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Abstract The paper reports computations for a newly

observed class of the mixed, sulfur-containing X2S@C82

metallofullerenes, namely for X = Sc and Y, based on

encapsulation into the Cs and C3v C82 isolated pentagon

rule cages. Their structural, vibrational, and energetic

characteristics from the density-functional-theory calcula-

tions with the standard 6-31G* and LanL2DZ basis sets are

used for the evaluations of the relative production yields.

The encapsulation Gibbs energy terms from the partition

functions combined with the observed saturated metal

pressures are employed. A model scheme is used dealing

with the XS template gas-phase presence. The computa-

tions predict that Sc2S@C82 should be produced in con-

siderably larger amounts than Y2S@C82 which is in

agreement with available observations. The yield order

originates in the fact that both energetics and saturated

metal pressure favor Sc over Y.

Keywords Hetero-metallofullerenes � Quantum-chemical

Gibbs energy evaluations � Computed cluster stabilities �
Optimized syntheses � Carbon nanostructures

1 Introduction

The fullerene discovery [1] followed by their electric-arc

synthesis [2] has opened the way toward a new, vast family of

carbon nanostructures, especially metallofullerenes and

nanotubes [3]. However, the fullerene/metallofullerene/

nanotube stabilities still cannot be easily predicted—large-

scale calculations are essentially needed. Moreover, the the-

oretical/computational prediction tools need to be based on

numerous simplifications and approximations. As an

instructive successful example, let us mention that the com-

putations could confirm [4–6] particular stability of all the

isolated isomers of empty fullerenes. More recently, research

interest has been shifted to metallofullerenes and nanotubes.

There are several well-established families of metallo-

fullerenes based on one common carbon cage, for example

X@C74 or Z@C82. Although the empty C74 fullerene [7] is

not yet available in solid form, several related endohedral

species X@C74 have been known like Ca@C74 [8, 9],

Sr@C74 [10], Ba@C74 [11] (while Mg@C74 was never

isolated), and also for some lanthanoids, especially

La@C74 [12–14], all based on the isolated pentagon rule

(IPR) D3h C74 cage. Another common metallofullerene

family, Z@C82, is based on the IPR C2v C82 cage—for

example Sc@C82 [15], Y@C82 [16], and La@C82 [12, 17]

(while Al@C82 was never isolated). Moreover, more than

one atom can be encapsulated, and some of the
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encapsulated atoms can be different [18, 19]. Very

recently, Dunsch et al. [20] and Echegoyen et al. [21, 22]

have introduced a new type of sulfur-containing metallo-

fullerenes, especially Sc2S@C82 and also Y2S@C82. The

present paper deals with computational predictions of their

relative production yields, thus supplying a topical example

in our efforts [23] in stability evaluations in series of me-

tallofullerene formations X@Cn with one common cage Cn

and variable (though somehow similar or linked) encap-

sulates X.

Fullerenes and metallofullerenes have represented tar-

gets of very vigorous research activities owing to their

expected promising nanoscience and nanotechnology

applications, see e.g., [24–28]. In particular, various

endohedral cage compounds have been suggested as

plausible candidate species for molecular memories and

other future molecular electronic devices. One molecular

memory approach is built on endohedral species with two

possible location sites of the encapsulated atom [24] while

another concept for molecular computers aims at a usage of

spin states of N@C60 [25] or fullerene-based molecular

transistors [26]. Although there can be three-dimensional

rotational motions of encapsulates in the cages [27], the

internal motions can be restricted by a cage derivatization

[28], thus in principle allowing for a versatile control of the

endohedral positions needed for the molecular memory

applications. However, a still deeper knowledge of various

molecular aspects of the endohedral compounds and other

carbon nanostructures is needed before their tailoring to

nanotechnology applications is possible. The quantum-

chemical computations of virtually any type of nanocarbon

[4–6, 29–50] have indeed constantly aided [29, 51] all

branches of fullerene science.

