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Abstract: Systematic investigation of optoelectronic properties of curved carbon systems has 

been performed and the results have been compared with the representatives of flat carbon 

systems. Moreover, the application of third order dispersion corrected density functional tight 

binding method (with third order corrections of self-consistent charges) including Becke-Johnson 

dumping (DFTB3-D3(BJ)) has been validated in order to obtain reliable dimer structures for the 

calculations of charge transfer rates. Optoelectronic properties encompassed calculations of 

reorganization energies, energy difference between the singlet and triplet state, first 

hyperpolarizabilities, whereas the charge transfer rates have been calculated according to the 

equation of Marcus semi-empiric approach. The obtained results indicate that a wide list of 

outstanding features of buckybowls could be expanded for optoelectronic properties as well. 

Furthermore, it has also been shown that correlation in the form of the second order exponential 

decay between electron transfer rates and the specific structural property of buckybowls exists. 

This allows for computationally inexpensive assessment of electron hopping rates. 

* Corresponding author. Tel: +381 631019036.  E-mail: stevan.armakovic@df.uns.ac.rs (Stevan Armaković)

Postprint of: Armaković S., Armaković S. J., Koziel S., Optoelectronic properties of curved carbon systems, Carbon, Vol. 111 (2017), 
pp. 371-379, DOI: 10.1016/j.carbon.2016.10.022
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
https://creativecommons.org/licenses/by-nc-nd/4.0/

mailto:stevan.armakovic@df.uns.ac.rs
https://doi.org/10.1016/j.carbon.2016.10.022
https://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

1. Introduction 

Modern science cannot be imagined without carbon-based structures. By all means, carbon 

is the central figure in organic chemistry and it has a potential to be applied in virtually all 

important scientific areas: material science, electronics, optoelectronics, medicine and biology 

[1]. Researchers have been focused on the carbon based materials ever since the 1950s, while 

milestones like a discovery of fullerenes, nanotubes and graphenes have been constantly shaking 

the entire scientific community in a positive way. Curvature of fullerenes and nanotubes 

practically opened a new chapter in the area of exotic organic molecules whose main 

characteristic is a bowl shaped structure [2-4]. These molecules are also known as buckybowls.  

The first curved organic molecule, corannulene, was discovered in 1966 by Barth and 

Lawton [5, 6], but the interest in its physio-chemical properties ended soon. However, discovery 

of fullerenes and nanotubes triggered the interest in curved structures and the number of papers 

related to these structures dramatically increased. In 2001 Priyakumar and Sastry reported a 

theoretical study on possibilities to synthesize the structure of C21H12 buckybowl called 

sumanene, whose previous synthesis attempts by several research groups were not successful [7]. 

This typical representative of buckybowls was successfully synthetized two years later by the 

Sakurai’s group [2] and in this regard it is important to mention that experimental conditions for 

its synthesis were characterized as mild. After the successful synthesis, scientific community 

became richer in many sumanene-based buckybowls [8-11]. 

Buckybowls possess an entire set of interesting properties and some of them include specific 

charge distribution, bowl-to-bowl inversion (b2b-i) and benzylic carbons [12]. Due to bowl-

shaped structure, the more negative charge is located on its concave side. As a result, these 

structures feature two surfaces with considerably different adsorption properties [13, 14]. B2b-i 

of buckybowls means that they practically oscillate between two bowl-shaped ground states via a 

flat transition state. What is even more important is that this phenomenon occurs with certain 

frequency and that b2b-i inversion energy is directly related to the bowl-depth [15-18]. Some 

buckybowls, such as sumanene, possess benzylic carbon atoms due to which various 

functionalization procedures are readily available [19]. These, in turn, permit fine adjustment of 

the b2b-i energy. 

Buckybowls are also interesting for the field of organic electronics. For sumanene and its 

trimethylated derivative, high electron conductivity has been reported [20, 21]. Also, very high 
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anisotropy was detected with much better electron conductivity along the π-bowl stacking axis 

[20]. In its crystal form, sumanene molecules are π-stacked along the bowl depth direction. 

Sumanene’s conductivity along the π-stacking axis is 9.2 times larger than the conductivity in the 

direction perpendicular to the π-bowl stacking axis. The first liquid crystallization of corannulene 

has been reported by Miyajima et al. in 2009 [22], while buckybowls where one or more carbon 

atoms are replaced by the main group element exhibit unique optoelectronic properties [23]. 

