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Chapter 7 

Results and Discussion 

 

This chapter has been divided into three main subjects with the aim of providing a better 

comprehension of the goals attained in the current manuscript. Firstly, the chemo- and 

regioselective of cycloadditions to carbon nanostructures is outlined; thus emphasizing in the 

(2+1) addition to a paramagnetic endohedral metallofullerene with 24 nonequivalent carbon 

atoms (i.e. La@C2v-C82), and the (2+2) and (4+2) cycloadditions of benzyne as a function of 

the curvature of the nanostructure; that is, from fullerenes to zig-zag single-walled carbon 

nanotubes (Chapter 4). Then, metal-catalyzed reactions with fullerenes are discussed so as to 

explain the Suzuki-Miyaura-like arylation of C60 catalyzed by a rhodium complex; as well as 

the contribution of C60 in ruthenium-based catalysts synthesized in silico for the metathesis 

of olefins (Chapter 5). Finally, the triphenylamine-C60 donor-acceptor conjugate is analyzed 

in detail in order to predict its potential application in the construction of fullerene-based 

dye-sensitized solar cells (Chapter 6). This thesis therefore encompasses a complete 

exploration of (metal-catalyzed) chemical reactions and electron transfer in carbon 

nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

137 Chapter 7. Results and Discussion 

 

 

7.1 Chemo- and Regioselectivity of 

Cycloadditions to Carbon Nanostructures  

 

According to the Gold Book of the International Union of Pure and Applied Chemistry, 

IUPAC,365 the exact definition of chemoselectivity refers to the selective reactivity of one 

functional group in the presence of others. A reagent has a high chemoselectivity if reaction 

occurs with only a limited number of different functional groups. On the other hand, a 

regioselective reaction is the one in which one direction of bond making or breaking occurs 

preferentially over all other possible directions. The chemo- and regioselectivity of 

cycloaddition reactions to carbon nanostructures can be explained taking as an example the 

BH addition to nitride clusters inside the icosahedral cage of C80 under mild conditions; that 

is, Y3N@Ih-C80, Er3N@Ih-C80, Sc3N@Ih-C80, and Lu3N@Ih-C80. It is found that the BH 

addition is chemoselective since diethyl bromomalonate only reacts with the two former 

cages; besides, it is also regioselective because the addition preferably occurs at a [6,6] bond 

of the cage.159,366 Particularly, in the following subsections the chemo- and regioselectivity 

of cycloadditions to fullerenes and carbon nanotubes are the main subjects of study with the 

aim of explaining experimental observations and providing a systematic understanding of the 

reactions under consideration. 
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7.1.1 The special case of the Bingel-Hirsch addition to La@C2v-C82 

The La@C2v-C82 cage is a special case study because the paramagnetic nature of the structure 

may lead to different mechanistic pathways. Additionally, there are 24 nonequivalent carbon 

atoms associated to 35 bonds (19 [6,6] bonds are denoted with numbers from 1 to 19, and 16 

[5,6] bonds are labeled with letters from a to p as schematized in Figure 7.1a). As a result, 

35 methanofullerenes and 35 methanofulleroids can be distinguished. Furthermore, La@C2v-

C82, or La3+@C2v-C82
3- in agreement with the ionic model, is an IPR structure in which bond 

types are classified according to the structure of four-fused polycyclic aromatic 

hydrocarbons: type A or pyracylene, type B, type C or pyrene, and type D or corannulene 

(see also Figure 7.1a).367–370 

In the first step of the BH addition studied in the current thesis, 1,8-diazabicycloundec-7-ene 

(DBU), the base, subtracts the acidic proton of dimethyl bromomalonate to generate the 

carbanion, dmbm-. Consequently, the cyclopropanation reaction begins when dmbm- attacks 

the bond γ, which is the bond formed by the carbon atoms Cα and Cβ, leading to the formation 

of a singly-bonded derivative defined as ICα,γ, given that the initial attack occurred in carbon 

atom Cα. This intermediate structure has to overcome an energy barrier represented by a 

transition state (TS) structure, TSCα,γ, which leads to the formation of a methanofullerene 

*PCαCβ,γ or a methanofulleroid PCαCβ,γ (see details in Figure 7.1b). Analogously, the 

formation of either *PCαCβ,γ or PCαCβ,γ can be not only attained by the attack of dmbm- to 

carbon atom Cα but the reaction can also evolve from the carbon atom Cβ through the 

stationary structures ICβ,γ and TSCβ,γ. 

 

7.1.1.1 Classification of the 65 available reaction pathways 

In an ICα,γ structure, dmbm- can freely rotate to form three different orientational isomers 

defined by the alignment of bromine and the bond γ; therefore, three BH adducts may be 

formed. However, only two orientational isomers can be distinguished when dmbm- is linked 

to carbon atoms C2, C3, C5, C8, C17, C20, and C24 because of symmetry arguments. Every 

single nonequivalent carbon atom represents one reaction site, and the formation of distinct 

orientational isomers of every ICα,γ structure gives rise to 65 different reaction pathways, 

some of them leading to the same product (e.g., cyclopropanation to bond 1 can be achieved 

from either C1 or C2, as can be seen by observing Figure 7.1a). 

Under typical conditions and in the case of EMFs, the BH reaction occurs under kinetic 

control.371,372 In view of that, a complete DFT-based study must be performed through the 

65 different reaction pathways available in La@C2v-C82. Nonetheless, in the current study, a 

strategy is designed so that the definition of three different profiles of the BH addition to 

La@C2v-C82 is introduced with the aim of reducing the computational effort by excluding 

those energetically impeded reaction pathways. 
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Figure 7.1 a) The 24 nonequivalent carbon atoms and the 35 different bonds of La@C2v-C82. For bonds, 

numbers denote [6,6] bonds and lower-case letters denote [5,6] bonds. Bond types are distinguished by color 

code (type A: blue, type B: black, type C: green, type D: red). Labels as assigned in a previous study.132 b) 

General mechanism of the nucleophilic (2+1) Bingel-Hirsch addition to La@C2v-C82. Nomenclature used in the 

current work is also provided. The attack on a bond γ formed between adjacent carbon atoms Cα and Cβ leads 

to the formation of an intermediate, either ICα,γ or ICβ,γ; thus proceeding to the respective transition state, either 

TSCα,γ or TSCβ,γ, which leads to the formation of a methanofullerene *PCαCβ,γ or methanofulleroid PCαCβ,γ. 

 

The definition of three different profiles in terms of Gibbs energies relative to the reactants 

in toluene, ΔGtol, is stated as follows: profile type I is defined as the energy profile in which 

both reaction pathways lead to a BH product that is more stable than the two possible 

intermediate precursors (ICα,γ and ICβ,γ). If one or two reaction pathways could be reverted, 

then profiles type II or type III are defined where the BH product is less stable than one or 

two of the intermediate precursors, respectively. In these latter cases, the BH retro-reaction 

will happen and the BH product will not be accumulated. The schematic representation of 

such a strategy is depicted in Figure 7.2. 
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Figure 7.2 Representation of the two reaction pathways leading to the formation of a Bingel-Hirsch adduct as 

a methanofulleroid or a methanofullerene through the attack on bond γ with adjacent reaction centers Cα and 

Cβ. The energy profile in which the retro-Bingel-Hirsch addition is hampered is classified as profile type I. On 

the contrary, if one or two reaction pathways can be regressed to a singly-bonded derivative then the resulting 

profiles are respectively classified as II or III. For every diagram, the most likely structure to be experimentally 

accumulated is enclosed in a rectangular box. 

