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ien
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hool of S
ien
e, Charles University, 128 43 Prague 2, Cze
h Republi

Department of Chemistry and Bio
hemistry, National Chung-Cheng University, Chia-Yi 62117, TaiwandDepartment of Chemistry, University of Arizona, Tu
son, AZ 85721-0041, USAABSTRACTThe paper surveys 
omputations on endohedralfullerene systems, 
ombining the treatments of quan-tum 
hemistry and statisti
al me
hani
s. The pro-
edure is illustrated on evaluations of relative 
on-
entrations of isomers of Ca�C72, Ca�C74, Ca�C82,La�C82, and S
3N�C80. The results point out the roleof both the enthalpy and entropy terms for the systemsprodu
ed under high temperatures. Approa
hes to de-s
ription of the en
apsulate motions are analyzed aswell as the importan
e of ex
ited ele
troni
 states.1. INTRODUCTIONSin
e their dis
overy twenty years ago, fullerenes andmetallofullerenes have been vigorously studied [1℄ byboth experiment and theory. Fullerenes are 
ommonlyde�ned as polyhedral 
ages 
ontaining only 
arbonatoms arranged primarily into �ve- and six-memberedrings though quasi-fullerenes with other types of rings(like squares or heptagons) are possible. Fullerenes andmetallofullerenes are not only the obje
ts of a pure ba-si
 resear
h. Various endohedral 
age 
ompounds havebeen suggested as possible 
andidate spe
ies for mole
-ular memories [2,3℄. In spite of the extended resear
hin fullerene s
ien
e, fullerene/metallofullerene forma-tion me
hanisms are virtually unknown. Nevertheless,thermodynami
 aspe
ts like relative stabilities 
an stillbe 
omputed without any knowledge of the formationme
hanisms.In this survey, relative stability 
omputationsare illustrated on four systems, 
ombining the treat-ments of quantum 
hemistry and statisti
al me
han-i
s, namely on �ve isomers of Ca�C72, six isomersof Ca�C74, nine isomers of Ca�C82, four isomers ofLa�C82, and two isomers of S
3N�C80. While the sta-bility reasoning has traditionally been based on merepotential-energy di�eren
es [4-6℄, we treat the issue inthe terms of the Gibbs energy so that temperature ef-fe
ts 
an be in
luded a

ordingly. The in
lusion ofentropy e�e
ts requires by about one order of magni-

tude larger 
omputational e�orts 
ompared to the tra-ditional use of the potential-energy di�eren
es. How-ever, on
e temperatures are high, as it is the 
ase withfullerene/metallofullerene syntheses, the temperature-entropy produ
t TS be
omes substantial and 
annotbe ignored. 2. COMPUTATIONSThe 
omputations are 
arried using the density-fun
tional theory (DFT), primarily with a 
ombinedbasis set: 3-21G basis for C atoms and a dz basis set[7℄ with the e�e
tive 
ore potential on metal (for thesake of simpli
ity, denoted here 3-21G�dz). Be
ke'sthree parameter fun
tional [8℄ with the non-lo
al Lee-Yang-Parr 
orrelation fun
tional [9℄ (B3LYP) with theabove basis set (B3LYP/3-21G�dz) are employed forthe geometry optimizations with the analyti
al energygradient. All the reported 
omputations are 
arriedout with the Gaussian program pa
kages [10,11℄.In the optimized B3LYP/3-21G�dz geometriesthe harmoni
 vibrational analysis is performed withthe analyti
al for
e-
onstant matrix. In the sameB3LYP/3-21G�dz optimized geometries a higher-levelsingle-point energy 
al
ulation are also 
arried out,namely using the standard 6-31G� basis set for allatoms (if possible), or at least for the 
arbon atoms.The ele
troni
 ex
itation energies are evaluated forsome 
ases by means of the ZINDOmethod [12℄, knownalso as the ZINDO/S method, a semiempiri
al SCFmethod 
ombined with the 
on�guration intera
tionte
hnique and spe
i�
ally parametrized for 
al
ula-tion of ele
tron ex
ited states. Moreover, in other
ases the ele
troni
 transitions were 
al
ulated withtime-dependent (TD) DFT response theory [13℄ at theB3LYP/3-21G�dz level. Singlet and triplet ex
itedstates were evaluated as they both are relevant for theele
troni
 partition fun
tion of a singlet spe
ies underthe 
onditions of thermodynami
 equilibrium.Relative 
on
entrations (mole fra
tions) xi of misomers 
an be expressed [14℄ through their partitionfun
tions qi and the enthalpies at the absolute zero



