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Abstract: Understanding how molecular systems self-assemble to form well-organized 
superstructures governed by noncovalent interactions is essential in the field of supramolecular 
chemistry. In the nanoscience context, the self-assembly of different carbon-based nanoforms 
(fullerenes, carbon nanotubes and graphene) with, in general, electron-donor molecular systems, 
has received increasing attention as a means of generating potential candidates for technological 
applications. In these carbon-based systems, a deep characterization of the supramolecular 
organization is crucial to establish an intimate relation between supramolecular structure and 
functionality. Detailed structural information on the self-assembly of these carbon-based 
nanoforms is however not always accessible from experimental techniques. In this regard, 
quantum chemistry has demonstrated to be key to gain a deep insight into the supramolecular 
organization of molecular systems of high interest. In this review, we intend to highlight the 
fundamental role that quantum-chemical calculations can play to understand the supramolecular 
self-assembly of carbon-based nanoforms through a limited selection of supramolecular assemblies 
involving fullerene, fullerene fragments, nanotubes and graphene with several electron-rich 
π-conjugated systems. 

Keywords: noncovalent interactions; carbon-based supramolecular assemblies; quantum 
chemistry 

 

1. Introduction 

The self-assembly of molecular entities interacting by weak intermolecular forces to form 
well-organized and dynamic chemical systems is the heart of the supramolecular chemistry 
discipline. An optimal molecular assembly is known to be crucial for the generation of complex 
superstructures (e.g., DNA double-helix or enzymes) with a well-defined functionality. In the last 
decade, supramolecular chemistry has attracted a great deal of attention, and a tremendous diversity 
of assembled chemical systems (such as discrete host-guest systems [1,2], metallocages [3–7], 
supramolecular polymers [8–10], covalent-organic frameworks [11], etc.) have been successfully 
obtained. These supramolecular assemblies present outstanding structural and electronic properties 
for potential applications in fields ranging from photocatalysis and drug-delivery to photovoltaic 
and light-emitting devices. In the context of nanoscience, different electron-acceptor carbon-based 
nanoforms, namely fullerenes, carbon nanotubes, and graphene, have been noncovalently 
functionalized with electron-donor systems to form discrete donor–acceptor (D–A) supramolecular 
complexes [2]. For instance, fullerene (C60) with its spherical shape has been effectively hosted by 
different electron-donor curved π-conjugated compounds in a supramolecular approach, where π–
π interactions are maximized owing to the structural complementary. The close relatives of C60, i.e., 
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carbon nanotubes and graphene, have been also recognized supramolecularly by π-conjugated 
systems of different nature [12–15]. Figure 1 displays a few selected examples of supramolecular 
systems based on carbon electron-acceptor hosts interacting with different electron-donor guests. 
These carbon-based D–A supramolecular examples have been of great relevance to gain a deep 
understanding into the fundamental and omnipresent photoinduced electron-transfer process, 
which is in turn required for organic photovoltaic applications [16–19]. Carbon-based nanomaterials 
have also received a great deal of attention due to their potential in medical applications [20–24]. 

 
Figure 1. Selected examples of supramolecular assemblies involving fullerene (a), nanotubes (b) and 
graphene (c) with different π-conjugated electron-donors. The carbon atoms of the electron-acceptor 
carbon-based systems have been highlighted in red whereas the carbon atoms of the electron-donor 
systems are colored in green. Sulfur, oxygen and hydrogen atoms in the electron-donor systems are 
colored in yellow, red and white, respectively. 

In general, most supramolecular complexes are experimentally characterized in solution, by 
means of spectroscopic techniques (UV–Vis absorption, 1H-NMR, etc.), where an atomically-detailed 
supramolecular structure is difficult to be obtained. In this context, quantum-chemical techniques 
can offer an atomically-precise characterization of the supramolecular organization, as well as the 
nature of the noncovalent interactions (NCIs) responsible for the self-assembly [25,26]. However, the 
appropriate description of these supramolecular assemblies requires overcoming two challenging 
problems. First, an accurate treatment of the noncovalent interactions involved in the 
supramolecular organization is mandatory. Yet, NCIs arise from long-range instantaneous and 
correlated fluctuations of the electron charge density and, therefore, only quantum-chemical 
methods able to successfully capture the electron-correlation phenomenon can be employed. In 
particular, coupled-cluster theory with single, double, and perturbatively-connected triple 
excitations [CCSD(T)] in combination with large basis sets has become the “gold-standard” method 
to accurately deal with these weak but important forces in supramolecular systems [27–29]. 
Nevertheless, and here is where the second problem comes out, the use of the CCSD(T) method is 
restricted to small- or medium-size molecular systems due to its unfavorable computational scaling. 

Density functional theory (DFT) is indisputably the most widely used theory for electronic 
structure calculations in quantum chemistry and condensed matter physics, owing to its reasonable 
balance between accuracy and computational cost. Unfortunately, the most common density 
functionals (DFs) available in the literature (local or (semi)local density correlation functionals) are 
unable to capture the long-range electron correlation phenomenon responsible for NCIs [30–32]. In 
the last decade, this problem has been central in the field of quantum chemistry, and different 
strategies have been successfully developed [33–44]. Among the different approximations proposed, 
the DFT-D3 approach (developed by Grimme et al. [40]) is likely to be the most popular and 
extended manner to theoretically treat molecular systems governed by NCIs. This method has 
demonstrated to provide accurate binding energies in a wide variety of supramolecular complexes 
of different molecular size with almost no additional computational cost [26,45].  
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The current success in the development of feasible quantum-chemical methods able to 
accurately describe NCIs at a reasonable trade-off between accuracy and computational cost has 
paved the way for routine theoretical calculations on relatively large-size supramolecular complexes 
of wide interest. In this respect, quantum-chemical techniques must be considered nowadays as a 
powerful tool for characterizing the self-organization in a wide variety of weakly-bound 
supramolecular complexes. Additionally, the use of these methods is of particular interest in those 
cases where a detailed experimental characterization is either scarce or difficult to obtain.  

In this review, we demonstrate the potential that quantum-chemical calculations (namely, 
DFT-D3 calculations) can offer to obtain an in-depth knowledge at the molecular scale of the 
supramolecular self-assembly between carbon-based electron-acceptor nanoforms (fullerene 
derivatives, carbon nanotubes and graphene) with different electron-rich π-conjugated motifs. To 
illustrate this, we have selected a limited number of examples studied by us, and in close 
collaboration with experimental groups, where quantum-chemical calculations have been decisive to 
gain a deep understanding of the supramolecular self-organization. This review is mainly aimed to the 
experimental community and, therefore, the technical details about the different quantum-chemical 
models have been maintained to be minimum (only a brief and general discussion is given in Section 2). 
As mentioned above, the examples presented herein have been chosen primarily to highlight the 
potential of quantum-chemical methods in the context of supramolecular chemistry and, therefore, 
this review does not intend to be a comprehensive revision of the large number of carbon-based 
donor–acceptor supramolecular complexes that can be found in the literature. 

2. Methodology 

In this review, we present theoretical examples mostly calculated within the DFT framework with 
standard density functionals coupled to the Grimme’s dispersion correction (i.e., the DFT-D 
approximation or in its most modern version DFT-D3 approach). We will begin with a brief 
description of the density functionals and the semiempirical methods used along the text. 
Subsequently, we will provide a nutshell overview of the Grimme’s dispersion-corrected 
approximation. More detailed theoretical reviews about the quantum-chemical methodologies capable 
of accurately describing noncovalent interactions can be found in References [25,26,28,29,46,47]. 
Finally, the magnitudes and technical details employed along the review will be briefly explained. 

2.1. Density Functionals and Semiempirical Methods 

A general expression for the exchange‒correlation (xc) density functionals, Exc[ρ], used in this 
work can be written as: 

[ ] w (1 w ) [ ] [ ]HF
xc HF x HF x cE E E E      , (1) 

where [ ]xE   and [ ]cE   correspond to the generalized gradient approximation (GGA) exchange 
and correlation energy terms, respectively. The HF

xE  is the Hartree–Fock (HF) like exchange term. 
The exchange terms are weighted by the scaling parameter wHF. Table 1 collects a detailed 
description for the composition of all the exchange‒correlation functionals used in this review. 

Table 1. Composition of the exchange‒correlation density functionals used along this review. 

Functional Type 1 [ ]xE   [ ]cE   wHF  Reference 
revPBE0-D3 H-GGA revPBE revPBE 0.25 [48,49] 

PBE0-D3 H-GGA PBE PBE 0.25 [48,50] 
B3LYP H-GGA B88 LYP, VWN 0.20 [51,52] 

MPWB1K H-M-GGA mPW B95 0.44 [53–55] 
B97-D/D3 GGA B97 B97 0.00 [56,57] 

1 H-GGA means a hybrid density functional based on the generalized gradient approximation 
(GGA). H-M-GGA denotes a hybrid meta-GGA functional. 
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Semiempirical methods have been widely used for applications in large-size molecular systems. 
However, they suffer from the same problem as most density functionals being unable to capture 
long-range electron correlation effects (dispersion forces) and, thus, are not recommended for 
supramolecular chemistry problems. In the last years, much efforts have been devoted to develop 
semiempirical methods for general applications including the description of NCIs [58]. Among the 
different modern semiempirical methods, the Hartree–Fock-based PM7 [59], the HF-3c [60], and the 
tight-binding DFT (DFTB) [61–63] methods (particularly in its variant known as DFTB3) can be 
highlighted. The PM7 is based on a modified version of the previous PM6 parameterization that not 
only removes some errors of the neglect of differential diatomic overlap (NDDO) integral 
approximation but also significantly reduces the average errors in dealing with organic compounds 
and solid systems. More importantly, PM7 implicitly accounts for weak noncovalent interactions, 
which allows its use in supramolecular complexes of increasing size. On the other hand, the DFTB3 
method is a simplified version of a standard density functional to which dispersion corrected terms 
as D3 have been successfully coupled. DFTB3-D3 has demonstrated to be a powerful tool to model 
large supramolecular systems owing to the reasonable balance between accuracy and computational 
cost. Very recently, Grimme et al. have proposed a novel semiempirical method (GFN-xTB) based on 
the tight-binding philosophy of DFTB that seems to be very promising [64]. Nevertheless, in this 
review, we will show results only obtained at the PM7 level for exploratory purposes. 

2.2. Dispersion Corrections 

As mentioned before, the most popular low-cost approach to deal with dispersion interactions 
within the DFT framework is the Grimme’s correction [40,56,65]. This protocol consists in an 
atom-pairwise correction to the standard Kohn–Sham density functional to describe the total energy 
as: 

D3
DFT D3 disp[ ]xcE E E   , (2) 

where [ ]xcE   is the self-consistent Kohn–Sham energy (Equation (1)) as obtained from the chosen 

density functional, and D3
dispE  is the dispersion correction term. The dispersion correction term is 

based on the classical definition of long distance forces [40,56,65] and is directly proportional to the 
 , / n

n AB ABC R  relationship, where ,n ABC  is a parameterized nth-order dispersion coefficient for atom 

pair AB, and  nABR  is the intermolecular distance between both atoms (n can take the values 6, 8, 10, 
etc.). 

In the D3 version of Grimme’s dispersion correction, the dispersion interaction is computed 
according to the following pairwise energy expression: 
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where sn are customary parameters fitted for individual density functionals. Unlike the former D2 
version of Grimme’s correction [56], the dispersion ,n ABC  coefficients are geometry dependent as 
they are adjusted on the basis of local geometry (coordination number) around atoms A and B. 

damp ( )ABf R is a damping function that depends on the distance ABR , and may adopt several forms to 
attenuate the dispersion correction term in the short range [66].  

The D3 scheme can be further corrected by accounting for the influence of three-body terms 
(i.e., the energy contributions for all triple atom combinations A, B and C) by means of the 
Axilrod−Teller−Muto expression [67,68]: 
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where i  are the internal angles of the triangle formed by the interatomic distances  , ,AB BC ACR R R , 

 , ,n AB BC ACf R RR  is a damping function, and 9,ABCC  is the corresponding coefficient approximated 
by: 

9, 6, 6, 6,ABC AB BC ACC C C C   (5) 

In addition to the DFT-D3 approach, there is another general and seamless approximation in 
the field of DFT able to capture dispersion effects in an accurate way. This approach developed by 
Vydrov and Voorhis is known as the nonlocal approximation (NL) in the quantum chemistry 
contexts and VV10 in the solid-state physics community [43,44,69]. This approximation takes into 
account the long-range electron correlation effects (dispersion) by means of an explicit nonlocal 
density functional correlation kernel, which depends on the electron density at two different 
sampling points in space, r and r’. The flexibility of the Vydrov and Voorhis formulation with the 
incorporation of an adjustable short-range parameter has allowed this NL approximation to be 
easily merged with a wide variety of standard exchange‒correlation density functionals, providing 
impressive results close to the “chemical accuracy” in small- and medium-size molecular complexes 
[26,70–73]. 

Another interesting dispersion correction is the approximation known as symmetry-adapted 
perturbation theory (SAPT), which provides a means of directly computing the interaction energy 
between two molecules without calculating the total energy of the monomers nor the dimer [74]. 
More importantly, SAPT allows for a decomposition of the interaction energy into physically 
meaningful components: electrostatic (elst), exchange (exch), induction (ind), and dispersion (disp) 
terms. In SAPT, the Hamiltonian of the dimer is partitioned into contributions from each monomer 
and the interaction between them according to: 

ˆ ˆ ˆ ˆ ˆ ˆ
A A B BH F W F W V      (6) 

where the Hamiltonian ( Ĥ ) is written as a sum of the monomer Fock operators, F̂ , the fluctuation 
potential of each monomer, Ŵ , and the interaction potential, V̂ . The monomer Fock operators, 
ˆ ˆ
A BF F , are treated as the zeroth-order Hamiltonian, and the interaction energy is evaluated 

through a perturbative expansion of V̂ , ˆ
AW  and ˆ

BW . 
Several truncations of the closed-shell SAPT expansion are available. The simplest truncation of 

SAPT is denoted as SAPT0 [74,75], and is defined by: 
             10 10 20 20 20 20 2
elst exch disp exch-disp HFE E E E E E E       SAPT0 ind,resp exch-ind,resp   (7) 

where v and w in E(vw) refer to the order of V and WA + WB, respectively, the subscript respectively 

indicates that orbital relaxation effects are included, and the  2
HF  term takes into account 

higher-order induction effects. 

2.3. Binding and Interaction Energies 

Along the review, we will use two energy magnitudes for the discussion of the results: the 
interaction energy (Eint) and the binding energy (Ebind). The former (Eint) is defined as the energy 
difference between a dimer complex (D) and the individual monomers (M1 and M2) at the geometry 
of the complex: 

D D D
int D M1 M2E E E E   , (8) 

where Y
XE  is the energy of fragment X at the geometry of Y. The binding (or association) energy 

(Ebind) is calculated taking into account the relaxation of the separate monomers and, therefore, 
considering the deformation energy required to transform the isolated monomers from their 
minimum-energy geometries to the geometry acquired in the assembly: 
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bind def intE E E  , (9) 

where: 
D M1 D M2
M1 M1 M2 M2def ( ) ( )E E E EE    . (10) 

In those examples of large molecular size where small basis sets should be employed to 
evaluate interaction energies, the basis set superposition error (BSSE) will be corrected according to 
the counterpoise (CP) method developed by Boys and Bernardi [76]. Basis sets more extended than 
those of double-ζ quality are expected to present relatively small BSSEs in the interaction energy of 
supramolecular complexes [77]. 

