
Computational Sreening of Metallofullerenes for Nanosiene:X�C74 Series (X = Ca, Sr, Ba)Zden�ek Slanina,�;�� Filip Uhl��k��� and Shigeru Nagase��Department of Theoretial Moleular Siene, Institute for Moleular SieneMyodaiji, Okazaki 444-8585, Aihi, Japan��Institute of Chemistry, Aademia Sinia, Nankang, Taipei 11529, Taiwan-ROC���Shool of Siene, Charles University, 128 43 Prague 2, Czeh RepubliABSTRACTThe paper reports omputations for Ca�C74,Sr�C74 and Ba�C74 based on enapsulation into theIPR (isolated pentagon rule) C74 age. Their produ-tion abundanies are estimated using the enapsula-tion Gibbs-energy terms and saturated metal pressures.The saturated pressures an substantially modulate theyields. The Gibbs-energy based evaluations of the pro-dution abundanies an be applied generally and thus,the method has a promising predition potential forfullerene nanosiene.Keywords: Endohedral fullerenes; arbon-based nan-otehnology; moleular eletronis; optimized syntheses;Gibbs-energy evaluations.1 INTRODUCTIONAlthough empty C74 fullerene [1℄ is not yet availablein solid form, several related endohedral speies havebeen known like Ca�C74 [2,3℄, Sr�C74 [4℄, Ba�C74 [5℄,La�C74 [6-8℄, Eu�C74 [9℄, Yb�C74 [10℄, S2�C74 [11℄or Er3�C74 [12℄. In the Yb�C74 ase, even two isomerswere isolated [10℄ - as there is just one [13℄ C74 age thatobeys the isolated pentagon rule (IPR), namely of D3hsymmetry, a non-IPR struture is to be involved [14℄ (asit is the ase with Ca�C72 [15℄ or La�C72 [16℄). TheC74 IPR age was experimentally on�rmed for Ca�C74[3℄, Ba�C74 [5℄ and La�C74 [8℄.The C74 metallofullerene family has also been ofomputational interest. First suh omputations wereperformed for Ca�C74 [2,17-19℄ and it was shownthat the non-IPR enapsulations are not signi�antfor Ca�C74 (in ontrast to Ca�C72 [20,21℄). Thepresent paper deals with omputational evaluations ofthe relative stabilities in the series Ca�C74, Sr�C74and Ba�C74. In order to respet high temperatures infullerene/metallofullerene syntheses, the Gibbs energieshave been used in stability evaluations [22,23℄ ratherthan the mere potential energy terms. Moreover, alsosaturated metal pressures (extrated from observed data[24℄) are newly taken into onsideration with the stabil-ity evaluations.Various endohedral age ompounds have been sug-gested as possible andidate speies for moleular mem-ories and other future nanotehnologial appliations.One approah is built on endohedral speies with twopossible loation sites of the enapsulated atom whileanother onept of quantum omputing aims at an ex-||{��The orresponding author e-mail: zdenek�ims.a.jp

