N
N

N

HAL

open science

Bending Carbon Nanoforms for Supramolecular
Recognition: A Topological Study on
Hemifullerene-Based Aggregates

Joaquin Calbo, Juan Aragd, Roberto A. Boto, José Sanchez-Marin, Enrique

Orti, Julia Contreras-Garcia

» To cite this version:

Joaquin Calbo, Juan Aragd, Roberto A. Boto, José Sanchez-Marin, Enrique Orti, et al.. Bending
Carbon Nanoforms for Supramolecular Recognition: A Topological Study on Hemifullerene-Based Ag-
gregates. Journal of Physical Chemistry A, 2018, 122 (4), pp.1124-1137. 10.1021/acs.jpca.7b11746 .
hal-02404898

HAL Id: hal-02404898
https://hal.sorbonne-universite.fr /hal-02404898
Submitted on 11 Dec 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.sorbonne-universite.fr/hal-02404898
https://hal.archives-ouvertes.fr

Bending Carbon Nanoforms for Supramolecular Recognition: A Topological
Study on Hemifullerene-Based Aggregates

Joaquin Calbo,* Juan Aragd,® Roberto A. Boto,” José Sanchez-Marin,° Enrique Orti,*? Julia
Contreras-Garcia*°%

? Instituto de Ciencia Molecular, Universidad de Valencia, 46890 Paterna (Valencia), Spain
b CICECO-Aveiro, Institute of Materials, University of Aveiro, 3810-193 Aveiro, Portugal
¢ Sorbonne Universités, UPMC Univ Paris 06, UMR 7616, Laboratoire de Chimie Théorique, F-75005, Paris, France

4 CNRS, UMR 7616, LCT, F-75005, Paris, France

Published as part of The Journal of Physical Chemistry special issue “Manuel Yafiez and Otilia Mo
Festschrift”

We dedicate this work to Professors Manuel Yainez and Otilia Mé, outstanding scientists and
wonderful friends, in light of their efforts in promoting the theoretical and computational
chemistry in Spain.

ABSTRACT

Buckybowls have risen as appealing fullerene fragment derivatives. Their intrinsic curvature has
been exploited in the generation of host—guest supramolecular assemblies, not only through
concave—convex complementarity but also through less-known concave—-concave staggered
arrangements. Whereas the stabilization of bowl-in-bow! dispositions has been ascribed to
efficient n—m forces together with favorable dipole—dipole interactions, a detailed analysis on the
forces guiding the formation of the staggered arrangements is missing so far. Herein, we present a
thorough theoretical characterization of bowl-in-bowl vs. staggered hemifullerene-based
homodimers and heterodimers with the electron-donor truxTTF molecule, as test cases, under the
density functional theory and by means of chemical bonding techniques. Our results clearly reveal
strong and localized noncovalent signatures, together with an enhanced orbital interaction,
associated with CH-mt and sulfur-mediated interactions governing the staggered formation.
Bending the fullerene fragment is demonstrated to favor the stabilization in both homo- and
heterodimers, in good accord with the depletion in the m-electron density calculated upon
increasing the buckybow! curvature. The optimal buckybowl! curvature for the highest interaction
energy is however dependent on the type of supramolecular assembly (bowl-in-bowl! vs.
staggered) and the concave region to which hemifullerene approaches truxTTF. Interestingly, two
regimes are found as a function of buckybow! curvature for hemifullerene homodimers: bowl-in-
bowl dispositions are calculated more stable at low curvatures whereas staggered dimers prevail
for highly curved buckybowls. Our results highlight the potential of discrete CH-1t and S-mediated
interactions to generate unconventional staggered supramolecular arrangements towards the
development of a new and unexplored host—guest chemistry.



1. INTRODUCTION

Since the discovery of fullerene Cg, undoubtedly the most-known curved carbon architecture,
bowl-shaped nanostructures have attracted an increasing interest in the scientific community as
chemical models to better understand their parent carbon alloform.! Fullerenes are already
consolidated in materials science, and have spurred applications as n-type semiconducting
materials in organic solar cells.>* In this context, they have been widely studied as electron
acceptors in fundamental investigations of photoinduced electron-transfer processes when
combined with electron donors in covalent and noncovalent dyads.>® In contrast, the application
of bowl-shaped fullerene fragments has been limited so far, only being exploited in coordination
chemistry® and, recently, in the generation of receptors for fullerenes.0-12

The bowl shape of carbon nanoforms has been skillfully used to build up concave hosts for
fullerene recognition in concave—convex supramolecular assemblies. The most prominent example
of these hosts is probably the so-called buckycatcher reported by Sygula et al.,** which bears two
concave corannulene moieties to form a molecular pincer that strongly binds Cg through a large
surface of m—mt noncovalent interactions. Thenceforth, the supramolecular host—guest chemistry of
carbon nanoforms has experienced an increasing development in the design of new molecular
receptors that maximize the concave—convex complementarity.}41°

Bowl-shaped carbon nanoforms (or buckybowls) can be easily synthesized in pure form with a
well-defined molecular structure. Due to this, an increasingly array of curved molecular fragments,
for which x-ray crystallography data are commonly available, have been reported in the last
decade.'®2° A particularly interesting example of buckybowls is the so-called hemifullerene CsoH1;
(Figure 1a), whose carbon structure corresponds to a half of fullerene Ce.2* For this fullerene
fragment, two crystal polymorphs were found, each of which showing a different packing motif,
originating from the interaction between the CsoHi, molecules. In the trigonal polymorph, bowl-in-
bowl columnar stacks were found, an arrangement dominated by n—mt interactions between the
concave and convex regions of adjacent molecules along the stack. In the orthorhombic
polymorph, each hemifullerene inserts one of its three peripheral six-membered rings into the
cavity of a neighboring molecule, forming dimers presumably stabilized by both CH-1t and n—nt
noncovalent interactions. The exploitation of these CH-m forces in supramolecular buckybowl
arrangements might become an interesting approach for developing a new host—guest chemistry.

Despite the great success in the synthesis of size- and curvature-dependent buckybowls, only few
theoretical works have been devoted to categorize the role that the curved shape in these carbon
nanoforms plays for increasing the efficiency in the supramolecular recognition of other organic
structures, as well as to understand the nature of the noncovalent forces that stabilize the
resulting assembly. In the seminal work of Sygula et al.,?? theoretical calculations at the SCS-MP2
level on different corannulene dimers (native, planar or “Ceo-like”) demonstrated that the
curvature of the conjugated carbon network does not disable their ability to form n—mn stacked
assemblies. In contrast to the planar systems, part of the stabilization in these bowl-shaped dimers
was attributed to attractive electrostatic dipole—dipole contributions.