2 Computations

The full geometry optimizations were carried out using

density-functional theory (DFT), namely employing

Becke’s three parameter functional with the non-local Lee-

Yang-Parr correlation functional (B3LYP) in the combined

basis set of the standard 6-31G* basis for C atoms and the

LanL2DZ basis set with the LANL2 effective core poten-

tial for the sulfur and metal atoms (6-31G**la*la) as

implemented in the Gaussian 03 program package [52]. In

the optimized B3LYP/6-31G**la*la geometries, the

harmonic vibrational analysis was then performed. More-

over, in the optimized geometries, single-point energy

calculations were also carried out with the standard 6-31G*

basis on S atoms (6-31G**la). In fact, the B3LYP/6-

31G**la*la treatment has a better convergence com-

pared with the B3LYP/6-31G**la approach (in addition to

the traditional B3LYP functional, a newer MPWB1K

functional [53] has also been partly tested in this study,

though it does not exhibit a better convergence). The basis

set superposition error (BSSE) was estimated by the Boys-

Bernardi counterpoise method [54, 55]. The original Boys-

Bernardi counterpoise method was suggested [54] for

dimers with a fixed geometry. Although a BSSE-respecting

geometry optimization would be possible [55], it is rather

practical only for simpler systems. Still, in order to reflect

the cage distortion, a straightforward steric-corrected BSSE

treatment has recently been suggested [23].

The Gibbs energies were evaluated using the rotational–

vibrational partition functions constructed from the calcu-

lated structural and vibrational data using the rigid rotator

and harmonic oscillator (RRHO) approximation, also

applied in our previous studies [4–6, 56]. The present study

is mostly based on calculations, only a small portion of

observed data [57–59] is needed in some steps. Although

the temperature region where fullerene or metallofullerene

electric-arc synthesis takes place is not yet known, there

are some arguments to expect it around or above 1,500 K.

Thus, the calculations here are presented for two illustra-

tive temperatures of 1,500 and 2,000 K.

3 Results and discussion

The study is focused on the two C82 IPR cages observed

[20–22] with the X2S@C82 species, namely the cages

conventionally labeled as Cs-#6 and C3v-#8, and the com-

putations here deal with the encapsulation of Sc or Y atoms

(see Figs. 1 and 2). Table 1 shows that the computed rel-

ative encapsulation energies for Sc2S@C82 and Y2S@C82

are not very sensitive to the basis set selection and inclu-

sion of the BSSE term.

However, as metallofullerene syntheses deal with high

temperatures, the mere potential energy changes are not

enough to understand the metallofullerene-formation ther-

modynamics and other terms are to be taken into consid-

eration. Still, we would like to design a relatively simple,

practical computational scheme, where a part of the terms

actually cancels out. Let us start with a presumption that

the diatomic species XS exist as significant templates in the

hot gas phase so that we can deal with an encapsulation

process:

XðgÞ þ XSðgÞ þ CnðgÞ ¼ X2S@CnðgÞ;
KX2S@Cn;p ¼

pX2S@Cn

pXpXSpCn

; ð1Þ

characterized by its encapsulation equilibrium constant

KX2S@Cn;p expressed in the terms of partial pressures of the

components. The encapsulation equilibrium constant is

interrelated with the standard encapsulation Gibbs energy

change DGo
X2S@Cn

:
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DGo
X2S@Cn

¼ �RT lnKX2S@Cn;p: ð2Þ

The XS template formation is then described by another

equilibrium constant, KXS,p:

XðgÞ þ SðgÞ ¼ XSðgÞ; KXS;p ¼
pXS

pXpS
: ð3Þ

In the terms from Eqs. 1 and 3, the X2S@Cn

metallofullerene yield reads:

pX2S@Cn
¼ pXpXSpCn

KX2S@Cn;p ¼ p2
XpSpCn

KXS;pKX2S@Cn;p:

ð4Þ

Let us further suppose that the metal pressure pX is actually

close to the respective saturated pressure pX,sat:

pX � pX;sat: ð5Þ

Then, the yield ratio r for two different metals, X and Z, is

simply given:

r ¼ pX2S@Cn

pZ2S@Cn

¼
p2

X;satKXS;pKX2S@Cn;p

p2
Z;satKZS;pKZ2S@Cn;p

: ð6Þ

While the saturated pressures pX,sat for various metals are

known from observations [57, 58], the partial pressure of

Cn is a less clear quantity. The same is true for pS as sulfur

is likely above its critical temperature [58] at the metal-

lofullerene-synthesis conditions. Their convenient cancel-

ing-out can actually be derived in a rigorous form. In order

to observe the relative populations in a metallofullerene

series, one can think on an experiment where all the con-

sidered metals are simultaneously placed in the electric-arc

chamber. This experiment would obviously ensure the

same conditions for every member of the series. Moreover,

the terms pCn
and pS in Eq. 4 will be in this arrangement

Fig. 1 The B3LYP/6-31G**la*la optimized structures of

Sc2S@C82 and Y2S@C82—encapsulation into the Cs-# 6 C82 IPR cage

Fig. 2 The B3LYP/6-31G**la*la optimized structures of

Sc2S@C82 and Y2S@C82—encapsulation into the C3v-#8 C82 IPR cage
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just common for all the members of the series, and thus, it

can indeed be canceled out. Hence, we can consider just the

combined p2
X;satKXS;pKX2S@Cn;p terms as the useful compar-

ison expressions.