Although buckybowls possess very interesting properties there is a lack of systematical 

theoretical studies concerning their specificities. The two important systematic studies, which 

stimulated the present work, were conducted by Purushotham and Sastry [1], and Jose et al. [24]. 

The first study addressed estimation of optoelectronic properties of sumanene and corannulene 

buckybowls, fused by acenes, and based on the calculations of reorganization energies. It 

emphasizes a potential of sumanene and corannulene as organic light emitting diode OLED 

materials. Nevertheless, the study lacks any calculations of the charge transfer rates between the 

investigated structures. On the other hand, Jose et al. investigated stacking interactions between 

16 buckybowls and fullerenes. In their study, they have validated the employment of a dispersion 

corrected self-consistent charge density functional tight-binding (SCC-DFTB-D) method for 

investigating interaction energies between buckybowls and fullerenes. Motivated by the results 

of these two studies, in this work, we carried out detailed investigation of the optoelectronic 

properties of all 16 buckybowls studied in [24], including the charge transfer rates. In order to 

compute the charge transfer rates we also needed dimer structures of buckybowls. Dimer 

structures have been obtained by DFTB3-D3(BJ) method and DFT-D3 methods. D3 stands for 

the third-order empirical dispersion corrections, whereas BJ stands for the Becke-Johnson 

dumping. The obtained results have been compared, which allowed us to validate the much faster 

DFTB3 method for obtaining dimer structures of buckybowls. DFTB3 method stands for the 

SCC-DFTB method where self-consistent charges are used with the third order corrections, 

which is an improvement over the DFTB method utilized in the study of Josa et al.  

2. Computational details 
 

All DFT calculations have been executed using the Jaguar 9.0 program [25], as implemented 

in Schrödinger Materials Science Suite 205-4 (SMSS), and Amsterdam Density Functional 

Molecular Modeling Suite (ADF) 2016 [26-28]. The monomer units of buckybowls have been 
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first geometrically optimized with Jaguar using the B3LYP [29] exchange correlation functional 

with the 6-31G(d) basis set, with fine grid density, and increased integral accuracy. Vibrational 

analysis has been also conducted in order to ensure that the true ground states have been 

identified. The monomer units of buckybowls have also been optimized at the DFTB3 level of 

theory. These results allowed us to obtain information on dipole moments and bowl depths so 

that the two levels of theory could be compared.  

Subsequently, using the corresponding optoelectronics module of Schrodinger Materials 

Science Suite, the relevant optoelectronic quantities have been calculated such as electron and 

hole reorganization energies and the energy separation between the lowest excited singlet (S1) 

and the triplet (T1) states, ΔE(S1–T1) gaps. Calculation of the optoelectronic properties have 

been performed within the defined screening model, as implemented in SMSS. The detailed data 

on the model can be found in [30].  

In order to calculate the charge hopping rates between buckybowl structures, beside 

reorganization energies, we also needed information about the charge transfer integrals; that, in 

turn requires the dimer structures of the buckybowls. Starting geometries of all 16 investigated 

buckybowls have been obtained by placing one buckybowl above another along the direction of 

the bowl depth. Since dimer structures are large, firstly we optimized them at the DFTB3-D3(BJ) 

[31-34] level of theory using the ob3.1 parameter set [35], as implemented in ADF 2016. After 

that, we also performed geometrical optimizations of the dimer structures at the DFT level of 

theory with dispersion-corrected PBE-D3 functional and the DZP basis set [36, 37]. In these 

cases, frequency calculations within analytic approach [38-40] have been also performed in order 

to assure that the true ground states were located. In all cases but one, for a dimer structure 

denoted with number 9, only positive frequencies have been obtained. Dimer structure 9 was 

then re-optimized with somewhat smaller basis set, DZ, and vibrational analysis yielded only 

positive frequencies.  