Recent theoretical work of E. M. Cabaleiro-Lago et al.®® on buckybowls with different size and

structure has demonstrated that the shape of the buckybowl! plays a crucial role in its “catching”
ability, being the addition of flaps at the bowl rim by benzannelation an effective strategy for



enhancing the interaction with fullerenes. Likewise, the introduction of methyl groups in the
periphery of corannulene and sumanene was demonstrated to enhance the supramolecular
interaction through effective CH-m forces.?* The effects of buckybowl curvature on m-m
interactions were also theoretically examined by D. Sherrill et al.,?*> through modelling of coronene
and corannulene derivatives with variable degree of curvature. In this work, bending was
demonstrated to redistribute the electronic charge in the n-cloud and create a net dipole moment
in the m-system, leading to enhanced intermolecular electrostatic interactions in the concave—
convex geometries. Curvature of both monomers was additionally shown to have a geometric
effect on the interaction by decreasing the average C-C distance between monomers, and by
increasing the magnitude of both favorable London dispersion interactions and unfavorable
exchange-repulsion interactions.

Notwithstanding the great theoretical effort made to understand the noncovalent interactions
giving rise to stacked m—m supramolecular complexes in curved carbon nanoforms, the study of
staggered arrangements, such as those found for the orthorhombic polymorph of hemifullerene,
has been neglected so far. Recently, some of us have reported the first donor—acceptor
supramolecular assembly of a fullerene fragment mimicking the charge-transfer behavior of Cg, in
which the hemifullerene buckybowl interacts with the donor truxTTF moiety (Figure 1a) through
either bowl-in-bowl or staggered arrangements.?® Interestingly, high-level DLPNO-CCSD(T)
theoretical calculations demonstrated that the staggered disposition, in which the donor and the
acceptor interact through a combination of nm—n, CH-t and n-m contacts, is the most stable
dimer,?” in good accord with experimental NMR evidences.?®

To provide deep insight into the origin and nature of the noncovalent forces governing the self-
assembly of unconventional staggered concave—concave arrangements involving buckybowls, we
analyze herein the supramolecular assembly of hemifullerene CsoHi,, either in a homodimer
species or in a heterodimer with the electron donor truxTTF host, through chemical bonding
techniques. The intermolecular region of bowl-in-bowl vs. staggered dimers has been examined by
scrutiny of the electron density, whereas the n-stacking ability of hemifullerene upon bending has
been assessed using the localized orbital locator descriptor. The effect of molecular curvature in
the bowl-in-bowl vs. staggered arrangements is disentangled for both homo- and heterodimers,
and optimal buckybowl bendings are found for each regime. Our results highlight the role of
discrete CH-m and sulfur-mediated forces in the stabilization of staggered assemblies for the
development of a new host—guest chemistry that exploits other than the ubiquitous
concave—convex complementarity.

2. COMPUTATIONAL DETAILS

The noncovalent interaction (NCI) index (also known as the reduced density gradient) allows to
analyze the noncovalent forces governing the different supramolecular assemblies and was
calculated using the NCIPLOT-3.0 program.?®3° The NCI method is based on the relationship
between the reduced density gradient (s) and the electron density (p), according to:
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When a weak inter- or intramolecular interaction is present, there is a significant change in the
density gradient between the interacting atoms. Roots of s are associated with electron density
critical points, which can be assigned to attractive or repulsive interactions by examining the

second eigenvalue (A;) of the electron-density Hessian matrix (Vzp =A +4,+4;). The reduced

density gradient s can be represented in a 2D plot against the density, including the sign of A,
(sign(A2)p) and thus vyielding a semi-quantitative picture of the intensity and nature of the
interaction (negative A; values for attractive and positive A; values for repulsive forces).

In the 3D graphical representation of the reduced density gradient, a 3D grid-point space is
obtained for s values lower than a threshold and within a range of sign(A;)p. Green regions refer to
weak dispersion-based interactions (small values of sign(A;)p, either positive or negative), whereas
bluish contours indicate stronger interactions (large negative sign(A2)p values). Reddish NCI
surfaces are indicative of repulsive/steric noncovalent interactions (large positive sign(\>)p values).

The molecular electron density computed from the sum of atomic contributions, the so-called
promolecular density, was employed as an approach to p. The p and s cutoffs were kept as default
(0.20 and 1.00 au, respectively). Sign(Az)p values from —0.02 to +0.02 and an isovalue of s = 0.3
were set in the 3D plots to recover all the noncovalent interactions in the system. The
INTERMOLECULAR option was set to 0.95 to turn off all the interactions where at least 95% of the
density comes from a single molecule.

In order to quantify the amount of noncovalent interactions through the NCI 3D plots, we have
also calculated the electron density within the density functional theory (DFT) approach at the
PBEO0-D3/6-31G** |level of theory. On the one hand, we have analysed the electron density at the
bond critical points (bcps) following the Bader’s approach according to the Quantum Theory for
Atoms in Molecules (QTAIM)*! using the AIMAIl suite of programs.3? Only bcps with electron
density < 0.016 au were considered. For delocalized interactions, which are crucial in the carbon-
based systems, NCI volumes were also calculated.®® Integration of volumes within the NCI regions
(V1) was attained by means of a modified version of NCIPLOT-3.02°% using the SPLINE technique.
This quantity is directly related to the amount of noncovalent interactions (both attractive and
repulsive) present in the system.

The planar hemifullerene structure was calculated as a transition state characterized by an
imaginary frequency of 125.18 cm™ at the PBE0-D3/6-31G** level. This structure together with
the imaginary frequency connecting the two mirror-image curved conformations were employed
to generate a series of hemifullerene geometries with variable curvature using the intrinsic
reaction path (IRC) technique as implemented in Gaussian 09.001.3* The IRC structural path was
also calculated at the PBEO-D3/6-31G** level, using a step size of 0.50 Bohr and with symmetry
constraints disabled (NoSymm). The intramolecular geometry parameters (distances, angles and
dihedrals) obtained from the IRC structures were frozen in the subsequent analyses.

The LOLIPOP index® was calculated to measure the m-density depletion of the hemifullerene
derivative as a function of its curvature. The LOLIPOP index is based on the Localized Orbital
Locator (LOL)®, a function of the kinetic energy density which offers an intuitive depiction of r-
bonds and detailed information on the nature and location of electron pairs. The LOL function is
calculated as



LOL =

where
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is the Kohn-Sham kinetic energy density of the system expressed in terms of spin orbitals ¢, and
3 2\2/3 _5/3
Tre = g(Gﬂ )P

is the corresponding Thomas—Fermi kinetic energy density in the uniform electron gas. Therefore,
LOL > 0.5 reveals electrons locally “slower” (less kinetic energy density) than in the uniform
electron gas, and LOL < 0.5 electrons locally “faster” than in the uniform electron gas.