ploitation of spin states of N�C60 or fullerene-basedmoleular transistors. At present, however, a still deeperknowledge of various moleular aspets of the endohe-dral ompounds is needed before their tailoring to nan-otehnology appliations is possible.2 COMPUTATIONSThe omputations deal with enapsulation into theunique D3h C74 IPR age. The resulting metalo-fullerenes exhibit [25℄ C2v symmetry (Fig. 1). Thegeometry optimizations were arried out using den-sity-funtional theory (DFT), namely employing Beke'sthree parameter funtional [26℄ with the non-loal Lee-Yang-Parr orrelation funtional [27℄ (B3LYP) in theombined basis set of the 3-21G basis for C atoms and adz basis set [28℄ with the e�etive ore potential (ECP)for the metal atoms (denoted here by 3-21G�dz). TheB3LYP/3-21G�dz geometry optimizations were arriedout with the analytially onstruted energy gradient asimplemented in the Gaussian 03 program pakage [29℄.Let us mention that the ombined basis sets require inthe Gaussian program spei�ation through a GEN key-word and for the sake of onsisteny the GEN approahis to be used even with the empty age.In the optimized B3LYP/3-21G�dz geometries, theharmoni vibrational analysis was arried out withthe analytial fore-onstant matrix. In the sameB3LYP/3-21G�dz optimized geometries, higher-levelsingle-point energy alulations were also performed, us-ing the standard 6-31G* basis set for C atoms, i.e., theB3LYP/6-31G��dz level. The Gibbs energies were eval-uated using the rotational-vibrational partition fun-tions onstruted [30℄ from the alulated struturaland vibrational data using the rigid rotator and har-moni osillator (RRHO) approximation. Although thetemperature region where fullerene or metallofullereneeletri-ar synthesis takes plae is not yet known, thenew observations [31℄ supply some arguments to expetit around or above 1500 K. Thus, the omputations hereare presented for two illustrative temperatures of 1500and 2000 K.3 RESULTS AND DISCUSSIONThere is a general stability problem related tofullerenes and metallofullerenes - either the absolute sta-bility of the speies or the relative stabilities of lusterswith di�erent stoihiometries. One an onsider an over-all stoihiometry of a metallofullerene formation:X(g) + Cn(g) = X�Cn(g): (1)
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Fig. 1. B3LYP/3-21G�dz optimized Sr�C74 struturewith the IPR age.The enapsulation proess is thermodynamially har-aterized by the standard hanges of, for example, en-thalpy �HoX�Cn or the Gibbs energy �GoX�Cn . Ta-ble 1 presents the omputed enapsulation �HoX�Cnand �GoX�Cn;T terms for Ca�C74, Sr�C74, andBa�C74 omputed for two illustrative temperatures.The potential-energy hanges are omputed at theB3LYP/6-31G��dz level and the entropy part at theB3LYP/3-21G�dz level.The equilibrium omposition of the reation mixtureis ontrolled by the enapsulation equilibrium onstantsKX�Cn;p: KX�Cn;p = pX�CnpXpCn ; (2)expressed in the terms of partial pressures of the om-ponents. The enapsulation equilibrium onstant is in-terrelated with the the standard enapsulation Gibbsenergy hange:�GoX�Cn = �RTlnKX�Cn;p: (3)Temperature dependeny of the enapsulation equilib-rium onstant KX�Cn;p is then desribed by the van'tHo� equation: dlnKX�Cn;pdT = �HoX�CnRT 2 (4)