After obtaining the dimer structures, charge transfer integrals have been calculated in dimmer 

frontier approximation for dimer structures obtained at both DFTB3-D3(BJ) and DFT-D3 levels 

of theory, which finally allowed calculation of the charge hopping rates. In order to compare the 

results and to assess the potential of buckybowls, the same procedures were conducted for 

typical representatives of flat carbon systems with perspective physio-chemical properties – 

pentacene and coronene.  
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3. Results and discussion 
 
3.1.  Geometrical parameters and validation of DFTB3 level of theory for buckybowls 
 

In order to calculate charge transfer rates from one buckybowl to another it is necessary to 

obtain their dimer structures, which can be a very demanding task in terms of the necessary 

computational resources. Fortunately, the DFTB3-based method is significantly faster than the 

DFT approach and beside the calculations of optoelectronic quantities the purpose of this study 

was to validate the DFTB3-D3(BJ) approach for obtaining reliable monomer and dimer 

structures for further calculations. All investigated buckybowls optimized with the B3LYP 

functional and 6-31G(d) basis set are presented in Figure 1. 

 

 
Figure 1. Structures of investigated buckybowls obtained at the DFT level. 
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The best way to investigate to what extent a given level of theory is efficient to obtain 

reliable geometries is to compare the results. Certainly, the most typical feature of buckybowls is 

the bowl depth. In the literature data, including some of our own works, it has been demonstrated 

that a very important process, b2b-i, principally depends on this structural feature [16-18, 41-44]. 

Namely, higher bowl depth leads to the higher energy barrier for the bowl inversion. These 

results are very important because frequency of b2b-i oscillations depends on the b2b-i barriers, 

while, at the same time, the aforementioned oscillations could be of great importance for the 

practical application of buckybowls in the area organic electronics. What is even more important 

is that the bowl depth, and therefore b2b-i barriers, can be finely tuned by structural 

modifications of the buckybowls. For example, it has been demonstrated that modifications of 

the sumanene buckybowl at its benzylic positions can lead to the increase or decrease of the bowl 

depth [18, 44]. Therefore, it was important to compare the bowl depths as obtained with DFTB3 

approach, Table 1. 

 

Table 1. Bowl depths of buckybowls and distances between buckybowls in dimer structures 

Structure 

Monomer Bowl 
Depth @ 

DFTB3/3ob.3.1 
[Å] 

Monomer  
Bowl depth @  
DFT/B3LYP 

[Å] 

Dimer distances 
@ DFTB3-

D3(BJ)/3ob.3.1 
[Å] 

Dimer distances 
@DFT/PBE-D3 

[Å] 

1 0.92 0.84 3.55 3.46 
2 3.74 3.55 4.16 4.05 
3 2.68 2.27 3.92 3.88 
4 2.95 2.53 4.33 4.10 
5 1.20 1.12 3.71 3.65 
6 2.62 2.40 4.05 3.93 
7 3.82 3.81 4.02 3.94 
8 2.95 2.92 4.89 4.70 
9 2.77 2.71 4.12 3.92 
10 1.53 1.25 3.56 3.49 
11 3.57 3.43 4.43 4.24 
12 2.18 2.15 3.94 3.77 
13 2.23 2.09 3.78 3.58 
14 3.26 3.23 5.07 5.01 
15 4.90 4.80 4.53 4.51 
16 2.51 2.44 4.10 4.00 
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The results in Table 1 indicate excellent performance of the DFTB3 approach for the 

buckybowls concerning the bowl depths. The two methods yielded very similar results and this 

very good agreement is also visualized in Figure 2, where the values obtained by both methods 

were correlated. In this case, a very high correlation coefficient of 0.997 has been obtained 

confirming the validity of the DFTB3 method for geometrical optimization of buckybowls. It 

was especially interesting to note that DFTB3 performed so well in the cases of the largest 

buckybowls. For example, discrepancy between two methods in the case of the largest 

buckybowl, denoted with number 15, was only 0.1 Å.  

Concerning the dimers of buckybowls, the most important structural feature is certainly the 

distance between buckybowls. Taking into account the model according to which the charge 

transfer rates will be calculated later, this is actually the most important structural parameter and 

for the overall validation of the DFTB3-D3(BJ) approach it was very important to obtain good 

agreement with the DFT-D3 level of theory, cf. Figure 3.  

In order to obtain dimer structures with the DFT approach we have used the D3 [45, 46] 

corrected version of the PBE functional [34]. This level of theory yields very similar results as 

B3LYP-D3, as shown in our study of adsorption properties of sumanene molecule [47], but in the 

same time it is much faster than B3LYP-D3.  