The LOL-based index LOLIPOP (LOL Integrated Pi Over Plane) corresponds to the integral of LOL
values > 0.55 computed from the m-density (LOL:) over a 1.94 A radius cylinder centered in the
middle of the target ring. The chosen integration radius of 1.94 A corresponds to the average
between the C and H radii in benzene. The use of other radii within a small range has been
demonstrated not to alter the relative trends.3®> The LOL, surface was calculated by means of the
DGRID-4.6 software®” using all m-type orbitals with a grid mesh of 0.05 Bohr, and the LOLIPOP
index was obtained through the LOLIPOP script.®

It is interesting to note that both topological indexes used here, NCI and LOLIPOP, are able to
reveal chemical bonding by virtue of their connection to the kinetic energy density. Whereas the

NCI kernel (s) is related to the scaled bosonic kinetic energy density, 7,,, through the definition of

the dimensionless variable t, ., ,*® the LOL kernel (t , ) is based on the same scaling of the real

bose ’

fermionic kinetic energy density, 7 :

where 7, is used as scaling factor. Interestingly, these two quantities are further related through

the electron localization function (ELF) kernel, y, according to:

= tLOL - tbose

Finally, the electron density rearrangement taking place upon supramolecular complex formation
was also analyzed by exploiting the properties of the Natural Orbitals for Chemical Valence



(NOCV).* The NOCV theory is based on the deformation density (Ap,, ), or differential density
between the supermolecule ( ©o) and the sum of the densities of the constituting N fragments

(,00 ), according to:
0 N
Apw =p=p° =p=D.p,
i
Thus, the orbital interaction energy ( AE,, ) is given by:

AE,, = E[p]-E[p"]

where E[p] is the energy of the final supermolecule, and E[0°] is the energy associated with
the normalized and antisymmetrized wave function obtained from the product wave function of
the constituting fragments.

The NOCV eigenvalues and the corresponding energy contributions were calculated using the
Extended Transition State (ETS) method of Ziegler.?® The orbital interaction term (AE,, ) was

obtained according to the NOCV/ETS decomposition scheme as implemented in ORCA 4.0.%° A very
fine integration grid (grid5) and thresholds (verytightscf) were used, along with the hybrid PBEO
functional and the 6-31G** basis set previously chosen in our SCF calculations.

3. RESULTS AND DISCUSSION
3.1. Electron Density Analysis

The hemifullerene CsoH1, (Figure 1a) crystallizes in two polymorphs, i.e. trigonal and orthorhombic
phases, from which two types of homodimers can be extracted: bowl-in-bowl and staggered
arrangements, respectively. Both dispositions were optimized at the PBE0O-D3/6-31G** level of
theory and the minimum-energy structures of the bowl-in-bowl (1) and staggered (2) dimers are
shown in Figure 1b.



a)

b)

Figure 1. a) Chemical structure of hemifullerene CsoHi2 and truxTTF compounds. b) Minimum-
energy structures calculated for the different bowl-in-bowl and staggered arrangements of
hemifullerene homodimers (1 and 2, top) and truxTTF-hemifullerene heterodimers (3—6, bottom).

Recently, some of us reported the first donor—acceptor supramolecular complex of a fullerene
fragment that mimics the photoinduced charge-transfer behavior of related donor—acceptor
fullerene aggregates.?® In this complex, the hemifullerene is coupled to a tetrathiafulvalene (TTF)-
based derivative of the truxene core decorated with three dithiole rings (the so-called truxTTF).
The truxTTF-hemifullerene associate may be arranged in several spatial dispositions, similarly to
the arrangements found in the two polymorphs of hemifullerene. Figure 1b summarizes the
minimum-energy structures calculated for the four most stable dimeric arrangements (3-6) found
in the truxTTF-hemifullerene heterodimer. In structures 3 and 4, the convex surface of the CsoH1>
bowl perfectly matches the two concave cavities of the truxTTF host; that is, either through the
cavity formed by the carbon backbone (3) or through the cavity formed by the central benzene
ring and the three dithiol rings (4). Structures 3 and 4 can therefore be seen as bowl-in-bowl
arrangements, in analogy with CsHi; homodimer 1. Otherwise, the concave cavities of truxTTF
and CsoHi; can also interact, giving rise to heterodimers in which either a benzene or a dithiol ring
of the truxTTF moiety is placed inside the concave region of the hemifullerene bowl (structures 5



and 6, respectively). These arrangements are better described as staggered dispositions, in
analogy to that extracted from the orthorhombic crystal of hemifullerene (2). The optimized
heterodimeric structures 3—-6 were reported within a narrow interaction energy range from -20 to
-30 kcal/mol at the revPBEO-D3/cc-pVTZ level.?® Structure 6 was demonstrated to be the most
stable arrangement with a binding energy of —28.5 kcal/mol. The energetic order predicted at the
DFT level for structures 3—6 was confirmed by high-level DLPNO-CCSD(T) theoretical calculations.?”

In order to understand the origin of the forces driving the self-assembly between two
hemifullerenes, and between hemifullerene and the donor truxTTF moiety, we analyzed the
reduced density gradient (NCI index) using the NCIPLOT software. Figure 2a displays the 3D plots
of NCI surface for the two most stable homodimers of benzene (parallel displaced or PD, and T-
shape or T) and hemifullerene (bowl-in-bowl 1 and staggered 2). Whereas the PD benzene dimer
provides an extended surface of NCI with close-to-zero density values (green) at s = 0.3 (i.e. critical
points have a low persistence), the T benzene dimer, although having a much smaller NCI surface,
shows stronger localized interactions evidenced by blue regions. The bowl-in-bowl hemifullerene
dimer 1 provides a large NCI surface with greenish coloring corresponding to densities close to O,
as a similar situation to the parallel benzene dimer. Interestingly, a donut hole is predicted in the
central region of 1 (Figure 1a), suggesting that the main stabilization arises from the
intermolecular contacts at the periphery of the dimer. Otherwise, the staggered hemifullerene
dimer 2 shows a more discontinuous NCI surface with a large extended green surface, and several
gulfs and bays with blue/red regions, indicating a complex scenario of noncovalent interactions.