2.4. Limitations of the Quantum-Chemical Methods 

The description of supramolecular complexes at quantum-chemical level is living a flourishing 
period due to the great efforts made in the last decade [25,26,28,29,46,47]. Nevertheless, all quantum 
chemistry methods present a balance between accuracy and computational cost (the higher the 
accuracy, the larger the computational cost). In general, this balance determines the practical use of a 
particular quantum chemistry method. DFT methods coupled to the Grimme’s dispersion term 
(DFT-D3) have turned out to be the most practical manner to treat supramolecular complexes [26]. 
Their computational cost limitation comes mainly from the density functional since the dispersion 
correction has almost no computational cost [40]. Additionally, the accuracy of the DFT-D3 methods 
has reached the chemical accuracy (1 kcal/mol) in small- and medium-size supramolecular systems 
of wide interest [78]. A reasonable trade-off between accuracy and computational cost is also found 
in large-size systems at the DFT-D3 level [79]. Therefore, we strongly recommend DFT-D3 models 
for geometry optimizations and calculations of interaction energies in supramolecular complexes 
below 150 atoms. For larger systems and exploratory purposes, an alternative is the use of 
semiempirical methods as those briefly described above (PM7, HF-3c, DFTB-D3 and GFN-xTB). 
Although they are less precise methods, they are very efficient in terms of computational cost and 
allow extracting valuable theoretical insights, especially by comparing within a family of similar 
compounds. 

3. Results 

In this section, we present a selection of examples based on different supramolecular assemblies 
of carbon nanoforms to highlight how relevant structural and energy information can be easily 
drawn from quantum-chemical calculations to assist in the challenging characterization of large 
supramolecular assemblies of different nature, and guide in the rationalization of the experimental 
information available. 

3.1. Fullerene-Based Donor–Acceptor Supramolecular Assemblies 

In the last decade, the quest of molecular receptors capable of effectively hosting fullerenes has 
attracted a great deal of attention. For an optimal supramolecular interaction with fullerenes, 
molecular receptors should be designed to incorporate extended π-conjugated surfaces able to 
maximize the number of π–π interactions [80] with the fullerene derivatives. This requirement has 
been successfully achieved in molecular curved π-conjugated systems by exploiting the 
complementarity of the concave shape of the receptor with the convex surface of the fullerene (Figure 1). 
Nevertheless, not only curved receptors are able to efficiently interact with fullerenes but also planar 
receptors such as porphyrins have demonstrated to strongly bind C60 buckyballs. In this section, we 
show a few examples of fullerene-based supramolecular complexes with curved and planar 
π-conjugated receptors where quantum-chemical calculations have played an important role in 
characterizing their supramolecular self-organization. 
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3.1.1. Concave extended-Tetrathiafulvalene (exTTF) Derivatives for the Supramolecular Recognition 
of Fullerenes 

The 2-[9-(1,3-dithiol-2-ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole compound, also known 
as exTTF (Figure 2), has aroused great interest in the field of organic electronics due to its 
resemblance with the popular tetrathiafulvalene (TTF) [81]. Like TTF, the exTTF compound presents 
a good electron-donor character, and has been combined in numerous donor–acceptor dyads [82] to 
gain insight into the paramount photoinduced electron-transfer process. Another remarkable feature 
of exTTF in the context of supramolecular chemistry is its π-conjugated curved (concave) structure. 
In fact, its particular structure and electron-donor character makes the exTTF system very attractive 
as a potential supramolecular receptor for fullerenes. Initially, DFT calculations predicted binding 
energies up to 7.00 kcal/mol between a single unit of exTTF and C60. Unfortunately, no experimental 
evidence of association in solution was found in either UV–Vis or NMR titrations [2]. This 
apparently negative outcome encouraged the quest of novel chemical entities that incorporate the 
exTTF moiety for an enhanced C60 recognition. In this line, Pérez et al. synthesized a bivalent tweezer 
with two exTTF units (MTW in Figure 2) able to act as a host, and effectively interact with C60 
fullerene as a guest owing to the concave–convex structural complementary that maximizes the 
number of π–π contacts [83]. Subsequently, the supramolecular organization and the photophysical 
properties of the corresponding discrete donor–acceptor MTW•C60 and its PTW•C60 homologue 
were studied by theoretical calculations and spectroscopic techniques [16]. 

 
Figure 2. Chemical structure of TTF (a) and exTTF (b). The curved shape of exTTF is also represented (c). 
Sulfur, carbon and hydrogen atoms are colored in yellow, green and white, respectively. Chemical 
structures of the supramolecular complexes MTW•C60 (d) and PTW•C60 (e) are also shown.  

Recently, a series of exTTF derivatives substituted with crown ethers of increasing size 
specifically designed to host fullerenes were reported (Figure 3) [84]. The aim of this joint 
experimental‒theoretical study was to unveil the nature of the noncovalent interactions that govern 
the supramolecular organization between the exTTF-crown ether and C60. Experimentally, 
absorption titrations were performed to confirm the supramolecular complexation between the 
exTTF derivatives and C60. In these experiments, the exTTF absorption bands (350 and 450 nm) 
gradually decreased upon addition of C60. The absorption bands associated with C60 were also 
detected (namely, a strong absorption band at wavelengths <350 nm, a sharp band at 407 nm, and a 
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broad absorption between 470 and 650 nm). Finally, a charge-transfer feature that peaked at longer 
wavelengths (475 and 485 nm in PhCl and PhCN, respectively) emerged. The spectroscopic data 
were employed to estimate the association constants for the exTTF molecular tweezers 1–6 towards 
C60 in PhCl at 298 K (log Ka = 4.8 ± 0.9, 6.7 ± 0.2, 6.9 ± 0.2, 3.8 ± 0.6, 5.1 ± 0.1 and 3.3 ± 0.4 M−1 for 1•C60, 
2•C60, 3•C60, 4•C60, 5•C60 and 6•C60, respectively). 

The different conformations that 1–6 may adopt to interact with C60 were initially optimized by 
using semiempirical PM7 calculations, which are recommended for exploratory purposes owing to 
its favorable computational cost. Figure 4a displays the minimum-energy geometries computed for 
2•C60 as a representative example. In all complexes formed by 1–6 and C60, the fullerene ball interacts 
with the anthracene concave region of exTTF and, at the same time, the crown ether-based arms 
embrace C60 in a pinzer-like shape (Figure 4a). 

 
Figure 3. Complexes obtained from exTTF-based 1–6 and C60. Reproduced from Reference [84] with 
permission from the Royal Society of Chemistry. 

Host–guest arrangements, where the crown ethers are not directly interacting with C60, were 
also optimized for 1•C60, 2•C60 and 3•C60 to evaluate the stabilization owing to the embracing 
motion (see Figure 4b for 2•C60). For 2•C60, PM7 predicted binding energies of −72.43 and −51.20 
kcal/mol for the embraced and non-embraced conformations, respectively (Figure 4). Similar results 
were obtained for the other complexes calculated (1•C60 and 3•C60) [84]. PM7 calculations were 
therefore key to estimate quantitatively the energy stabilization of the embracing motion promoted 
by the exTTF-based hosts for the recognition of fullerene C60. 

 
Figure 4. Minimum-energy embraced (a) and non-embraced (b) conformations calculated at the PM7 
level for the 2•C60 complex. The electron-acceptor C60 is colored in red whereas the sulfur, carbon, 
oxygen and hydrogen atoms in the electron-donor system are colored in yellow, green, red and 
white, respectively.  
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The more stable embraced conformations were then optimized using the dispersion-corrected 
B97-D functional in combination with the cc-pVDZ basis set (Figure 5). The exTTF•C60 complex was 
also computed as a reference. Note that the B97-D density functional presents an outstanding 
trade-off between accuracy and computational cost and, thus, is highly recommended for 
exploratory and optimization purposes [56]. The optimized structures showed intermolecular 
contacts of different nature along the host–guest interacting region. Table 2 collects the shortest 
intermolecular contacts determining the stabilization of the complexes between the receptors 1–6 
and C60, as well as the binding energies computed for the resulting supramolecular complexes. To 
assess the binding energies, single-point energy calculations were carried out on the 
B97-D/cc-pVDZ-optimized structures using the revPBE0-D3 functional and the more extended 
triple-ζ cc-pVTZ basis set. Note that triple-ζ basis sets are highly recommended, if the molecular size 
allows it, to yield reasonable binding energies in weakly-interacting molecular systems with 
minimal basis set superposition error [77]. A stable exTTF•C60 complex (Ebind of −10.24 kcal/mol) was 
obtained due to π–π interactions between the lateral benzene rings of exTTF and the benzene rings 
of C60 with centroid–centroid distances of 3.42 Å (a in Table 2). As exTTF•C60 has not been detected 
experimentally to date, entropic and solvent effects are expected to counterbalance this stabilizing 
interaction. In the 6•C60 complex, two additional interactions coming from the presence of the 
benzoates were found: π–π interactions at 3.25 Å between the benzene rings of the benzoate moiety 
and C60 (b in Table 2), and n–π interactions owing to short O(host)···C(guest) intermolecular 
distances (3.16 Å, c in Table 2). The stabilizing effect of these NCIs was demonstrated by the folding 
angle of the anthracene skeleton in exTTF, which becomes sharper in going from exTTF•C60 (142.5°) 
to 6•C60 (137.0°). The binding energy for 6•C60 was calculated to be −22.85 kcal/mol, which is more 
than twice of the binding energy obtained for exTTF•C60. The significant stabilization predicted in 
the 6•C60 formation supported the experimental detection of this complex in solution. 
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Figure 5. B97-D/cc-pVDZ minimum-energy geometries calculated for the exTTF•C60 and 1–6•C60 
complexes. The electron-acceptor C60 is colored in red whereas the sulfur, carbon, oxygen and 
hydrogen atoms in the electron-donor system are colored in yellow, green, red and white, 
respectively. 

Table 2. Intermolecular distances (a–f, in Å) and binding energies (Ebind, in kcal/mol) calculated at the 
B97-D/cc-pVDZ and revPBE0-D3/cc-pVTZ levels, respectively, for the exTTF•C60 and 1–6•C60 
complexes [84] 1. 

 
Complex a b c d e f Ebind (kcal/mol) 

exTTF•C60 3.42 - - - - - −10.24 
1•C60 3.46 2.99 3.30 3.19 2.61 - −39.69 
2•C60 3.45 2.95 3.42 2.79 2.69 - −44.76 

3•C60 2 3.49 3 2.98 3 3.44 3 2.85 2.50 - −54.36 
4•C60 3.37 3.41 3.25 3.56 2.57 4.14 −36.77 
5•C60 3.37 3.06 3.14 3.14 2.54 3.50 −43.33 
6•C60 3.45 3.25 3.16 - - - −22.85 

1 a is the distance between the centroid of the lateral benzene rings of exTTF and that of the closest 
benzene rings of C60; b is the distance between the centroid of the benzene ring of the benzoate 
moiety and the center of the closest C60 6:6 double bond; c is the distance between the benzoate sp3 
oxygen and the closest carbon atom of C60; d and e are the shortest O···C60 and H···C60 distances, 
respectively, between the crown ether and C60; f is the distance between the nitrogen atom of the 
aza-crown ether and the closest carbon atom of C60. 2 Two additional π–π interactions between the 
outer benzene rings of the crown ethers and C60 were computed at 3.13 and 3.68 Å. 3 Average values. 

Moving to larger complexes (from 6•C60 to 1•C60, 2•C60, and 3•C60) where crown ethers are 
inserted in the electron-donor host system, new n–π (d) and CH···π (e) interactions with 
intermolecular distances of around 2.9 and 2.6 Å emerge to stabilize the resulting supramolecular 
assembly (Table 2). revPBE0-D3 calculations predicted binding energies going from −39.69 kcal/mol 
for 1•C60, to −44.76 kcal/mol for 2•C60, and to −54.36 kcal/mol for 3•C60. This trend was in line with 
the increase of the Ka value obtained experimentally, and was attributed to the increasing size of the 
crown ethers when going from 1•C60 to 3•C60 (i.e., increasing number of stabilizing n–π and CH···π 
interactions). The crown ether arms wrap C60 and lead to more compact complexes, in which the 
benzene rings of the benzoate moiety are closer (by 0.2 Å) to C60 as compared, for example, with 
6•C60 (distance b in Table 2). This gain in compactness reinforces the stabilizing effect that NCIs 
between C60 and the crown ethers exert on the resulting complex stability. 

Finally, the effect of the nitrogen atoms on the capability of aza-crown ether derivatives 4 and 5 
to host the C60 species was analyzed. The insertion of the nitrogen bridge between the benzoate units 
and the crown ethers confers additional flexibility to the aza-crown ethers in 4•C60 and 5•C60. This 
flexibility gives rise to structures more folded than those computed for the oxygenated analogues 
1•C60 and 2•C60 (Figure 6). Smaller binding energies for 4•C60 and 5•C60 (−36.77 and −43.33 kcal/mol, 
respectively) were found compared to the oxygenated complexes 1•C60 and 2•C60 (−39.69 and −44.76 
kcal/mol, respectively). The lower affinity to C60 obtained for the aza-crown ethers is in line with the 
experimentally determined binding constants, and was associated to an overall weakening of the 
host–guest interactions caused by the less favorable aza-crown ether arm orientations.  
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Figure 6. Side view of the B97-D/cc-pVDZ-optimized geometries calculated for complexes 2•C60 (a) 
and 5•C60 (b) showing the different spatial arrangement of the crown and aza-crown ethers, 
respectively, along the C60 guest. The electron-acceptor C60 is colored in red whereas the sulfur, 
carbon, oxygen and hydrogen atoms in the electron-donor system are colored in yellow, green, red 
and white, respectively. 

This example satisfactorily illustrated how quantum-chemical calculations can be used as a 
very useful tool to rationalize the supramolecular assemblies formed by electron-donor hosts and 
the C60 guest. In particular, calculations pointed out that the ability of the exTTF-based molecular 
tweezers to bind C60 comes from an interplay of different π–π, n–π and CH···π interactions, and that 
the size and nature of the crown ether are key factors for the relative stabilization of the resulting 
complexes between 1–6 and C60. 

3.1.2. Curved Truxene-Tetrathiafulvalene (truxTTF) Donor as a Supramolecular Partner for Fullerenes 

Among the different carbon-based nanofragments, the truxene structure (Figure 7) has attracted 
a great deal of interest due to its exceptional solubility, high thermal stability and ease to be 
chemically modified [85]. Over the last years, and owing to the advances in the synthesis of truxene 
derivatives, the scope of applications of this attractive heptacyclic polyarene building block, initially 
limited to synthesis and photoluminescence, has been extended to organic electronics [86]. 
Particularly interesting is the modification of the truxene core through the incorporation of three 
dithiole rings to give rise to the electron-donor truxene-TTF (truxTTF) compound (Figure 7) [87]. In 
analogy to the exTTF derivatives (Section 3.1.1), the truxTTF structure is distorted out of planarity 
due to short dithiole–benzene contacts, generating a double-concave cavity that fulfills the structural 
requirements as a host for the supramolecular recognition of fullerene derivatives. 

 
Figure 7. Chemical structure of the truxene and truxTTF compounds. 