where the �HoX�Cn term is typially negative so thatthe enapsulation equilibrium onstants derease withinreasing temperature.Let us further suppose that the metal pressure pXis atually lose to the respetive saturated pressurepX;sat. With this presumption, we shall deal with a spe-ial ase of lustering under saturation onditions [32℄.While the saturated pressures pX;sat for various metalsare known from observations [24℄, the partial pressure ofCn is less lear as it is obviously inuened by a largerset of proesses (though, pCn should exhibit a temper-ature maximum and then vanish). Therefore, we avoidthe latter pressure in our onsiderations at this stage.As already mentioned, the omputed equilibrium on-stants KX�Cn;p have to show a temperature dereasewith respet to the van't Ho� equation (4). However, ifwe onsider the ombined pX;satKX�Cn;p term:pX�Cn � pX;satKX�Cn;p = �X;n; (5)that diretly ontrols the partial pressures of variousX�Cn enapsulates in an endohedral series (based onone ommon Cn fullerene), we get a di�erent pi-ture. The onsidered pX;satKX�Cn;p term an fre-quently (though not neessarily) be inreasing with tem-perature so that a temperature enhanement of metallo-fullerene formation in the eletri-ar tehnique is stillpossible. An optimal prodution temperature ould beevaluated in a more omplex model that also inludestemperature development of the empty-fullerene partialpressure.If we however want to evaluate prodution abun-danes in a series of metallofullerenes like Ca�C74,Sr�C74 and Ba�C74, just the produt pX;satKX�C74;pterms an straightforwardly be used. The results inTable 2 show several interesting features. While forCa�C74 the pX;satKX�C74;p quotient inreases withtemperature, it is about onstant for Sr�C74 for theonsidered temperatures, and it dereases with temper-ature for Ba�C74. The behavior results from ompeti-tion between the dereasing enapsulation equilibriumonstants and inreasing saturated metal pressures. Asthe enapsulation enthalpy �HoX�Cn has the most nega-tive value for Ba�C74 (Table 1), its enapsulation equi-librium onstant has to exhibit the fastest temperaturederease that already annot be overompensated by thetemperature inrease of the saturated metal pressure sothat the pX;satKX�C74;p quotient dereases with tem-perature in this ase. In order to allow for anellationof various fators introdued by the omputational ap-proximations involved, it is better to deal with the rel-ative quotient pX;satKX�C74;ppBa;satKBa�C74;p . Table 2 shows that theprodution yield of Sr�C74 should be by two or threeorders of magnitude smaller than that for Ba�C74. ForCa�C74 the prodution yield for the onsidered temper-atures is omputed to be between three and �ve ordersof magnitude lower than for Ba�C74. In priniple, anendohedral with lower value of the enapsulation equi-librium onstant an still be produed in larger yieldsif a onvenient over-ompensation by higher saturatedmetal pressure an take plae. In this way, we an em-ploy a parameter, saturated metal pressure, that hasnever been taken into onsideration before, and withthis we an distinguish three di�erent types of temper-ature developments of the prodution yields.
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Table 1. The enapsulationa enthalpy �HoX�Cn;T andGibbs energy �GoX�Cn;T for Ca�C74, Sr�C74, andBa�C74 omputedb for illustrative temperatures T =1500 and 2000 KEndohedral �HoX�C74;T �GoX�C74;T(kal/mol) (kal/mol)T=1500KCa�C74 -22.37 13.98Sr�C74 -35.51 1.96Ba�C74 -58.10 -21.45T=2000KCa�C74 -21.84 26.01Sr�C74 -34.97 14.36Ba�C74 -57.59 -9.31a The standard state - ideal gas phase at 101325 Papressure.a The potential-energy hange evaluated at theB3LYP/6-31G��dz level and the entropy part at theB3LYP/3-21G�dz level.Although the energy terms are likely still not preiseenough, their errors ould be omparable in the seriesand thus, they should anel out in the relative termpX;satKX�C74;ppBa;satKBa�C74;p . This should be the ase of, for exam-ple, the basis set superposition error important for eval-uation of the enapsulation potential-energy hanges. Asimilar anellation should also operate for the higherorretions to the RRHO partition funtions, inludingmotions of the enapsulate. Inidentally, the omputedstability proportions do orrelate with qualitative abun-danes known from observations. For Ba�C74 even mi-rosrystals ould be prepared [5℄ so that a di�rationstudy was possible, while for Sr�C74 at least variousspetra ould be reorded [4℄ in solution, and Ca�C74was studied [3℄ only by NMR spetrosopy.The enapsulation equilibrium onstants themselvesresult from both the standard enthalpy and entropyhanges onneted with the enapsulation proess. Itan be argued [33℄ that the enapsulation enthalpyhanges in a series (like Ca�C74, Sr�C74, Ba�C74)should be related to the ionization potentials of thefree metals (in the given series, just sum of the �rstand seond ionization potential). The stabilizationof metallofullerenes is mostly eletrostati [34℄. Thisfeature an be doumented [35℄ using the topologialonept of 'atoms in moleules' (AIM) [36,37℄ whihshows that the metal-age interations form ioni, andnot ovalent, bonds. Then, for a series like Ca�C74,Sr�C74, Ba�C74 three formal steps an be onsidered:(i) double-ionization of the free metal, (ii) double harg-ing of the empty age, and (iii) plaing the metal dia-tion into the dianioni age (the formal desription [38℄of Ca in metallofullerenes is known to be about Ca2+).The (ii) energy is idential for all members of the se-ries, and the (iii) terms should be similar as they areontrolled by eletrostatis. Hene, the free-metal ion-ization potentials represent a ritial fator, their order