a) PD T 1 2

b)
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Figure 2. a) Intermolecular NCI surfaces calculated for benzene and hemifullerene homodimers
with an s isovalue of 0.3 and a sign(A;)p range of —0.02 to +0.02. b) Reduced density gradient 2D
plots for benzene (left) and hemifullerene (right) homodimers. Benzene dimer structures were
extracted from the S66 database.**



To further categorize the nature of the interacting forces governing our assemblies, we analyzed
the reduced density gradient by plotting s vs. sign(A2)p. As shown in Figure 2b, the PD benzene and
bowl-in-bowl hemifullerene 1 homodimers are characterized by spikes close to p = 0, indicative of
weak noncovalent interactions between the surface of the m-conjugated moieties. Otherwise, T
benzene and hemifullerene 2 homodimers are predicted with peaks in s at larger positive and
negative abscissa values, indicative of stronger attractive and repulsive noncovalent interactions.
For example, s-spikes at sign(A;)p = —0.015 are predicted for T benzene dimer, and even stronger
interactions are represented by peaks in s at sign(Az)p = —0.020 for homodimer 2. As a reference, a
typical H-bond interaction in a water dimer is calculated as a peak at sign(A;)p = —0.025. PD
benzene and hemifullerene 1 homodimers are therefore characterized by smooth and extended
surfaces of NCI contacts typical of m—mn stacking interactions (see C—C intermolecular bond critical
points in Table S1, especially those at high p values). In contrast, T benzene and hemifullerene 2
homodimers are stabilized not only by dispersion delocalized noncovalent forces but especially by
discrete, and relatively strong, localized CH-mt interactions (C—H intermolecular bond critical points
in Table S2). The absence of noticeable polar interactions leads to a very flat NCI profile for
homodimers 1 and 2, which is reflected in the high NCI volume calculated for these two
compounds (Vrin Table 1).

Donor—acceptor truxTTF-hemifullerene heterodimers were then examined following the same NCI
analysis (Figure 3). Bowl-in-bowl dimers 3 and 4 show a large NCI surface spreading over the
closest contacts between the donor and acceptor moieties (Figure 3a). Subtle differences are
observed between the two possible orientations in which C3Hi2 can interact with truxTTF. In
heterodimer 3, the NCI surface extends practically over the hemifullerene size, with A, >0
(repulsive, in red) regions and A, < 0 (attractive, in blue) spots in the central intermolecular part. In
heterodimer 4, a typical green benzene:---benzene NCI surface is predicted in the central region,
which extends across the interaction between hemifullerene and the dithiol rings. The NCI
patterns of 3 and 4 thus differ from each other and from that obtained in homodimer 1. These
results highlight differences in the supramolecular interaction owing to different concave—convex
complementarities, and to the presence of heteroatoms. On the other hand, the NCI profiles for 5
and 6 (Figure 3a) are found with a similar complexity as that obtained for the staggered
homodimer 4 (Figure 2a). Minimum-energy geometries for 5 and 6 provide not only extended NCI
surfaces in green but also sharp bays associated with strong attractive interacting regions (surfaces
in blue), indicative of effective discrete forces, and with a significant participation of the dithiol
rings.
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Figure 3. a) Intermolecular NCI surfaces calculated for truxTTF-hemifullerene heterodimers with an
s isovalue of 0.3 and a sign(A;)p range of —0.02 to +0.02. b) Reduced density gradient (s) diagrams
for truxTTF-hemifullerene heterodimers.

The analysis of the reduced density gradient 2D plots gives further insight into the nature of the
weak interactions governing our heterodimeric assemblies. Despite geometrical similarities in
which bowl-in-bowl heterodimers 3 and 4 arrange in the tridimensional space, strong differences
are computed in the 2D s-plots. As observed in Figure 3b, dimer 3 provides s-spikes at large
sign(A2)p values, both positive and negative, compared to dimer 4. This suggests, as already
captured by the colored NCI surfaces in Figure 3a, strong C—C interactions (Table S3) in dimer 3,
mainly localized in the central carbon core—core proximities (planar region). Conversely, dimer 4
provides s-peaks closer to sign(A2)p = 0, indicative of softer noncovalent interactions, with the
strongest attractive/repulsive forces associated to the sulfur (truxTTF) — carbon (hemifullerene)
contacts (Figure 3 and Table S4). Moving to the staggered heterodimers 5 and 6, s-spikes at higher
electron densities are obtained. These are related to the direct CH-m, S—t and S—H interactions
(Table S5-S6 and Figure S3). A very similar distribution of s = 0 peaks is obtained for both dimers,
with a density range spreading from nearly sign(A;)p = 0 to £0.02. However, in-depth analysis of
the bond critical points indicates that relatively strong S—m interactions are only present in the
case of 6 (Figure S3). The electron densities in the heterodimers are locally contracted due to the
presence of sulfur atoms (Figure S3), leading to smaller integrated NCI volumes than in the
homodimer species (Table 1).

The electron density rearrangement that takes place upon supramolecular dimer formation was
analyzed using the Natural Orbital for Chemical Valence (NOCV) decomposition technique (see



Computational Details). The orbital interaction energies ( AE,,, ) are summarized in Table 1. A large

orbital interaction of —462.6 kcal/mol is computed for the staggered dimer 2, whereas a smaller
AE,,, value of —189.8 kcal/mol is obtained for bowl-in-bowl dimer 1. Likewise, moving to donor—

acceptor heterodimers, smaller AE,, values of =175.3 and —293.0 kcal/mol are obtained for the
bowl-in-bowl dimers 3 and 4, respectively, compared to —415.6 and —-460.2 kcal/mol calculated for
the staggered dimers 5 and 6. These trends show a smaller orbital interaction in the bowl-in-bowl
arrangements governed by delocalized m-mt interactions, and indicate a large AE,, in the
staggered dispositions due to the formation of discrete and strong CH-mt and S-mediated forces.
Note that heterodimers 4 and 6, in which the dithiole rings interact with the hemifullerene,
provide larger AE,, values as expected from the extended electron density of sulfur atoms.

Table 1. Interaction energies (kcal/mol) calculated at the PBEO-D3 with the cc-pVTZ basis set, and
with the 6-31G** basis set using several levels of the counterpoise (CP) correction, integrated NCI

volumes (Vr, Bohr®), and orbital interaction energies ( AE,, , kcal/mol) as obtained from the NOCV

decomposition analysis.