In 2007, Pérez et al. conducted a joint experimental‒theoretical study, and demonstrated that 
the truxTTF electron-donor was able to effectively host fullerenes due to its concave structure [87]. 
Experimentally, the supramolecular association between truxTTF and C60 was investigated by 
1H-NMR titrations. The generation of the bimolecular 1:1 supramolecular complex with a binding 
constant of 1.2 × 10−3 M−1 (see more experimental details in reference [87]) was confirmed. 
Additionally, 1H-NMR experiments suggested that the supramolecular interaction occurred 
preferentially on the aromatic truxene surface of truxTTF. 
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Notwithstanding the experimental evidences about the formation of the donor‒acceptor 
truxTTF•C60 complex, detailed information on the supramolecular organization at atomistic level 
was not reported so far. To unravel the origin and nature of the interactions between the host and 
the guest, DFT calculations at the MPWB1K/6-31G** level were performed. The MPWB1K density 
functional, developed by Truhlar et al., was designed to capture π–π interactions in stacked DNA 
pairs and amino acid pairs [88]. Note that in 2007, the Grimme’s dispersion-corrected approximation 
in its most modern version (DFT-D3) was not still developed and this kind of density functionals 
were a practical solution for the theoretical treatment of weakly-bound molecular systems. 
Nowadays, the DFT-D3 or DFT-NL approximations would be more recommended for general 
supramolecular applications [26,69]. 

Figure 8 displays the minimum-energy geometries calculated at the MPWB1K/6-31G** level for 
two different structures of the truxTTF•C60 complex. In structure CC, fullerene C60 was placed inside 
of the aromatic cavity created by the truxene core, stabilized by multiple π–π contacts. This structure 
clearly exploited the requirement of structural concave–convex complementary to form the 
host-guest associate. The central benzene ring of the truxene core stacks on one of the benzene rings 
of C60 in a slightly parallel-displaced fashion, in which the benzene rings are twisted by 
approximately 20° relative to each other and are separated at an average distance of 3.39 Å. This 
distance turned out to be considerably shorter than the distances reported for the benzene dimer in 
parallel (3.9 Å) and parallel-displaced (3.6 Å) configurations [89]. In addition to the interactions of 
the central benzene rings, the peripheral benzene rings of truxTTF exhibit many intermolecular 
contacts in the 3.6–3.9 Å range with the C60 guest that contribute to the stabilization of the complex. 
Following with the concave–convex complementary concept, the concave cavity formed by the three 
dithiole rings of the truxTTF electron-donor is also able to bind C60 as shown in structure CS (Figure 
8), with short S···C intermolecular contacts (3.5–3.6 Å). In terms of stability, structure CC was 
calculated to be the most stable with an interaction energy of −8.98 kcal/mol, whereas structure CS 
presented an interaction energy of −2.28 kcal/mol. 

 
Figure 8. Minimum-energy structures of the truxTTF•C60 complex calculated at the 
MPWB1K/6-31G** level. Top and side view of structures CC (a) and CS (b) are given. The 
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electron-acceptor C60 is colored in red whereas the sulfur, carbon and hydrogen atoms in the 
electron-donor system are colored in yellow, green and white, respectively. 

In this example, DFT calculations were key to visualize the supramolecular structure of the 
truxTTF•C60 complex, and confirm the experimental evidence about the preferable supramolecular 
orientation between the electron-donor truxTTF host and the electron-acceptor C60 guest. 
Additionally, this truxTTF•C60 supramolecular complex has been of great relevance for the design 
and understanding of other related supramolecular systems that will be described in Section 3.2. 

3.1.3. Metalloporphyrin-C60 Associates 

As mentioned above, not only curved electron-donor π-conjugated compounds can act as 
efficient receptors for fullerene balls. Porphyrins have shown to present an outstanding ability to 
effectively interact with C60 by π–π interactions despite the planar‒convex mismatch [80]. Recently, 
we thoroughly investigated a series of novel cup-and-ball metalloporphyrin–fullerene conjugates in 
close collaboration with the experimental groups of Martín and Nierengarten [90]. Our main goal 
was to shed light onto the nature and strength of the noncovalent interactions governing the 
supramolecular assembly of fullerene derivatives with metal-substituted porphyrins. Figure 9 
displays the chemical structures of the corresponding porphyrin–crown ether conjugates (8-M; M = 
2H, Co., Ni, Cu or Zn) and the methano[60] fullerene derivative 7 [91], as well as the target 
complexes 8-M•7. Experimentally, the supramolecular complexation was first evidenced through 
1H-NMR spectroscopy, and the measurement of the binding constant of 8-M•7 was performed by 
monitoring the changes in the UV–Vis absorption spectra. The logarithmic binding constants (log Ka) 
for porphyrins 8-M with the methanofullerene derivative 7 at 25 °C in dichloromethane were 5.5, 6.3, 
5.9, 6.3 and 6.9 for 8-2H•7, 8-Co•7, 8-Ni•7, 8-Cu•7 and 8-Zn•7, respectively. 

 
Figure 9. Chemical structure of the methano[60]fullerene guest 7 (Left), the metalloporphyrin host 
8-M (Center), and the host–guest supramolecular complex 8-M•7 (Right). M refers to either 2H, Co., 
Ni, Cu or Zn. 

To better understand the nature of the different interactions governing the assemblies and gain 
insight into the experimental ordering found for the association constants (Ka), a comprehensive 
theoretical investigation of these supramolecular complexes was conducted in a multi-level 
approach. Geometry optimizations were initially performed at the semiempirical PM7 level and 
showed that, after full geometry relaxation, the ammonium group of the methanofullerene interacts 
with the crown ether of the porphyrin by H-bond formation (Figure 10). Otherwise, the fullerene ball 
recognizes the center of the porphyrin system interacting by NCIs. Subsequent DFT reoptimizations 
at the B97-D/6-31G* level of theory led to the supramolecular parameters summarized in Table 3. 
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Figure 10. Minimum-energy geometries calculated for the 8-Cu•7 complex at the PM7 level. Side 
(Left) and front (Right) views are displayed. The different types of intermolecular contacts are 
denoted with labels a–d. Only relevant hydrogen atoms are displayed for clarity. Except for C60 
carbon atoms depicted in grey, the following color code is used: carbon in green, nitrogen in blue, 
oxygen in red and hydrogen in white. 

Table 3. DFT-optimized (B97-D/6-31G*) intermolecular distances (a–d, in Å) characterizing the 
8-M•7 associates, and binding energies (Ebind, in kcal/mol) computed at the PBE0-D3/cc-pVTZ level 
[92] 1. 

Complex M–C60 (a) NH···O (b) CH···C60 (c) CH···C60 (d) Ebind 
8-2H•7 2.756 1.848 2.679 2.577 −92.4 
8-Co.•7 2.119 1.850 2.642 2.573 −93.8 
8-Ni•7 2.793 1.842 2.623 2.610 −88.7 
8-Cu•7 2.754 1.846 2.662 2.599 −91.3 
8-Zn•7 2.701 1.845 2.689 2.591 −92.8 

1 See Figure 10 for the definition of the intermolecular distances a–d. For further details, the reader is 
referred to the original work ([92]). 

The main interactions determining the supramolecular assembly are represented by the M–C60 
(a) and NH···O (b) distances provided in Table 3 (Figure 10 for labelling). In addition, CH···π 
dispersion interactions (c and d) between the tert-butyl substituted benzene rings of the porphyrin 
and the π-cloud of the C60 buckyball also contribute to the supramolecular stabilization. 

The binding energy for the 8-M•7 complexes was estimated at the PBE0-D3/cc-pVTZ level of 
theory by using the B97-D/6-31G*-optimized geometries (Table 3). Ebind increases from −88.7 in 
8-Ni•7 to −92.8 kcal/mol in 8-Zn•7 due to the more stabilizing M–C60 interaction that takes place in 
moving to electron-richer metal atoms. The stabilization for the non-metalated 8-2H•7 complex 
amounts to −92.4 kcal/mol, and the largest binding energy was computed for 8-Co•7 (−93.8 
kcal/mol). Theoretical calculations showed that NCIs between the fullerene ball and the 
phenyl-substituted porphyrin amounts to −22.5 kcal/mol, and the presence of the tert-butyl groups at 
the meta position of the phenyl rings (interaction d) causes an additional stabilization of ~4 kcal/mol 
(−26.3 kcal/mol in total), in good accord with previous theoretical studies [93]. The ammonium–
crown ether NH···O contacts was found to be the main stabilizing driving force, with an interaction 
energy of −64.9 kcal/mol, which is three times the stabilization of the porphyrin–C60 interaction. 

Taking into account that C60 interacts with the porphyrin moiety mainly through one 
electron-rich [6,6] double bond [94], we computed a simplified model (MP•C2H4), in which the 
pristine porphyrin (MP) interacts with a molecule of ethylene (Figure 11). This reduced model 
allowed performing more accurate calculations to better understand the relative stabilization of the 
different assemblies when substituting the metal in the porphyrin. A clear correlation between the 
calculated binding energy and the metal–ethylene distance (d) was found: the shorter the distance 
along the series NiP•C2H4 (3.18 Å) > CuP•C2H4 (3.00 Å) > ZnP•C2H4 (2.75 Å) > CoP•C2H4 (2.62 Å), 
the larger the stabilization of the complex (Table 4). The net charge calculated for the metal atom was 
demonstrated to increase in going from CoP•C2H4 (+0.720e) to ZnP•C2H4 (+1.223e) —Table 4— and, 
in a first approach, this was related to the stabilizing electrostatic interaction between the porphyrin 
and the C60 guest. 
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Figure 11. Porphyrin•C2H4 model (MP•C2H4) used to understand the nature of the interaction 
between the porphyrin host 8 and the fullerene derivative guest 7. Except for the ethylene carbon 
atoms depicted in red, the following color code is used: carbon in green, nitrogen in blue and 
hydrogen in white. 

Table 4. Binding energy (kcal/mol), metal–ethylene distance d (Å), and natural population analysis 
(NPA) charge of the porphyrin central atom (M = 2H. Co., Ni, Cu, Zn) calculated at the 
PBE0-D3/cc-pVTZ level of theory for the simplified porphyrin–ethylene associates [92]. 

Complex Ebind d M Charge
2HP•C2H4 −4.636 2.986 +0.942 
CoP•C2H4 −8.534 2.619 +0.720 
NiP•C2H4 −4.530 3.177 +0.733 
CuP•C2H4 −5.965 2.997 +1.006 
ZnP•C2H4 −8.047 2.749 +1.223 

Symmetry-adapted perturbation theory (SAPT) calculations based on the Hartree–Fock 
wavefunction were performed for 2HP•C2H4, NiP•C2H4 and ZnP•C2H4 to decompose the total 
binding energy into electrostatic, exchange, induction and dispersion energy components (Table 5). 
A stabilization in the electrostatic term of more than 10 kcal/mol was predicted in passing from 
NiP•C2H4 to ZnP•C2H4, whereas the exchange interaction was computed positive, and much larger 
for ZnP•C2H4 than for 2HP•C2H4 and NiP•C2H4. The induction term is meant to decay with the 
distance between the two interacting moieties as R−n, where n = 2–4, and thus it was computed to be 
non-negligible only in the case of the best interacting ZnP•C2H4 (Table 5). Finally, the dispersion 
energy was predicted to be the largest stabilizing contribution in 2HP•C2H4 and NiP•C2H4, and it 
also largely stabilized ZnP•C2H4 in more than 10 kcal/mol. Theoretical calculations therefore 
suggest that the energy term that mainly contributes to the stabilization of the 2HP•C2H4 assembly 
is the dispersion component, whereas the electrostatic contribution acquires a major role in the 
metal-based porphyrin complexes, especially in ZnP•C2H4, for which M–ethylene distances are 
computed shorter and the metal bears a larger positive charge.  

Table 5. Energy decomposition (in kcal/mol) calculated at the SAPT0/def2-TZVP level for 
closed-shell porphyrin–ethylene systems with M = 2H, Ni, Zn [92]. 

Interactions 2HP•C2H4 NiP•C2H4 ZnP•C2H4

electrostatic −2.794 −5.277 −16.212 
exchange 7.046 8.605 22.101 
induction −0.690 −0.728 −3.900 
dispersion −7.033 −7.055 −10.521 

TOTAL −3.472 −4.455 −8.532 

This supramolecular example clearly highlights the potential of the theoretical calculations to 
provide not only precise structural information of the self-assembly but also a detailed analysis of 
the main forces (electrostatic, exchange-repulsion, induction, dispersion, etc.) contributing to the 
stabilization of supramolecular complexes. 
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3.1.4. Ditopic Porphyrin•C60 complexes 

Whereas the supramolecular chemistry involving porphyrin and fullerene has been extensively 
explored through the generation of associates involving porphyrin tweezers and cages [95,96] with 
metal–ligand bonds [97,98], hydrogen bonds [99–101], electrostatic interactions [102], mechanical 
bonds [103,104], or a combination of several of these interactions [105,106], supramolecular arrays 
involving conjugated multiporphyrin systems are, however, scarce in the literature. With the 
experienced gained in the work described above on the monotopic metalloporphyrin–fullerene 
conjugates, we undertook a collaborative study of the supramolecular complexation of the 
methano[60]fullerene compound 7 shown in Figure 9 by the two analogous ditopic porphyrin 
receptors, meso–meso 9 and tape 10, displayed in Figure 12. A 1:2 stoichiometry was foreseen for both 
9 and 10 when coupled to 7 based on the design of the host molecules, which was further 
corroborated by Electro-Spray Ionization (ESI) mass spectroscopy experiments.  

 
Figure 12. Chemical structure of the ditopic porphyrin-based hosts 9 and 10. 

Theoretical calculations were performed to shed light into the nature and strength of the 
interactions controlling the different supramolecular association processes, with special attention to 
the negative cooperative effects experimentally evidenced for these systems (see the original 
Reference [90] for further details). Minimum-energy geometries were calculated for supramolecular 
complexes 9•7 and 9•72 at the B97-D3/(6-31G**+LANL2DZ) level of theory (Figure 13). Similarly to 
the monotopic porphyrin supramolecular arrangements discussed in the previous Section 3.1.3, 
compound 7 in 9•7 interacts with the crown ether through the positively-charged ammonium 
group, forming three NH···O(ether) hydrogen-bond interactions in the 1.83–2.00 Å range. Additional 
short H···C contacts between the peripheral tert-butyl-substituted phenyl rings and C60 were 
computed in the range of 2.5–3.2 Å, which add approximately 1 kcal/mol of stabilization per each 
interaction. Importantly, the vicinal porphyrin, linked to the porphyrin that interacts with 7, 
approaches the fullerene fragment and gives rise to additional interactions: short H···C contacts in 
the 2.7–3.2 Å range and a weak π–π interaction between the peripheral benzene ring and the 
fullerene. 
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Figure 13. Chemical structure (Left) and minimum-energy geometry calculated at the 
B97-D3/(6-31G**+LANL2DZ) level (Right) of the supramolecular assembly of ditopic host 9 with one 
and two molecules of guest 7. Except for C60 carbon atoms depicted in grey, the following color code 
is used: carbon in green, nitrogen in blue, oxygen in red and hydrogen in white. Adapted with 
permission from [90]. Copyright 2014 American Chemical Society. 