Table 2 presents the computed formation equilibrium

constants KXS,p, which show that the ScS and YS model

templates should indeed be present in the gas-phase reac-

tion mixture even at high temperatures. For the sake of

consistency, the same level of theory is applied for the

evaluation of KXS,p and KX2S@Cn;p. Although KXS,p could be

computed at higher levels, it is not critical for an evaluation

of the XS presence in the reaction mixture. Moreover, what

is needed for the endohedral predictions is just the ratio of

the products KXS;pKX2S@Cn;p where a cancelation operates.

Incidentally, other models could be considered—for

example with the X2S templates or with just free atoms.

Interestingly enough, even with such models, we would get

the second power of the saturated metal pressure, pX,sat
2 , in

the resulting comparison expressions (some of the alter-

native models can actually lead to the same relative pop-

ulations). As long as we consider the XS templates

according to Eq. 1, the decomposition scheme for the

BSSE evaluation should deal with three sub-units (X; XS;

Cn). Then, there are two choices for the X and XS sub-units

though the energy difference is not large. Table 1 therefore

actually reports their arithmetic mean.

Table 3 presents the cumulative output of the calcula-

tions—the relative yields r of Sc2S@C82 with respect to

Y2S@C82 evaluated within the ScS/YS template model at

the B3LYP/6-31G**la*la level. The used saturated

metal pressures were previously extrapolated [23, 60, 61]

from available observed data [57, 58]—pSc,sat is by about

one order of magnitude higher than pY,sat in the considered

temperature region (as the normal boiling temperature [58]

of Sc is by some 500 K lower compared to Y). Table 3 lists

both, the partial relative yields for the individual C82 cages

and the total yield, which considers the contributions from

the two production channels accordingly. It turns out that

the production of Sc2S@C82 is always considerably higher

than of Y2S@C82 which is in agreement with the available

observations [20–22]. The Sc2S@C82 production has an

advantage of lower encapsulation potential energy change

(Table 1-Y2S@C82 is higher in energy as the larger Y2S

unit is less suitable for the C82 cages) and of higher satu-

rated metal pressure (though it is not enhanced by the

template-formation equilibrium constant KXS,p-Table 2).

The present study deals with just the two C82 IPR cages

observed [20–22] for Sc2S@C82 species—in principle,

another C82 cage could be more convenient for the Y2S

case. Let us mention that our temperature choice is

supported by recent fullerene pyrolysis [62], where

decomposition of C78 started around 1,320 K while

decomposition of C76 around 1,380 K (though the experi-

ment dealt with empty fullerenes only). Thus, temperatures

much higher than the observed thresholds are not very

likely for metallofullerene synthesis. The computations

suggest that for the C3v-#8 cage, Y2S@C82 is by three

orders of magnitude less populated than Sc2S@C82. This

population order compares with computations [60] for

X@C74 where the production yield of Sr@C74 is by two to

three orders of magnitude smaller than that for Ba@C74

and for Ca@C74 by three to five orders lower than for

Table 1 The calculated relative encapsulation energetics (kcal/mol)