temperature or ground-state energies �Ho0;i (i.e., therelative potential energies 
orre
ted for the vibrationalzero-point energies) by a 
ompa
t formula:xi = qiexp[��Ho0;i=(RT )℄Pmj=1 qjexp[��Ho0;j=(RT )℄ ; (1)where R is the gas 
onstant and T the absolute temper-ature. Eq. (1) is an exa
t formula that 
an be dire
tlyderived [14℄ from the standard Gibbs energies of theisomers, supposing the 
onditions of the inter-isomeri
thermodynami
 equilibrium. Rotational-vibrationalpartition fun
tions were 
onstru
ted from the 
al
u-lated stru
tural and vibrational data using the rigidrotator and harmoni
 os
illator (RRHO) approxima-tion. No frequen
y s
aling is applied as it is not signif-i
ant [15℄ for the xi values at high temperatures. Thegeometri
al symmetries of the optimized 
ages were de-termined not only by the Gaussian built-in pro
edure[10,11℄ but also by a pro
edure [16℄ whi
h 
onsiderspre
ision of the 
omputed 
oordinates. The ele
troni
partition fun
tion was 
onstru
ted by dire
ted summa-tion from the ZINDO or TD ele
troni
 ex
itation en-ergies. In fa
t, just a few �rst ele
troni
 ex
ited statesmatter for the partition fun
tion. Finally, the 
hiral-ity 
ontribution [17℄ was in
luded a

ordingly (for anenantiomeri
 pair its partition fun
tion qi is doubled).In prin
iple, every ex
ited ele
troni
 state 
ouldbe treated as an individual isomer with its ownrotational-vibrational partition fun
tion. This ap-proa
h would however drasti
ally in
rease the 
ompu-tational demands. Consequently, in numeri
al evalua-tions we have to follow the 
onventional approa
h inwhi
h the rotational and vibrational levels of any ex-
ited ele
troni
 state are identi�ed with those of therespe
tive ele
troni
 ground state. For relatively rigidfullerenes the approximation seems to be reasonable,espe
ially if the ex
ited ele
troni
 states are lo
atedhigh enough. It is however also possible that some ex-
ited states are low-lying and, moreover, even undergoJahn-Teller distortions. Su
h 
ases would need a more
omprehensive evaluations when 
omputationally fea-sible. However, in this report the geometry optimiza-tions and harmoni
 vibrational analysis are 
arried outfor the respe
tive ele
troni
 ground states only.In addition to the 
onventional RRHO treatment,also a modi�ed approa
h to des
ription of the en-
apsulate motions is 
onsidered here. It is in fa
tan alternative to a more rigorous solution of the nu-
lear problem with an anharmoni
 potential whi
h isyet not a

essible 
omputationally for larger systems.The modi�ed treatment is based on �ndings from ob-servation and 
omputations [1℄ that the en
apsulatedatoms 
an exer
ise large amplitude motions, espe
iallyso at elevated temperatures (unless the motions arerestri
ted by 
age derivatizations). One 
an expe
tthat if the en
apsulate is relatively free then, at suf-�
iently high temperatures, its behavior in di�erent


ages will bring about the same 
ontribution to thepartition fun
tions. However, su
h uniform 
ontribu-tions would then 
an
el out in Eq. (1). This sim-pli�
ation 
an be 
alled free, 
u
tuating, or 
oatingen
apsulate model (FEM). For pra
ti
al implementa-tion of this FEM approa
h, two steps are to be 
arriedout. In addition to removal of the three lowest vi-brational frequen
ies (belonging to the metal motionsin the 
age), the symmetries of the 
ages should betreated as the highest (topologi
ally) possible, whi
hre
e
ts averaging e�e
ts of the large amplitude mo-tions of the en
apsulates known from NMR and otherspe
tra [1℄. Interestingly enough, one 
ould also 
on-sider di�erent binding sites for the metal in the 
age asindividual (near-isoenergeti
) isomers though it 
ouldin
rease the 
omputational demands 
onsiderably, es-pe
ially for non-symmetri
 