Moving to the 1:2 stoichiometric complex 9•72, the second molecule of 7 occupies the empty 
porphyrin surface, and defines similar interactions to those described for 9•7. The minimum-energy 
geometry showed that the two fullerenes tend to approximate each other in order to stabilize the 
resulting complex, with close C···C contacts between the two buckyballs of 3.7 Å (Figure 13). This 
was at the expense of distortions out from orthogonality between the two porphyrin units. The 
peripheral di-tert-butylphenyl groups placed on the vicinal porphyrin moieties plays an active role in 
the stabilization of the complex with short H···C(C60) contacts around 2.8 Å and π–π interactions at 4.4 
Å. 

The supramolecular organization between porphyrin tape 10 and 7 (Figure 14) follows the same 
pattern as previously described for 9•7. Here, two different possibilities can be designed for the 
introduction of the second fullerene-based guest 7 into the 10•7 complex: the two fullerene balls 
standing in the same side in a syn disposition (10•72-syn), or the two balls located in opposite sides 
with respect to the plane generated by the porphyrin tape dimer in an anti disposition (10•72-anti) 
(Figure 14). In the former, an important π–π stabilization originates from the fullerene–fullerene 
proximity. Experiments demonstrated that the association of the first molecule of 7 in porphyrin 
hosts 9 and 10 led to a complex where the incorporation of a second equivalent of 7 was more 
difficult (negative cooperativity). The effective π–π interactions between the buckyballs found for 
10•72-syn confers an additional stabilization that would reduce the negative cooperativity with 
respect to 9•72-anti, as experimentally evidenced for the tape assembly. 
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Figure 14. Chemical structure (left) and minimum-energy geometry calculated at the 
B97-D3/(6-31G**+LANL2DZ) level (right) for the supramolecular assembly of ditopic host 10 with 
one and two molecules of guest 7. Except for C60 carbon atoms depicted in grey, the following color 
code is used: carbon in green, nitrogen in blue, oxygen in red and hydrogen in white. Adapted with 
permission from [90]. Copyright 2014 American Chemical Society. 

Single-point energy B97-D3 calculations were performed on the optimized geometries by using 
the more extended cc-pVTZ+LANL2DZ basis set to estimate Ebind for all the supramolecular 
complexes (Table 6). The association of one molecule of 7 by the meso–meso porphyrin dimer 9 led to 
a large net stabilization of −108.19 kcal/mol, rising especially from the NH···O(ether) contacts and the 
porphyrin core–C60 interaction. Upon insertion of the second molecule of 7, Ebind is approximately 
doubled, reaching a value of −211.05 kcal/mol for 9•72. In the case of 10, the insertion of the second 
molecule of 7 in a syn disposition is energetically favored due to the π–π interactions between the 
buckyballs. The theoretical values calculated for Ebind therefore indicate that the incorporation of the 
first guest molecule leads to a more stable complex for 9 than for 10, and suggest that the entrance of 
the second molecule of 7 is relatively more favored for 10 than for 9 (binding energy differences per 
unit of 7 between 1:2 and 1:1 complexes of +5.33 and −3.4 kcal/mol for 9 and 10, respectively; Table 6). 
These trends were in good agreement with the higher association constant K1 obtained for meso–meso 
porphyrin 9 (log K1 = 8.7) compared to tape porphyrin 10 (log K1 = 6.8), and with the smaller decrease 
that the association constant experiences for 10 in passing from the 1:1 to the 1:2 stoichiometry (log 
K2 = 5.4 for both 9•72 and 10•72). 

Table 6. Binding energies computed at the B97-D3/(cc-pVTZ+LANL2DZ) level for the host–guest 
supramolecular associates with stoichiometry 1:1 and 1:2 [90]. 

Complex Ebind (kcal/mol)
9•7 −108.19 
9•72 −211.05 
10•7 −98.40 

10•72-anti −195.40 
10•72-syn −200.20 
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To rationalize the experimental trends in the association constant for both the 1:1 and 1:2 
supramolecular complexes, net electronic charges were computed at the B97-D3/(6-31G**+ 
LANL2DZ) level for 9•7 and 10•7 using the Natural Population Analysis (NPA) approach. Upon 
formation of complexes 9•7 and 10•7, the electron-donor porphyrin dimer transfers 0.19e and 0.26e 
to the fullerene-based acceptor, respectively. In 9•7, the porphyrin moiety interacting with the C60 
ball accumulates a positive charge of +0.16e, whereas the vicinal empty porphyrin bears a residual 
positive charge of only +0.03e. Moving to 10•7, the C60-interacting porphyrin moiety bears a smaller 
positive charge of +0.11e compared to the empty porphyrin fragment (+0.15e). The efficient 
π-conjugation between the two porphyrin moieties in tape 10 allowed to explain the charge transfer 
from one fragment to the other. Theoretical calculations therefore predicted a notable decrease in the 
electron density for both meso–meso and tape porphyrin dimers in the ground state upon 
complexation of the first acceptor molecule of 7. The decrease of electronic density disfavors the 
entrance of the second guest molecule, and contributes to the remarkable change of the association 
constant (log Ka), from 8.7 to 5.4 in 9•12 and from 6.8 to 5.4 in 10•72, when the second molecule of 7 is 
introduced to form the stoichiometric 1:2 complex. For complex 10•72, the stabilizing interaction 
between the C60 units found for the more stable syn disposition partially compensates the negative 
effect caused by the reduced electronic density, inducing a reduction of the negative cooperativity as 
evidenced by experiments. 

3.2. Supramolecular Communication between Buckybowls and the Curved truxTTF Donor 

In the last decade, other kinds of carbon nanoforms different to the ubiquitous 
electron-acceptor C60 have gained an increasing attention. Based on the alternation of 5- and 
6-member fused rings, fullerene fragments (also known as buckybowls) have aroused the interest of 
the scientific community as models of their parent buckyballs, nanotube and graphene materials. 
Buckybowls have the added value of a richer chemistry due to the edges and of their pure synthetic 
availability with a well-defined molecular structure [107]. 

3.2.1. The truxTTF•hemifullerene Supramolecular Complex 

Hemifullerene (C30H12) is a curved polycyclic aromatic hydrocarbon compound (buckybowl) 
that was firstly synthesized in 2004 [108]. In the solid state, two polymorphs were found, each of 
which exhibits a different packing arrangement, originating from the interaction between the C30H12 
molecules. Figure 15 displays the chemical structure of the hemifullerene C30H12 and the dimeric 
arrangements found in its two crystal polymorphs. In the trigonal polymorph, bowl-in-bowl stacks 
were found, an orientation in which π–π interactions are maximized (Figure 15b). In the 
orthorhombic polymorph, each hemifullerene inserts one of its six-membered rings into the cavity of 
a neighboring molecule, forming dimers in which both CH···π and π–π interactions play a primary 
role (Figure 15c). On the other hand, truxTTF, for which the bowl-in-bowl arrangement is prevented 
by the protruding dithiole rings, presents a dimeric crystallographic arrangement in which one of 
the aromatic rings of each monomer is placed inside the cavity of the other (Figure 15d) [87]. 

 
Figure 15. Chemical structure of the hemifullerene C30H12 buckybowl (a); Structure of the dimers 
formed by C30H12 (carbon atoms in red) in its trigonal (b) and orthorhombic (c) crystal polymorphs, 
respectively; (d) Dimers formed by truxTTF in the crystal. For C30H12, the carbon atoms are depicted 
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in red and hydrogen atoms in white. For truxTTF, the sulfur, carbon and hydrogen atoms are colored 
in yellow, green and white, respectively.  

Considering the capability of the truxTTF electron-donor to host fullerenes promoted by the 
concave–convex complementarity (discussed in Section 3.1.2) [87], we expected that this 
electron-rich moiety was able to efficiently associate the hemifullerene C30H12 buckybowl in a similar 
fashion (i.e., in a bowl-in-bowl arrangement). To explore this possibility, an in silico investigation 
based on density functional theory (DFT) calculations was firstly carried out. Four different 
supramolecular truxTTF•C30H12 models (rationally constructed based on the crystallographic 
information on both C30H12 [108] and truxTTF [87]) were built up and fully optimized at the 
revPBE0-D3/cc-pVTZ level. Figure 16 displays the orientation of the four minimum-energy 
structures calculated for the truxTTF•C30H12 heterodimer. More structural details are given in Figure 
17. In structures A1 and A2, the convex surface of the C30H12 bowl perfectly matches the two concave 
cavities of the truxTTF host; that is, either through the cavity formed by the carbon backbone 
(structure A1) or through the cavity formed by the central benzene ring and the three dithiole rings 
(structure A2). Both structures can thus be seen as bowl-in-bowl arrangements where π–π 
interactions are maximized. The concave cavities of truxTTF and C30H12 can also interact, giving rise 
to heterodimers in which either a benzene or a dithiole ring of the truxTTF molecule is placed inside 
the concave cavity of the hemifullerene bowl (structures A3 and A4, respectively). The optimized 
heterodimeric structures A1–4 all show close intermolecular contacts in the 2.5–3.7 Å range, which is 
indicative of the stabilizing noncovalent interaction between both bowls.  

 
Figure 16. Minimum-energy structures (A1–4) computed for the truxTTF•C30H12 heterodimer at the 
revPBE0-D3/cc-pVTZ level. For C30H12, the carbon and hydrogen atoms are depicted in red and 
white, respectively. For truxTTF, the sulfur, carbon and hydrogen atoms are colored in yellow, green 
and white, respectively. 
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Figure 17. Cont. 

 

Figure 17. Selected intermolecular distances computed for structures A1–A4 at the 
revPBE0-D3/cc-pVTZ level. For C30H12, the carbon and hydrogen atoms are depicted in red and 
white, respectively. For truxTTF, the sulfur, carbon and hydrogen atoms are colored in yellow, green 
and white, respectively. Adapted with permission from [18]. Copyright 2014 WILEY-VCH Verlag 
GmbH & Co. KGaA. 

To evaluate the strength of the interaction between the truxTTF and C30H12 bowls, interaction 
energies of the previously-optimized heterodimers were computed at the same level of theory 
(revPBE0-D3/cc-pVTZ). The four supramolecular structures A1–4 exhibit significant gas-phase 
interaction energies, ranging from −21.0 and −19.4 kcal/mol for A1 and A2, respectively, to −25.2 and 
−28.5 kcal/mol for A3 and A4, respectively. revPBE0-D3 calculations therefore predicted that the 
staggered structures are more stable than the bowl-in-bowl structures. 

Inspired by our theoretical findings, the N. Martín group performed a titration of truxTTF with 
C30H12 in dichloromethane at room temperature (Figure 18a). A decrease in the intensity of the truxTTF 
absorption at λ = 450 nm, accompanied by the increase of a broad band in the 500–600 nm region (Figure 
18) was observed. From the UV–Vis experiments, an association constant of log Ka = 3.6 ± 0.3 for the 
truxTTF•C30H12 supramolecular complex in chloroform at room temperature was estimated. 

To gain insight into the electronic nature of the absorption bands observed experimentally, and 
their evolution during the titration experiment, the lowest-lying singlet excited states (Sn) of the 
truxTTF•C30H12 heterodimer and the constituting monomers were computed using the 
time-dependent DFT (TD-DFT) approach taking into account solvent effects. Only the results 
obtained for the most stable structure of truxTTF•C30H12 (A4) are discussed. 

 
Figure 18. (a) Experimental UV–Vis spectra, as obtained during the titration of truxTTF (1.7 × 10−4 M) 
with C30H12 (0.8 × 10−3 M) in CHCl3 at room temperature; (b) TD-DFT simulation of the absorption 
spectrum of truxTTF as the ratio of truxTTF•C30H12 increases from 0 to 100% (B3LYP/cc-pVDZ 
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calculations including CHCl3 as solvent for structure A4). Adapted with permission from [18]. 
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA. 

TD-DFT calculations predicted the first two excited states S1 and S2 at 537 nm (2.31 eV) and 516 
nm (2.40 eV), respectively, above the ground state S0. The S0 → S1 and S0 → S2 electronic transitions 
have moderate oscillator strengths (ƒ) of 0.036 and 0.046, respectively, and were mainly described by 
one-electron promotions from the HOMO to the LUMO and LUMO+1, respectively. These 
transitions therefore imply a charge transfer from the electron-donor truxTTF, where the HOMO is 
located, to the electron-acceptor C30H12, where the LUMO and LUMO+1 spread (Figure 19), and are 
the major contribution to the band experimentally recorded in the 500–600 nm range. Calculations 
predicted several transitions (S9–S11) in the 450 nm region giving rise to the truxTTF-centered band 
originated from HOMO, HOMO−1 → LUMO+3, LUMO+4 one-electron excitations. A TD-DFT 
simulation of the experimental titration was performed by increasing the % of the truxTTF•C30H12 
absorption spectrum with respect to that of the isolated truxTTF compound (see Figure 18b). The 
theoretical simulation was in sound agreement with the experimental evolution of the absorption 
spectrum, therefore supporting the formation of the supramolecular donor–acceptor 
truxTTF•C30H12 heterodimer and the appearance of a low-lying charge-transfer band in the region of 
500–600 nm. 

 
Figure 19. Isovalue contours (± 0.03 a.u.) and energies calculated for the HOMOs and LUMOs of 
structure A4 at the revPBE0-D3/cc-pVTZ level. H and L denote HOMO and LUMO, respectively. 
Adapted with permission from [18]. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA. 

The formation of the charge-separated truxTTF+•C30H12− species upon photoexcitation was 
further confirmed by femtosecond pump–probe experiments carried out by the group of Guldi. The 
time-evolution analysis of the spectroscopic data afforded rate constants of 6.6 × 1011 and 1.0 × 1010 s−1 
for the charge separation and charge recombination dynamics, respectively. 

This joint experimental and theoretical work demonstrated for the first time that a fullerene 
fragment mimics the charge-transfer behavior of the parent buckminster C60 buckyball in a donor–
acceptor supramolecular assembly. From a theoretical point of view, counterintuitive staggered 
structures (A3 and A4) were suggested as the most stable arrangements for the truxTTF•C30H12 
supramolecular heterodimer. Remarkably, the supramolecular prediction at the DFT-D3 level was 
recently confirmed by high-level theoretical calculations at the DLPNO-CCSD(T) level of accuracy 
[109], and by another experimental–theoretical study conducted by us on related buckybowl 
systems (Section 3.2.2) [19]. The theoretical study of the truxTTF•C30H12 complex therefore 
represents a good example where quantum-chemical calculations were decisive to provide a deep 
insight into the supramolecular organization of truxTTF•C30H12, which turned out to be strikingly 
different compared to that found for its truxTTF•C60 homologue. 
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3.2.2. Buckybowls for Donor–Acceptor Assemblies 

Encouraged by the study reported for the truxTTF•C30H12 complexation, we explored, by 
means of a combined experimental–theoretical investigation, the capability of similar carbon-based 
buckybowls of increasing size (Figure 20) to supramolecularly interact with the truxTTF 
electron-donor. In contrast to hemifullerene C30H12, the recently reported larger C32H12 and C38H14 
buckybowls are corannulene-based fragments of C60 and C70 fullerene, respectively [110–112]. Such a 
difference in the aromatic core and the system size might be accompanied by fundamental 
differences in terms of electronic properties and/or supramolecular complexation. 

 
Figure 20. Chemical structure of corannulene-based C32H12 and C38H14 buckybowls. The corannulene 
skeleton is highlighted in red. 