 
Figure 2. Comparison of DFTB3 and DFT/B3LYP bowl depths.  
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Figure 3. Dimer structures obtained with DFTB3-D3(BJ) and DFT/PBE-D3 levels of theory 
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Compared distances between buckybowls in dimer structures are provided also in Table 1, 

whereas the dimer structures obtained with DFTB3-D3(BJ) and DFT/PBE-D3 levels of theory 

are visualized in Figure 4. Concerning the dimer structures, it can be also concluded that 

DFTB3-D3(BJ) produced reliable results and again very high correlation coefficient between the 

two methods has been obtained. 

3.2.  Optoelectronic properties of monomer structures 
 

Efficient electronic devices and materials are characterized by high charge mobility and are 

suitable for charge injection [48]. Charge mobility at room temperatures can be efficiently 

assessed employing DFT calculations [49]. In this regard, the most important mechanism is a so-

called hopping mechanism and within this mechanism charge hopping rates, CTk  ( +
CTk  for holes 

and −
CTk  for electrons), can be calculated employing the Marcus semi-empiric approach as 

follows [50, 51]:  

 






 −
=

Tk
t

Tkh
k

BB
CT 44

14 2
2 λ

λπ
π exp      (1) 

where λ  denotes reorganization energies of holes ( +λ ) or electrons ( −λ ), whereas t  is the 

charge transfer integral (or charge coupling). These two quantities principally determine the 

charge transfer rates and brief analysis of equation (1) indicates that in order to obtain the highest 

possible transfer rates λ  needs to be minimized, while t  should be maximized. 

 
Figure 4. Compared distances between buckybowls in dimer structures 
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In this work, reorganization energies have been calculated according to the following 

equations (2-4): 

 ( ) ( )00*0
1 GEGE −=λ         (2) 

 ( ) ( )**0*
2 GEGE −=λ         (3) 

 21 λλλ +=i          (4) 

where ( )00 GE  and ( )** GE  are the ground state energies of the neutral and ionic states, 

respectively. ( )*0 GE  is the energy of the neutral molecule at the optimal ionic geometry, while 

( )0* GE  is the energy of the charged state at the optimal geometry of the neutral molecule. 

Reorganization energies and ΔE(S1–T1) gap values are provided in Table 2, together with the 

values of dipole moments and the first hyperpolarizabilities.  

 
Table 2. Reorganization energies, dipole moments, the first hyperpolarizabilities and ΔE(S1–T1) 

values of buckybowls 
 

Structure 
+λ  

[eV] 
−λ  

[eV] 
Dipole moment 

[D] 
Hyperpolarizability 

[a.u.] 
ΔE(S1–T1) 

[eV] 
C1 0.3860 0.2508 1.6637 75.5657 0.7575 
C2 0.0998 0.1777 3.3432 237.9439 0.4620 
C3 0.1527 0.2414 3.2079 77.9124 0.9041 
C4 0.2102 0.2661 3.8671 189.8181 0.5402 
C5 0.1956 0.3620 1.9462 102.4921 1.1998 
C6 0.1176 0.2951 3.4718 180.1466 1.0766 
C7 0.1096 0.0969 3.6805 54.9056 0.9885 
C8 0.1065 0.2364 4.6486 177.3282 0.4392 
C9 0.1165 0.2039 3.3955 167.4695 0.4560 
C10 0.3295 0.2557 1.8217 97.3328 0.7481 
C11 0.1246 0.1869 3.0025 166.1757 1.0952 
C12 0.1463 0.1883 2.8192 125.7393 0.7041 
C13 0.1265 0.0867 3.9305 266.3277 0.4557 
C14 0.1837 0.1212 5.8035 297.8893 0.3296 
C15 0.1602 0.2467 5.5474 –272.6507 0.2211 
C16 0.1722 0.1464 4.0653 107.0118 0.7248 

Pentacene 0.0920 0.1270 0.0000 0.0000 1.4100 
Coronene 0.1270 0.1550 0.0000 0.0000 0.8200 

Urea – – – 39.6975  
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According to the results presented in Table 2 it can be seen that reorganization energies are in 

the range of ~0.1 eV to 0.4 eV. It can also be observed that the two most frequently investigated 

buckybowls, sumanene (structure 5) and corannulene (structure 1), have significantly higher 

reorganization energies than most of other buckybowls. At the same time, the lowest reorganization 

energy of holes has been calculated for buckybowl denoted with number 2, while the lowest 

reorganization energy of electrons has been found for the buckybowl denoted with number 13.  