 

Table 7.1 accounts for ΔGtol for the formation of the 65 different ICα,γ structures and the 35 

most stable BH adducts (mostly PCαCβ,γ adducts due to the fulleroid structure was generally 

found to be more stable than the methanofullerene *PCαCβ,γ). Based on Figure 7.2 and the 

values of ΔGtol for the structures related to a single pathway, it is possible to define the profile 

type in which that reaction pathway can be classified (e.g. for the attack on bond 1, PC1C2,1 is 

more stabilized than IC1,1 and IC2,1; therefore, the situation is described by profile type I). 
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Table 7.1 Classification based on energetic stability (in kcal/mol) of ICα,γ, ICβ,γ, and PCαCβ,γ, of all possible 

Gibbs energy profiles for the Bingel-Hirsch addition to La@C2v-C82 in toluene. The structural classification of 

bond γ is also given. Marked in italics the most stable intermediates (criterion: ΔGtol < -10.0 kcal/mol). 

     ΔGtol    

γ Bond type Cα Cβ ICα,γ ICβ,γ PCαCβ,γ Profile 

1 B 1 2 -7.82 -13.49 -15.40 I 

2 B 6 7 -8.15a -10.38 -9.71 II 

3 B 4 7 -8.78 -10.86 -12.37 I 

4 B 7 10 -8.96 -8.03a -7.96b III 

5 B 5 8 -3.58a -7.81a -2.89 III 

6 B 9 12 -5.67a -7.40 -0.48 III 

7 B 12 13 -7.84 -10.59 -12.39 I 

8 B 8 11 -7.81 -11.54 -6.03 III 

9 C 15 15 0.69 0.69 -15.93 I 

10 C 12 15 -7.91 2.18 -11.97 I 

11 B 15 18 -0.15 -9.46 -15.40 I 

12 A 16 19 -3.59a -11.16 -9.93b II 

13 B 14 17 -8.05 -6.44 -10.66 I 

14 C 17 20 -6.99 3.87 -16.56 I 

15 B 20 21 5.09 -10.88 -9.56 II 

16 A 22 22 -6.48 -6.48 -10.09b I 

17 B 23 24 -13.46 1.92 -7.86 II 

18 C 24 24 2.42 2.42 -18.04 I 

19 B 2 3 -14.92 -7.63 -18.52 I 

a D 1 1 -7.76 -7.76 -15.58 I 

b D 18 22 -11.28 -6.48a -4.49 III 

c D 3 6 -8.09 -7.81 -7.27 III 

d D 1 4 -7.82a -9.47 -8.79 II 

e D 4 5 -9.58 -3.58 -9.45 II 

f D 6 9 -8.15 -5.67 -12.42 I 

g D 9 9 -5.67a -5.67a 2.10b III 

h D 10 13 -7.23 -10.73 -10.77 I 

i D 10 11 -8.03 -10.40 -12.71 I 

j D 11 14 -11.55 -9.09 -9.26 II 

k D 14 16 -9.11 -3.59 -0.29 III 

l D 13 16 -11.30 -3.59a -4.93 II 

m D 18 19 -10.28 -10.58 -7.23 III 

n D 19 21 -11.68 -10.49 -9.86 III 

o D 21 23 -11.14 -13.74 -10.30 III 

p D 22 23 -4.63 -12.37 -8.87 II 
a ΔGtol for these intermediates was estimated from the energy of the most stable orientational isomer for that specific reaction 

site. For instance, the energy of IC9,6 is not calculated, but it is taken as the energy of IC9,f since orientational isomers are 

energetically very similar. Moreover, from the energy of IC12,6 it is possible to anticipate that bond 6 is not indeed involved 

in a profile type I. 
b Only in these four cases, *PC7C10,4, *PC9C9,g, *PC16C19,12, and *PC22C22,16, the most stable Bingel-Hirsch adduct is a 

methanofullerene instead of a methanofulleroid structure. 
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After analyzing the profile type for all the 65 available reaction pathways, it is found that 

only 15 attacks out of 35 are of profile type I. These 15 attacks can occur through 26 different 

pathways (Cα = Cβ for bonds 9, 16, 18, and a) and generate relatively stable BH products. 

Reaction pathways with profile type I are only taken into account because in this situation 

the BH adduct is going to be accumulated. Accordingly, the kinetic study is based on the 26 

reaction pathways related to profile type I. 

 

7.1.1.2 Product characterization: accumulation of Bingel-Hirsch adducts 

The experimental evidence provided by Nagase et al. revealed the isolation and 

characterization of five different structures with the following product distribution (in 

percentage): 55.4, 22.1, 5.5, 5.1, and 11.9.373 Based on electron spin resonance and NMR 

analyses, the former four adducts were assigned to be singly-bonded derivatives and the 

latter, the one obtained with a yield of 11.9%, was determined to be a methanofulleroid. The 

two singly-bonded derivatives with the highest yields are assigned to be the most stable 

intermediates which are generated at the C2 and C23 positions. The orientational isomers of 

IC2 and IC23 are connected to the corresponding addition products via relatively high energy 

transition states. Indeed, TSC2,1, TSC2,19, TSC23,17, TSC23,o, and TSC23,p are associated with 

energy barriers of 13.1, 15.8, 13.5, 21.5 and 15.2 kcal/mol, respectively. Moreover, the 

reaction pathways involving the intermediates formed at C23 are classified into profiles II or 

III. Consequently, the formation of the three products concerning IC23 are kinetically 

hampered, thus resulting in an accumulation of this intermediate as the major product instead 

of the cyclopropanated derivative. This is in good agreement with the experimental 

observations since IC23 was the only structure confirmed by X-ray and had the highest yield 

(55.4%). Additionally, the reaction pathways through the bonds around C2 are also 

associated with activation energies higher than 13 kcal/mol. In view of that, one might expect 

the same yield for IC2 and IC23. Nonetheless, unlike C23, reaction pathways around C2 do 

actually produce well-stabilized fulleroids and they are classified into profile I; in fact, the 

global minimum is PC2C3,19. Subsequently, a portion of IC2 may be consumed to produce 

PC2C3,19 during the BH reaction, thus being the second most abundant singly-bonded adduct 

(22.1%). Relatively stable singly-bonded derivatives are also formed at C7, C11, C13, C18, 

C19, and C21 positions. The IC19 and IC21 species may be accumulated because they are 

related to profile types II and III, thus characterizing the species with the yields of 5.5% and 

5.1%. However, the attacks on the other positions cannot be fully discarded. In conclusion, 

and in line with experimental observations, La@C2v-C82 is not particularly regioselective 

under Bingel-Hirsch conditions. 
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The fulleroid (yield of 11.9%) is related to the reaction pathways with the lowest energy 

barriers, which are calculated to be 5.7 and 6.3 kcal/mol for TSC15,11 and TSC3,19, respectively 

(see Figure 7.3). Nonetheless, the formation of IC15,11 is hindered because of ΔGtol = -0.2 

kcal/mol; therefore, the most favored reaction pathway rather occurs at bond 19 (although 

the attack on bond 11 cannot be totally dismissed). The other competitive reaction pathway 

leads to *PC22C22,16, a methanofullerene, yet the formation of a methanofullerene does not 

resemble the experimentally observed fulleroid; as a result, bond 16 is discarded. 

 

Figure 7.3 Comparison of the Gibbs energy profiles (in kcal/mol) for the lowest-barrier pathways occurring 

at C15 on bond 11 (dotted line), C3 on bond 19 (dashed-line), and C22 on bond 16 (solid line). 

