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Abstract 

We have employed density functional theory to study and characterize a new family of belt 

shaped molecules which use the norbornadiene tether and aromatic molecules as linkers. Our results 

indicated that the inclusion of the norbornadiene unit eliminates the strain commonly associated with the 

synthesis of belt-shaped molecules. Polymerization of the latter proved to be an effective method 

towards the bottom-up synthesis of organic nanotubes with uniform properties. The band gap of the 

infinite nanotubes proposed can be engineered by changing the molecule which links the norbornadiene 

tethers. In effect, the gap of the pyrene/norbornadiene and coronene/norbornadiene based nanotubes 

were 2.9 eV to 0.9 eV, respectively, as indicated by HSE calculations. Among the six belts assayed, two 

can be used to separate the magic fullerenes C180 and C240, given that large interaction energies were 

found upon complexation. 

1. Introduction 

The bottom-up approach suggested in the book Engines of Creation by Drexler,1 is the more 

rational path for the production of new nanomaterials with identical physicochemical properties. The 

challenges associated with the bottom up synthesis are difficult to surmount. However, the relentless 

efforts made by chemists have provided several successful examples which may pave the way towards 

the bottom up synthesis of nanomaterials. One of the earlier examples is the rational synthesis of C60 

reported by Scott et al.2 As regards the bottom up production of one dimensional carbon based materials, 
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 2

we can highlight the works by Jasti,3 Ishii4 and Xia5 which showed that highly strained molecules such 

as cycloparaphenylenes can be prepared. These molecules constitute the basic building blocks of carbon 

nanotubes and thus, their production in large quantities may facilitate the availability of carbon 

nanotubes with specific diameters and chiralities. Using a different approach, Scott et al.6 created a 

C50H10 capped (5,5) carbon nanotube. In the same vein, another recent example is synthesis of (3,1) 

chiral edge graphene nanoribbons.7 These investigators obtained the latter nanoribbons by the thermally 

induced polymerization of 10,100-dibromo-9,90-bianthryl monomers over Cu{111}. The one 

dimensional carbon nanomaterials reported up to date are not limited to the structures which resemble a 

rolled graphene sheet. For example, very recently porphyrins have been assembled into wires8 and 

nanotubes.9 Also, carbon based nanotubes may be obtained using recently synthetized belt persistent 

tubular molecules: (P)-(12,8)-[4]-cyclo-2,8-crysenylene ([4]CC)10 and (12,8)-[4]cyclo-2,8-

anthanthrenylene ([4]CA),11 prepared Isobe et al.10 and Matsuno et al.11, respectively. It was shown that 

these two molecules bind C60 with similar affinity, even though the components of the free energy 

change were markedly different. Finally, it is important to comment on the recent work by Liu et al.12 in 

which three C-shaped strips that can embrace a pillar[5]arene macrocycle were synthesized. The new 

stripped host was far better receptor for electron deficient guests than the free macrocycle. 

 Theoretical calculations have been of tremendous help in designing fullerene receptors13-21 and 

new carbon nanomaterials for electronics. One of the more recent examples is the prediction of the 

outstanding electronic properties of biphenylene based nanoribbons and sheets by Hudspeth et al.,22 

which was corroborated four years later, when Schlutter et al.23 devised a protocol to produce 

biphenylene based nanoribbons. These compounds display promising electronic and hydrogen storage 

properties.21-28 The molecules that can be used to build nanomaterials is almost unlimited as recently 

showed by Gutzler and Perepichka.29 For example we can highlight: a) the remarkable works dealing 

with tetra[8]circulene in which Baryshnikov et al.30-31 used tetraoxa[8]circulene to design one and two 
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dimensional materials. These systems can complex very strongly with alkaline, alkaline-earth 

elements,32  and d-block metals.33 b) the carbon multishell cages formed by C20, C28 or C60, and the 

infinite high genera multi-tori, both recently proposed by Diudea et al.34-35   

The construction of belt shaped molecules can be made in the same way as in 

cycloparaphenylenes, where the same hexagonal ring is repeated until a ring is formed. Although the 

strain that is introduced can be quite significant, the synthesis of these molecules has been achieved.3-5 A 

different approach is that proposed by Klarner,36-37 more than 20 years ago, when his group prepared 

sterically rigid macrocycles using pressure induced repetitive Diels-Alder reactions. Bis-dienophiles and 

bis-dienes reacted to give stable ring36 or clip37 shaped molecules. Following the idea of constructing 

new belt shaped molecules which can host fullerenes and enable the production of infinite one 

dimensional materials for electronics, we reasoned that tubular structures can be formed if 

norbornadiene is used as a tether to link aromatic compounds such as benzene, pyrenene, coronene or 

9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (exTTF). Norbornadiene has recently been 

shown by Yanney et al.38 to be the key block in constructing new fullerene receptors with corannulene 

pincers which displayed outstanding affinity towards C60. By means of first principle calculations we 

have characterized six belt shaped molecules and using two of them we have built two infinite one 

dimensional materials with band gaps that enable their use in molecular electronics. In addition to the 

characterization of these materials, we describe possible synthetic routes towards their production. 