Hydrogen adsorption properties of buckybowls are becoming very popular. One of the first 

such studies was done by Scanlon et al. [52, 53], where hydrogen adsorption properties of 

corannulene (in this work denoted with number 1) via physisorption have been investigated in 

details employing both MP2 and molecular dynamics levels of theory. Their study was important 

because it emphasized that the specific charge distribution of corannulene and buckybowls in 

general, might be responsible for very competitive results when it comes to the adsorption based 

on physisorption. Later, competitive adsorption properties of the sumanene buckybowl (both 

modified and unmodified) towards various gas molecules have been demonstrated by other 

studies as well [12, 47, 54-56], including the detailed confirmation of physisorption mechanisms. 

Namely, it was confirmed that relatively high dipole moment of sumanene and corannulene 

buckybowls induce charge polarization in otherwise nonpolar molecules such as hydrogen, 

which enables its binding based on the electrostatic interactions. Such adsorption mechanism is 

of great importance because desorption could be achieved at lower temperature, thus allowing 

continuous use of buckybowls as binding agents [47, 52, 53]. 

Concerning the dipole moment, the results presented in Table 1 indicate that many more 

buckybowl structures have much higher dipole moments than corannulene and sumanene. This is 

clearly a significant stimulus for further studies of buckybowl’s adsorption properties towards 

hydrogen. Namely, it can be seen in Table 2 that almost all investigated buckybowls have 

significantly higher dipole moments than corannulene and sumanene. In this regard buckybowls 

denoted with numbers 14 and 15 could be of particular significance, as their dipole moment is 

higher than 5 D, while their surfaces are much higher than corannulene’s and sumanene’s which 

certainly improves their adsorption capacities. 

Hyperpolarizability is frequently used for the estimation of potential of some molecular 

structure in the area of non-linear optics (NLO) [57-60]. Namely, this quantity is frequently 

compared to that of the standard NLO medium, the urea molecule. If the value of 
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hyperpolarizability of certain molecule is higher than hyperpolarizability of urea molecule, it can 

be concluded that the investigated structure has certain potential for the application as nonlinear 

optical medium. According to the results presented in Table 2 it can be seen that 

hyperpolarizabilities of all buckybowls are significantly higher than hyperpolarizability of the urea 

molecule. The highest value of hyperpolarizability has been calculated for the buckybowl 14, in 

which case the hyperpolarizability was higher almost eight times. Of course, due to the specific 

geometries of pentacene and coronene, hyperpolarizability is absent in their cases, determining 

buckybowls as structures with much more potential to be applied in the area of NLO materials. 

Beside reorganization energies, another important optoelectronic property is ΔE(S1–T1) gap. 

This quantity significantly determines the potential for exhibiting a so-called thermally activated 

delayed fluorescence (TADF) mechanism. This mechanism is important as it allows production of 

high efficiency OLED materials that are not based on the iridium or platinum complexes [61-63]. 

Although the usage of precious metal complexes makes possible to use usually non-radiative triplet 

excitons [64, 65], it is associated with a challenge related to the overall cost of such a methodology. 

This is the main reason why the TADF mechanism has significant advantage from the practical 

application standpoint. It is also important to emphasize that ΔE(S1–T1) values should be lower 

than ca. 0.37 eV, because in this case thermal population of S1 state is effective [66, 67]. ΔE(S1–

T1) values of all buckybowls investigated in this work have been presented in Figure 5. 

 
Figure 5. ΔE(S1–T1) values of all investigated buckybowls  
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The results shown in Figure 5 indicate that two buckybowls (14 and 15), allocated in the 

yellow region, have values below 0.37 eV and therefore possibly significant potential for 

application in TADF mechanism. Nevertheless, there are four more buckybowls (2, 8, 9, 13), 

indicated in green region, with ΔE(S1–T1) values very close to 0.37 eV. It is quite possible that 

ΔE(S1–T1) values of these buckybowls could be lowered to the desired 0.37 eV with structural 

adjustments. In comparison to flat carbon systems such as coronene, pentacene and other higher 

acenes it can be observed that buckybowls possess much higher potential for the application in 

the area of TADF. Namely, according to our previous results, the ΔE(S1–T1) value of pentacene 

is 1.41 eV [68]. This value decreases subsequently with the addition of benzene rings, but only to 

the value of 1.11 eV in the case of decacene, which is far away from 0.37 eV. Coronene, on the 

other hand, has much lower ΔE(S1–T1) value than pentacene and higher acenes, 0.82 eV, but 

that is also far away from 0.37 eV. 