ages. This exhaustive ap-proa
h would still be impra
ti
al at present so that we
on
entrate on a site expe
ted to be the lowest-energylo
ation. All su
h multiple binding sites are in theFEM approximation e�e
tively uni�ed by the en
ap-sulate nearly-free internal motions.3. RESULTS AND DISCUSSIONCa�C72, Ca�C74, Ca�C82, La�C82, or S
3N�C80 arethe very �rst metallofullerenes to whi
h the 
ombinedstability 
omputations have been applied. Ca�C72 wasisolated earlier [18℄ though its observed stru
ture isnot yet available. It follows from the Ca�C72 
ompu-tations [4,19,21℄ that there are �ve isomers relativelylow in potential energy. In fa
t, C72 has only one [20℄isolated-pentagon-rule (IPR) stru
ture. The endohe-dral Ca�C72 spe
ies 
reated by putting Ca inside thesole IPR 
age has been labeled [4℄ by (a). The otherfour Ca�C72 isomers 
onsidered [4℄ are related to twonon-IPR (pentagon-pentagon jun
tion) C72 
ages (b)and (
), to a C72 stru
ture with one heptagon (d),while the �fth low-energy spe
ies [19℄ 
ontains two hep-tagons (e).The temperature development of the relative 
on-
entrations of the �ve isomers Ca�C72 is as follows.At very low temperatures the stru
ture lowest in the�Ho0;i s
ale must be prevailing. However, already ata temperature around 200 K (that has no pra
ti
almeaning) the relative 
on
entrations of the (
) and(b) stru
tures are inter
hanged and beyond the pointthe (b) stru
ture is somewhat more populated in aphysi
ally relevant temperature interval. The RRHOand FEM treatments di�er in behavior of the IPR-satisfying (a) stru
ture as the FEM treatment e�e
-tively re
overs the D6d symmetry of the empty C72IPR 
age (whi
h is stati
ally redu
ed to C1 in theCa�C72 
omputations). While in the FEM approa
hthere are only two signi�
ant spe
ies, the RRHO pro-
edure 
ould allow for three. A
hiba et al. [22℄ isolateda se
ond isomer of Ca�C72 re
ently so that it is 
learthat at least one of the two available [18,22℄ Ca�C72



isomers has a non-IPR 
age.
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Fig. 1. Relative 
on
entrations of the Ca�C74 iso-mers based on the B3LYP/6-31G� energeti
s and theB3LYP/3-21G�dz entropy.Let us mention that the situation is however quitedi�erent in Ca�C74. Although its stru
ture was notelu
idated in the �rst observation [18℄, it was suggestedthat the only available IPR C74 
age [20,23℄ is a
tu-ally employed. This presumption was very re
ently
on�rmed by A
hiba et al. [24℄. Our 
omputationstreat a set of six Ca�C74 isomers. The set 
onsistsof the isomers 
onsidered previously [18,19℄ to whi
hsome 
ages are added that exhibited [23℄ non-negligiblepopulations in evaluations of the pristine C74. In theevaluations, the 
ages were labeled by 
ode numbersalso used here (
ombined with the symmetry of the
omplexes): 1/C2v, 4/C1, 52/C2, 103/C1, 368/C1,and 463/C1. In fa
t, the 1/C2v endohedral representsthe spe
ies derived from the sole [20℄ C74 IPR stru
-ture. The previously 
omputed [19℄ en
apsulates de-rived from two non-IPR C74 
ages are now labeled by4/C1 and 103/C1. A pair of 
onne
ted pentagons isalso present in the 52/C2 stru
ture. The remainingtwo spe
ies, 368/C1 and 463/C1, exhibit, in addition tothe fused pentagon/pentagon pair, also one heptagon.The IPR related 1/C2v Ca�C74 
omplex is 
omputedas the lowest in the potential energy, being followedby the 4/C1 and 103/C1 spe
ies separated by about15 k
al/mol. The remaining three isomers (52/C2,

