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ABSTRACTThe paper reports 
omputations for Ca�C74,Sr�C74 and Ba�C74 based on en
apsulation into theIPR (isolated pentagon rule) C74 
age. Their produ
-tion abundan
ies are estimated using the en
apsula-tion Gibbs-energy terms and saturated metal pressures.The saturated pressures 
an substantially modulate theyields. The Gibbs-energy based evaluations of the pro-du
tion abundan
ies 
an be applied generally and thus,the method has a promising predi
tion potential forfullerene nanos
ien
e.Keywords: Endohedral fullerenes; 
arbon-based nan-ote
hnology; mole
ular ele
troni
s; optimized syntheses;Gibbs-energy evaluations.1 INTRODUCTIONAlthough empty C74 fullerene [1℄ is not yet availablein solid form, several related endohedral spe
ies havebeen known like Ca�C74 [2,3℄, Sr�C74 [4℄, Ba�C74 [5℄,La�C74 [6-8℄, Eu�C74 [9℄, Yb�C74 [10℄, S
2�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 stru
ture 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 of
omputational interest. First su
h 
omputations wereperformed for Ca�C74 [2,17-19℄ and it was shownthat the non-IPR en
apsulations 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 respe
t 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 (extra
ted 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 spe
ies for mole
ular mem-ories and other future nanote
hnologi
al appli
ations.One approa
h is built on endohedral spe
ies with twopossible lo
ation sites of the en
apsulated atom whileanother 
on
ept 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-basedmole
ular transistors. At present, however, a still deeperknowledge of various mole
ular aspe
ts of the endohe-dral 
ompounds is needed before their tailoring to nan-ote
hnology appli
ations is possible.2 COMPUTATIONSThe 
omputations deal with en
apsulation into theunique D3h C74 IPR 
age. The resulting metalo-fullerenes exhibit [25℄ C2v symmetry (Fig. 1). Thegeometry optimizations were 
arried out using den-sity-fun
tional theory (DFT), namely employing Be
ke'sthree parameter fun
tional [26℄ with the non-lo
al Lee-Yang-Parr 
orrelation fun
tional [27℄ (B3LYP) in the
ombined basis set of the 3-21G basis for C atoms and adz basis set [28℄ with the e�e
tive 
ore potential (ECP)for the metal atoms (denoted here by 3-21G�dz). TheB3LYP/3-21G�dz geometry optimizations were 
arriedout with the analyti
ally 
onstru
ted energy gradient asimplemented in the Gaussian 03 program pa
kage [29℄.Let us mention that the 
ombined basis sets require inthe Gaussian program spe
i�
ation through a GEN key-word and for the sake of 
onsisten
y the GEN approa
his to be used even with the empty 
age.In the optimized B3LYP/3-21G�dz geometries, theharmoni
 vibrational analysis was 
arried out withthe analyti
al for
e-
onstant matrix. In the sameB3LYP/3-21G�dz optimized geometries, higher-levelsingle-point energy 
al
ulations 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 
onstru
ted [30℄ from the 
al
ulated stru
turaland vibrational data using the rigid rotator and har-moni
 os
illator (RRHO) approximation. Although thetemperature region where fullerene or metallofullereneele
tri
-ar
 synthesis takes pla
e is not yet known, thenew observations [31℄ supply some arguments to expe
tit 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 spe
ies or the relative stabilities of 
lusterswith di�erent stoi
hiometries. One 
an 
onsider an over-all stoi
hiometry 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 stru
turewith the IPR 
age.The en
apsulation pro
ess is thermodynami
ally 
har-a
terized by the standard 
hanges of, for example, en-thalpy �HoX�Cn or the Gibbs energy �GoX�Cn . Ta-ble 1 presents the 
omputed en
apsulation �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 rea
tion mixtureis 
ontrolled by the en
apsulation equilibrium 
onstantsKX�Cn;p: KX�Cn;p = pX�CnpXpCn ; (2)expressed in the terms of partial pressures of the 
om-ponents. The en
apsulation equilibrium 
onstant is in-terrelated with the the standard en
apsulation Gibbsenergy 
hange:�GoX�Cn = �RTlnKX�Cn;p: (3)Temperature dependen
y of the en
apsulation equilib-rium 
onstant KX�Cn;p is then des
ribed by the van'tHo� equation: dlnKX�Cn;pdT = �HoX�CnRT 2 (4)