Table 2. The produts �X;n of the enapsulation equi-librium onstanta KX�Cn;p with the metal saturated-vapor pressureb pX;sat for Ca�C74, Sr�C74, andBa�C74 omputed for illustrative temperatures T =1500 and 2000 KEndohedral KX�C74;p pX;sat �X;74 �X;74�Ba;74(atm�1) (atm)T=1500KCa�C74 0.00919 0.162 0.00149 4.3�10�5Sr�C74 0.518 0.355 0.184 5.3�10�3Ba�C74 1332.6 0.0261 34.82 1.00T=2000KCa�C74 0.00144 3.773 0.00542 9.9�10�4Sr�C74 0.02694 6.124 0.1650 0.030Ba�C74 10.399 0.528 5.489 1.00a See Table 1.b Extrated from available observed data [24℄.being [39℄ Ca > Sr > Ba (with a substantial separa-tion between them). Even if the metal saturated pres-sures are inluded, the metallofullerene yields should fol-low the order Ca�C74 < Sr�C74 < Ba�C74 whih issupported by the already mentioned fat that only forBa�C74 mirorystals were prepared.The saturation regime is a useful simpli�ation -it is well de�ned, however, it is not neessarily al-ways ahieved. Under some experimental arrangements,under-saturated or perhaps super-saturated metal va-pors are also possible. This reservation is appliable notonly to the eletri-ar treatment but even more likelyto newly introdued ion-bombardment prodution teh-nique [40,41℄. Still, eqs. (2) and (5) remain valid, how-ever, the metal pressure has to be desribed by the val-ues atually relevant [42℄. For some volatile metals theirritial temperature ould be overome and the satura-tion region thus abandoned (though pratially speak-ing, this ould rarely ome into onsideration, some ex-amples ould be metals with low melting points like mer-ury and esium - moreover, for some metals their riti-al temperatures are so high that they are not even wellknown). Still, the saturation regime an give a kind ofupper-limit estimates of the prodution yields.ACKNOWLEDGMENTSThe reported researh has been supported by aGrant-in-aid for NAREGI Nanosiene Projet, for Si-enti� Researh on Priority Area (A), and for the NextGeneration Super Computing Projet, Nanosiene Pro-gram, MEXT, Japan, and by the Czeh National Re-searh Program 'Information Soiety' (Czeh Aad. Si.1ET401110505).REFERENCES[1℄ M. D. Diener and J. M. Alford. Nature, 393, 668,1998.
NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061828 Vol. 1, 2007 491 