368/C1, and 463/C1) are lo
ated relatively high in en-ergy. Fig. 1 presents the temperature development ofthe relative 
on
entrations of the six Ca�C74 isomersat high temperatures. It turns out the 1/C2v spe
ieshas not only favorable enthalpy but also entropy termand thus, all the remaining isomers 
an a
t as minorspe
ies at best.The third illustrative system, Ca�C82, exhibitsthe ri
hest observed isomerism among the Ca endohe-drals [25-28℄. Shinohara et al. [25℄ isolated four isomersof Ca�C82 and labeled the isomers by (I), (II), (III),and (IV). Dennis and Shinohara 
on
luded [29℄ fromthe 13C NMR spe
tra of Ca�C82(III) its symmetry asC2. The ultraviolet photoele
tron spe
tra measuredby Hino et al. [30℄ support the �nding. Very re
ently,A
hiba et al. [28℄ measured the 13C NMR spe
tra ofthe all four isomers and assigned the symmetry of iso-mers (I), (II), (III), and (IV) as Cs, C3v, C2, and C2v ,respe
tively.The Ca�C82 isomeri
 system thus represents animportant test example for the 
omputations. The 
al-
ulations at the HF [5℄ and DFT [31℄ level found theC2v stru
ture as the lowest isomer in the potential en-ergy. There are still three other low energy spe
ies -Cs, C2, and C3v among the nine Ca�C82 stru
tures
reated from the nine C82 IPR 
ages [20℄, namely withthe following symmetries at the HF level [5℄: C3v(a),C3v(b), C2v , C2(a), C2(b), C2(
), Cs(a), Cs(b), andCs(
). However, it turns out at the B3LYP/3-21G�dzlevel that some symmetries are relaxed: C3v(b)/Cs,C2v/Cs, C2(a)/C1, C2(b)/C1, Cs(b)/C1.The temperature development of the relative 
on-
entrations of the nine Ca�C82 isomers was 
omputedfor both the RRHO and FEM treatments. The FEMapproa
h is in a better agreement with the availableobserved 
on
entration information [25,28℄ as it repro-du
es the four isomers, pla
ing the C3v(b) spe
ies asthe fourth most populated. In the RRHO evaluation,there is also a 
ompeting �fth stru
ture, and the C3v(b)
age be
omes the third most populated isomer for sometemperatures.The fourth 
ase deals with La�C82, i.e., an ele
-troni
 open-shell system. The La�C82 metallofullereneis one of the very �rst endohedrals that was ma
ros
op-i
ally produ
ed [32℄ and solvent extra
ted. La�C82has attra
ted attention of both experiment [33-42℄ and
omputations [43-49℄. Re
ently, stru
tures of two itsisomers were 
lari�ed [41,42℄ using 13C NMR spe
traof their monoanions generated ele
tro
hemi
ally. Themajor isomer [41℄ was thus assigned C2v symmetry andthe minor spe
ies [42℄ Cs. The C2v stru
ture was more-over 
on�rmed by an X-ray powder di�ra
tion study[40℄. Two isomers 
ould also be extra
ted [34,36,50℄for S
�C82 and Y�C82. Computations indi
ated [6℄just three IPR 
ages with a suÆ
iently low energy af-ter La atom en
apsulation: C2v , C3v(b), and Cs(
).The fourth lowest La endohedral spe
ies, C2(a), is a
-tually already rather high in the potential energy to be



signi�
ant even after in
lusion of the entropy term.
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Fig. 2. Relative 
on
entrations of the La�C82 isomersbased on the B3LYP/6-31G��dz energeti
s and theB3LYP/3-21G�dz entropy, using the FEM treatment.An agreement with experiment 
an be found (Fig.2) for the FEM approa
h in a wide temperature inter-val with the C2v spe
ies as the major isomer followedby the Cs(
) spe
ies. The RRHO treatment produ
esan unexpe
ted stabilization of the C3v(b) isomer thatdoes not �t that well into the observed pi
ture [41,42℄.The better predi
tions from the FEM approa
h are inagreement with the observed [40℄ large-amplitude mo-tions of La in La�C82 (i.e., the type of motion alsoknown with other en
apsulates [51-53℄). It is how-ever true that fullerene/metallofullerene produ
tionsare not always 
lose [54-57℄ to the thermodynami
equilibrium - Lian et al. [57℄ reported a Ni-
atalyzedprodu
tion of La�C82 with a variable isomeri
 ratio.The last example deals with two known isomersof S
3N�C80 [58-63℄, i.e., produ
ed by en
apsulationinto the IPR C80 
ages with Ih and D5h symmetries.The FEM approa
h predi
ts that the observed popula-tions [61,63℄ of 10 and 17 % for the D5h S
3N�C80spe
ies are rea
hed at temperatures of 2100 and 2450K, respe
tively.A more general 
omment 
ould be of interest re-garding the RRHO model appli
ability at elevatedtemperatures. Although all vibrations are harmoni
,it should be realized that Eq. (1) a
tually allows for

some 
an
ellation of anharmoni
 e�e
ts. This featurewas tested on a model set of two 
y
li
 isomers [64℄of C6. At the MP2=FC/6-31G� level, the molar fra
-tion at 2000 K of the leading isomer was 95.2 and 96.0% in the harmoni
 and anharmoni
 [65,66℄ treatment,respe
tively.
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Fig. 3. Mole fra
tions xi of four isomers of Mg�C72- the CIS/LanL2DZ ele
troni
 partition fun
tion qel(the full and empty symbols refer to the 
al
ulationswith and without qel, respe
tively).In addition to the vibrational partition fun
tion,ele
troni
 ex
itations 
an also be signi�
ant at highertemperatures. Fig. 3 presents the equilibrium molefra
tions of the Mg�C72 isomers 
omputed with andwithout the ele
troni
 partition fun
tions so that thee�e
ts of ex
ited states 
an be seen. The Mg�C72stru
tures are 
losely related to the Ca�C72 
ages (a)-(d). It 
an be expe
ted that in some systems the e�e
ts
an a
tually be
ome 
ru
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