where the �HoX�Cn term is typi
ally negative so thatthe en
apsulation equilibrium 
onstants de
rease within
reasing temperature.Let us further suppose that the metal pressure pXis a
tually 
lose to the respe
tive 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 in
uen
ed by a largerset of pro
esses (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 de
reasewith respe
t 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 dire
tly 
ontrols the partial pressures of variousX�Cn en
apsulates 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 ne
essarily) be in
reasing with tem-perature so that a temperature enhan
ement of metallo-fullerene formation in the ele
tri
-ar
 te
hnique is stillpossible. An optimal produ
tion temperature 
ould beevaluated in a more 
omplex model that also in
ludestemperature development of the empty-fullerene partialpressure.If we however want to evaluate produ
tion abun-dan
es in a series of metallofullerenes like Ca�C74,Sr�C74 and Ba�C74, just the produ
t 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 in
reases withtemperature, it is about 
onstant for Sr�C74 for the
onsidered temperatures, and it de
reases with temper-ature for Ba�C74. The behavior results from 
ompeti-tion between the de
reasing en
apsulation equilibrium
onstants and in
reasing saturated metal pressures. Asthe en
apsulation enthalpy �HoX�Cn has the most nega-tive value for Ba�C74 (Table 1), its en
apsulation equi-librium 
onstant has to exhibit the fastest temperaturede
rease that already 
annot be over
ompensated by thetemperature in
rease of the saturated metal pressure sothat the pX;satKX�C74;p quotient de
reases with tem-perature in this 
ase. In order to allow for 
an
ellationof various fa
tors introdu
ed 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 theprodu
tion yield of Sr�C74 should be by two or threeorders of magnitude smaller than that for Ba�C74. ForCa�C74 the produ
tion yield for the 
onsidered temper-atures is 
omputed to be between three and �ve ordersof magnitude lower than for Ba�C74. In prin
iple, anendohedral with lower value of the en
apsulation equi-librium 
onstant 
an still be produ
ed in larger yieldsif a 
onvenient over-
ompensation by higher saturatedmetal pressure 
an take pla
e. 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 produ
tion yields.
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Table 1. The en
apsulationa 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(k
al/mol) (k
al/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 pre
iseenough, their errors 
ould be 
omparable in the seriesand thus, they should 
an
el 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 en
apsulation potential-energy 
hanges. Asimilar 
an
ellation should also operate for the higher
orre
tions to the RRHO partition fun
tions, in
ludingmotions of the en
apsulate. In
identally, the 
omputedstability proportions do 
orrelate with qualitative abun-dan
es known from observations. For Ba�C74 even mi-
rosrystals 
ould be prepared [5℄ so that a di�ra
tionstudy was possible, while for Sr�C74 at least variousspe
tra 
ould be re
orded [4℄ in solution, and Ca�C74was studied [3℄ only by NMR spe
tros
opy.The en
apsulation equilibrium 
onstants themselvesresult from both the standard enthalpy and entropy
hanges 
onne
ted with the en
apsulation pro
ess. It
an be argued [33℄ that the en
apsulation enthalpy
hanges 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 se
ond ionization potential). The stabilizationof metallofullerenes is mostly ele
trostati
 [34℄. Thisfeature 
an be do
umented [35℄ using the topologi
al
on
ept of 'atoms in mole
ules' (AIM) [36,37℄ whi
hshows that the metal-
age intera
tions 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) pla
ing the metal di
a-tion into the dianioni
 
age (the formal des
ription [38℄of Ca in metallofullerenes is known to be about Ca2+).The (ii) energy is identi
al for all members of the se-ries, and the (iii) terms should be similar as they are
ontrolled by ele
trostati
s. Hen
e, the free-metal ion-ization potentials represent a 
riti
al fa
tor, their order

Table 2. The produ
ts �X;n of the en
apsulation 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 Extra
ted 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 in
luded, the metallofullerene yields should fol-low the order Ca�C74 < Sr�C74 < Ba�C74 whi
h issupported by the already mentioned fa
t that only forBa�C74 mi
ro
rystals were prepared.The saturation regime is a useful simpli�
ation -it is well de�ned, however, it is not ne
essarily al-ways a
hieved. Under some experimental arrangements,under-saturated or perhaps super-saturated metal va-pors are also possible. This reservation is appli
able notonly to the ele
tri
-ar
 treatment but even more likelyto newly introdu
ed ion-bombardment produ
tion te
h-nique [40,41℄. Still, eqs. (2) and (5) remain valid, how-ever, the metal pressure has to be des
ribed by the val-ues a
tually relevant [42℄. For some volatile metals their
riti
al temperature 
ould be over
ome and the satura-tion region thus abandoned (though pra
ti
ally 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 produ
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