Eint (6-31G**)

Eint (cc-pVTZ) Vy° AE,,
No CP cp % CP
homodimer 1 -21.27 -2499 -17.86 -21.43 89.46 -189.79
homodimer 2 -22.64 -26.68 -21.69 -24.19 77.13 -462.59
heterodimer 3 -21.41 -2450 -17.99 -21.25 33,59 -175.29
heterodimer 4 -22.00 -2498 -18.57 -21.78 27.36 -293.03
heterodimer 5 -24.24 -28.03 -22.46 -25.25 31.21 -415.55
heterodimer 6 -27.35 -31.68 -26.07 -28.88 25.35 -460.17

9 A grid step of 0.05 A was taken along each direction, with cutoffs of 0.03 a.u. and 2.0 a.u. in
electron density p and reduced density gradient s, respectively.

The interaction energy (Eint) in the hemifullerene dimers was estimated at the PBEO-D3/cc-pVTZ
level of theory (Table 1). Both homodimers and heterodimers 1-6 are calculated with an Eiy in the
range from —21 to —-28 kcal/mol. For homodimers, the staggered arrangement 2 is calculated
slightly more stable than the bowl-in-bowl structure 1, with E = =22.64 and -21.27 kcal/mol,
respectively. This is in agreement with the results previously found for benzene, where o-stacking
provides a slightly more stable T-type dimer than the n—rt dominated PD dimer.*! In the same line,
the localized CH—mt and S-mediated interactions lead to staggered arrangements 5 and 6 being
more stable than the m—nt dominated bowl-in-bowl dispositions 3 and 4 for truxTTF-hemifullerene
heterodimers. Heterodimer 6 is calculated to be the most stable assembly with an E,x = —27.35
kcal/mol. These trends are in good accord with the values computed at the revPBEO-D3/cc-pVTZ
level,?® and with those recently reported using high-level DLPNO-CCSD(T) calculations.?”



In order to have a workable (low computational cost) approach to comprehensively analyze the
hemifullerene-based aggregates and to study the effect of the molecular curvature in the
assembly (see below), we compared the interaction energies calculated using the 6-31G** basis
set, both uncorrected and counterpoise (CP)-corrected, with the nearly basis set superposition
error (BSSE)-free results obtained with the Dunning’s cc-pVTZ basis set (Table 1). Uncorrected
interaction energies using the 6-31G** basis set are significantly overestimated compared to the
cc-pVTZ values for the series of hemifullerene-based dimers 1-6. Otherwise, CP-corrected 6-31G**
interaction energies tend to underbind the complexes compared to cc-pVTZ. By half-correcting the
6-31G** interaction energies with CP, as done in previous works with much success,*? values very
close to the cc-pVTZ reference are obtained (Table 1). We therefore consider the PBE0O-D3/6-
31G**+)4CP level of theory as a 'workable' approach for the exploratory analysis of the
hemifullerene-based dimers with variable curvature detailed in the next sections.

3.2. Bending the Hemifullerene

The hemifullerene structure possesses a characteristic bowl shape due to the insertion of five-
member rings in its m-conjugated structure. Interestingly, after optimizing its geometry by
imposing Cs-symmetry, a completely planar m-conjugated structure is calculated as a transition
state with one imaginary frequency of 125.18 cm™. The vibrational mode associated to this
imaginary frequency connects the two minimum-energy structure wells (mirror images or
enantiomers) through the lowest energy path. The intrinsic reaction coordinate (IRC) path from
the planar hemifullerene (transition state) to one of the curved structure wells was used to
generate hemifullerene structures of increasing curvature (see Computational Details). The IRC
calculation generated 30 structures, from which 15 geometries equally distributed along the path
were extracted. For simplicity, two indexes (X,Y) are introduced to refer to the degree of curvature
of the top (X) and bottom (Y) moieties in the hemifullerene homodimer ranging from 0 (planar) to
14 (highly curved) as defined in Figure 4. Note that the structure with index 14 corresponds to the
minimum-energy geometry of hemifullerene.
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Figure 4. Schematic representation of the extreme dispositions for the bowl-in-bow! hemifullerene
homodimer with variable curvature. X (Y) = 0O indicates a completely planar hemifullerene
structure, whereas X (Y) = 14 refers to the most curved arrangement.
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Figure 5. Energy, geometry, electronic and integrated NCI properties calculated along the 2D
curvature scan for the bowl-in-bowl homodimer 1. x and left-y axes represent the X and Y indexes,



respectively, defining the curvature of the hemifullerene moieties forming the dimer. The values
of the magnitude specified on the top are represented on the graphics following the color scale
given on right-y axis. a) Interaction energy (Eint) calculated at the PBE0O-D3/6-31G**+%4CP level. b)
Intermolecular distance between the centroids of the central benzene (Bz) rings. c) Net dipole
moment (DM). d) Dipole moment gain in the dimer with respect to the sum of the dipole moments
calculated for the constituting monomers at the geometry of the dimer. e) Integrated volumes (V1)
along the NCI surface (with negative sign).

Figure 5 shows the evolution of several electronic properties and geometry parameters calculated
for the supramolecular hemifullerene bowl-in-bow!l homodimer 1 upon increasing the curvature of
both top and bottom monomers as shown in Figure 4. The scan along the curvature was
performed with rigid intramolecular geometrical parameters and only optimizing the
intermolecular distance between fragments (the relative intermolecular orientation of the two
monomers was kept fixed).

The interaction energy calculated at the PBEO-D3/6-31G**+/CP level starting from a completely
planar—planar dimer (0,0) is shown to increase upon increasing simultaneously the curvature of
both fragments (diagonal line, Figure 5a). The maximum value of Ej: is calculated at —24.28
kcal/mol for the bowl-in-bowl homodimer with curvature (9,9). Otherwise, if only one fragment is
curved (x or y-axis), the interaction energy decreases since the arrangement becomes less
efficient. The evolution of Ein is directly correlated with the dispersion D3 correction indicating
that the assembly is mainly driven by weak noncovalent interactions. The second version of the
Grimme’s atom-pairwise dispersion correction (D2) was also assessed along the scan (Figure S4a).
The D2 dispersion coefficients do not take into account the environment (coordination) of a
particular atom, and therefore the intermolecular D2 stabilization is an indirect measure of the
overall proximity of one hemifullerene with respect to the other. In this sense, the point with
maximum interaction energy (9,9) corresponds with the one with a larger intermolecular D2 term,
and thus with a dimer in which the two hemifullerene monomers are closest between each other
(maximum concave—convex complementarity). The same trend is observed for the intermolecular
nuclear repulsion term (Figure S4b).

