to that obtained with Cgo. On the other hand, complexes with
C,4 show a significant decrease in the interaction energy
regarding to C4o and C;,. The greatest differences take place for
buckybowls 2 and 15 that show a decrease of 3.43 and 4.56
kcal/mol regarding to Cg, respectively. Curiously, buckybowls
2 and 15 are the only (studied with C,) having flaps in their
structure. So, the addition of flaps on the rim of the bowl
perhaps could also be a useful strategy for designing
buckybowls for the selective separation of fullerenes from
mixtures.
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