 

It is interesting to notice that additions with the lowest energy barriers produce well-stabilized 

fulleroids; indeed, the most stable fulleroid is PC2C3,19 which is produced with one of the 

lowest energy barrier. The great stability of PC2C3,19 is in line with the experimentally tested 

thermal stability of the isolated fulleroid.373 In general, it is observed that the 

cyclopropanation between dmbm- and a [6,6] bond is favored when a 5-MR is adjacent to 

the initially functionalized carbon atom, as shown for bond types A and B. 
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7.1.2 Cycloadditions as a function of the curvature of the carbon 

nanostructure 

In this subsection, (2+2) and (4+2) pericyclic reactions of benzyne with fullerene C60 and a 

series of zig-zag SWCTNs with diameters ranging from 6.3 to 14.1 Å are studied with the 

intention of accounting for the effect of the curvature of the nanostructure on the chemical 

reactivity. As a matter of fact, experiments have revealed that benzyne can react with 

fullerenes46,374–377 and EMFs37,378–380 through (2+2) cycloadditions that occur preferentially 

at [6,6] bonds, although there are several examples of [5,6] attacks.381–383 It has been claimed 

that small-diameter carbon nanostructures like fullerenes promote better the (2+2) 

cycloaddition.46,375 For SWCNTs, cycloadditions of benzyne can produce both (2+2) and 

(4+2) adducts depending on the shape and curvature of the nanotube, as well as their intrinsic 

electronic nature.221–223 The mechanistic details of the benzyne cycloaddition (BC) to all 

these nanostructures of carbon have not been entirely elucidated yet, and the reasons for the 

chemoselectivity (preference of the (2+2) over the (4+2) BC) and regioselectivity (the [6,6] 

attack is more frequently found than the [5,6] addition in fullerenes) of the BC have not been 

discussed to date. In the following subsections these issues are analyzed. 

 

Figure 7.4 Generalized representation of the benzyne cycloaddition to C60. Biradical singly-bonded intermediates are 

represented as I; transition states and final products are labeled as TS and P, respectively. Two subscripts separated by a 

dash are used to indicate how the species are formed; in fact, they refer to chemoselectivity-regioselectivity. The left 

subscript takes the values of “(4+2)” or “(2+2)” to denote whether the 1,4- or 1,2-addition takes place, respectively; but it 

also acquires the value of “566” indicating the formation of biradical singly-bonded structures related to the attack on a 566 

carbon center (i.e. a C566 center, see green dot in the fullerene structure). The right subscript takes the values of “5” or “6” 

to indicate whether a 5- or 6-membered ring (see 5-MR in blue, and 6-MR in red) is under attack; but it can also have the 

values of “5,6” or “6,6” to denote whether a [5,6] or [6,6] bond is attacked (see respectively orange and purple labels). 
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7.1.2.1 Benzyne cycloaddition to C60 

A generalization of the reaction mechanisms of the BC to C60 is depicted in Figure 7.4; 

wherein the terminology used to identify every structure under study is schematized. In the 

first stage of the reaction mechanism (see Figure 7.5), a reactant complex (RC) is formed 

followed by the first TS structure, TS566-6, that leads to a biradical singly-bonded 

intermediate, I566-6 or the isoenergetic isomer I566-5. The description of the (2+2) and (4+2) 

BC to C60 can be consistently done from the idea of a rotating benzyne in I566; being the 

formation of this latter the rate-determining step for the (2+2) BC (but not for the (4+2) BC). 

 

Figure 7.5 Gibbs energy profiles (in kcal/mol) for the (2+2) (in blue and purple) and (4+2) (in red and green) 

benzyne cycloadditions to fullerene C60. The energy for the TS involving the rotation toward a [6,6] bond 

marked with a star (*), TS(2+2)-6,6, corresponds to an upper bound limit. Blue and purple colored ΔG values stand 

for open-shell singlet structures. 

In the (4+2) BC, the ring closure leading to P(4+2)-5 and P(4+2)-6 is respectively generated from 

I566-5 and I566-6. However, the (4+2) BC to C60 is kinetically hampered in view of the larger 

energy barriers as compared to its (2+2) BC counterpart. Moreover, the formation of P(4+2)-6 

is an endergonic process. On the other hand, the free rotation of benzyne in I566-5 and I566-6 

leads to the (2+2) cycloadducts. P(2+2)-5,6 can be only formed from I566-5; but both P(2+2)-5,6 

and P(2+2)-6,6 are produced from I566-6. In the first case, the ring closure towards P(2+2)-5,6 is 

hampered by an energy barrier of 3.4 kcal/mol calculated with TS(2+2)-5,6, which is associated 

to the ring closure of a 4-MR. In the second case, the ring closure towards P(2+2)-6,6 proceeds 

with no energy barrier; therefore the (2+2) BC to the [6,6] bond of C60 is the most kinetically 

and thermodynamically favored reaction pathway. However, the (2+2) BC to a [5,6] bond 

may also occur in view of the relatively small energy barrier. These results are in line with 

the experimental observations that only (2+2) BC are observed in fullerenes and that the 

additions to both [6,6] and [5,6] bonds have been reported in the literature, with the [6,6] case 

being more frequently observed than the [5,6] one.46,374,376,377,381
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7.1.2.2 Benzyne cycloaddition to zig-zag single-walled carbon nanotubes 

SWCNTs constructed under the Clar theory have been named finite-length Clar cells (FLCC, 

see also Subsection 1.3.3).174,175,177–179 In this subsection, fully benzenoid FLCC structures 

with chiral indices (9,0)-, (12,0)-, and (18,0)-SWCNT are studied. Additionally, some FLCC 

structures lacking completeness of the Clar network such as (8,0)- and (13,0)-SWCNT are 

also taken into consideration. The reaction mechanism of the BC to zig-zag SWCNTs is only 

outlined for the case of (9,0)-SWCNT since the mechanistic details are exactly the same for 

all the SWCNTs under study. The nomenclature of every structure follows the same 

terminology used in the previous case of C60 (see Figure 7.4).  

The reaction mechanism depicted in Figure 7.6 starts with the formation of a reactant 

complex RCds followed by TS structures for either the (4+2) or (2+2) BC. The energy barrier 

of 9.8 kcal/mol calculated from TS666-6 is associated to the formation of the biradical 

intermediate I666-6, where benzyne can be rotated toward either a parallel p or an oblique o 

orientation with respect to the nanotube axis. In this regard, the parallel-oriented (2+2) BC 

evolves with the rotation of benzyne toward the ring closure to generate P(2+2)-p with an 

energy cost of 3.7 kcal/mol given by TS666-p. The ring closure in the oblique-oriented (2+2) 

BC is described by the stationary point TS(2+2)-o with an energy cost of 2.6 kcal/mol. In view 

of these results, the (2+2) BC can equally proceed at the parallel and oblique positions and 

the rate-determining step is the formation of I666-6. In the case of the (4+2) BC, P(4+2)-o is 

highly destabilized since its energy lies 9.2 kcal/mol above the energy of the reactants; on 

the other hand, the TS(4+2)-p structure is a concerted TS leading to P(4+2)-p with a Gibbs energy 

barrier of only 4.9 kcal/mol. Therefore, the parallel-oriented (4+2) BC to (9,0)-SWCNT is 

the most kinetically and thermodynamically favored reaction pathway. 

 

Figure 7.6 Gibbs energy profiles for the (2+2) (for blue and red lines benzyne is respectively added in parallel 

and oblique position with respect to the nanotube axis) and (4+2) (black line) benzyne cycloadditions to (9,0)-

SWCNT. Blue and red colored ΔG values stand for open-shell singlet structures. 
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7.1.2.3 Reaction energies and barriers as a function of the diameter of the 

nanostructure 

The mechanism as formulated for (9,0)-SWCNT can be also applied for the rest of the 

structures under consideration. In Table 7.2 it is reported reaction energies in terms of 

electronic energies (ΔE) for the formation of parallel-oriented benzyne cycloadducts as well 

as the initial activation energy Ea
1 (i.e. the energy barrier from the reactant complex to the 

following TS). These results demonstrate that the (4+2) BC is always the preferred reaction 

pathway for finite-diameter zig-zag SWCNTs because of the substantially lower Ea
1. It is 

also observed that the larger the curvature of the SWCNT, the lower the energy barriers and 

the larger the exothermicity384 of the (2+2) and (4+2) BC. Moreover, P(4+2)-p is the most 

stabilized product in all the cases, and thus the kinetics and thermodynamics correspond to 

the same addition. 