The distance between the centroids of the central benzene rings (Bz—Bz distance) was also
monitored along the scan (Figure 5b). Overall, the central benzenes are closest in the (0,14)
geometry, where the top fragment is planar and interacts with the convex region of the highly
curved bottom moiety (see Figure 4). Along the diagonal line, the Bz—Bz distance does not vary
much, with slightly larger values computed upon increasing the curvature of both fragments.

Interestingly, the net dipole moment (DM) increases upon increasing the curvature of the
fragments, either independently or simultaneously (Figure 5c). The most curved (14,14) dimer
provides the largest dipole moment (7.24 D) among the 2D scan and suggests that dipole—dipole
interactions may have a stabilizing role, as demonstrated in recent works on coronene and
corannulene.?®> By analyzing the DM gain in the dimer with respect to the sum of the dipole
moments calculated for the constituting monomers at the geometry of the dimer (Figure 5d),
interesting trends are found. The major gain in DM is obtained for dimer (14,0) where the concave
part of the top hemifullerene interacts with the completely planar bottom hemifullerene (Figure
4). On the contrary, the DM gain in the opposite site region (0,14) turns out to be negative, which



means that the DM in the dimer is lower than in the constituting monomers. These two scenarios
stem from the different behavior of the concave and convex regions in the curved fragment with
respect to the planar fragment. Whereas the concave region is able to pull electron density from
the planar fragment allowing an increase in the total DM, the planar fragment on top of the
convex surface of the other moiety acts as a shield, attenuating the DM generated by the curved
fragment. The DM gain along the diagonal line is practically zero indicating that the DM of the
resulting dimer is the sum of the DMs of the constituting hemifullerene structures (Figure 5d).

Finally, the integrated NCI volumes were calculated along the 2D scan (Figure 5e) with a grid step
of 0.10 A along each direction, and cutoffs of 0.02 a.u. and 2.0 a.u. in electron density p and
reduced density gradient s, respectively. As a whole, the maximum value calculated for the
integrated total volume (Vr = 185.61 a.u.) is found close to the diagonal line (5,4), providing a
similar image to Eint. However, the volume is maximized at shorter curvatures than the point with
maximum interaction energy (9,9). This recalls that, like in Atoms in Molecules theory, the total
interaction energy is not only governed by the amount of NCI interactions along the
intermolecular region but also by the nature and strength of these forces (CH-n, m—m, dipolar,
etc.). The NCI volume can provide an indicative of the geometric arrangement (and thus, an
indirect proof of dispersion), but only when the main nature of the interactions does not change.
Dipole—dipole forces, not taken into account by the integrated NCI volume, start to become
relevant upon increasing the curvature and explain why the point of maximum interaction energy
shifts to larger-curved dimers.
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Figure 6. Evolution of the interaction energy (a), the intermolecular Bz—Bz distance (b), and the
integrated volume (V1) in the NCI region (c) for two levels of semi-rigid optimizations of
homodimers 1 and 2 by varying the curvature of both hemifullerene moieties at the same time (X
= Y). In the semi-rigid optimization A, only the intermolecular distance is allowed to change,
whereas, in the semi-rigid procedure B, all the intermolecular geometry parameters are optimized.

A deeper insight into the assembly of both bowl-in-bowl and staggered homodimers of
hemifullerene was undertook by varying the curvature of both CsoHi, moieties at the same time (X
=Y, Figure 6). Two levels of geometry optimization were performed: a semi-rigid procedure A, in
which only the intermolecular distance between the two moieties is optimized, and a semi-rigid
protocol B, where all the intermolecular coordinates were relaxed. Note that protocol A is not
applied to homodimer 2 since it would not allow displacement of one moiety over the other to
generate staggered dispositions. As shown in Figure 6a, the maximum interaction energy



computed for the bowl-in-bowl homodimer 1 using protocol A is obtained for an intermediate
situation (X = 9) closer to the more curved dimers, as already inferred from Figure 5a. However, by
allowing the dimers to optimize the relative orientation of one hemifullerene with respect to the
other (protocol B), low-curved and planar dimers are computed to be more stable compared to
level A, obtaining a nearly flat interaction energy profile from X =0 to X = 9 (Figure 6a). Moving to
the staggered dimer 2, a completely different profile is computed upon increasing the curvature of
the system, obtaining maximum interaction energies at the edges of the scan for planar—planar
and largely curved—curved dimers, whereas in the intermediate region (X = 7) a maximum with the
lowest interaction energy (Eint = —22.0 kcal/mol) is calculated. Note that E;.« does not coincide in
semi-rigid B optimizations of 1 and 2 for planar homodimers (X = 0) due to the presence of several
local minima. Interestingly, different trends are predicted in Ei.: for 1 and 2 when using the semi-
rigid optimization protocol B (Figure 6a): bowl-in-bow! dimer 1 provides larger interaction energies
for low-curved buckybowls (from X = 2 to 9), whereas the staggered dimer 2 is more stabilized for
highly-curved fullerene fragments (from X = 9 to 14). This result is particularly interesting since
different types of supramolecular assemblies (bowl-in-bowl or staggered) may be accomplished
experimentally by tuning the curvature of the carbon-based nanoform.

The Bz-Bz distance between the central benzene rings was tracked along the curvature (X = Y)
scans for the bowl-in-bowl and staggered dimers (Figure 6b). Whereas in 1, the Bz—Bz distance
does not vary much upon increasing the curvature of the hemifullerene, this parameter enlarges
from ca. 4.0 to 7.5 A in the staggered dimer 2. For the latter, the curvature of the hemifullerene
fragment forces the dimer to acquire an arrangement in which, although the central benzenes
move away from each other, the two monomers are efficiently interlocked favoring the total
stabilization of the complex.

Figure 6¢ shows the evolution of the integrated NCI volumes calculated for the two hemifullerene
dimers in going from planar—planar to curved—curved dimers. The semi-rigid profile A calculated
for the bowl-in-bow!l homodimer 1 is extracted from the diagonal line of the plots shown in Figure
5, and exhibits Vi maximum (V1 minimum) at X = 5. Moving to the more flexible scan B, the
integrated volumes deviate from the profiles obtained in protocol A for flat—flat dimers (X < 7). The
integrated NCI volume tends to decrease upon increasing the curvature of the hemifullerene in
scan B. The larger values of the integrated NCI properties calculated for scan B are indicative of the
more efficiently interacting assemblies formed. For the staggered homodimer 2, the integrated
NCI properties also decrease going from flat to curved fragments, showing a low peak computed
at X = 7 that corresponds to the local maximum found in the Ei: profile (Figure 6a). Although larger
NCI volumes are generally calculated for flatter hemifullerene dimers, the total interaction energy
is governed by both the amount and intensity of the noncovalent interactions driving the
assembly. Therefore, as we have seen with the NCI analysis, the intensity rather than the amount
of NCl interactions prevails in curved dimers, leading to more stable assemblies compared to the
bowl-in-bowl analogues.