of Y2S@C82 versus Sc2S@C82

Producta Cs-#6 C3v-#8

B3LYP/6-31G**la*la

Y2S@C82 14.97 14.66

Sc2S@C82 0.0 0.0

B3LYP/6-31G**la*la & BSSE

Y2S@C82 16.50 15.85

Sc2S@C82 0.0 0.0

B3LYP/6-31G**la & BSSE

Y2S@C82 16.86 14.77

Sc2S@C82 0.0 0.0

DDGo
X2S@C82

B3LYP/6-31G**la*la

Y2S@C82 18.60 12.06

Sc2S@C82 0.0 0.0

The relative encapsulation potential energy changes, or the relative

standard encapsulation Gibbs energy changes DDGo
X2S@C82

at

T = 2,000 K, computed in the B3LYP/6-31G**la*la optimized

geometries for Eq. 1
a Encapsulation in Cs-#6 or C3v-#8 C82 IPR cage, see text

Table 2 The B3LYP/6-31G**la*la & BSSE formation equilib-

rium constants KXS,p (atm-1) for ScS and YS as model templates

T (K) ScS YS

1,500 1.45 9 1010 3.05 9 1011

2,000 2.37 9 106 2.44 9 107

The standard state—ideal gas phase at 101,325 Pa pressure

Table 3 The relative yield r of Sc2S@C82 versus Y2S@C82 calcu-

lated within the ScS/YS template model

Cs -#6 C3v -#8 Total

T = 1,500 K

33,134 6,274 12,720

T = 2,000 K

5,184 1,001 1,939

See Eq. 6; Sc2S@C82 � Y2S@C82

The energy and entropy terms evaluated at the B3LYP/6-

31G**la*la level; saturated metal pressures extrapolated from

available observed data [57, 58]
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Ba@C74. However, all the evaluations suppose the satu-

rated metal vapor which is not necessarily achieved in the

experiment.

The suggested stability evaluation scheme is about the

most sophisticated treatment that is computationally fea-

sible at present. In some reaction series, the stability

evaluations can be reduced to considerably simple terms as

documented [23, 60, 61, 63] by the (mono-metal) series

X@C74 or Z@C82 where a stability correlation with the

observed [59] free-metal ionization potentials works well.

The correlation can be explained [23, 62] using the finding

by Kobayashi and Nagase [64] (using the AIM concept [65,

66]) that the stabilization of metallofullerenes has mostly

electrostatic origin. It is yet to be tested if such a simple

reduction could be possible also for hetero-metallofulle-

renes treated here. The relative-stability evaluation scheme

used in this work is intentionally built with just one

intermediate in order to get simple formulas that allow for

ample cancelation—a complex reaction mixture would not

be treatable this way. Other schemes could still be designed

and some of them can become equivalent [67] owing to the

cancelation.

Even if the energy terms are still not precise enough,

their errors could be comparable in a reaction series, and

thus, they should cancel out approximately in the relative

terms like Eq. 6. This should also be the case of, for

example, the higher corrections to the RRHO partition

functions, including motions of the encapsulate. The

motion of the endohedral atom(s) is highly anharmonic;

however, such its description is yet possible only for sim-

pler systems. As long as we are interested in the relative

production yields, the anharmonic effects should at least to

some extent be canceled out in the relative terms. As

encapsulate motions can be relatively free inside, a modi-

fication of the RRHO treatment has been suggested [6]

called floating encapsulate model (FEM), which gives

better agreement for encapsulations in several isomeric

cages. However, the present relative-stability issue should

not be particularly sensitive to the FEM treatment. Any-

how, anharmonicity corrections are one of the aspects for

more comprehensive studies in future. Such a partial can-

celation also takes place [68, 69] with contributions of the

electronic partition functions to the relative populations.

More generally, we are dealing with a special case of

clustering under saturation conditions [70–73]. The satu-

ration regime is a useful simplification—it is well defined;

however, it is not necessarily always achieved. Under some

experimental arrangements, under-saturated or perhaps

super-saturated metal vapors are also possible. This reser-

vation is applicable not only to the electric-arc treatment

but even more likely to newly introduced ion-bombard-

ment production technique [74, 75]. Still, the governing

thermodynamic equations remain valid; however, the metal

pressures have to be described by the values actually rel-

evant. A generalized treatment of this type can also be

designed for step-wise multi-atom encapsulations [76, 77].

Anyhow, the saturation regime can give a kind of upper-

limit estimates of the production yields.
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2. Krätschmer W, Lamb LD, Fostiropoulos K, Huffman DR (1990)

Nature 347:354

3. Iijima S (1991) Nature 354:56

4. Slanina Z, Lee S-L, Yu C-H (1996) Rev Comput Chem 8:1

5. Slanina Z, Zhao X, Osawa E (1999) Adv Strain Inter Org Mol

7:185

6. Slanina Z, Lee S-L, Uhlı́k F, Adamowicz L, Nagase S (2007)

Theor Chem Acc 117:315

7. Diener MD, Alford JM (1998) Nature 393:668

8. Wan TSM, Zhang HW, Nakane T, Xu ZD, Inakuma M, Shino-

hara H, Kobayashi K, Nagase S (1998) J Am Chem Soc 120:6806

9. Kodama T, Fujii R, Miyake Y, Suzuki S, Nishikawa H, Ikemoto

I, Kikuchi K, Achiba Y (2004) Chem Phys Lett 399:94

10. Haufe O, Hecht M, Grupp A, Mehring M, Jansen M, Anorg Z

(2005) Allgem Chem 631:126

11. Reich A, Panthofer M, Modrow H, Wedig U, Jansen M (2004) J

Am Chem Soc 126:14428

12. Chai Y, Guo T, Jin C, Haufler RE, Chibante LPF, Fure J, Wang

L, Alford JM, Smalley RE (1991) J Phys Chem 95:7564

13. Sueki K, Akiyama K, Yamauchi T, Sato W, Kikuchi K, Suzuki S,

Katada M, Achiba Y, Nakahara H, Akasaka T, Tomura K (1997)