Table 7.2 Initial activation energies (Ea
1) and reaction energies (ΔE) in terms of 

electronic energy (kcal/mol) as a function of the diameter of the structure (Å).a 

(n,m) diameter 
Ea

1 ΔE 

(4+2) (2+2) (4+2) (2+2) 

(8,0) 6.26 1.25 4.74 -61.68 -59.49 

(9,0) 7.05 1.32 5.67 -57.39 -53.92 

(12,0) 9.39 2.36 7.94 -47.88 -45.17 

(13,0) 10.18 2.42 7.81 -47.28 -42.61 

(18,0) 14.09 5.22 8.90 -39.54 -37.81 

a ΔE is the energy difference between products and reactants. 

  Ea
1 is the energy difference between the first transition state and the reactant complex. 

 

Nagase and co-workers385 concluded that the activation energy for large-diameter armchair 

(n,n)-SWCNTs (above 10 Å) is lower for the (4+2) BC; but the (2+2) products are always 

the most stable. The results in Table 7.2 show that a gradual increase of the diameter of the 

SWCNT causes a steady increase in Ea
1 and ΔE for both types of BC. This trend resembles 

the tendency observed by Nagase et al.385 In zig-zag SWCNTs, however, the (4+2) addition 

is for all diameters preferred kinetically and thermodynamically over the (2+2) one. 
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7.1.2.4 Structural deformation as a key factor determining the course of 

the reaction 

 

Figure 7.7 Schematic representation of the activation strain model for the cycloadditions of benzyne to (9,0)-

SWCNT. a) Parallel (4+2) BC; b) parallel (2+2) BC. Red, green, and black lines respectively correspond to 

strain, interaction, and total energies. 

 

The activation strain model (ASM) for the BC to (9,0)-SWCNT is depicted in Figure 7.7. 

The (4+2) BC evolves with practically no deformation of the reactants; while the (2+2) BC 

involves the formation of intermediate structures in which the reactants are significantly 

deformed before the ring closure. Despite of the fact that the (4+2) BC generates a more 

deformed 6-MR adduct (ΔEstrain = 80.5 kcal/mol for P(4+2)-p), the formation of the less-

strained 4-MR adduct produced through the (2+2) BC (ΔEstrain = 56.7 kcal/mol for P(2+2)-p) is 

not favored because the preceding formation of a biradical singly-bonded TS (ΔEstrain = 7.9 

kcal/mol for TS666-6), which cannot compete with the unstrained concerted TS in the (4+2) 

BC (ΔEstrain = 1.2 kcal/mol for TS(4+2)-p). Since the interaction energy is nearly the same at 

the first TS of both BC [-14.6 and -15.5 kcal/mol for the (4+2) and (2+2) BC, respectively], 

it is concluded that the strain energy determines the course of the reaction. Therefore, those 

cycloadducts produced via a less strained reaction pathway will be favored. The same 

conclusion was reached by Houk and Osuna in a study of a series of (4+2) cycloadditions to 

polyaromatic hydrocarbons.386 
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Figure 7.8 Strain energy ΔE‡
strain (top) and transition state interaction ΔE‡

int (bottom) as a function of the 

diameter and shape of the carbon nanostructure. Black and blue bars respectively correspond to the (2+2) and 

(4+2) BC. Green and red bars account for the TS energy (ΔE‡ = ΔE‡
strain + ΔE‡

int) for the (2+2) and (4+2) BC, 

respectively. In the case of C60, the values correspond to TS(2+2)-5,6 and TS(4+2)-5. For SWCNTs, the first (2+2) 

TS is compared to the (4+2) TS. 

 

In Figure 7.8 the evolution of ΔE‡
strain and ΔE‡

int as a function of the diameter and shape of 

the nanostructure is illustrated. In C60, comparisons are referred to the TS related to the ring 

closure, TS(2+2) and TS(4+2), because the first TS, TS566-6, is common for both BC. 

Accordingly, the (4+2) TS involves a larger deformation by 7.8 kcal/mol as compared to the 

(2+2) TS due to the higher distortion of C60 required for the formation of a 6-MR ring. 

Furthermore, the interaction energy for the (2+2) TS is more favored by 9.6 kcal/mol; as a 

result, the (4+2) BC to C60 is not only disfavored by the structural strain but also by the 

interaction energy. In the case of the tube-shaped nanostructures, there is more interaction 

between reactants at the first (2+2) TS, from 3.9 to 0.4 kcal/mol, as compared to the (4+2) 

case. However, there is more deformation of the reactants in the (2+2) TS, being from 6.8 to 

4.4 kcal/mol more strained than the (4+2) case, which in fact hinders the course of the (2+2) 

BC. The large difference in ΔE‡
strain and ΔE‡

int between C60 and SWCNTs is because of the 

already formed covalent bond between C60 and benzyne in the TS under study. These results 

certainly confirm that the structural strain is the main factor determining the reactivity of the 

carbon nanostructure. The origin of the increased distortion in the TS as the diameter of the 

SWCNT increases is due to the more pyramidalized carbon atoms in the nanotubes with 

larger diameters as a consequence of the closer distance with benzyne. That is to say, the 

reacting carbon atoms in the nanotube have to adopt a closer situation to a sp3-type 

geometrical configuration, which causes more deformation. 
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7.2 Reactions Catalyzed by 

Metal Complexes Involving C60 

 

In Section 7.1 the functionalization of fullerenes through pericyclic reactions was described 

in depth; however, the synthesis of many other fullerene adducts can be also reached via 

organometallic catalysis. That is to say, direct coordination of metallic centers to fullerenes 

has mainly led to the isolation of compounds with η2-coordination.105 The η5- and η6-

coordination to fullerenes can be achieved by the inclusion of specific organometallic 

fragments which lead to vanish the unfavorable interactions brought about π-orbitals 

dispersed through either the 5-MR or 6-MR.85,387,388 In this section, the rhodium-catalyzed 

hydroarylation of C60 with organoboron compounds in the presence of water is studied in 

detail. The ηx-coordination (x=1, 2, 5, and 6) of rhodium to C60 is analyzed through the whole 

pathway, as well as the double η2-coordination of C60 referring to the coordination of rhodium 

to two C60 molecules. The aim of the study is to provide the mechanistic details of the Suzuki-

Miyaura-like reaction that leads to the hydroarylation of C60, thus explaining experimental 

observations. The second analysis presented in this section encompasses the metathesis of 

ethylene catalyzed by complexes synthesized in silico to include C60, N-heterocyclic 

carbenes, and ruthenium as the metallic center; thus describing the catalytic role of fullerene 

C60 in such reactions. 

 

Figure 7.9 Some metal ηx-coordination 

(x = 1, 2, 5, and 6) compounds with C60. 
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7.2.1 Rhodium-catalyzed hydroarylation of C60 

The Rh-catalyzed arylation of C60 with organoboron compounds in the presence of water was 

firstly described by Itami et al.76 The addition of various functional groups to C60 is possible 

by this new synthetic method which leads to functional fullerenes. The most productive and 

selective catalyst turned out to be [Rh-(cod)(MeCN)2]BF4. A highly regioselective mono-

addition for the formation of an arylated hydrofullerene was observed; wherein water is 

essential for the course of the reaction. Several experimental parameters were analyzed which 

are summarized as follows: 

(i) Effect of catalyst components: Among the several catalysts that were studied, [Rh-

(cod)2]B(3,5-bis(trifluoromethyl)phenyl)4, [Rh-(cod)2]PF6, and [Rh-(cod)2]OTf 

were unable to complete the hydroarylation of C60. On the other hand, the best 

yield was achieved with [Rh-(cod)(MeCN)2]BF4. 

(ii) Effect of protic additives: Acidic phenol, methanol, and tert-butanol were found 

to hamper the reaction. On the other hand, the addition of water was demonstrated 

to be essential. It is worth mentioning that methanol and tert-butanol have similar 

pKa values as water. 

(iii) Effect of substituents on the boron atom: Among the several phenylboron 

compounds, the use of phenylboronic acid produced the arylated hydrofullerene 

with a yield of 45%. On the other hand, the yield obtained with 2-phenyl-1,3,2-

dioxaborinane was 39%, in contrast to 4,4,5,5-tetramethyl-2-phenyl-1,3,2-

dioxaborolane for which no yield was observed. 