Based on our previous experience with hemifullerene C30H12 (Section 3.2.1), we expected that 
the larger C32H12 and C38H14 fragments were able to associate with truxTTF in a similar manner. To 
explore this hypothesis, we started by studying the supramolecular interaction in silico, by means of 
DFT-D3 calculations at the revPBE0-D3/cc-pVTZ level (Figure 21).  

 
Figure 21. Minimum-energy structures and computed at the revPBE0-D3/cc-pVTZ level for the most 
stable conformations of the heterodimers formed by the C32H12 (B1–4) and C38H14 (C1–6) fullerene 
fragments with truxTTF (truxTT•C32H12 and truxTT•C38H14). Except for the carbon atoms of the 
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C32H12 and C38H14 buckybowls depicted in red, the following color code is used: carbon in green, 
sulfur in yellow and hydrogen in white. Adapted with permission from Reference [19]. Copyright 
2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

In analogy to that previously obtained for C30H12, the corannulene-based C32H12 and C38H14 
buckybowls may interact either through concave–convex bowl-in-bowl arrangements —structures B1–
2 for C32H12, and C1–2 for C38H14— with a maximization of π–π interactions, or through a concave–
concave staggered disposition, implying a mixture of π–π and CH···π noncovalent interactions 
—structures B3–4 for C32H12, and C3–6 for C38H14—. 

Table 7 summarizes the binding energies calculated at the revPBE0-D3/cc-pVTZ level for the 
truxTT•C32H12 and truxTT•C38H14 complexes in comparison with those obtained for truxTT•C30H12. 
Briefly, the binding energy for the bowl-in-bowl structures was computed to be several kcal/mol less 
stable than the staggered dispositions in all cases. Among the latter, the arrangements in which the 
dithiole is placed inside the basin of the buckybowl fragment were always computed to be the most 
stable heterodimers ranging from −28.5 kcal/mol in C30H12, to −29.9 kcal/mol in C32H12 and to −34.2 
kcal/mol in C38H14. These values suggested that the supramolecular interaction with the 
electron-donor truxTTF is reinforced upon increasing the buckybowl size due to the increasing 
number of weak NCIs originated from π–π and CH···π contacts. 

Table 7. Thermodynamic parameters (in kcal/mol) including binding energy (Ebind), free energy in 
gas phase (ΔGgas), and free energy including solvent effects (ΔGtheor) for the dimerization process. 
Theoretical and experimental log Ka values are also included [19] 1. 

Heterodimer Ebind ΔGgas ΔGtheor log Ka,theor log Ka,exp 

truxTTF•C30H12 

A1 −21.02 −8.27 1.13 

3.7 3.6 
A2 −19.38 −5.98 2.64 
A3 −25.23 −10.88 −2.96 
A4 −28.52 −14.34 −5.00 

truxTTF•C32H12 

B1 −20.44 −3.87 5.07 

3.2 2.9–3.3 
B2 −19.97 −4.24 3.67 
B3 −24.69 −6.95 0.97 
B4 −29.91 −12.84 −4.29 

truxTTF•C38H14 

C1 −23.37 −4.32 5.81 

3.6 3.4–3.5 

C2 −21.63 −3.46 4.80 
C3 −29.09 −9.72 0.51 
C4 −33.48 −14.39 −3.75 
C5 −31.57 −11.71 −2.65 
C6 −34.24 −14.94 −4.93 

1 The reader is referred to the original work [19] for further computational details and experimental 
specifications; 2 C5 and C6 conformers are analogous to C3 and C4, respectively, in which the 
buckybowl is rotated by ~90° with respect to the truxTTF. 

In order to provide a more realistic description reflecting the strength of complexation at room 
temperature and in solution, the free energy of the dimerization process was theoretically estimated 
for all the possible conformers of truxTTF•C32H12 and truxTTF•C38H14, and compared with that 
computed for truxTTF•C30H12. Enthalpy and entropy corrections to the free energy were calculated 
at the B3LYP/cc-pVDZ level of theory. For the entropic part, the rigid-rotor harmonic-oscillator 
approximation (RRHO) was used as described by Grimme [79]. Solvent effects were included at the 
same level of theory using the Universal Solvation Model based on the Solute Electron Density 
(SMD) [113]. The reader is referred to [19] for further details. 

Free energies in gas phase show that entropic effects are similar for both bowl-in-bowl and 
staggered dimers (compare Eint and ΔGgas in Table 7). Upon inclusion of solvent effects (chloroform), 
the ΔGtheor values obtained indicate the same trends for the relative stabilities of the different 
supramolecular arrangements as predicted by the association energy (Table 7). Interestingly, only 
the staggered conformers provided negative values of ΔGtheor, suggesting that bowl-in-bowl 
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arrangements might not be formed in solution. For the three buckybowls, the staggered dimers in 
which the dithiole ring is placed inside the bowl basin were computed as the most stable structures, 
with ΔGtheor values of −4.29, −4.93 and −5.00 kcal/mol for truxTTF•C32H12, truxTTF•C38H14 and 
truxTTF•C30H12, respectively. Theoretical log Ka values were predicted in the range of 3–4, showing 
a perfect matching in the case of truxTTF•C30H12 (log Ka,theor = 3.7) with respect to the experimental 
value previously reported (log Ka,exp = 3.6 ± 0.3) [18].  

With these promising theoretical findings in hand, the supramolecular association of truxTTF 
with the C32H12 and C38H14 buckybowls was experimentally corroborated by absorption titrations in 
several solvents at room temperature. Overall, the absorption features in the UV–Vis spectrum upon 
titration led to similar band evolution as that previously found in truxTTF•C30H12 (Figure 18). 
Multiwavelength analysis of the titration experiments allowed the estimation of association 
constants of log Ka = 2.9–3.3 for C32H12 and log Ka = 3.4–3.5 for C38H14, respectively. These 
experimental constants were in excellent agreement with the theoretical constants (Table 7), 
suggesting the formation of the staggered structures predicted theoretically as the preferred 
dispositions. It should be stressed that these staggered arrangements were finally confirmed by 
1H-NMR experiments performed for the C32H12 and C38H14 heterodimers. In the case of C32H12, all the 
signals of C32H12 suffered slight and quantitatively similar upfield shifts upon complexation. 
Meanwhile, the signals corresponding to the truxene core of truxTTF appeared unaltered, and only 
the dithiole ring signals underwent upfield shifts of ca. 0.02 ppm (see [19] for further experimental 
details). The case of truxTTF•C38H14 was not straightforward and the 1H-NMR spectra pointed to a 
coexistence in solution of the staggered structures, with predominance of those in which the dithiole 
rings are inside the cavity of C38H14 (similarly to B4 in Figure 21 for truxTTF•C32H12), again in perfect 
agreement with the DFT-D3 calculations (Table 7). 

These experimental–theoretical outcomes constitute the first evidences that buckybowls, in 
contrast to fullerenes, are able to supramolecularly interact with electron-donor organic molecules in 
dispositions other than the typical concave–convex arrangements, maximizing both CH···π and π–π 
interactions. It is noteworthy that the structures implying the dithiole rings were found more stable 
than those only involving the carbon backbones, thus indicating the important role played by 
sulfur-mediated noncovalent interactions. 

3.3. Carbon Nanotube Supramolecular Assemblies 

Single-walled carbon nanotubes (SWNTs) are one of the most promising nanomaterials owing 
to their structural and electronic properties, and have attracted a lot of attention in the last years 
[114]. In general, chemical modifications are necessary to modulate and control their properties 
[115,116]. A particularly attractive strategy is to exploit NCIs to generate supramolecular 
architectures, since it guarantees the structural integrity of the nanotube and the strength of the 
interaction can be modulated by changing the structure of the host, its concentration, the solvent, 
and/or the temperature. In this regard, the quantification of the supramolecular interactions is of 
paramount relevance. However, there is no experimental standard method for the quantification of 
their supramolecular chemistry in solution/suspension. Recently, a simple procedure for the 
determination of association constants (Ka) between soluble molecules and insoluble, heterogeneous 
carbon nanotube samples was proposed by some of us [117].  
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Figure 22. Chemical structure of a SWNT model and the hosts used to supramolecularly interact 
with SWNTs and test the experimental association constant protocol. 

Figure 22 displays the chemical structures of the five host systems that were used to test the 
experimental method. Interestingly, the experimental methodology turned out to be sensitive to 
solvent effects, the size (diameter) of the SWNT and the hosts interacting with a particular SWNT.  

A thorough theoretical study by means of DFT-D3 calculations was carried out to corroborate 
and support the experimental findings. All supramolecular assemblies between hosts 11–15 and a 
SWNT model were optimized at the PBE0-D3/6-31G** level including the three-body dispersion 
correction (EABC). The strength of the interaction between host and guest was calculated by means of 
two different quantities: Eint and Ebind. Because of the small size of the double-zeta 6-31G** basis set 
employed, the basis set superposition error (BSSE) associated to the Eint values was corrected using 
to the counterpoise (CP) scheme. 

Prior to analyzing the host-guest complexes, the effect of the length of the nanotube into the 
binding energy was assessed by increasing the SWNT size in the 11•SWNT complex. The binding 
energy was shown to be nearly converged with SWNT sizes slightly larger than the host length (see 
Table 8 and Figure 23). A fragment of a zig-zag (10,0)-SWNT was used as a general model for the 
SWNTs in this regard. 

 
Figure 23. Minimum-energy geometries of parallel 11•SWNT assemblies and the perpendicular 
11•C200H20 calculated at the PBE0-D3/6-31G** level from a semi-rigid optimization with fixed 
intramolecular parameters (see the original Reference [117] for further details). Carbon atoms of 
SWNTs are highlighted in red whereas the carbon atoms of pyrene are in green. Hydrogen atoms are 
depicted in white. Reproduced from Reference [117] with permission from the Royal Society of 
Chemistry. 
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Table 8. Binding energy depending on the nanotube length for the parallel and perpendicular 
dispositions of the supramolecular 11•SWNT complex calculated at the PBE0-D3/6-31G** level of 
theory [117]. 

 Ebind (kcal/mol)
Disposition SWNT Length Semi-rigid Fully Relaxed 

Parallel 

11•C40H20 −11.05 −11.25 
11•C80H20 −17.80 −18.11 
11•C120H20 −21.79 −21.76 
11•C200H20 −21.18 −21.42 

Perpendicular 

11•C40H20 −10.88 −11.12 
11•C80H20 −16.40 −17.11 
11•C120H20 −19.46 −19.60 
11•C200H20 −18.85 −17.97 

Figure 24 displays the minimum-energy geometries for the 11–15 hosts assembled with the 
SWNT model of C160H20 computed at the PBE0-D3/6-31G** level of theory in gas phase. Note that the 
size of the SWNT model (C160H20) was sufficiently large compared to all hosts studied and, therefore, 
the binding energy was not expected to vary in line with the previous length-dependence study for the 
11•SWNT complex (Table 8). Among the different closely energetic conformations of 11 over SWNT, 
the diagonal arrangement turned out to be the most stable, with close π–π contacts (3.2–3.5 Å). The 
interaction energy of 11•SWNT was calculated to be −15.24 kcal/mol, which was slightly reduced to 
−14.84 kcal/mol for the binding energy as a consequence of the deformation energy penalty (0.59 
kcal/mol). Moving from the pyrene system (11) to 1,6-diaminopyrene (12), additional n-π 
interactions resulting from close nitrogen···nanotube contacts emerge (ca. 4.0 Å). The Eint term of 
12•SWNT was found larger than that computed for 11•SWNT by 1.3 kcal/mol, but this difference 
was not preserved in the binding energy (Table 9). The deformation energy, predicted to be 2.83 
kcal/mol for 12•SWNT, explained this trend. The incorporation of an extra aromatic ring in 13 gives 
rise to a significant increase of the interaction energy up to −23.68 kcal/mol, with close π–π 
benzene···SWNT (3.5 Å) and C=O···SWNT (3.2 Å) contacts. Bivalent tweezers-like hosts 14 and 15 
were calculated to further enhance the supramolecular affinity towards SWNT, with Eint as large as 
−38.78 and −63.23 kcal/mol for 14•SWNT and 15•SWNT, respectively. The binding energy in 
complex 14•SWNT (−36.42 kcal/mol) is indeed approximately the sum of Eint for its constituting 
moieties 11 and 13 (−14.84 + −21.52 = −36.36 kcal/mol), which supports the theoretical approach 
undertaken. Whereas the Edef of 14•SWNT was calculated similar to 12•SWNT and 13•SWNT, it 
rose to 20.46 kcal/mol for 15•SWNT owing to the optimal arrangement of the alkoxy chains around the 
nanotube (Figure 24). This disposition confers to 15•SWNT an increased Ebind of −42.78 kcal/mol due to 
close CH···π contacts computed in the range of 2.7–3.2 Å, which contribute to the total binding energy 
approximately in 6 kcal/mol. 

Table 9. Energy parameters (kcal/mol) and intermolecular contact area (CA, in Å2) calculated for the 
interaction between hosts 11–15 and SWNT guests at the CP-corrected PBE0-D3/6-31G**+EABC level [117]. 

System Eint Edef Ebind CA 1

11•(6,5)-SWNTs −13.85 0.81 −13.04 42.20 
11•SWNTs −15.24 0.59 −14.84 42.70 
12•SWNTs −16.53 2.83 −13.70 47.25 
13•SWNTs −23.68 2.16 −21.52 75.30 
14•SWNTs −38.78 2.36 −36.42 126.85 
15•SWNTs −63.23 20.46 −42.78 188.55 

1 The intermolecular contact area (CA) was calculated using the UCSF Chimera 1.7 software according to 
the formula: (area of the host + area of the guest − area of the complex)/2, where the area refers to 
solvent-excluded molecular surfaces, composed of probe contact, toroidal, and reentrant surface. 
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Figure 24. Minimum-energy geometry for the supramolecular assemblies formed by hosts 11–15 vs. 
SWNTs calculated at the PBE0-D3/6-31G** level of theory. Reproduced from [117] with permission 
from the Royal Society of Chemistry. 

Finally, the influence of the structure of the nanotube in the stability of the host-guest assembly 
was assessed by comparing the binding energies of the SWNT model (C160H20) and (6,5)-SWNT 
(C132H22) with pyrene 11. The Eint of 11•(6,5)-SWNTs was found to be −13.85 kcal/mol, which is 1.4 
kcal/mol smaller than the Eint of 11•SWNTs. The minimum-energy optimized geometries calculated 
for the supramolecular complexes between pyrene and the two types of nanotubes (Figure 25) 
revealed subtle differences in terms of intermolecular contacts. The diameter of (6,5)-SWNT was 
calculated at 7.5 Å, slightly shorter than SWNT (7.9 Å), which causes a less efficient supramolecular 
assembly with pyrene. The deformation energy of 11•(6,5)-SWNT was computed somewhat larger 
than that of 11•SWNTs (Table 9), suggesting that the pyrene core was required to have a larger 
deformation to accommodate over the more-curved nanotube surface of (6,5)-SWNT. Moreover, the 
intermolecular contact area for 1•(6,5)-SWNTs was estimated to be 0.5 Å2 smaller than 11•SWNTs. 

 
Figure 25. Side view of the supramolecular complex formed by 11 and two types of SWNTs. Carbon 
atoms of SWNTs are highlighted in red whereas the carbon atoms of pyrene are in green. Hydrogen 
atoms are depicted in white. Reproduced from [117] with permission from the Royal Society of 
Chemistry.  