3.3. LOLIPOP Index

The number of supramolecular complexes involving buckyballs and buckybowls through m-m
interactions reported in the literature is scarce. The inefficiency of these curved carbon nanoforms
to interact through m—m forces is however ascribed to a geometric effect rather than to an
electronic reason.? In fact, the strength of the binding in the prominent buckycatcher-C¢o complex
is believed to come from “pure” m—m interactions through an adequate concave—convex
complementarity.!?

n-depletion has been recently proposed as a design principle to elucidate the strength of
conjugated molecules to m-stack: the bigger the m-electron depletion, the stronger the m-stacking
ability.3® In this regard, Corminboeuf et al. have introduced a quantitative criterion, so-called
LOLIPOP, based on the Localized Orbital Locator (LOL), which offers straightforward insight into
the m-electron depletion in aromatic organic molecules.®
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Figure 7. LOLIPOP index for selected 6- and 5-member rings of hemifullerene as a function of
curvature (X).

The LOLIPOP index was estimated for the hemifullerene fragment as a function of the molecular
curvature. The LOL function was calculated for the n-density (LOL:) and integrated for LOL values
larger than 0.55 over a cylinder of radius 1.94 A centered in specific rings of the fragment, and



extended up to 0.5 A from the ring plane. Figure 7 shows the evolution of LOLIPOP values
calculated for 6- and 5-member rings of the hemifullerene monomer upon increasing its curvature.
The LOLIPOP index decreases going from the planar structure (X = 0) to more curved geometries
for all the rings analyzed, and reaches minimum values at curvatures corresponding to X = 9 and
10. The lowest LOLIPOP value for the central benzene ring (Bz1 in Figure 7) is calculated to be 1.20
at X = 9, whereas it is predicted slightly higher in the range of 1.95-2.30 for the rest of 6- and 5-
member rings at a curvature of X = 10. Interestingly, these curvatures of maximum mn-depletion
correspond with the maximum interaction energy calculated for the bowl-in-bowl homodimer 1
(see Figure 5 and 6). A further increase of the hemifullerene curvature from X =9/10to X = 14 is
not translated into larger m-depletion, and LOLIPOP index slightly increases (Figure 7). The trends
in the LOLIPOP index were preserved after small variations of the cylinder radius probe in +0.20 A
(Figure S5 and S6).

Figure 8 displays the LOLy isosurfaces for three representative hemifullerene structures (X =0, 9,
and 14). Whereas large LOL; surfaces are computed for planar hemifullerene (X = 0), a decrease in
the LOLx surface is obtained upon bending. The smallest LOL; surface is shown by structure X = 10.
For more curved structures (X > 10), the LOL; slightly increases and stabilizes up to the most
curved dimer X = 14 (Figure 8).

Figure 8. LOL, isosurfaces (isovalue = 0.55) for three representative hemifullerene structures going
from flat (X = 0) to curved (X = 14) geometries.

The LOLIPOP index therefore provides valuable information on the m-stacking ability of
hemifullerene upon changing its curvature, showing that for relatively largely curved geometries,
the m-depletion is large (low values of LOLIPOP) and the m stacking is enhanced. This feature is
particularly important in bowl-in-bowl assemblies governed by m-mn stacking, as is the case of
homodimer 1 and heterodimers 3 and 4. However, we predict a curvature for which the m-stack
efficiency is maximum (minimum LOLIPOP values at X = 9/10), indicating that an increase of the
curvature from then on would no longer enhance the m-stacking ability to reach more stable
supramolecular bowl-in-bowl associates. This idea is in good accord with the evolution predicted
for the interaction energy of the bowl-in-bowl homodimer 1 (red profile in Figure 6a).



3.4. Curvature Effect on the TruxTTF-Hemifullerene Recognition

The list of hemifullerene structures with variable bending (X = 0 to 14) was finally used to unravel
the effect of the buckybowl curvature in the association with the electron-donor truxTTF
molecule. Minimum-energy geometries were calculated for the different heterodimers keeping
frozen the relative intramolecular atomic positions and only varying the characteristic
intermolecular parameters of the assembly. Figures 9a and 10a display the interaction energy
calculated at the PBE0-D3/6-31G**+%CP level of theory, whereas Figure 11 summarizes the
intermolecular distance between the central benzene rings in each heterodimer.

In bowl-in-bow! heterodimers 3 and 4, an increase in the hemifullerene curvature correlates with a
decrease in the intermolecular distance between the central rings of each moiety (Figure 11).
However, this is not directly translated into a larger interaction energy. For heterodimer 3, the
maximum Ei,: is computed for the hemifullerene with a relatively small curvature (X = 4; Figure 9a
left). The convex region of this structure fits into the carbon-based concave skeleton of truxTTF for
a maximum interaction (-23.80 kcal/mol) through n—mt contacts calculated in the range of 3.3-3.5
A (Figure 9b left). On the contrary, the dithiol concave region of truxTTF has a considerably larger
curvature and hemifullerene structures with large bendings provide the highest Ei.: values (Figure
9a-right and 9b-right). The maximum interaction energy for bowl-in-bowl heterodimer 4 is
calculated at X = 10 with an Ei,: = —18.23 kcal/mol, originated from close m-mt (3.3-4.1 A) and S—nt
(3.55 A) contacts (Figure 9b right). The most efficient curvature for hemifullerene in bowl-in-bow!
arrangements therefore depends on the curvature of the host concave region of the truxTTF to
which it interacts.
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Figure 9. a) Interaction energy for heterodimers 3 (left) and 4 (right) as a function of the
hemifullerene curvature (X). Points corresponding to the minimum-energy structures calculated
with the largest interaction energy for each heterodimer are highlighted in red. b) Minimum-
energy structure calculated with the largest interaction energy for heterodimer 3 (left) and 4
(right).



Moving to the staggered heterodimers, the interaction energy profile by varying the hemifullerene
curvature is flatter compared to the bowl-in-bowl arrangements, especially for 5. In this dimer, a
large Ein of —23 kcal/mol is predicted starting from the planar hemifullerene (X = 0), due to
efficient m-Tt interactions calculated in the range of 3.2-3.8 A. By increasing the buckybowl
curvature, hemifullerene moves away from the aromatic truxene core to accommodate one of the
peripheral benzene rings of truxTTF in its concave region (Figure 11). Calculations predict the
largest interaction energy of —24.33 kcal/mol for heterodimer 5 with a hemifullerene curvature of
X = 13, with efficient n-mt (3.6-3.8 A) and CH-mt (2.5-2.7 A) interactions (Figure 10b left).