(iv) Effect of ortho-substituents on arylboronic acids: Despite ortho-substituents may 

be though to hinder the reaction because of the steric hindrance, in fact they 

promote better the reaction than para-substituents. This was demonstrated by the 

introduction of o-tolylboronic acid resulting in a yield of 46% of the arylated 

hydrofullerene, thus contrasting the yield of 12% obtained with p-tolylboronic.76 

 

Based on the Rh-catalyzed arylation of C60 with organoboron compounds experimentally 

studied by Itami et al., in this subsection a reaction mechanism is developed so as to explicate 

some of the effects that promote or hinder the course of the reaction; particularly the role of 

water [point (ii)) and steric hindrance (point (iii)], as well as the coordination sphere of 

rhodium, are detailed. 

 

 

 

 

 

 



 

 

152 Reactions Catalyzed by Metal Complexes Involving C60 

7.2.1.1 Arylation in four steps: transmetalation, elimination, 

arylrhodation, and protonation 

The Suzuki-Miyaura reaction389–392 can be understood in terms of three main consecutive 

steps depicted in Figure 7.10: oxidative addition, transmetalation, and reductive elimination. 

The oxidative addition of palladium (Pd0) to an alkyl halide (R2-X) leads to the formation of 

a halogenated organopalladium species, R2-PdII-X. Then, the halogen is displaced as NaX 

via reaction between the halogenated organopalladium species and a sodium-based base 

(NaOtBu) resulting in an oxidized organopalladium species, R2-PdII-OtBu. After that, an 

organoborate complex Na+(R1-B(Y)2-O
tBu)- undergoes transmetalation with R2-PdII-OtBu to 

form R1-PdII-R2. Finally, a reductive elimination recovers the catalyst Pd0 with the 

simultaneous formation of a new carbon-carbon bond, R1-R2.
393 

 

Figure 7.10 The Suzuki-Miyaura reaction mechanism. 

 

The reaction mechanism for the rhodium-catalyzed hydroarylation of C60 can be consistently 

formulated by following a Suzuki-Miyaura-like reaction. Accordingly, four steps are 

highlighted as follows (see Figure 7.11): first step, transmetalation of Rh-OH species with 

water and the organoborate to generate the Ph-RhB(OH)3 complex (see A→C); second step, 

elimination of B(OH)3 to give the Rh-Ph species (C→D); third step, insertion of Rh-Ph to 

C60 or arylrhodation (D→F); and final step, protonation of Ph-C60 by means of a water 

molecule and release of the Rh-OH species to conclude the hydroarylation process of C60. 

The catalytic species A is obtained from the precatalytic species [Rh(cod)(MeCN)2]BF4 

(cod=1,5-cyclooctadiene) through the dissociation of an acetonitrile ligand followed by the 

coordination of the hydroxyl group from a water molecule releasing a proton that, with the 

initial counteranion BF4
-, yields HBF4. This step has an energetic cost of 24.3 kcal/mol. This 

is a common step for all organoborates.76,394 
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Figure 7.11 Gibbs energy reaction profiles (in kcal/mol) for the Rh-catalyzed addition to C60 of phenylboronic 

acid (black), 2-phenyl-1,3,2-dioxaborinane (green), and 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane 

(red) in o-dichlorobenzene. Schematic drawings of molecules refer to the reaction with phenylboronic acid. 

 

The neutral species [Rh(cod)(MeCN)(OH)], A, can release an acetonitrile ligand and 

coordinate Ph-B(OH)2 in a slightly exergonic process to give B. Then, species B overcomes 

a barrier of 6.6 kcal/mol to transfer the phenyl group from boron to rhodium thus yielding 

the Ph(cod)RhB(OH)3 complex, C. Releasing B(OH)3 from C results in D with an energetic 

cost of 6.2 kcal/mol. In D, rhodium is only surrounded by the cod and phenyl ligands. The 

η2-coordination of D to C60 to form E is favorable by 11.8 kcal/mol, in agreement with 

previous experimental106 and computational395 studies. From E, the transfer of Ph to the 

adjacent carbon atom requires to overcome a relatively low barrier of 12.8 kcal/mol, leading 

to the next relatively stable η1-coordinated intermediate F (11.3 kcal/mol more stable than its 

precursor E). The resulting attacked bond in F is a [6,6] bond as experimentally found. 

Furthermore, the attack to a [5,6] bond of C60 in E involves a higher energy barrier (3.6 

kcal/mol higher than the attack on a [6,6] bond) resulting in a less stable complex by 7.5 

kcal/mol. On the other hand, minima corresponding to η5- and η6-coordination of the 

PhRh(cod) in E or Rh(cod) in F to C60 could not be located. Finally, in order to get the organic 

substituted C60 product and regenerate the catalyst, a coordination of a water molecule to 

rhodium occurs to yield G. This complex G is transformed into H via the transfer of a 

hydrogen atom from water to the carbon atom of C60 bonded to rhodium, thus leading to the 

release of (cod)Rh-OH. 
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In addition, considering the non-stoichiometric amount of C60 with respect to the metal 

catalyst, the η2-coordination of rhodium to a second C60 structure where the cod ligand is 

substituted in the intermediate species was also investigated. This alternative path for the 

transformation of A to H implies the loss of acetonitrile and the cod, the attack of RhOH to 

C60, and subsequent addition of PhB(OH)2. Overall, this reaction pathway has to overcome a 

Gibbs energy barrier higher than 40 kcal/mol and, therefore, it is not operative. 

 

7.2.1.2 The role of water as a key factor instead of steric hindrance 

The role of water is to provide a proton for the formation of the phenyl(hydro)[60]fullerene 

and, in turn, the OH group to recover the catalyst as (cod)Rh-OH. The complete G→H 

transformation has a Gibbs energy barrier of 12.9 kcal/mol. In the next step, Rh in H 

coordinates a new entering Ph-B(OH)2 molecule, which is a reactant in excess, to recover the 

catalytic species B again and close the catalytic cycle. The energy difference between species 

B at the beginning and at the end of the catalytic cycle corresponds to the Gibbs reaction 

energy of the transformation of C60, H2O, and PhB(OH)2 into B(OH)3 and C60PhH in a 

process that is exergonic by 27.9 kcal/mol. For 2-phenyl-1,3,2-dioxaborinane and 4,4,5,5-

tetramethyl-2-phenyl-1,3,2-dioxaborolane the Gibbs reaction energies are the same, -27.9 

kcal/mol. Moreover, the closure of the catalytic cycle, the G→H conversion, is the rate-

determining step of the reaction. However, the transfer of the phenyl in the E→F step is also 

in competition. The Gibbs energy profiles corresponding to the alternative organoborates are 

similar to that obtained with the phenylboronic acid. The fact that 2-phenyl-1,3,2-

dioxaborinane gives a nearly identical energy profile to that of phenylboronic acid concurs 

with the experimental result that this organoborate also leads to the formation of the 

corresponding aryl(hydro)fullerene. However, for the 4,4,5,5-tetramethyl-2-phenyl-1,3,2-

dioxaborolane no yield is observed experimentally. This is unexpected because the different 

organoborates share the same rate-determining step. In view of that, the role of water is rather 

a key factor instead of the steric hindrance, and factors beyond this latter should be 

considered to explain the chemical activity of the different organoboron compounds. 
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7.2.2 The role of C60 in ruthenium-based catalysts for olefin metathesis 

Among the metal-based complexes used in chemical catalysis, ruthenium has occupied a 

prominent role in olefin metathesis during the last decade.396–398 Regarding the Ru-based 

systems, the activity of the first-generation phosphine-based catalysts was significantly 

improved with the discovery of second-generation catalysts, where an N-heterocyclic 

carbene (NHC) was used to replace one phosphine ligand.399–401 Despite the numerous studies 

in the past two decades,402–413 there is still the absence of a universal catalyst for all olefin 

metathesis applications. There are no simple rules to predict exactly why Ru-based catalysts 

with certain NHC and phosphine ligands show catalytic activity, while other ligands 

(including variants of NHC and phosphines) display poor performance.414 In this subsection, 

fullerene C60 is investigated as a novel supporting ligand that could facilitate olefin 

metathesis processes. This study is based on the reaction mechanism proposed by Chauvin 

in the early 1970s, which considers the metal carbene complex as the active catalyst and the 

respective four-membered metallacycle derivatives as the crucial intermediates leading to the 

desired products.415 The presence of a ruthenacycle intermediate has been studied 

experimentally402–406 and theoretically407–411 since the late 1990s. The reaction mechanism 

depicted in Figure 7.12 shows all the possible intermediates formed through the reaction 

coordinate of the olefin metathesis. Such a reaction mechanism is taken into account with the 

aim of providing in silico new synthesized ruthenium catalysts containing C60 and NHC in 

the backbone of the structure; thus demonstrating the advantages of including fullerenes in 

these catalyzed reactions. 