Finally, we show that some of them are capable of binding higher fullerenes like C180 and C240 with high 

affinity. 

 2. Methods              

In the first part of the work we investigated the belt shaped molecules presented in Figure 1 by 

means of M06-2X39-40 calculations performed with Gaussian 09.41 The basis set selected was the 6-

31G*42 and the ultrafine grid was used for all calculations. For the smallest molecules studied we 
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assayed whether they can host C60. The M06-2X/6-31G* results were not corrected by basis set 

superposition error because we have shown that these results are almost identical to those obtained at the 

M06-2X/6-311G*+BSSE level of theory,13,15,18-19 a fact that was also observed by Risthauss and 

Grimme43 very recently. For all structures we calculated vibrational frequencies and confirmed that they 

were real. When possible, free energy changes were estimated at normal conditions, i.e. 298K and 1 atm. 

 The second part of the work dealt with the infinite tubular structure that can be formed with 

molecules which have the pyrene and coronene linkers. These structures were studied with the M06-L39-

40 functional, because the inclusion of exact exchanges complicates the execution of M06-2X periodic 

calculations. In all cases, the structures were optimized with 100 k-points and electronic properties were 

obtained with a higher density, namely 1000 k-points. 
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 6

 

Figure 1. Optimized structures determined for the five belt shaped molecules investigated, at the M06-

2X/6-31G* level. (NB = nobornadiene, BZ= benzene, PY = pyrene, CO = coronene, EXTTF = 9,10-

bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene. (distances in Angstrom and angles in degrees) 

 

For the sake of completeness, we estimated the band gaps of the latter infinite tubular structures 

with the aid of the HSEH1PBE44-45 method, which was specifically designed to correct the 

underestimation of band gaps which plagues most density functional based calculations. In addition to 

the Gaussian based calculations, we also performed periodic VDW-DF calculations as implemented in 

SIESTA.46-47 The double-zeta basis set with polarization functions was selected for all the spin polarized 
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 7

VDW-DF48 calculations. We fixed the orbital confining cut-off to 0.01 Ry and the split norm used was 

0.15. The interaction between ionic cores and valence electrons was described by the Troullier−Martins 

norm conserving pseudopotentials.49 The lattice parameters were optimized for all structures.  

Monkhorst-Pack sampling of 1000×1×1 was performed for the infinite nanotubes. Band structures were 

calculated using 100 points along the Γ-X paths for the nanotubes. 

3. Results and Discussion 

3.1 Finite Belt shaped molecules: Given that the norbornadiene (NB) tether has recently been 

employed to prepare new fullerene receptors,38 and considering that this molecule has the suitable 

amount of flexibility, neither too large or too small, it can facilitate the formation of rigid structures. The 

ring shaped molecules presenting this tether may have triangular, rectangular, pentagonal, hexagonal, 

etc. cross sections, depending on the number of NB molecules used. Bearing in mind that the 

C(sp2)C(sp3)C(sp2) bond angle in NB is 107.3º, at the M06-2X/6-31G* level of theory, and considering 

that the integral bond angles of a square, pentagon and hexagon are 90.0, 108 and 120º, in first place we 

studied the formation of molecules with pentagonal cross sections. The six molecules studied are 

presented in Figure 1.There are four molecules with five NB molecules that are linked by two benzenes 

in 1, three benzenes in 2, pyrene in 3 and coronene in 4. In the case of 5 and 6 we constructed polygons 

with six sides. This was achieved by combining NB and exTTF molecules, which show different 

stacking possibilities.50 In belt 5, we used three NB and three exTTF molecules, while 6 was obtained 

from 5 by introducing a pyrene molecule joining exTTF and NB on each side.  