[2℄ T. S. M. Wan, H. W. Zhang, T. Nakane, Z. D. Xu,M. Inakuma, H. Shinohara, K. Kobayashi and S. Na-gase, J. Am. Chem. So., 120, 6806, 1998.[3℄ T. Kodama, R. Fujii, Y. Miyake, S. Suzuki, H.Nishikawa, I. Ikemoto, K. Kikuhi and Y. Ahiba,Chem. Phys. Lett., 399, 94, 2004.[4℄ O. Haufe, M. Heht, A. Grupp, M. Mehring and M.Jansen, Z. Anorg. Allgem. Chem., 631, 126, 2005.[5℄ A. Reih, M. Panthofer, H. Modrow, U. Wedig andM. Jansen, J. Am. Chem. So., 126, 14428, 2004.[6℄ Y. Chai, T. Guo, C. Jin, R. E. Hauer, L. P. F.Chibante, J. Fure, L. Wang, J. M. Alford and R. E.Smalley, J. Phys. Chem., 95, 7564, 1991.[7℄ K. Sueki, K. Akiyama, T. Yamauhi, W. Sato, K.Kikuhi, S. Suzuki, M. Katada, Y. Ahiba, H. Naka-hara, T. Akasaka and K. Tomura, Full. Si. Teh-nol., 5, 1435, 1997.[8℄ H. Nikawa, T. Kikuhi, T. Wakahara, T. Nakahodo,T. Tsuhiya, G. M. A. Rahman, T. Akasaka, Y.Maeda, K. Yoza, E. Horn, K. Yamamoto, N. Mi-zorogi and S. Nagase, J. Am. Chem. So., 127,9684, 2005.[9℄ H. Matsuoka, N. Ozawa, T. Kodama, H. Nishikawa,I. Ikemoto, K. Kikuhi, K. Furukawa, K. Sato, D.Shiomi, T. Takui and T. Kato, J. Phys. Chem. B,108, 13972, 2004.[10℄ J. X. Xu, X. Lu, X. H. Zhou, X. R. He, Z. J. Shiand Z. N. Gu, Chem. Mater., 16, 2959, 2004.[11℄ S. Stevenson, H. C. Dorn, P. Burbank, K. Harih, J.Haynes, C. H. Kiang, J. R. Salem, M. S. Devries, P.H. M. Vanloosdreht, R. D. Johnson, C. S. Yannoniand D. S. Bethune, Anal. Chem., 66, 2675, 1994.[12℄ N. Tagmatarhis, E. Aslanis, K. Prassides and H.Shinohara, Chem. Mater., 13, 2374, 2001.[13℄ P. W. Fowler and D. E. Manolopoulos, "An Atlasof Fullerenes," Clarendon Press, Oxford, 1995.[14℄ Z. Slanina, F. Uhl��k and S. Nagase, J. Phys. Chem.A, 110, 12860, 2006.[15℄ T. Ihikawa, T. Kodama, S. Suzuki, R. Fujii, H.Nishikawa, I. Ikemoto, K. Kikuhi and Y. Ahiba,Chem. Lett., 33, 1008, 2004.[16℄ T. Wakahara, H. Nikawa, T. Kikuhi, T. Naka-hodo, G. M. A. Rahman, T. Tsuhiya, Y. Maeda,T. Akasaka, K. Yoza, E. Horn, K. Yamamoto, N.Mizorogi, Z. Slanina and S. Nagase, J. Am. Chem.So., 128, 14228, 2006.[17℄ S. Nagase, K. Kobayashi and T. Akasaka, J. Mol.Strut. (Theohem), 462, 97, 1999.[18℄ K. Kobayashi and S. Nagase, in "Endofullerenes - ANew Family of Carbon Clusters," eds. T. Akasakaand S. Nagase, Kluwer Aademi Publishers, Dor-dreht, p. 99, 2002.[19℄ Z. Slanina, K. Kobayashi and S. Nagase, Chem.Phys. 301 (2004) 153.[20℄ K. Kobayashi, S. Nagase, M. Yoshida and E. �Osawa,J. Am. Chem. So., 119, 12693, 1997.[21℄ Z. Slanina, K. Kobayashi and S. Nagase, Chem.Phys. Lett., 372, 810, 2003.[22℄ Z. Slanina, F. Uhl��k, X. Zhao and E. �Osawa, J.Chem. Phys., 113, 4933, 2000.