Most remarkably, the calculated Ebind energies and the experimentally determined Ka values 
exhibited admirable quantitative agreement, despite the fact that solvent effects were not included in 
our calculations. A plot of the lnKa vs. −Ebind for hosts 11, 13, 14 and 15 bound to SWNTs in THF at 
room temperature, the largest set for which comparable Ka data were obtained, is shown in Figure 
26. Fixing the intercept to 0, the data fitted well (r2 = 0.984) to a straight line of slope 0.22 ± 0.01. Our 
analysis showed that the ΔGbind determined experimentally was proportional to the calculated Ebind. 
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Figure 26. Plot of lnKa vs. −Ebind, comparing the experimental and calculated data. 

This study was followed by an exhaustive combination of experiment, density functional 
theory (DFT) and molecular dynamics (MD) simulations for the quantitative analysis of the 
noncovalent interaction between (6,5)-SWNT, as host, and a set of pyrene derivatives with different 
electronic properties and surface area, as guests [118]. The supramolecular stabilization of the 
assemblies were explained in terms of dispersion forces as suggested by the linear correlation 
between the intermolecular contact area and the interaction energy, whereas electronic 
charge-transfer effects were ruled out. Molecular dynamics with explicit solvent molecules allowed 
us to predict binding constants in remarkable agreement with those derived from experiment, and to 
disentangle the molecular details underlying the adsorption process from low to high SWNT surface 
coverage. For further details, the reader is referred to the original work [118].  

3.4. exTTF-Graphene Supramolecular Assembly 

As already mentioned in Section 3.1, the concave geometry of the exTTF electron-donor can be 
exploited to supramolecularly recognize fullerenes by means of efficient π–π interactions owing to 
the concave–convex complementarity. Nevertheless, there are numerous examples where planar 
π-conjugated platforms (particularly porphyrins) are able to noncovalently interact with fullerene 
and nanotubes despite the planar–convex mismatch [80,119]. Inspired by this fact, we explored the 
possibility of exTTF to establish stabilizing noncovalent interactions with planar graphene, regardless 
of its biconcave geometry. Experimentally, the positive interaction between exTTF and graphene was 
studied by means of a multivalent approach, where gold nanoparticles were decorated with exTTF 
units (exTTFAuNPs) [120]. The interaction between the exTTFAuNPs with graphene was confirmed 
by a series of spectroscopic (UV–Vis and Raman) and transition electron microscopy (TEM) 
techniques. 

Notwithstanding the precise experimental information obtained, several fundamental 
questions remained unsolved. For instance, how can the biconcave geometry of the exTTF 
compound be able to efficiently interact with the graphene sheet? To answer this question, and gain 
insight into the supramolecular recognition process between exTTF and graphene, we performed 
revPBE0-D3 calculations on an exTTF-graphene model. The exTTF unit was placed in different 
orientations over a polyaromatic hydrocarbon (PAH) graphene-like molecule including 31 benzene 
rings (C84H24). Figure 27 displays the minimum-energy structures (G1–G5) calculated for the 
exTTF-graphene supramolecular complex at the revPBE0-D3/cc-pVDZ level. In structures G1 and 
G2, the interaction of the exTTF fragment with graphene mainly occurs through the concave 
anthracene backbone, whereas in structure G3 the interaction takes place through the concave 
dithiole face. Structures G1 and G2 are mainly governed by π–π interactions, whereas structure G3 
involves close CH···π interactions (~2.7 Å) between the terminal hydrogen atoms of the dithiole rings 
and the graphene sheet. The exTTF molecule can also interact with the graphene sheet through a 
benzene ring and the sulfur atoms (structure G4), or through a dithiole ring (structure G5).  
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Figure 27. Minimum-energy structures computed for the exTTF-graphene models (G1–G5) at the 
revPBE0-D3/cc-pVDZ level. Carbon atoms of exTTF are depicted in green, sulfur in yellow and 
hydrogen in white. Carbon atoms of the graphene sheet are depicted in red and hydrogen atoms 
have been omitted for clarity. Adapted with permission from [120]. Copyright 2013 WILEY-VCH 
Verlag GmbH & Co. KGaA. 

Structures G4 and G5 imply a mixture of π–π and CH···π interactions. All optimized structures 
G1–G5 showed close intermolecular distances in the 3.1–4.0 Å range, which are the structural 
signature of stabilizing noncovalent interactions. Remarkably, despite the electron-donor character 
of exTTF, our calculations predicted negligible contributions from charge-transfer interactions 
(<0.005e).  

To estimate the interaction energies of the exTTF-graphene models G1–G5, single-point energy 
calculations were performed on the previously-optimized structures using the revPBE0-D3 
functional, and the more extended triple-ζ cc-pVTZ basis set. Structures G4 and G5 were found to be 
the most stable structures with interaction energies of −22.2 and −25.2 kcal/mol, respectively. 
Significant Eint of −19.0, −20.7 and −16.8 kcal/mol were also calculated for structures G1–G3. These 
theoretical outcomes clearly confirmed the presence of a significant stabilizing interaction between 
the exTTF derivative and a graphene sheet. However, the influence of the nonplanar geometry of 
exTTF on the supramolecular association with graphene was still unclear. To explore this effect, the 
interaction of the graphene sheet with a planar π-conjugated motif like anthracene (the central backbone 
of exTTF) was also computed in an eclipsed-like disposition similar to structure G6 (Figure 28). The 
interaction energy computed at the revPBE0-D3/cc-pVTZ level for this anthracene–graphene model 
was −20.4 kcal/mol, which is higher than that computed for its homologous structure G1 but 
significantly smaller than those computed for structures G4 and G5. The remarkable increase of the 
interaction energies for structure G4 and G5 with respect to the anthracene–graphene model clearly 
reveals that the planarity of the π-conjugated motif does not necessarily favor a stronger 
supramolecular association with a graphene sheet. For instance, despite the concave–planar 
mismatch, the exTTF system can orientate in different ways to interact strongly with a graphene 
sheet. These final theoretical findings allowed us to confirm, counterintuitively a priori, that 
planarity is not a sine qua non condition for a structure to bind effectively graphene. 
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Figure 28. (a) Top and side views of the minimum-energy geometry computed for 
anthracene-graphene (G6) at the revPBE0-D3/cc-pVDZ level. The intermolecular interacting regions 
of anthracene and graphene are colored in red; (b) Magnification of the interacting region 
emphasizing the most representative intermolecular distances collected in the table. Adapted with 
permission from [120]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA. 

Recently, a computational approximation based on molecular mechanics/molecular dynamics 
(MM/MD) demonstrated to be particularly useful for characterizing the supramolecular 
organization of C60-based molecules endowed with one or three pyrene units when interacting with 
graphene to form mono- and tripodal graphene nanobuds [121]. This is another example that clearly 
highlights the potential of computational molecular modelling (classical or quantum) in the field of 
supramolecular chemistry.  

4. Conclusions 

Carbon nanoforms are at the forefront in current science owing to their potential application in 
a variety of fields. The supramolecular chemistry of these carbon-based nanoforms is of wide 
interest since the functionalization with π-conjugated compounds by means of noncovalent 
interactions allows maintaining the integrity of the nanoforms while modulating some properties 
such as the solubility or stability of the resulting assemblies. 

In this review, we have shown how quantum-chemical calculations can be used as a powerful 
characterization tool to gain deep insights into the self-organization of different carbon-based 
nanoforms (such as fullerenes, fullerenes fragments, carbon nanotubes and graphene) with different 
electron-rich π-conjugated motifs in the generation of appealing supramolecular complexes 
governed by noncovalent interactions. 

With respect to fullerene-based supramolecular complexes, quantum-chemical calculations 
have been fundamental to: (i) unveil the nature of the stabilizing noncovalent interactions (π–π, n–π 
and CH···π) that govern the supramolecular assembly formed by extended tetrathiafulvalene 
(exTTF), decorated with crown-ether groups of increasing size, and fullerene C60; (ii) provide an 
in-depth structural characterization concerning the supramolecular organization between the 
electron-donor truxene-tetrathiafulvalene (truxTTF) and the electron-acceptor C60; (iii) thoroughly 
disentangle the role of the different interactions (dispersion, exchange, electrostatic, induction) that 
contribute to the stabilization of the porphyrin–C60 assemblies; and finally; (iv) explain the negative 
cooperative effects as a consequence of the depletion of electron density the electron density in 
ditopic porphyrin receptors upon insertion of the first fullerene molecule. 
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In the buckybowl-based heterodimers formed with the electron-donor truxTTF, theoretical 
calculations were decisive to propose the staggered arrangements as most stable supramolecular 
structures, which seemed to be a priori very counterintuitive but were later confirmed by 1H-NMR 
experiments. In the example of single-walled carbon nanotubes (SWCNs) assemblies, the 
quantum-chemical calculations were helpful to support the experimental protocol to estimate 
association constants between soluble molecules and insoluble, heterogeneous carbon nanotube 
samples, which is crucial to understand the supramolecular chemistry of these SWCN compounds 
for current technological applications. Finally, theoretical calculations predicted a stabilizing 
interaction between graphene and the electron-donor exTTF despite the geometrical planar–curved 
mismatch. Remarkably, the theoretical outcomes demonstrated that planarity is not a prerequisite 
for a supramolecular recognition motif to effectively interact with graphene. 

Despite the current success in the development of feasible quantum-chemical methods able to 
accurately describe relatively large-size supramolecular complexes, the molecular size is still critical 
for routine quantum-chemical calculations on molecular systems of more than 1000 atoms. 
Notwithstanding, new avenues of research concerning the development of large-scale 
quantum-chemical techniques allow dealing with very large molecular systems [64,122–124], and 
point to a bright future for the field of quantum chemistry and molecular modelling applied to 
supramolecular chemistry problems. 

Acknowledgments: This work was supported by the Spanish Ministry of Economy and Competitiveness 
MINECO (CTQ2015-71154-P, CTQ2015-71936-REDT, and Unidad de Excelencia María de Maeztu 
MDM-2015-0538), the Generalitat Valenciana (PROMETEO/2016/135), and European FEDER funds 
(CTQ2015-71154-P). J.A. is grateful to MINECO for a “JdC-incorporación” post-doctoral fellowship 
(IJCI-2015-26154). J.C. acknowledges the Generalitat Valenciana for a Vali+d post-doctoral fellowship 
(APOSTD/2017/081). 

Author Contributions: All authors have contributed equally to the writing of this review. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Yang, H.; Yuan, B.; Zhang, X.; Scherman, O.A. Supramolecular Chemistry at Interfaces: Host-Guest 
Interactions for Fabricating Multifunctional Biointerfaces. Acc. Chem. Res. 2014, 47, 2106–2115, 
doi:10.1021/ar500105t. 

2. Pérez, E.M.; Martín, N. π-π interactions in carbon nanostructures. Chem. Soc. Rev. 2015, 44, 6425–6433, 
doi:10.1039/c5cs00578g. 

3. Szalóki, G.; Croué, V.; Allain, M.; Goeb, S.; Sallé, M. Neutral versus polycationic coordination cages: A 
comparison regarding neutral guest inclusion. Chem. Commun. 2016, 52, 10012–10015, 
doi:10.1039/C6CC04610J. 

4. Croué, V.; Goeb, S.; Szalóki, G.; Allain, M.; Sallé, M. Reversible Guest Uptake/Release by Redox-Controlled 
Assembly/Disassembly of a Coordination Cage. Angew. Chem. Int. Ed. 2016, 55, 1746–1750, 
doi:10.1002/anie.201509265. 

5. Bivaud, S.; Goeb, S.; Croué, V.; Dron, P.I.; Allain, M.; Sallé, M. Self-assembled containers based on 
extended tetrathiafulvalene. J. Am. Chem. Soc. 2013, 135, 10018–10021, doi:10.1021/ja404072w. 

6. Croué, V.; Goeb, S.; Sallé, M. Metal-driven self-assembly: The case of redox-active discrete architectures. 
Chem. Commun. 2015, 51, 7275–7289, doi:10.1039/C5CC00597C. 

7. Szalocki, G.; Croué, V.; Carré, V.; Aubriet, F.; Alévêque, O.; Levillain, E.; Allain, M.; Aragó, J.; Ortí, E.; 
Goeb, S.; Sallé, M. Controlling the Host-Guest Interaction Mode through a Redox Stimulus. Angew. Chem. 
Int. Ed. 2017, 56, 16272–16276, doi:10.1002/anie.201709483. 

8. De Greef, T.F.A.; Smulders, M.M.J.; Wolffs, M.; Schenning, A.P.H.J.; Sijbesma, R.P.; Meijer, E.W. 
Supramolecular polymerization. Chem. Rev. 2009, 109, 5687–5754, doi:10.1021/cr900181u. 

9. Korevaar, P.A.; de Greef, T.F.A.; Meijer, E.W. Pathway Complexity in π-Conjugated Materials. Chem. 
Mater. 2013, 26, 576–586, doi:10.1021/cm4021172. 

10. Aida, T.; Meijer, E.W.; Stupp, S.I. Functional supramolecular polymers. Science 2012, 335, 813–817, 
doi:10.1126/science.1205962. 



Molecules 2018, 23, 118  33 of 38 

 

11. Feng, X.; Ding, X.; Jiang, D. Covalent organic frameworks. Chem. Soc. Rev. 2012, 41, 6010–6022, 
doi:10.1039/c2cs35157a. 

12. Ciesielski, A.; Samorì, P. Supramolecular Approaches to Graphene: From Self-Assembly to 
Molecule-Assisted Liquid-Phase Exfoliation. Adv. Mater. 2016, 28, 6030–6051, doi:10.1002/adma.201505371. 

13. Gavrel, G.; Jousselme, B.; Filoramo, A.; Campidelli, S. Supramolecular Chemistry of Carbon Nanotubes. 
Top. Curr. Chem. 2014, 348, 95–126, doi:10.1007/128_2013_450. 

14. Zhao, Y.-L.; Stoddart, J.F. Noncovalent Functionalization of Single-Walled Carbon Nanotubes. Acc. Chem. 
Res. 2009, 42, 1161–1171, doi:10.1021/ar900056z. 

15. Kotchey, G.P.; Star, A.; Kotchey, G.P.; Star, A. Advances in Supramolecular Chemistry of Carbon 
Nanotubes. In Supramolecular Chemistry; John Wiley & Sons, Ltd.: Chichester, UK, 2012;  
ISBN 9780470661345. 

16. Gayathri, S.S.; Wielopolski, M.; Pérez, E.M.; Fernández, G.; Sánchez, L.; Viruela, R.; Ortí, E.; Guldi, D.M.; 
Martín, N. Discrete supramolecular donor-acceptor complexes. Angew. Chem. Int. Ed. 2009, 48, 815–819. 

17. Isla, H.; Grimm, B.; Pérez, E.M.; Rosario Torres, M.; Ángeles Herranz, M.; Viruela, R.; Aragó, J.; Ortí, E.; 
Guldi, D.M.; Martín, N. Bowl-shape electron donors with absorptions in the visible range of the solar 
spectrum and their supramolecular assemblies with C60. Chem. Sci. 2012, 3, 498–508, doi:10.1039/c1sc00669j. 