 

 

Figure 7.12 Ru-based catalysis of olefin metathesis. 
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7.2.2.1 Potential energy surface for the catalyzed olefin metathesis 

The PES for the metathesis of ethylene catalyzed by Ru-based complexes with the SIMes 

(SIMes=1,3-bis[2,4,6-(trimethyl)phenyl]imidazolidin-2-ylidene) ligand backbone (complex 

A) being modified in silico by the insertion of a C60 molecule (complexes B and C; see Figure 

7.13) is depicted in Figure 7.14. 

 

Figure 7.13 Ru-based olefin metathesis catalyst bearing a SIMes (1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-

ylidene) ligand (A), and in silico modification of its backbone by the annulation  of a C60 (B and C). 

 

The relative thermodynamic stability of the reaction intermediates of complexes A, B, and C 

is the main subject of study. Figure 7.14 reports the Gibbs energies relative to species I for 

the intermediates II to VIII and the key TS structures for the studied Ru-based complexes 

A-C. Complexes B and C with the C60 annulated through the [5,6] bond are about 18.0 

kcal/mol higher in energy than the analogous ones in a [6,6] bond. The relative stability of 

all other intermediates for complexes B and C is nearly identical within an energy range of 

5.5 kcal/mol when compared with the respective intermediates of complex A. The rate-

determining intermediate and TS are those corresponding to the IV-V conversion,416 which 

is associated to the breaking of the ruthenacyclobutane. After V, the Gibbs energy profile 

follows an energetically slight downhill trajectory without high-energy barriers or highly 

stabilized intermediates in agreement with previous reports.417 Moreover, complex B 

presents the lowest energy barrier (15.1 kcal/mol) followed by complex A (17.5 kcal/mol), 

while complex C has the highest energy barrier (20.5 kcal/mol). 

The formation of a stable ruthenacyclobutane IV by the metathesis of ethylene with the Ru-

alkylidene bond is considered fundamental to describe a successful olefin metathesis 

catalyst.414,418 The ruthenacyclobutane is a relatively stable key intermediate of each 

metathesis event, and it has been characterized experimentally.414,419,420 For an efficient 

catalysis, the ruthenacyclobutane should be moderately stable. In complexes B and C, the 

metallacycle IV is 1.1 and 3.6 kcal/mol more stable than III, respectively, and comparable 

to the relative stability of the metallacycle for complex A (0.9 kcal/mol), thus the values fit 

perfectly with the active catalysts in olefin metathesis.421 Thus, taking into account that a 
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highly stabilization of the ruthenacyclobutane intermediate might be a bottleneck in olefin 

metathesis catalysis, this new family of catalysts overcomes this impediment. 

 

Figure 7.14 Computed thermodynamic stability of reaction intermediates II−VIII relative to species I for the 

studied olefin metathesis reaction catalyzed by Ru-based complexes A-C using ethylene as the substrate. L = 

NHC. Gibbs energies in CH2Cl2 solvent are given in kcal/mol. 

 

7.2.2.2 Steric hindrance, binding energies, and Parr electrophilicity index 

With the intention of better comprehending the Ru-based catalysts with NHC containing C60, 

the steric hindrance and electronic properties of the species I and II for complexes A, B, and 

C were analyzed in detail. 

Steric hindrance 

Differences between the steric hindrance of the NHC ligand in A, B, and C can be quantified 

by calculating the buried volume of a given ligand, which is a number that quantifies the 

amount of the first coordination sphere of the metal occupied by this ligand.422,423 The 

SambVca code424 was used. From Table 7.3, the calculated percent buried volume (%VBur) 

for complexes B (32.5%) and C (33.3%) are comparable to the %VBur of A (32.8%). 

Similarly, for species II, the predicted %VBur values are nearly the same despite the potential 

relaxation of NHC ligand after the dissociation of the phosphine ligand. Nevertheless, species 

II of complex C displayed a somewhat more sterically hindered environment next to the 

metal. These observations corroborate that the steric hindrance for the complexes A-C are 

quite similar and, in turn, none of them preclude coordination of bulky substrates. 
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Table 7.3 Total %VBur values for species I and II  

for the considered Ru-based complexes A-C. 
 

Sterics  (%VBur) 

Complex I II 

A 32.8 32.8 

B 32.5 31.8 

C 33.3 33.6 

 

Binding energies 

The analysis of binding energies can be conveniently done via the ASM; particularly, the 

main target is structure I. Accordingly, ΔEint in species I is -59.8, -63.5, and -61.8 kcal/mol 

for A, B, and C, respectively. The better interaction between reactants for complexes B and 

C is likely due to the electron-withdrawing capacity of the C60 group that makes the electron 

pair of the NHC less available for the interaction with the metal. The lower NHC-Ru 

interaction energy of complex B is attributed to the fact that the NHC moiety of B interacts 

more effectively with the π-system of C60 through the carbon-carbon double bond than that 

of the complex A which does not have such a π-system. On the other hand, ΔEstrain of NHC 

with C60 is similar in energy (2.8 and 2.1 kcal/mol for complexes B and C, respectively) with 

respect to the standard NHC, i.e. SIMes (1.9 kcal/mol for complex A). Moreover, differences 

in ΔEstrain of the metal fragment are negligible. Generally, the binding energies, that is ΔE = 

ΔEint + ΔEstrain, are 4.5 and 2.2 kcal/mol less stabilizing for complexes B and C, respectively, 

than is it for complex A. 

Parr electrophilicity index 

Additionally, insights into the electronic contribution of the NHC can be attained by making 

use of the values of Parr electrophilicity index (ω) for species I.425 Accordingly, ω of Ru-

based complexes A-C increase with significant quantitative differences (respectively, 166.2, 

179.3, and 181.1 kcal/mol for species I). The predicted higher ω values for complexes B and 

C with respect to A suggest that the former complexes shall be more prone to nucleophilic 

attacks, and thus more reactive than A. In summary, these results indicate that complexes B 

and C are potentially active catalysts for the metathesis of olefins in view of their reduced 

electron donating capability of the SIMes ligand. 
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7.3 Triphenylamine-C60, a Promising 

Dye-Sensitized Solar Cell 

 

The chemical functionalization of carbon nanostructures described in previous sections 

results in adducts with potential applications in the field of organic photovoltaics since these 

chemical species can be used in the construction of dye-sensitized solar cells (DSSCs). A 

DSSC is a photovoltaic cell created from low- to medium-purity materials through low-cost 

processes that exhibits a commercially realistic energy-conversion efficiency as compared to 

existing commercial devices. The large current densities (greater than 12 mA/cm2) and 

exceptional stability, as well as the low cost, make practical applications feasible.426 

Fullerenes can be used in the design and construction of DSSCs;427 as a matter of fact, in this 

section the main subject of study is the elucidation of the electron transfer (ET) problem in a 

fullerene-based dye with the purpose of explicating and, in turn, predicting the applicability 

of this carbon nanostructure in the production of higher-efficient organic solar cells. The 

reference system under consideration is triphenylamine (TPA) covalently linked to the 

electron acceptor C60 via a pyrrolidine ring as the anchoring group (TPA-C60). In this regard, 

TPA is able to confine cationic charge and hamper aggregation between molecules, which 

induces self-quenching and reduces the electron injection efficiency.428,429 Besides, C60 is an 

excellent electron acceptor430–433 able to react with a variety of chemical agents.46,54,55,434–436 

The current section encompasses the examination of electronic transitions in TPA-C60 

through different thermally accessible conformations of the donor-acceptor conjugate. A 

detailed analysis of the estimation of ET parameters is provided with the aim of determining 

consistent values of rate constants, ket, for photoinduced CT reactions. This latter is 

particularly important since the efficiency of the DSSC depends upon ket.  