Full Sci Technol 5:1435

14. Nikawa H, Kikuchi T, Wakahara T, Nakahodo T, Tsuchiya T,

Rahman GMA, Akasaka T, Maeda Y, Yoza K, Horn E,

Yamamoto K, Mizorogi N, Nagase S (2005) J Am Chem Soc

127:9684

15. Nishibori E, Takata M, Sakata M, Inakuma M, Shinohara H

(1998) Chem Phys Lett 298:79

16. Takata M, Umeda B, Nishibori E, Sakata M, Saito Y, Ohno M,

Shinohara H (1995) Nature 377:4

17. Akasaka T, Wakahara T, Nagase S, Kobayashi K, Waelchli M,

Yamamoto K, Kondo M, Shirakura S, Okubo S, Maeda Y, Kato

T, Kako M, Nakadaira Y, Nagahata R, Gao X, van Caemelbecke

E, Kadish KM (2000) J Am Chem Soc 122:9316

18. Yamada M, Akasaka T, Nagase S (2010) Acc Chem Res 43:92

19. Rodrı́guez-Fortea A, Balch AL, Poblet JM (2011) Chem Soc Rev

40:3551

20. Dunsch L, Yang SF, Zhang L, Svitova A, Oswald S, Popov AA

(2010) J Am Chem Soc 132:5413

Theor Chem Acc (2011) 130:549–554 553

123



21. Chen N, Chaur MN, Moore C, Pinzón JR, Valencia R, Rodrı́guez-

Fortea A, Poblet JM, Echegoyen L (2010) Chem Commun

46:4818

22. Mercado BQ, Chen N, Rodrı́guez-Fortea A, Mackey MA,

Stevenson S, Echegoyen L, Poblet JM, Olmstead MM, Balch AL

(2011) J Am Chem Soc 133:6752

23. Slanina Z, Uhlı́k F, Lee S-L, Adamowicz L, Akasaka T, Nagase S

(2011) Int J Quant Chem 111:2712

24. Gimzewski JK (1996) In: Andreoni W (ed) The chemical physics

of fullerenes 10 (and 5) years later. Kluwer Academic Publishers,

Dordrecht, p 117

25. Harneit W, Waiblinger M, Meyer C, Lips K, Weidinger A (2001)

In: Kadish KM, Kamat PV, Guldi D (eds) Recent advances in the

chemistry and physics of fullerenes and related materials, vol. 11:

fullerenes for the new millennium. Electrochemical Society,

Pennington, p 358

26. Hiroshiba N, Tanigaki K, Kumashiro R, Ohashi H, Wakahara T,

Akasaka T (2004) Chem Phys Lett 400:235

27. Heine T, Vietze K, Seifert G (2004) Magn Res Chem 42:S199

28. Kobayashi K, Nagase S, Maeda Y, Wakahara T, Akasaka T

(2003) Chem Phys Lett 374:562

29. Cioslowski J (1995) Electronic structure calculations on fuller-

enes and their derivatives. Oxford University Press, Oxford

30. Cioslowski J, Rao N, Moncrieff D (2000) J Am Chem Soc

122:8265

31. Sun GY, Kertesz M (2000) Chem Phts Lett 328:387

32. Sun GY, Kertesz M (2001) J Phys Chem A 105:5212

33. Sun GY, Kertesz M (2001) J Phys Chem A 105:5468

34. Sun GY, Kertesz M (2002) Chem Phys 276:107

35. Sun GY, Kertesz M (2002) J Phys Chem A 106:6381

36. Gurin VS (2005) Fulleren Nanotub Carb Nanostruct 13(suppl 1):3

37. Gurin VS (2005) Int J Quant Chem 104:249

38. Valencia R, Rodriguez-Fortea A, Clotet A, de Graaf C, Chaur

MN, Echegoyen L, Poblet JM (2009) Chem Eur J 15:10997

39. Popov AA (2009) J Comput Theor Nanosci 6:292

40. Tenne R, Seifert G (2009) Ann Rev Mater Res 39:387

41. Popov AA, Dunsch L (2009) Chem Eur J 15:9707

42. Contreras-Torres FF, Basiuk VA, Basiuk EV (2010) J Comput

Theor Nanosci 7:408

43. De Leon A, Jalbout AF, Basiuk VA (2010) Int J Quant Chem

110:953

44. Basiuk VA, Amelines-Sarria O, Kolokoltsev Y (2010) J Comput

Theor Nanosci 7:2322

45. Mercado BQ, Stuart MA, Mackey MA, Pickens JE, Confait BS,

Stevenson S, Easterling ML, Valencia R, Rodrı́guez-Fortea A,

Poblet JM, Olmstead MM, Balch AL (2010) J Am Chem Soc

132:12098

46. Chang CM, Jalbout AF (2010) Thin Solid Films 518:2070

47. Jalbout AF (2010) Int J Quant Chem 110:831

48. Basiuk VA, Bassiouk M (2011) J Comput Theor Nanosci 8:243

49. Basiuk VA, Kolokoltsev Y, Amelines-Sarria O (2011) J Nanosci

Nanotech 11:5519

50. Mazurek AP, Sadlej-Sosnowska N (2011) Int J Quant Chem

111:2398

51. Slanina Z, Uhlı́k F, Juha L, Lee S-L, Nagase S (2010) In: Nalwa

HS (ed) Encyclopedia of nanoscience and nanotechnology, vol. 2.

American Scientific Publishers, Valencia, p 313

52. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery Jr. JA, Vreven T, Kudin KN, Burant

JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,

Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada

M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,

Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox

JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,

Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,

Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,

Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain

MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,

Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S,

Cioslowski J, Stefanov BB, Liu G, Liashenko A, Piskorz P,

Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng

CY, Nanayakkara A, Challacombe M, Gill PMW, Johnson B,

Chen W, Wong MW, Gonzalez C, Pople JA (2004) Gaussian 03,

Revision C.01, Gaussian, Inc., Wallingford, CT

53. Zhao Y, Truhlar DG (2005) J Chem Theor Comput 1:415

54. Boys SF, Bernardi F (1970) Mol Phys 19:553

55. Simon S, Bertran J, Sodupe M (2001) J Phys Chem A 105:4359

56. Slanina Z, Uhlı́k F, Nagase S (2008) Open Chem Phys J 1:94

57. Alcock CB, Itkin VP, Horrigan MK (1984) Can Metallurg Q

23:309

58. Lide DR (ed) (2004) CRC handbook of chemistry and physics,

85th edn. CRC Press, Boca Raton, pp 4-132–4-134, 6-68–6-73

59. Lide DR (ed) (2004) CRC handbook of chemistry and physics,

85th edn. CRC Press, Boca Raton, pp. 10-183–10-184

60. Slanina Z, Uhlı́k F, Nagase S (2007) Chem Phys Lett 440:259

61. Slanina Z, Uhlı́k F, Lee S-L, Adamowicz L, Akasaka T, Nagase S

(2011) J Comput Theor Nanosci

62. Cross RJ, Saunders M (2005) J Am Chem Soc 127:3044

63. Slanina Z, Uhlı́k F, Lee S-L, Akasaka T, Nagase S (2010) In:

Guldi DM, Martı́n N (eds) Carbon nanotubes and related struc-

tures.. p 491 Wiley-VCH Verlag, Weinheim

64. Kobayashi K, Nagase S (1999) Chem Phys Lett 302:312

65. Bader RFW (1991) Chem Rev 91:893

66. Bader RFW (1998) J Phys Chem A 102:7314

67. Slanina Z, Uhlı́k F, Lee S-L, Adamowicz L, Akasaka T, Nagase S

(2011) In: D’Souza F, Kadish KM (ed) Handbook of carbon nano

materials. World Scientific Publishing Co, Singapore

68. Slanina Z, Uhlı́k F, Lee S-L, Adamowicz L, Nagase S (2005)

Comput Lett 1:304

69. Slanina Z, Lee S-L, Uhlı́k F, Adamowicz L, Nagase S (2006) Int

J Quant Chem 106:2222

70. Slanina Z (2003) J Chin Chem Soc 50:607

71. Slanina Z (2003) Z Phys Chem 217:1119

72. Slanina Z (2004) J Cluster Sci 15:3

73. Slanina Z, Uhlı́k F, Lee S-L, Nagase S (2006) J Quant Spectr

Radiat Transf 97:415

74. Murphy TA, Pawlik TH, Weidinger A, Höhne M, Alcala R,
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