 

3.3.  Charge transfer rates 

Once the dimer structures have been obtained, the charge transfer integrals can be calculated 

which finally enables calculation of the charge transfer rates according to the equation (1). These 

results are presented in Table 3, for dimer structures obtained at both DFTB3-D3(BJ) and 

DFT/PBE-D3/DZP levels of theory. 

As in the case of bowl depths and distances between buckybowls, we will again test the 

reliability of DFTB3-D3(BJ) for obtaining dimers by comparing the results with DFT-D3 level 

of theory. This is visualized in Figure 6. 

Again, very good correlation between the results obtained with dimmers at DFTB3-D3(BJ) 

and DFT-D3 levels of theory can be observed. The only discrepancy can be seen in case of the 

dimer structure denoted with number 9. More specifically, the charge transfer rates in this case 

are different by one order of magnitude. This is a consequence of different mutual orientations of 

monomers, which is illustrated in Figure 2. Namely, it can be observed that monomers of 9 are 

mutually rotated and displaced in the case of structure obtained at the DFT-D3 level of theory, 

which explains the difference in the calculated values. As already mentioned in the 

Computational Details, there were some difficulties in optimization of this structure, thus 

eventually somewhat smaller basis set was used. 
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Table 3. Charge transfer rates of buckybowls investigated in this work 

Dimers obtained @ DFTB3-D3(BJ) DFT/PBE-D3 
 +

CTk  [s–1] −
CTk  [s–1] +

CTk [s–1] −
CTk  [s–1] 

1 5.73×1008 2.16×1008 1.17×107 5.41×1007 
2 5.37×1010 5.77×1010 2.72×1011 1.31×1010 
3 2.47×1014 7.45×1013 2.90×1014 7.66×1013 
4 5.49×1013 5.18×1013 6.31×1013 5.23×1013 
5 1.05×1008 4.45×1010 4.19×1008 7.06×1010 
6 7.39×1010 1.33×1013 1.42×1010 1.34×1013 
7 2.62×1010 1.22×1015 8.08×1009 1.26×1015 
8 6.72×1013 5.66×1011 8.90×1013 1.29×1012 
9 5.23×1014 4.10×1012 3.33×1013 2.44×1013 
10 9.74×1012 6.22×1013 6.96×1012 4.06×1013 
11 1.01×1014 1.41×1013 1.55×1014 9.28×1012 
12 3.54×1014 3.83×1013 2.44×1014 2.53×1013 
13 1.24×1014 6.83×1014 1.14×1014 5.01×1014 
14 2.22×1014 1.44×1015 1.96×1014 1.35×1015 
15 5.94×1013 1.73×1014 4.68×1013 1.47×1014 
16 2.11×1014 1.72×1014 2.32×1014 1.95×1014 

Pentacene 2.65×1014 4.69×1011 4.76×1013 1.43×1014 
Coronene 1.95×1014 6.17×1013 1.00×1014 5.66×1012 

 

Concerning the comparison between the curved and flat carbon systems, it can be seen that 

buckybowls exhibit very competitive charge transfer rates. Concerning the flat carbon systems, 

pentacene has significantly better charge transfer rates. For this study it, was very interesting to 

find out that there are buckybowls with +
CTk  and −

CTk  higher than for pentacene and coronene. 

More specifically, +
CTk  is higher in the case of buckybowl 12 than for the case of pentacene; for 

−
CTk , buckybowls 16, 14, 13 and 7 have higher values than pentacene. 

Pentacene and coronene have significantly lower values of reorganization energies and 

initially it could be concluded that this will lead to the charge transfer rates in favor of flat carbon 

systems. However, certain number of buckybowls has significantly better charge transfer rates. 

According to (1) used to calculate the charge transfer rates, it can be concluded that charge 

transfer integral, which depends on the orbital overlap, is much higher in the case of some 

buckybowls, therefore leading to the better charge transfer rates. 
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Figure 6. Charge transfer rates of a) electrons and b) holes, calculated for dimers obtained at two 
different levels of theory 
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3.4.  Correlation of transfer rates with specific structural features of  
buckybowls 

 
It was already shown that bowl depth as specific structural feature of buckybowls principally 

determines the b2b-i mechanism, which could be of great importance for the area of organic 

electronics. This is also very important because it substantially decreases the amount of time 

necessary to calculate the b2b-i barriers, which could be very tedious since it is necessary to 

locate the transition state. In this work we were also interested if bowl depth could also be 

correlated with charge transfer rates. Initial simple correlation of bowl depth to the fourth power 

with electron charge hopping, Figure 7, indicates substantial deviation of three bowls.  