 

Figure 7.15 Structures of two constitutional isomers of triphenylamine-C60 a and b 

and overlay of 50 snapshots obtained every 2 ps from MD simulations. 
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7.3.1 Description of exciton states 

In agreement with the Gold Book of the IUPAC, when an electronic excitation is considered 

as a quasi-particle capable of migrating, the term to be used is exciton.365 An exciton is a 

bound state of an electron, e-, and an electron hole, h+, which are attracted to each other by 

the electrostatic Coulomb force. This neutral-charged quasiparticle can exist in insulators, 

semiconductors and in some liquids.437 Among the several types of excitons in which they 

can be classified, in this subsection we are particularly interested in molecular and charge-

transfer excitons. 

The analysis of excited states438,439 can be achieved by the use of the extent of exciton 

delocalization in the excited state ψi which can be measured as: 

𝑋𝑖𝑖(𝐹) =
1

2
∑ [(𝑺𝑷0𝑖)

𝛼𝛽
(𝑷0𝑖𝑺)

𝛼𝛽
]

𝛼,𝛽∈𝐹

                                                                                      (7.1) 

where the sums run over all atomic orbitals centered in fragment F, S is the atomic orbital 

overlap matrix and P0i is the symmetrized one-electron transition density matrix between the 

ground state ψ0 and the excited state ψi in the atomic orbital representation. The overall 

charge separation ∆q between fragments F1 and F2 is estimated as: 

∆𝑞 = ∑ [(𝑺𝑷0𝑖)
𝛼𝛽

(𝑷0𝑖𝑺)
𝛼𝛽

+ (𝑺𝑷0𝑖)
𝛽𝛼

(𝑷0𝑖𝑺)
𝛽𝛼

]
𝛼∈𝐹1

𝛽∈𝐹2

                                                         (7.2) 

These quantities Xii(F) (being F either C60 or TPA) and ∆q are computed by means of linear 

response (LR) TD-CAM-B3LYP/6-31G* in the gas phase. The parameters Xii(F) and ∆q are 

useful descriptors of the intrinsic structure of electronic transitions from which, depending 

on their value, we distinguish three different excitations that can give rise to a molecular 

exciton or localized excited state (LES), a charge transfer state (CTS), or a hybrid state (HS). 

In the TPA-C60 system, the nature of a particular excited state ψi depends upon the 

contributions of the states (FC60)*, (FTPA)*, (FC60)
−(FTPA)+, and (FC60)

+(FTPA)−; from which 

the two former terms, respectively, stand for excitations localized at either the C60 or TPA 

fragments, and the two latter ones represent excited states with strong CT character. Figure 

7.16 schematizes the distribution of Xii(F) and ∆q as a function of the excitation energy. 

Localized excited states, LES. A pure molecular exciton has no CT character. However, 

Figure 7.16 shows that Xii(FTPA) = 0.0, thus reflecting no contribution of TPA for all the 

excited states. Therefore, molecular excitons are mainly characterized by single-molecule 

excitations in C60, LES, since Xii(FC60) = 0.9-1.0 and ∆q = 0.0-0.1. Only LES are populated 

at the 2.0-2.5 eV range. Nevertheless, while 97% of the excitations in isomer a remain to be 

LES in the 2.5-3.0 range, this population decreases by a factor of 0.74 in isomer b. Excitations 

above 3.0 eV give rise to states with mixed character, and the amount of LES is diminished 

to 79 and 84 % in isomers a and b, respectively. 
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Figure 7.16 Distribution of Xii(FC60) (white-filled red circles), Xii(FTPA) (green X), and ∆q (blue-filled circles) 

as a function of the excitation energy. a) Results for isomer a, b) results for isomer b. Every plot contains the 

30 lowest excited states calculated for 10 different MD structures of the corresponding isomer. 

Charge transfer states, CTS. The main contribution to form an exciton with CT character 

comes from (FTPA)+(FC60)
−;  Xii(FC60) = 0.0-0.1 and ∆q = 0.9-1.0. At the 2.0-2.5 eV range no 

CTS is observed; however, only 3% and 9% of the excitations correspond to the formation 

of a CTS in isomers a and b at the 2.5-3.0 eV range. Besides, above 3.0 eV there are almost 

three times more CTS (10 %) as compared to the former energy range in isomer a, although 

the amount of CTS in b is reduced to 6 %. 

Hybrid states, HS. These excitons are characterized by their partial CT character.360,363,364 In 

the TPA-C60 system, there are some excitations with contributions given by (FTPA)+(FC60)
− 

and (FC60)*; that is, Xii(FTPA) = 0.0, Xii(FC60) = 0.1-0.9 and ∆q = 0.1-0.9. Figure 7.17 shows a 

graphical representation of how an exciton with partial CT character might look like. There 

are no HS in isomer a at the 2.0-3.0 eV range, and HS appear in isomer b at the 2.5-3.0 eV 

range with a population of 17%. Above 3.0 eV, isomers a and b show the same population 

of 10 %. From these results, due to the larger distance between TPA and C60 in isomer a, it 

is inferred that CT reactions are slower in this isomer because it produces a fewer amount of 

HS, which are supposed to promote the charge separation (CS) at the donor-acceptor 

interface. This could have a direct impact in the design of high-efficient DSSCs as materials 

may be engineered such that their excitations lead to a small number of HS, thus avoiding a 

premature charge recombination (CR). As a matter of fact, Echegoyen et al.440 found that 

isomer a generates longer-lived charge transfer states (CTS) as compared to isomer b; indeed, 

they also reported slightly slower ket for CT reactions in isomer a; thus being in line with our 

conclusions. 
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Figure 7.17 Probable schematization of an exciton 

state with partial charge transfer character. 

 

7.3.2 Electron transfer parameters 

In Table 7.4, reorganization energies (λint and λext), electronic couplings (Vij), and changes in 

Gibss energy (ΔGct) for photoinduced CT reactions (equations 7.3 and 7.4) occurring in TPA-

C60 (isomer a) are reported. The lowest-energy molecular and charge-transfer excitons are 

represented by TPA-C60* and TPA+-C60
-, respectively, and the ground state is TPA-C60. 

𝑇𝑃𝐴 − 𝐶60
∗    →    𝑇𝑃𝐴+ − 𝐶60

−                                                                                                       (7.3) 

𝑇𝑃𝐴+ − 𝐶60
−    →    𝑇𝑃𝐴 − 𝐶60                                                                                                      (7.4) 

 

Table 7.4 Electron transfer parameters for 

photoinduced charge transfer reactions in TPA-C60. 

Parameter Energy (eV) 

λint 0.158 

λext(M) 0.492 

λext(Enoneq-Eeq) 0.605 

λext(Enoneq(ω)-Eeq) 0.869 

CS Vij 0.0024 

CR Vij 0.0206 

ΔGcs -0.31 

ΔGcr -2.11 

 

In agreement with Section 2.14, λint was estimated as the average value, with a standard 

deviation of 4 meV, calculated from equations 2.103 and 2.104. However, the direct 

application of equation 2.103 involves the geometry relaxation of an open-shell singlet CTS. 