 In all cases the angle at each NB vertex is only 3º far from the internal angle of a pentagon, 

showing that the strain associated with the formation of the belts is small. The pentagonal shaped 

molecules 1-4 offer an interesting variety of sizes. The side of the pentagon is 7.8, 10.2, 12.7 and 15.2 

Å, for 1, 2, 3 and 4, respectively. Thus, different guests may be introduced in each belt, as we will show 

below. The molecules which incorporate the exTTF unit have sides of 7.6 and 12.6 Å, for 5 and 6, 
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respectively. Although the side of 5 is comparable in length to 1, the presence of one more side, offer 

enhanced possibilities to host guests such as C60, as we will show later. 

 The HOMO and LUMO orbitals of the six molecules studied are presented in Figures 2 and 3. In 

the cases of 1, 3 and 4, the LUMO is doubly degenerated, so any excitation will cause Jahn-Teller 

distortion. The HOMO of 1 and 3 are delocalized along the belt whereas in the case of 4, the HOMO is 

mostly located on the coronene links. On the other hand, 2, 5 and 6 present a doubly degenerated 

HOMO. When exTTF (5 and 6) is present, the HOMO is completely located on the exTTF linkers. The 

LUMO of 5 involves the entire belt, in contrast with 6, which does not have any contribution of the 

norbornadiene linkers in the LUMO. In the particular case of 5 we evaluated the UV spectra at the 

CAMB3LYP/6-31G* level of theory. This molecule has two excitations with large oscillator strengths 

located at 333 and 340 nm, which involve excitations from the doubly degenerated HOMOs to the 

LUMO. 
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Figure 2. HOMO and LUMO corresponding to the belt shaped molecules 1, 2 and 3, at the M06-2X/6-

31G* level. 
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 10 

 

Figure 3. HOMO and LUMO corresponding to the belt shaped molecules 4, 5 and 6, at the M06-2X/6-

31G* level. 

3.2 Infinite one dimensional structures:  Some of the molecules presented above can be used as 

building blocks to construct one dimensional materials. For example, 3 can be repeated in order to 

obtain a nanotube. Such structure is presented in Figure 4. The polymerization may be achieved in a 

similar way to that presented by Chen et al.,51 for the synthesis of 13-armchair nanoribbons, by the 

condensation for brominated anthracene derivatives. For the 1D material constructed with 3, the unit cell 

size is 8.6 Å and the periodic structure is obtained from 3 by removing 10 H atoms from the five pyrene 

linkers. The new tubular structures display interesting electronic properties as indicated by the band 
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structure and density of states gathered in Figure 4. At the M06-L/6-31G* level, the band gap is 2.6 eV 

and it climbs to 2.9 eV when the HSEH1PBE/6-31G* method is employed. In both cases the gap is 

direct.  
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Figure 4. Optimized unit cell determined for the infinite nanotube formed by joining the ring 5NB + 

Pyrene molecules. (distances in Å) 
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Figure 5. Optimized unit cell determined for the infinite nanotube formed by joining the ring 5NB + 5 

Coronene. (distances in Å) 

Important changes occur when the pyrene linker is replaced by coronene. The largest periodic structure 

designed was obtained by the elimination of 20 hydrogen atoms from the coronene linkers. The structure 

and electronic properties are presented in Figure 5. The unit cell size is similar to that obtained when the 

pyrene linker is used, namely 8.58 Å. However, the band gap experiences tremendous diminution. In 

effect the estimated band gap was 0.6 eV at the M06-L/6-31G* level and 0.9 eV when the more accurate 

HSEH1PBE method was selected. Therefore, the band gap of the pentagonal shaped nanotubes derived 

from NB can be tuned by using different linkers and thus it will be possible to prepare carbon based 

nanomaterials with uniform properties without the necessity of the complicated synthetic procedures 

which involve the production of nanotubes with specific chiralities. Finally, we would like to note that 

although we have not calculated the phonon DOS of the two 1D materials assayed, it is reasonable to 

expect real vibrational frequencies given that the finite systems to start the polymerization are stable. In 

order to proof this hypothesis, we studied a hydrogen terminated nanotube constructed with 2 unit cells 

of 3. At the PM6 level, all vibrational frequencies were real, thus supporting our statement about the 

stability of the polymerized structures. 

3.3 Inclusion complexes with fullerenes: The formation of inclusion complexes with fullerenes is a 

promising avenue for the preparation of donor-acceptor complexes that can be used in photochemistry. 