More detailed investigation reveals that these bowls are the ones with the highest charge 

hopping rates for electrons, thus indicating that more parameters should be included. At the same 

time, from the computational speed and efficiency standpoint, it would important to find a 

quantity that can be relatively easily obtained. One such quantity could be the number of 

noncovalent interactions between buckybowls in dimer structures, which in the Jaguar program 

is based on the method of Johnson et al. [69, 70]. The idea concerning the noncovalent 

interactions was as following. Charge transfer rates principally depend on the reorganization 

energies and charge coupling between buckybowls. The higher the orbital overlap between 

buckybowls, the higher will be the charge coupling. At the same time, the higher the electron 

density between buckybowls, the higher possibility for the transfer from one buckybowl to 

another. Finally, higher electron density between buckybowls will lead to the higher number of 

noncovalent interactions. Correlation between electron hopping rates and the ratio between 

number of noncovalent interactions (NCI) and bowl depth to the fourth power is presented in 

Figure 8.  
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Figure 7. Correlation between electron hopping rates and bowl depth to the fourth power 

 

 
Figure 8. Correlation between electron hopping rates and ratio of number of NCI and bowl depth 

to the fourth power 
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Number and strength of NCI between two same molecules depend, in general, on their 

mutual orientation. On the other side mutual orientation of buckybowls depend on their main 

structural property – bowl depth, which leads to the conclusion that numbers of NCI and bowl 

depths are related. For this reason we decided to try with correlation between −
CTk  and ratio of 

NCI and bowl depths. Additionally, Bürgi and Dubler-Steudle [71] and Priyakumar and Sastry 

[42] have demonstrated the importance of the bowl depth to the fourth power. Namely, they have 

shown by calculations related to double well potential that bowl depth to the fourth power nicely 

correlates with b2b-i. Therefore, we decided to try correlations with bowl depth to the fourth 

power.  

Inspection of Figure 8 indicates that there exists an excellent correlation between electron 

hopping rates and ratio of NCI and bowl depths to the fourth power, in the form of the second-

order exponential decay. Three regions can be identified. In the blue area, buckybowls 7, 13 and 

14 are located and these buckybowls are characterized by the lowest electron reorganization 

energies and electron transfer rates significantly better than the ones obtained for pentacene and 

coronene. In the yellow region, the highest number of buckybowls is located with an average 

electron reorganization energy of 0.22 eV and electron transfer rates that are very competitive to 

the values obtained for pentacene and coronene. Finally, the brown region contains three 

buckybowls, sumanene, corannulene and buckybowl 10, with the lowest values of bowl depths. 

4. Conclusion 
 

A fast and efficient DFTB3-D3(BJ) method has been validated for the optimization of 

representative buckybowls and for the obtaining of their dimer structures. The results have been 

compared with the DFT/PBE-D3 level of theory. Further, optoelectronic properties buckybowls 

have been assessed by calculation of reorganization energies, ΔE(S1–T1) values, first 

hyperpolarizabilities and charge hopping rates. Reorganization energies of buckybowls are 

significantly higher than in the case of pentacene and coronene. On the other hand, the ΔE(S1–

T1) values for two buckybowls are lower than 0.37 eV and, at the same time, much lower than 

the corresponding values for pentacene and coronene. Hyperpolarizabilities of buckybowls are 

much higher comparing with urea molecule, indicating potential for application in the field of 

NLO. Finally, it has been shown that certain buckybowls have charge transfer rates significantly 
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better than in the case of pentacene and coronene, further emphasizing the potential of 

buckybowls. Furthermore, an effort has been made in order to correlate specific structural 

properties of buckybowls with electron transfer rates. Namely, it has been shown that very good 

correlation in the form of the second-order exponential decay exists between the electron transfer 

rates and the ratio of the number of NCI and bowl depth to the fourth power. Once again, bowl 

depth turned out to have a significant influence on important properties, in this case electron 

hopping rates. Methodology applied in this work and the obtained correlation allows relatively 

fast assessment of electron transfer rates in case of buckybowls.  
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