The use of U-DFT turns out to be a proper alternative for the determination of excited states, 

including those with CT character. TD-DFT is prone to fail in the geometry relaxation of a 

CTS but not for the excited states in TPA-C60 that are mostly LES and are scarcely separated 

(within 0.1 eV, see Figure 7.16). Indeed, during the development of this study it was possible 

to obtain several Franck-Condon and geometry-relaxed exciton states with either neutral or 

CT character via (COSMO:benzonitrile) UCAM-B3LYP/6-31G*. The U-DFT geometry-

relaxed CTS is the one included in equation 2.103. On the contrary, λext(M) corresponds to 
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the value of equation 2.106, and the others were evaluated by implicitly treating the solvent 

effects as explained in Section 2.14. The uncertainty of the estimations of λext is large since 

the results diverge within a 0.4 eV energy range. The reliable evaluation of this parameter is 

difficult to achieve as discussed in Section 2.14. Nonetheless, it is worth to mention that the 

several approaches that are used to calculate λext are completely different (two-sphere, 

λext(M), against continuum solvation models, λext(Enoneq-Eeq) or λext(Enoneq(ω)-Eeq)), but the 

missing reproducibility must be solved; this issue shall be discussed in the following 

subsection. 

The determination of Vij was done via the fragment charge difference method from excited 

states of the system under study calculated with TD-CAM-B3LYP/6-31G*.347 Because the 

values are sufficiently small, the nonadiabatic approach may be applied to estimate the 

corresponding kct. 

 

Figure 7.18 Schematization of Franck-Condon excitations in solution (in eV) and photoinduced charge transfer 

reactions in TPA-C60. a) Formation of the lowest-energy molecular exciton where an electron-hole (e-h+) pair 

is photogenerated in C60 by light absorption hv; b) charge separation reaction in which one electron is transferred 

from TPA to C60; the e-h+ pair is separated; c) charge recombination reaction in which the ground state is 

recovered; the e-h+ pair is recombined. Gibbs energies ΔG in solution (in eV) for the charge transfer reactions 

are also depicted. 
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Changes in electronic energy ΔEct for the CT reactions nearly correspond to ΔGct (ΔEct ≈ 

ΔGct) assuming a negligible entropic component. The initial formation of TPA-C60* by direct 

light absorption corresponds to a dipole-forbidden transition. Dipole-allowed transitions of 

higher-energy populated by light absorbance are expected to relax very fast to the lowest-

energy LES (see Figure 7.18). The Franck-Condon transition to TPA-C60* lies at 2.68 eV as 

calculated through gas-phase linear response (LR) TD-CAM-B3LYP/6-31G* and 2.42 eV as 

computed via state-specific (COSMO:benzonitrile)TD-CAM-B3LYP/6-31G* in equilibrium 

solvation. Furthermore, the energy of the lowest-energy Franck-Condon TPA+-C60
- excited 

state lies at 3.69 eV in the gas phase. Unfortunately, solvent effects for a CTS could not be 

determined by either LR or state-specific TD-DFT. However, the free energy of solvation, 

ΔGsol, of a CTS can be calculated by means of U-DFT, which turns out in -1.58 eV; as a 

result, the lowest-energy Franck-Condon CTS lies at 2.11 eV, then ΔGcs = -0.31 eV in 

excellent agreement with the experimental value.440 However, the neutral singlet excited state 

energy is reported to be 1.76 eV, which results in an overestimation of 0.66 eV when 

compared to the energy of TPA-C60*. As a matter of fact, ΔGcr = -2.11 eV is also 

overestimated as compared to the experimental value by exactly the same 0.66 eV.440 This 

overestimation constitutes another source of error for the theoretical prediction of kcr. This 

issue shall be analyzed in detail in the following subsection together with λext. 

 

7.3.2.1 Charge transfer activity 

 

 

Figure 7.19 Variation of the vertical energies of TPA-C60* (dashed line) and 

TPA+-C60
- (solid line) in solution as a function of the dielectric constant εs. 
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The variation of the Franck-Condon excitation energies of TPA-C60* and TPA+-C60
- as a 

function of εs is schematized in Figure 7.19. As εs decreases, TPA+-C60
- becomes less stable 

than TPA-C60* and the CS reaction does not occur because it corresponds to an endergonic 

process. These results concur with the experimental evidence in which steady-state 

fluorescence measurements confirmed the absent of CT activity in toluene (εs = 2.4) and 

carbon disulfide (εs = 2.6). Moreover, CT activity can be observed even in tetrahydrofuran 

(THF, εs = 7.4) despite of the slightly favorable driving force, which is calculated to be only 

0.02 eV (0.09 eV experimental); unlike less polar solvents.440 

 

7.3.2.2 Nonadiabatic rate constants 

The sources of error that more affect the assessment of kct are λext and ΔGcr. In view of that, 

kct is reported as a function of those ET parameters in Table 7.5. In the use of λext(M), one 

assumes that the donor and acceptor are spheres of radii a1 and a2 separated by the distance 

R, then the condition of R >> a1 + a2 has to be fulfilled. In the current study the contact 

distance was used, R = a1 + a2, and this may be the reason of the unreasonable value 

determined for kcr with λext(M). The best estimation of kct, within less than two orders of 

magnitude as compared to experimental evidence, is achieved with λext(Enoneq(ω)-Eeq). Those 

results suggest that λext can be better simulated by continuum solvation models. Additionally, 

it might be proposed that the use of the Marcus-Levich-Jortner equation might be a better 

approach to include the effect of quantum vibrational modes.332,334  Nevertheless, the role of 

nuclear degrees of freedom in the system under study can be ignored and still the physics of 

the CT process can be described satisfactorily. This deduction is supported by the fact that 

geometrical variations in TPA-C60 do not significantly change the intrinsic nature and 

distribution of excited states as previously demonstrated.441 Moreover, it was suggested that 

CS reactions for organic photovoltaic interfaces are mostly purely electronic processes which 

is in line with the conclusions attained in the current thesis.442 

Finally, the ultrafast CT reactions described in this section certainly point out that the 

inclusion of fullerenes in the design of a DSSC may increase the efficiency of the device. In 

view of that, the current thesis provides an overview for the engineering of fullerene-based 

DSSCs: 

(i) A closer distance between the donor and acceptor fragments brings about faster 

CT reactions; a fact that is attributed to the population of excitons with partial CT 

character. 

(ii) Despite the CR process is dominant, dyes with diminished driving force can slow 

down this reaction so that longer-lived CTS can be generated. 

(iii) The CT activity of the dye depends also on the polarity of the solvent. Nonpolar 

solvents cause lack of CT activity, yet a more polar solvent has a more stabilizing 

effect on CTS, which results in slower CR reactions. 
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Table 7.5 Rate constants (in 1/s) for CT reactions as a function of λext and ΔGcr. Thermal energy kBT = 0.026 

eV; λint = 0.158 eV; Vij for the CS and CR reactions are respectively 0.0024 and 0.0206 eV. 

λext 
a kcs ; ΔGcs = -0.31b kcr ; ΔGcr = -2.11c kcr ; ΔGcr = -1.45d 

0.492 3.51 x 109 2.44 x 10-2 9.94 x 107 

0.605 1.35 x 109 1.33 x 102 3.16 x 109 

0.869 1.23 x 108 1.86 x 107 2.07 x 1011 

 6.00 x 1010 e 1.90 x 109 e  

a In agreement with Section 2.14, in descending order this parameter respectively corresponds to λext(M), λext(Enoneq-Eeq), 

and λext(Enoneq(ω)-Eeq). 
b ΔGcs calculated as the energy difference between TPA-C60* [state-specific (COSMO:bzn) TD-CAM-B3LYP/6-31G*] and 

TPA+-C60
- (gas-phase linear-response TD-CAM-B3LYP/6-31G* with U-DFT solvent corrections). 

c ΔGcr calculated as the energy difference between TPA+-C60
- described in footnote b and the solvated ground state. 

d Experimental value of ΔGcr. 
e Experimental values of kct. 

 

 

 

 