[23℄ Z. Slanina, K. Kobayashi and S. Nagase, Chem.Phys. Lett., 388, 74, 2004.[24℄ C. B. Alok, V. P. Itkin and M. K. Horrigan, Can.Metallurg. Quart., 23, 309, 1984.[25℄ Z. Slanina and S. Nagase, Chem. Phys. Lett., 422,133, 2006.[26℄ A. D. Beke, J. Chem. Phys., 98, 5648, 1993.[27℄ C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 37,785, 1988.[28℄ P. J. Hay and W. R. Wadt, J. Chem. Phys., 82,299, 1985.[29℄ M. J. Frish, G. W. Truks, H. B. Shlegel, G.E. Suseria, M. A. Robb, J. R. Cheeseman, J. A.Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,V. Barone, B. Mennui, M. Cossi, G. Salmani,N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada,M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,M. Klene, X. Li, J. E. Knox, H. P. Hrathian, J. B.Cross, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,C. Pomelli, J. W. Ohterski, P. Y. Ayala, K. Mo-rokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,V. G. Zakrzewski, S. Dapprih, A. D. Daniels, M.C. Strain, O. Farkas, D. K. Malik, A. D. Rabuk,K. Raghavahari, J. B. Foresman, J. V. Ortiz, Q.Cui, A. G. Baboul, S. Cli�ord, J. Cioslowski, B. B.Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Ko-maromi, R. L. Martin, D. J. Fox, T. Keith, M. A.Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challa-ombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.Wong, C. Gonzalez, and J. A. Pople, "Gaussian 03,Revision C.01," Gaussian, In., Wallingford, CT,2004.[30℄ Z. Slanina, Int. Rev. Phys. Chem., 6, 251, 1987.[31℄ R. J. Cross and M. Saunders, J. Am. Chem. So.,127, 3044, 2005.[32℄ Z. Slanina, J. Cluster Si., 15, 3, 2004.[33℄ Z. Slanina, F. Uhl��k, S.-L. Lee, L. Adamowiz andS. Nagase, J. Nanosi. Nanoteh., 7, 1339, 2007.[34℄ S. Nagase, K. Kobayashi and T. Akasaka, J. Mol.Strut. (Theohem), 398/399, 221, 1997.[35℄ K. Kobayashi and S. Nagase, Chem. Phys. Lett.,302, 312, 1999.[36℄ R. F. W. Bader, Chem. Rev., 91, 893, 1991.[37℄ R. F. W. Bader, J. Phys. Chem. A, 102, 7314,1998.[38℄ Z. Slanina, K. Kobayashi and S. Nagase, J. Chem.Phys., 120, 3397, 2004.[39℄ "CRC Handbook of Chemistry and Physis," 85thedition, ed. D. R. Lide, CRC Press, Boa Raton,2004.[40℄ A. Gromov, N. Krawez, A. Lassesson, D. I. Ostro-vskii and E. E. B. Campbell, Curr. App. Phys., 2,51, 2002.[41℄ E. E. B. Campbell, "Fullerene Collision Reations,"Kluwer Aademi Publishers, Dordreht, 2003.[42℄ Z. Slanina, X. Zhao, N. Kurita, H. Gotoh, F. Uhl��k,J. M. Rudzi�nski, K. H. Lee and L. Adamowiz, J.Mol. Graphis Mod., 19, 216, 2001.
NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061828 Vol. 1, 2007492 


	029.pdf
	029.pdf
	Integrated Nanodevices and Systems Research, Department of Electrical and Computer Engineering
	University of California, Davis, CA 95616-5294, USA
	Email: achaudhry@ucdavis.edu
	Abstract
	references


	030.pdf
	Abstract
	Acknowledgements

	058.pdf
	ABSTRACT

	083.pdf
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSIONS
	ACKNOWLEDGEMENTS
	6  REFERENCES


	086.pdf
	Abstract
	References

	087.pdf
	Department of Electrical Engineering, School of Engineering, Inha University and National IT Research Center for Computational Electronics
	Acknowledgements
	References
	Fig. 2. The possible position of boron in Si super cell.
	Table I. Formation energy of charged defects as a function of Ge concentration.

	093.pdf
	REFERENCES

	0122.pdf
	INTRODUCTION AND MOTIVATION
	MD Simulation in Arbitrary Geometries
	Neighbour Lists are Unsuitable

	ARBITRARY INTERACTING CELLS ALGORITHM (AICA)
	Replicated Molecule Periodicity and Parallelisation
	Interacting Cell Identification

	VERIFICATION
	CONCLUSIONS

	0175.pdf
	Key words: polypyrrole, nanocomposites, gas sensor, organocl

	0181.pdf
	Keywords: CdSe quantum dots, photoluminescence, shift

	0182.pdf
	1. INTRODUCTION
	2. EXPERIMENTAL
	3. RESULTS AND DISCUSSION
	4. CONCLUDING REMARKS