In first place, we tested whether C60 can fit in any of the six belt structures prepared. In Figure 6, we 

show the structure of C60@1 determined at the M06-2X/6-31G* level of theory. The fullerene molecule 

is clearly too large to fit inside 1 and thus it interacts with C60 mainly through CH-π interactions 

employing its H atoms. The weak interaction is evidenced by a free energy change of -2.7 kcal/mol. 

Using ring 5, whose side length is similar to that of 1, but has one more side dramatically changes the 

picture. At the M06-2X/6-31G* level, the free energy change is -23.8 kcal/mol when C60@5 is formed 
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and the deformation energy experienced by 5 upon complexation is only 0.8 kcal/mol. This value 

indicates a significant interaction between the host and the guest. Yet, it is important to recall that in a 

recent work, Isobe et al.10 showed that most functionals significantly overestimate the interaction 

between belt shaped molecules based on crysenylene and C60. 

 In general, most of the studies on the host/guest chemistry of fullerenes focused on C60 and C70. 

Recent investigations are trying to change that picture. On the experimental side, Yb@C82 isomers were 

trapped with Ni(II) octaphenylporphyrins52 and the complexation of Sc3N@C80 with      Zn-

Bisporphyrins.53 As regards theoretical investigations, we have shown that C90 is the best fullerene that 

can fit inside the C60H28 buckycatcher while C180 and C240 are too large for the guests available.   

 

Figure 6. Optimized structure determined for the supramolecular complexes C60@1 and C60@5, at the 

M06-2X/6-31G* level (free energies, enthalpies and entropies in kcal/mol) 
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Figure 7. Optimized structure determined for the supramolecular complexes C180@3, C240@4, C240@6 

at the M06-2X/6-31G* level (interaction energies in kcal/mol, vibrational frequencies were not 

calculated due to the size of the system). 
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For this reason, we studied whether the belt shaped molecules proposed in this work can host the latter 

two large fullerenes. At the M06-2X/6-31G* level of theory we found that the formation of C180@3 is 

accompanied by an energy change of -77.7 kcal/mol. Although this value is quite large, when C240 

hosted by 4 and C240@4 is formed, the energy change is -80.0 kcal/mol. Finally, we tested if 6, the 

largest belt is a good host for C240 but the interaction energy was only -63.1 kcal/mol, so 4, seems to be 

the best home for C240, instead of 6. We note that due to the large number of atoms in the systems we 

could not evaluate vibrational frequencies, but an important reduction of the energy changes is expected 

when entropic terms are considered. Finally, it is important to mention that we tried to encapsulate C240 

inside 3, but this fullerene was too large to give an interaction energy that can compete with that 

corresponding to C180@3. Therefore, if mixtures of C180 and C240 are present it is likely that 3 and 4 can 

be used to selectively interact with them, respectively.  

3.4 Proposed synthesis for 3: nanostructure 3 can be achieved by starting with 4,9-dibromopyrene 7 

which can be synthesized following  Kirsten and Dieter’s method.54 Treating compound 7 with sodium 

amide in the presence potassium tert-butoxide followed by reaction with furan will lead to compound 8. 

Addition 3,6-bis-2-pyridyl-1,2,4,5-tetrazine to 8 generates a key starting material (9, pyrenodifuran) for 

the belt formation. The subsequent steps which are similar to the published procedure by Yanney et al.30 

are a sequence of repetitive Diels-Alder reactions between norbornadiene 10 and pyrenodifuran 9. The 

anticipated final steps in the belt formation will also be a Diels-Alder reaction between the diene end (A) 

and the dienophilic end (B) of chain 12 which would be followed by dehydration using p-Toluene 

sulfonic acid to give 3. All the process is described in scheme 1. 
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Scheme 1: Proposed Synthesis of 3 

4. Conclusions 

By means of first principle calculations we have characterized a new family of belt shaped 

molecules. The following are considered to be the major findings of the work: 
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1- The nobornadiene tether is an efficient molecule that can be used to produce a large number of 

ring shaped molecules which by polymerization may lead to the rational synthesis of organic nanotubes 

with uniform properties. 

2- The band gap of the infinite nanotubes proposed can be engineered by changing the molecule 

which links the norbornadiene tethers. The band gap of the pyrene based nanotube was lowered from 2.9 

eV to 0.9 eV when coronene was used as linker. 

3- The molecules proposed showed a weak interaction with C60. Among the six molecules 

proposed, two belts may be used to separate the magic fullerenes C180 and C240, given that large 

interaction energy were found upon complexation. 
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One dimensional materials based on norbornadiene tethers showed outstanding electronic properties 

and can host large fullerenes with high affinity.  
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