18. Gallego, M.; Calbo, J.; Aragó, J.; Krick Calderon, R.M.; Liquido, F.H.; Iwamoto, T.; Greene, A.K.; Jackson, 
E.A.; Pérez, E.M.; Ortí, E.; et al. Electron Transfer in a Supramolecular Associate of a Fullerene Fragment. 
Angew. Chem. Int. Ed. 2014, 53, 2170–2175, doi:10.1002/anie.201309672. 

19. Gallego, M.; Calbo, J.; Krick-Calderon, R.M.; Pla, P.; Hsieh, Y.-C.; Pérez, E.M.; Wu, Y.-T.; Ortí, E.; Guldi, 
D.M.; Martín, N. Complexation and Electronic Communication between Corannulene-Based Buckybowls 
and a Curved Truxene-TTF Donor. Chemistry 2017, 23, 3666–3673, doi:10.1002/chem.201604921. 

20. Cha, C.; Shin, S.R.; Annabi, N.; Dokmeci, M.R.; Khademhosseini, A. Carbon-Based Nanomaterials: 
Multifunctional Materials for Biomedical Engineering. ACS Nano 2013, 7, 2891–2897, 
doi:10.1021/nn401196a. 

21. Illescas, B.M.; Rojo, J.; Delgado, R.; Martín, N. Multivalent Glycosylated Nanostructures to Inhibit Ebola 
Virus Infection. J. Am. Chem. Soc. 2017, 139, 6018–6025, doi:10.1021/jacs.7b01683. 

22. Muñoz, A.; Sigwalt, D.; Illescas, B.M.; Luczkowiak, J.; Rodríguez-Pérez, L.; Nierengarten, I.; Holler, M.; 
Remy, J.-S.; Buffet, K.; Vincent, S.P.; et al. Synthesis of giant globular multivalent glycofullerenes as potent 
inhibitors in a model of Ebola virus infection. Nat. Chem. 2016, 8, 50–57, doi:10.1038/nchem.2387. 

23. Marchesan, S.; Ballerini, L.; Prato, M. Nanomaterials for stimulating nerve growth. Science 2017, 356, 1010–
1011, doi:10.1126/science.aan1227. 

24. Martín, C.; Merino, S.; González-Domínguez, J.M.; Rauti, R.; Ballerini, L.; Prato, M.; Vázquez, E. Graphene 
Improves the Biocompatibility of Polyacrylamide Hydrogels: 3D Polymeric Scaffolds for Neuronal 
Growth. Sci. Rep. 2017, 7, 10942, doi:10.1038/s41598-017-11359-x. 

25. Hermann, J.; DiStasio, R.A.; Tkatchenko, A. First-Principles Models for van der Waals Interactions in 
Molecules and Materials: Concepts, Theory, and Applications. Chem. Rev. 2017, 117, 4714–4758, 
doi:10.1021/acs.chemrev.6b00446. 

26. Grimme, S.; Hansen, A.; Brandenburg, J.G.; Bannwarth, C. Dispersion-Corrected Mean-Field Electronic 
Structure Methods. Chem. Rev. 2016, 116, 5105–5154, doi:10.1021/acs.chemrev.5b00533. 

27. Lyakh, D.I.; Musiał, M.; Lotrich, V.F.; Bartlett, R.J. Multireference nature of chemistry: The coupled-cluster 
view. Chem. Rev. 2012, 112, 182–243, doi:10.1021/cr2001417. 

28. Riley, K.E.; Pitonák, M.; Jurecka, P.; Hobza, P. Stabilization and structure calculations for noncovalent 
interactions in extended molecular systems based on wave function and density functional theories. Chem. 
Rev. 2010, 110, 5023–5063, doi:10.1021/cr1000173. 

29. Hobza, P. Calculations on noncovalent interactions and databases of benchmark interaction energies. Acc. 
Chem. Res. 2012, 45, 663–672, doi:10.1021/ar200255p. 

30. Kristyán, S.; Pulay, P. Can (semi)local density functional theory account for the London dispersion forces? 
Chem. Phys. Lett. 1994, 229, 175–180, doi:10.1016/0009-261401027-7. 

31. Hobza, P.; Šponer, J.; Reschel, T. Density functional theory and molecular clusters. J. Comput. Chem. 1995, 
16, 1315–1325, doi:10.1002/jcc.540161102. 

32. Allen, M.J.; Tozer, D.J. Helium dimer dispersion forces and correlation potentials in density functional 
theory. J. Chem. Phys. 2002, 117, 11113, doi:10.1063/1.1522715. 

33. Zhao, Y.; Truhlar, D. The M06 suite of density functionals for main group thermochemistry, 



Molecules 2018, 23, 118  34 of 38 

 

thermochemical kinetics, noncovalent interactions, excited states, and transition elements: Two new 
functionals and systematic testing of four M06-class functionals and 12 other function. Theor. Chem. Acc. 
2008, 120, 215–241, doi:10.1007/s00214-007-0310-x. 

34. Misquitta, A.J.; Podeszwa, R.; Jeziorski, B.; Szalewicz, K. Intermolecular potentials based on 
symmetry-adapted perturbation theory with dispersion energies from time-dependent density-functional 
calculations. J. Chem. Phys. 2005, 123, doi:10.1063/1.2135288. 

35. Bordner, A.J. Assessing the Accuracy of SAPT(DFT) Interaction Energies by Comparison with 
Experimentally Derived Noble Gas Potentials and Molecular Crystal Lattice Energies. ChemPhysChem 
2012, 13, 3981–3988, doi:10.1002/cphc.201200469. 

36. Lao, K.U.; Schäffer, R.; Jansen, G.; Herbert, J.M. Accurate Description of Intermolecular Interactions 
Involving Ions Using Symmetry-Adapted Perturbation Theory. J. Chem. Theory Comput. 2015, 11, 2473–
2486, doi:10.1021/ct5010593. 

37. Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der Waals Interactions from Ground-State Electron 
Density and Free-Atom Reference Data. Phys. Rev. Lett. 2009, 102, 73005, 
doi:10.1103/PhysRevLett.102.073005. 

38. Becke, A.D.; Johnson, E.R. A unified density-functional treatment of dynamical, nondynamical, and 
dispersion correlations. J. Chem. Phys. 2007, 127, 124108, doi:10.1063/1.2768530. 

39. Becke, A.D.; Johnson, E.R. Exchange-hole dipole moment and the dispersion interaction revisited. J. Chem. 
Phys. 2007, 127, 154108, doi:10.1063/1.2795701. 

40. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density 
functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104, 
doi:10.1063/1.3382344. 

41. Ambrosetti, A.; Reilly, A.M.; DiStasio, R.A.; Tkatchenko, A. Long-range correlation energy calculated from 
coupled atomic response functions. J. Chem. Phys. 2014, 140, doi:10.1063/1.4865104. 

42. Dion, M.; Rydberg, H.; Schröder, E.; Langreth, D.C.; Lundqvist, B.I. Van der Waals Density Functional for 
General Geometries. Phys. Rev. Lett. 2004, 92, 246401, doi:10.1103/PhysRevLett.92.246401. 

43. Vydrov, O.; Van Voorhis, T. Nonlocal van der Waals Density Functional Made Simple. Phys. Rev. Lett. 
2009, 103, 63004, doi:10.1103/PhysRevLett.103.063004. 

44. Vydrov, O.A.; Van Voorhis, T. Nonlocal van der Waals density functional: The simpler the better. J. Chem. 
Phys. 2010, 133, 244103, doi:10.1063/1.3521275. 

45. Ehrlich, S.; Moellmann, J.; Grimme, S. Dispersion-corrected density functional theory for aromatic 
interactions in complex systems. Acc. Chem. Res. 2013, 46, 916–26, doi:10.1021/ar3000844. 

46. Grimme, S. Density functional theory with London dispersion corrections. Wiley Interdiscip. Rev. Comput. 
Mol. Sci. 2011, 1, 211–228, doi:10.1002/wcms.30. 

47. Langreth, D.C.; Lundqvist, B.I.; Chakarova-Käck, S.D.; Cooper, V.R.; Dion, M.; Hyldgaard, P.; Kelkkanen, 
A.; Kleis, J.; Kong, L.; Li, S.; et al. A density functional for sparse matter. J. Phys. Condens. Matter 2009, 21, 
84203, doi:10.1088/0953-8984/21/8/084203. 

48. Adamo, C.; Barone, V. Toward reliable density functional methods without adjustable parameters: The 
PBE0 model. J. Chem. Phys. 1999, 110, 6158–6170. 

49. Zhang, Y.; Yang, W. Comment on “Generalized gradient approximation made simple”. Phys. Rev. Lett. 
1998, 80, 890. 

50. Perdew, J.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 
1996, 77, 3865–3868. 

51. Becke, A. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 6, 5648. 
52. Lee, C.; Yang, W.; Parr, R. Development of the Colle-Salvetti correlation-energy formula into a functional 

of the electron density. Phys. Rev. B 1988, 37, 785–789. 
53. Adamo, C.; Barone, V. Exchange functionals with improved long-range behavior and adiabatic connection 

methods without adjustable parameters: The mPW and mPW1PW models. J. Chem. Phys. 1998, 108, 664, 
doi:10.1063/1.475428. 

54. Becke, A.D. Density-functional thermochemistry. IV. A new dynamical correlation functional and 
implications for exact-exchange mixing. J. Chem. Phys. 1996, 104, 1040, doi:10.1063/1.470829. 

55. Zhao, Y.; Truhlar, D.G. Hybrid Meta Density Functional Theory Methods for Thermochemistry, 
Thermochemical Kinetics, and Noncovalent Interactions: The MPW1B95 and MPWB1K Models and 
Comparative Assessments for Hydrogen Bonding and van der Waals Interactions. J. Phys. Chem. A 2004, 



Molecules 2018, 23, 118  35 of 38 

 

108, 6908–6918, doi:10.1021/JP048147Q. 
56. Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion 

correction. J. Comput. Chem. 2006, 27, 1787–1799, doi:10.1002/jcc.20495. 
57. Becke, A.D. Density-functional thermochemistry. V. Systematic optimization of exchange-correlation 

functionals. J. Chem. Phys. 1998, 107, 8554, doi:10.1063/1.475007. 
58. Christensen, A.S.; Kubař, T.; Cui, Q.; Elstner, M. Semiempirical Quantum Mechanical Methods for 

Noncovalent Interactions for Chemical and Biochemical Applications. Chem. Rev. 2016, 116, 5301–5337, 
doi:10.1021/acs.chemrev.5b00584. 

59. Stewart, J.J.P. Optimization of parameters for semiempirical methods VI: More modifications to the 
NDDO approximations and re-optimization of parameters. J. Mol. Model. 2013, 19, 1–32, 
doi:10.1007/s00894-012-1667-x. 

60. Sure, R.; Grimme, S. Corrected small basis set Hartree-Fock method for large systems. J. Comput. Chem. 
2013, 34, 1672–1685, doi:10.1002/jcc.23317. 

61. Elstner, M.; Frauenheim, T.; Kaxiras, E.; Seifert, G.; Suhai, S. A Self-Consistent Charge Density-Functional 
Based Tight-Binding Scheme for Large Biomolecules. Phys. Status Solidi 2000, 217, 357–376, 
doi:10.1002/(SICI)1521-3951217:1<357::AID-PSSB357>3.0.CO;2-J. 

62. Gaus, M.; Cui, Q.; Elstner, M. Density functional tight binding: Application to organic and biological 
molecules. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2014, 4, 49–61, doi:10.1002/wcms.1156. 

63. Elstner, M.; Seifert, G. Density functional tight binding. Philos. Trans. A Math. Phys. Eng. Sci. 2014, 372, 
doi:10.1098/rsta.2012.0483. 

64. Grimme, S.; Bannwarth, C.; Shushkov, P. A Robust and Accurate Tight-Binding Quantum Chemical 
Method for Structures, Vibrational Frequencies, and Noncovalent Interactions of Large Molecular Systems 
Parametrized for All spd-Block Elements (Z = 1–86). J. Chem. Theory Comput. 2017, 13, 1989–2009, 
doi:10.1021/acs.jctc.7b00118. 

65. Grimme, S. Accurate description of van der Waals complexes by density functional theory including 
empirical corrections. J. Comput. Chem. 2004, 25, 1463–1473, doi:10.1002/jcc.20078. 

66. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density 
functional theory. J. Comput. Chem. 2011, 32, 1456–1465, doi:10.1002/jcc.21759. 

67. Muto, Y. Force between nonpolar molecules. Proc. J. Phys. Math. Soc. Jpn. 1943, 17, 629–631. 
68. Axilrod, B.M.; Teller, E. Interaction of the van der Waals Type between Three Atoms. J. Chem. Phys. 1943, 

11, 299–300, doi:10.1063/1.1723844. 
69. Calbo, J.; Ortí, E.; Sancho-García, J.C.; Aragó, J. Chapter Two—The Nonlocal Correlation Density 

Functional VV10: A Successful Attempt to Accurately Capture Noncovalent Interactions. Ann. Rep. 
Comput. Chem. 2015, 11, 37–102. 

70. Aragó, J.; Ortí, E.; Sancho-García, J.C. Nonlocal van der Waals Approach Merged with Double-Hybrid 
Density Functionals: Toward the Accurate Treatment of Noncovalent Interactions. J. Chem. Theory Comput. 
2013, 9, 3437–3443, doi:10.1021/ct4003527. 

71. Sancho-García, J.C.; Aragó, J.; Ortí, E.; Olivier, Y. Obtaining the lattice energy of the anthracene crystal by 
modern yet affordable first-principles methods. J. Chem. Phys. 2013, 138, doi:10.1063/1.4806436. 

72. Calbo, J.; Ortí, E.; Sancho-García, J.C.; Aragó, J. Accurate Treatment of Large Supramolecular Complexes 
by Double-Hybrid Density Functionals Coupled with Nonlocal van der Waals Corrections. J. Chem. Theory 
Comput. 2015, 11, 932–939, doi:10.1021/acs.jctc.5b00002. 

73. Yu, F. Spin-Component-Scaled Double-Hybrid Density Functionals with Nonlocal van der Waals 
Correlations for Noncovalent Interactions. J. Chem. Theory Comput. 2014, 10, doi:10.1021/ct500642x. 

74. Jeziorski, B.; Moszynski, R.; Szalewicz, K. Perturbation Theory Approach to Intermolecular Potential 
Energy Surfaces of van der Waals Complexes. Chem. Rev. 1994, 94, 1887–1930, doi:10.1021/cr00031a008. 

75. Hohenstein, E.G.; Sherrill, C.D. Density fitting and Cholesky decomposition approximations in 
symmetry-adapted perturbation theory: Implementation and application to probe the nature of π-π 
interactions in linear acenes. J. Chem. Phys. 2010, 132, doi:10.1063/1.3426316. 

76. Boys, S.F.; Bernardi, F. The calculation of small molecular interactions by the differences of separate total 
energies. Some procedures with reduced errors. Mol. Phys. 1970, 19, 553–566, doi:10.1080/00268977000101561. 

77. Risthaus, T.; Grimme, S. Benchmarking of London Dispersion-Accounting Density Functional Theory 
Methods on Very Large Molecular Complexes. J. Chem. Theory Comput. 2013, 9, 1580–1591, 
doi:10.1021/ct301081n. 



Molecules 2018, 23, 118  36 of 38 

 

78. Goerigk, L.; Kruse, H.; Grimme, S. Benchmarking density functional methods against the S66 and S66x8 
datasets for non-covalent interactions. ChemPhysChem 2011, 12, 3421–3433, doi:10.1002/cphc.201100826. 