The dithiol face of truxTTF does not benefit from interacting with a planar surface as shown in the
Eint profile calculated for the staggered heterodimer 6 (Figure 10a right). Due to the highly curved
concave dithiole region of truxTTF, flat hemifullerenes are not adequate, and interaction energies
smaller than —23 kcal/mol are predicted in the association. However, bending the hemifullerene
buckybowl results in a displacement of the carbon nanoform towards one peripheral dithiol ring
(see Figure 11 for the Bz—Bz distance), for which larger interaction energies are calculated. The
largest Ein: value (-27.85 kcal/mol) is predicted for a hemifullerene curvature of X = 10, for which a
combination of efficient m—m (3.5-3.7 A), CH-mt (2.5-2.7 A), and S—-mediated (3.5 A) interactions
are present (Figure 10b right).
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Figure 10. a) Interaction energy for heterodimers 5 (left) and 6 (right) as a function of the
hemifullerene curvature (X). Points corresponding to the minimum-energy structures calculated
with the largest interaction energy for each heterodimer are highlighted in red. b) Minimum-
energy structure calculated with the largest binding energy for heterodimer 5 (left) and 6 (right).



8 5
& e o4
7 - ° e ® ..o.‘OOS
- e ® ) e o ? . 6
< e ®
v 6 o ®
Q °
& e o °
2 o
5 5 il ™
N = .
o °
@ o $ e o 0o o
4% o o
o
...O......oo
3 :

01 23 456 7 8 9 1011 12 13 14

Curvature (X)
Figure 11. Evolution of the distance between the centroids of the central benzene rings of truxTTF
and CsoH1; as a function of the curvature (X) of the fullerene fragment in the optimized assembly
(intramolecular geometry parameters are frozen during the optimization). Points corresponding to

the minimum-energy structures calculated with the largest interaction energy for each
heterodimer are highlighted with black stroke.

Finally, the net dipole moment (DM) for the different heterodimers upon increasing the
hemifullerene curvature was analyzed (Figure 12). The minimum-energy structure of
hemifullerene presents a dipole moment calculated to be 3.93 D pointing from the concave to the
convex region, whereas the donor truxTTF molecule is predicted with a DM of 4.28 D pointing
from the dithiol region to the carbon-based skeleton (Figure 12a).
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Figure 12. a) Representation of the net dipole moment calculated for the four possible
arrangements 3-6 of the truxTTF-CsoH1, dimer (bottom) and the constituting monomers (top). The
value of the dipole moment (in D) is quoted. b) Evolution of the dipole moment for 3-6 as a
function of the hemifullerene curvature (X). Points corresponding to the minimum-energy
structures calculated with the largest interaction energy for each heterodimer are highlighted with
black stroke.

The evolution of the total DM in the different heterodimers (Figure 12b) can be easily understood
by taking into account the DM of the constituting monomers individually (Figure 12a). In
heterodimers 3 and 6, the DM of truxTTF and CsoH12 are oriented oppositely; thus, upon increasing
the hemifullerene curvature, the total DM of the heterodimer diminishes. In contrast, the DM of
the constituting monomers in heterodimers 4 and 5 are parallel oriented, and an increase in the
buckybowl curvature is translated into an increase of the total DM (Figure 12b). According to the
results reported by Sherrill et al.,? an increase in the buckybowl curvature leads to a larger dipole
moment and to an enhanced intermolecular electrostatic interaction in concave—convex
arrangements. In this regard, heterodimer 4, with aligned DMs for its constituting moieties, is
calculated with a larger interaction energy compared with the bowl-in-bowl analogue 3 (Table 1).



However, this reasoning no longer holds when comparing 5 and 6. Staggered arrangements are far
more complex than bowl-in-bowl dispositions, showing a combination of different types of
noncovalent interactions and local electrostatic forces originating from the intercalation of one
moiety into the other.

4. CONCLUSIONS

A thorough theoretical characterization of bowl-in-bowl (concave-convex) and staggered
(concave—concave) supramolecular homodimers of hemifullerene CsoHi; and heterodimers of
CsoH12 with the electron-donor truxTTF system is presented. Special attention was paid to unravel
the origin and nature of the forces governing the concave—concave arrangement present in the
staggered dimers, for which detailed information is missing so far. Our results through chemical
bonding techniques confirm a complex NCI signature with the presence of discrete and strong
forces stabilizing the formation of the staggered dimers, accompanied by an enhanced orbital
interaction, compared with the n—nt dominated bowl-in-bowl arrangements. Complementing the
NCI analysis with the electron density values at the intermolecular bond critical points allows to
better understand the local interactions in the most stable staggered heterodimers, which come
from discrete CH-mt and sulfur-mediated (S—m and S—H) forces.

The analysis of the buckybowl curvature showed that bending the fullerene fragment favors the
stabilization of both homo- and heterodimers, in good accord with the depletion in the n-electron
density calculated upon increasing curvature. Interestingly, two regimes are predicted for the
hemifullerene homodimer: the bowl-in-bowl dimer shows larger interaction energies for low-
curved buckybowls, whereas the staggered arrangement is more stabilized for highly-curved
fullerene fragments. This result is particularly interesting since different types of supramolecular
assemblies (bowl-in-bowl or staggered) may be accomplished experimentally by tuning the
curvature of the carbon-based nanoform.

For the heterodimers, the optimal buckybowl! curvature is demonstrated to depend on the type of
arrangement (bowl-in-bowl, from medium to small curvatures, vs. staggered, from medium to
large curvatures), and on the concave face of the truxTTF donor to which hemifullerene interacts.
The dipole moment of the resulting assembly has demonstrated to stabilize the bowl-in-bowl
arrangement in which the buckybowl approaches the dithiol concave region of truxTTF. In
contrast, dipole—dipole interactions are shown not to correlate with the interaction energy
calculated for staggered dispositions. These arrangements maximize the concave—concave
coupling by a complex scenario of m—mn, CH-mt and S-mediated noncovalent interactions.

The results presented here shed light into the origin of the forces stabilizing unconventional
concave—concave staggered supramolecular arrangements involving carbon-based buckybowls,
and will help in addressing the development of a new host-guest chemistry dominated by other
than the prototypical m—mt concave—convex complementarity.
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