79. Grimme, S. Supramolecular binding thermodynamics by dispersion-corrected density functional theory. 
Chem. Eur. J. 2012, 18, 9955–9964, doi:10.1002/chem.201200497. 

80. Pérez, E.M.; Martín, N. Curves ahead: Molecular receptors for fullerenes based on concave–convex 
complementarity. Chem. Soc. Rev. 2008, 37, 1512–1519, doi:10.1039/b802589b. 

81. Bendikov, M.; Wudl, F.; Perepichka, D.F. Tetrathiafulvalenes, Oligoacenenes, and Their 
Buckminsterfullerene Derivatives: The Brick and Mortar of Organic Electronics. Chem. Rev. 2004, 104, 
4891–4946, doi:10.1021/CR030666M. 

82. Brunetti, F.G.; López, J.L.; Atienza, C.; Martín, N. π-Extended TTF: A versatile molecule for organic 
electronics. J. Mater. Chem. 2012, 22, 4188–4205, doi:10.1039/c2jm15710a. 

83. Pérez, E.M.; Sánchez, L.; Fernández, G.; Martín, N. exTTF as a Building Block for Fullerene Receptors. 
Unexpected Solvent-Dependent Positive Homotropic Cooperativity. J. Am. Chem. Soc. 2006, 128, 7172–
7173, doi:10.1021/JA0621389. 

84. Moreira, L.; Calbo, J.; Krick Calderon, R.M.; Santos, J.; Illescas, B.M.; Aragó, J.; Nierengarten, J.-F.; Guldi, 
D.M.; Ortí, E.; Martín, N. Unveiling the nature of supramolecular crown ether–C60 interactions. Chem. Sci. 
2015, 6, 4426–4432, doi:10.1039/C5SC00850F. 

85. Goubard, F.; Dumur, F. Truxene: A promising scaffold for future materials. RSC Adv. 2015, 5, 3521–3551, 
doi:10.1039/C4RA11559G. 

86. Tao, Y.; Yang, C.; Qin, J. Organic host materials for phosphorescent organic light-emitting diodes. Chem. 
Soc. Rev. 2011, 40, 2943–2970, doi:10.1039/c0cs00160k. 

87. Pérez, E.M.; Sierra, M.; Sánchez, L.; Torres, M.R.; Viruela, R.; Viruela, P.M.; Ortí, E.; Martín, N. Concave 
Tetrathiafulvalene-Type Donors as Supramolecular Partners for Fullerenes. Angew. Chem. Int. Ed. 2007, 46, 
1847–1851, doi:10.1002/anie.200604327. 

88. Zhao, Y.; Truhlar, D.G. How well can new-generation density functional methods describe stacking 
interactions in biological systems? Phys. Chem. Chem. Phys. 2005, 7, 2701–2705, doi:10.1039/b507036h. 

89. Sinnokrot, M.O.; Valeev, E.F.; Sherrill, C.D. Estimates of the Ab Initio Limit for π-π Interactions: The 
Benzene Dimer. J. Am. Chem. Soc. 2002, 124, 10887–10893, doi:10.1021/JA025896H. 

90. Moreira, L.; Calbo, J.; Aragó, J.; Illescas, B.M.; Nierengarten, I.; Delavaux-Nicot, B.; Ortí, E.; Martín, N.; 
Nierengarten, J.-F. Conjugated Porphyrin Dimers: Cooperative Effects and Electronic Communication in 
Supramolecular Ensembles with C60. J. Am. Chem. Soc. 2016, 138, 15359–15367, doi:10.1021/jacs.6b07250. 

91. Bonifazi, D.; Accorsi, G.; Armaroli, N.; Song, F.; Palkar, A.; Echegoyen, L.; Scholl, M.; Seiler, P.; Jaun, B.; 
Diederich, F. Oligoporphyrin Arrays Conjugated to [60]Fullerene: Preparation, NMR Analysis, and 
Photophysical and Electrochemical Properties. Helv. Chim. Acta 2005, 88, 1839–1884, 
doi:10.1002/hlca.200590144. 

92. Moreira, L.; Calbo, J.; Illescas, B.M.; Aragó, J.; Nierengarten, I.; Delavaux-Nicot, B.; Ortí, E.; Martín, N.; 
Nierengarten, J.-F. Metal-Atom Impact on the Self-Assembly of Cup-and-Ball Metalloporphyrin-Fullerene 
Conjugates. Angew. Chem. Int. Ed. 2015, 54, 1255–1260, doi:10.1002/anie.201409487. 

93. Wang, Y.-B.; Lin, Z. Supramolecular Interactions between Fullerenes and Porphyrins. J. Am. Chem. Soc. 
2003, 125, 6072–6073, doi:10.1021/JA028998G. 

94. Boyd, P.D.W.; Reed, C.A. Fullerene-Porphyrin Constructs. Acc. Chem. Res. 2004, 38, 235–242, 
doi:10.1021/AR040168F. 

95. García-Simón, C.; Costas, M.; Ribas, X. Metallosupramolecular receptors for fullerene binding and release. 
Chem. Soc. Rev. 2016, 45, 40–62, doi:10.1039/C5CS00315F. 

96. Hosseini, A.; Taylor, S.; Accorsi, G.; Armaroli, N.; Reed, C.A.; Boyd, P.D.W. Calix[4]arene-Linked 
Bisporphyrin Hosts for Fullerenes: Binding Strength, Solvation Effects, and Porphyrin-Fullerene Charge 
Transfer Bands. J. Am. Chem. Soc. 2006, 128, 15903–15913, doi:10.1021/JA066031X. 

97. Stangel, C.; Schubert, C.; Kuhri, S.; Rotas, G.; Margraf, J.T.; Regulska, E.; Clark, T.; Torres, T.; 
Tagmatarchis, N.; Coutsolelos, A.G.; et al. Tuning the reorganization energy of electron transfer in 
supramolecular ensembles—Metalloporphyrin, oligophenylenevinylenes, and fullerene—And the impact 
on electron transfer kinetics. Nanoscale 2015, 7, 2597–2608, doi:10.1039/C4NR05165C. 

98. D’Souza, F.; Smith, P.M.; Zandler, M.E.; McCarty, A.L.; Itou, M.; Araki, Y.; Ito, O. Energy Transfer 
Followed by Electron Transfer in a Supramolecular Triad Composed of Boron Dipyrrin, Zinc Porphyrin, 



Molecules 2018, 23, 118  37 of 38 

 

and Fullerene: A Model for the Photosynthetic Antenna-Reaction Center Complex. J. Am. Chem. Soc. 2004, 
126, 7898–7907, doi:10.1021/JA030647U. 

99. Sánchez, L.; Sierra, M.; Martín, N.; Myles, A.J.; Dale, T.J.; Rebek, J.; Seitz, W.; Guldi, D.M. Exceptionally 
Strong Electronic Communication through Hydrogen Bonds in Porphyrin–C60 Pairs. Angew. Chem. Int. Ed. 
2006, 45, 4637–4641, doi:10.1002/anie.200601264. 

100. D’Souza, F.; Maligaspe, E.; Ohkubo, K.; Zandler, M.E.; Subbaiyan, N.K.; Fukuzumi, S. Photosynthetic 
Reaction Center Mimicry: Low Reorganization Energy Driven Charge Stabilization in Self-Assembled 
Cofacial Zinc Phthalocyanine Dimer-Fullerene Conjugate. J. Am. Chem. Soc. 2009, 131, 8787–8797, 
doi:10.1021/ja903467w. 

101. Wessendorf, F.; Gnichwitz, J.-F.; Sarova, G.H.; Hager, K.; Hartnagel, U.; Guldi, D.M.; Hirsch, A. 
Implementation of a Hamiliton-Receptor-Based Hydrogen-Bonding Motif toward a New Electron 
Donor-Acceptor Prototype: Electron versus Energy Transfer. J. Am. Chem. Soc. 2007, 129, 16057–16071, 
doi:10.1021/JA075751G. 

102. Grimm, B.; Karnas, E.; Brettreich, M.; Ohta, K.; Hirsch, A.; Guldi, D.M.; Torres, T.; Sessler, J.L. Charge 
transfer in sapphyrin-fullerene hybrids employing dendritic ensembles. J. Phys. Chem. B 2010, 114, 14134–
14139, doi:10.1021/jp906785f. 

103. Li, K.; Schuster, D.I.; Guldi, D.M.; Herranz, M.Á.; Echegoyen, L. Convergent Synthesis and Photophysics 
of [60]Fullerene/Porphyrin-Based Rotaxanes. J. Am. Chem. Soc. 2004, 126, 3388–3389, 
doi:10.1021/JA039698H. 

104. Megiatto, J.D.; Schuster, D.I.; Abwandner, S.; de Miguel, G.; Guldi, D.M. [2]Catenanes Decorated with 
Porphyrin and [60]Fullerene Groups: Design, Convergent Synthesis, and Photoinduced Processes. J. Am. 
Chem. Soc. 2010, 132, 3847–3861, doi:10.1021/ja910149f. 

105. Wu, Z.-Q.; Shao, X.-B.; Li, C.; Hou, J.-L.; Wang, K.; Jiang, X.-K.; Li, Z.-T. Hydrogen-Bonding-Driven 
Preorganized Zinc Porphyrin Receptors for Efficient Complexation of C60, C70, and C60 Derivatives. J. Am. 
Chem. Soc. 2005, 127, 17460–17468, doi:10.1021/JA056509H. 

106. Calderon, R.M.K.; Valero, J.; Grimm, B.; de Mendoza, J.; Guldi, D.M. Enhancing Molecular Recognition in 
Electron Donor-Acceptor Hybrids via Cooperativity. J. Am. Chem. Soc. 2014, 136, 11436–11443, 
doi:10.1021/ja5052236. 

107. Scott, L.T.; Petrukhina, M.A. Fragments of Fullerenes and Carbon Nanotubes: Designed Synthesis, Unusual 
Reactions, and Coordination Chemistry; John Wiley & Sons: Hoboken, NJ, USA, 2011; ISBN 0470569085. 

108. Petrukhina, M.A.; Andreini, K.W.; Peng, L.; Scott, L.T. Hemibuckminsterfullerene C30H12: X-ray Crystal 
Structures of the Parent Hydrocarbon and of the Two-Dimensional Organometallic Network 
{[Rh2(O2CCF3)4]3·(C30H12)}. Angew. Chem. Int. Ed. 2004, 116, 5593–5597, doi:10.1002/ange.200460855. 

109. Calbo, J.; Sancho-García, J.C.; Ortí, E.; Aragó, J. DLPNO-CCSD(T) scaled methods for the accurate 
treatment of large supramolecular complexes. J. Comput. Chem. 2017, 38, 1869–1878, doi:10.1002/jcc.24835. 

110. Wu, T.-C.; Hsin, H.-J.; Kuo, M.-Y.; Li, C.-H.; Wu, Y.-T. Synthesis and Structural Analysis of a Highly 
Curved Buckybowl Containing Corannulene and Sumanene Fragments. J. Am. Chem. Soc. 2011, 133, 16319–
16321, doi:10.1021/ja2067725. 

111. Wu, T.-C.; Chen, M.-K.; Lee, Y.-W.; Kuo, M.-Y.; Wu, Y.-T. Bowl-Shaped Fragments of C70 or Higher 
Fullerenes: Synthesis, Structural Analysis, and Inversion Dynamics. Angew. Chem. Int. Ed. 2013, 52, 1289–
1293, doi:10.1002/anie.201208200. 

112. Chen, M.-K.; Hsin, H.-J.; Wu, T.-C.; Kang, B.-Y.; Lee, Y.-W.; Kuo, M.-Y.; Wu, Y.-T. Highly Curved 
Bowl-Shaped Fragments of Fullerenes: Synthesis, Structural Analysis, and Physical Properties. Chemistry 
2014, 20, 598–608, doi:10.1002/chem.201303357. 

113. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density 
and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface 
Tensions. J. Phys. Chem. B 2009, 113, 6378–6396, doi:10.1021/jp810292n. 

114. Avouris, P.; Chen, Z.; Perebeinos, V. Carbon-based electronics. Nat. Nanotechnol. 2007, 2, 605–615, 
doi:10.1038/nnano.2007.300. 

115. Hirsch, A. Functionalization of Single-Walled Carbon Nanotubes. Angew. Chem. Int. Ed. 2002, 41, 1853–
1859, doi:10.1002/1521-377341:11<1853::AID-ANIE1853>3.0.CO;2-N. 

116. Singh, P.; Campidelli, S.; Giordani, S.; Bonifazi, D.; Bianco, A.; Prato, M. Organic functionalisation and 
characterisation of single-walled carbon nanotubes. Chem. Soc. Rev. 2009, 38, 2214–2230, 
doi:10.1039/b518111a. 



Molecules 2018, 23, 118  38 of 38 

 

117. De Juan, A.; López-Moreno, A.; Calbo, J.; Ortí, E.; Pérez, E.M. Determination of association constants 
towards carbon nanotubes. Chem. Sci. 2015, 6, 7008–7014, doi:10.1039/C5SC02916C. 

118. Calbo, J.; López-Moreno, A.; de Juan, A.; Comer, J.; Ortí, E.; Pérez, E.M. Understanding Noncovalent 
Interactions of Small Molecules with Carbon Nanotubes. Chemistry 2017, 23, 12909–12916, 
doi:10.1002/chem.201702756. 

119. Canevet, D.; Pérez, E.M.; Martín, N. Wraparound Hosts for Fullerenes: Tailored Macrocycles and Cages. 
Angew. Chem. Int. Ed. 2011, 50, 9248–9259, doi:10.1002/anie.201101297. 

120. Brunetti, F.G.; Isla, H.; Aragó, J.; Ortí, E.; Pérez, E.M.; Martín, N. Exploiting multivalent nanoparticles for 
the supramolecular functionalization of graphene with a nonplanar recognition motif. Chemistry 2013, 19, 
9843–9848, doi:10.1002/chem.201301102. 

121. Garrido, M.; Calbo, J.; Rodríguez-Pérez, L.; Aragó, J.; Ortí, E.; Herranz, M.Á.; Martín, N. Non-covalent 
graphene nanobuds from mono- and tripodal binding motifs. Chem. Commun. 2017, 53, 12402–12405, 
doi:10.1039/C7CC07836F. 

122. Morrison, A.F.; Herbert, J.M. Low-Scaling Quantum Chemistry Approach to Excited-State Properties via 
an ab Initio Exciton Model: Application to Excitation Energy Transfer in a Self-Assembled Nanotube. J. 
Phys. Chem. Lett. 2015, 6, 4390–4396, doi:10.1021/acs.jpclett.5b02109. 

123. Kjærgaard, T.; Baudin, P.; Bykov, D.; Kristensen, K.; Jørgensen, P. The divide-expand-consolidate coupled 
cluster scheme. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2017, 7, e1319, doi:10.1002/wcms.1319. 

124. Nishizawa, H.; Nishimura, Y.; Kobayashi, M.; Irle, S.; Nakai, H. Three pillars for achieving quantum 
mechanical molecular dynamics simulations of huge systems: Divide-and-conquer, density-functional 
tight-binding, and massively parallel computation. J. Comput. Chem. 2016, 37, 1983–1992, 
doi:10.1002/jcc.24419. 

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


