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STEPWISE COMPUTATIONAL SYNTHESIS OF FULLERENE C60DERIVATIVES. FLUORINATED FULLERENES C60F2kE. F. Sheka *General Physi
s Department, Peoples` Friendship University of Russia117198, Mos
ow, RussiaRe
eived January 8, 2010Rea
tions of fullerene C60 with atomi
 �uorine are studied by the unrestri
ted broken spin symmetry Hartree�Fo
k (UBS HF) approa
h implemented in semiempiri
al 
odes based on the AM1 te
hnique. The 
al
ulationsare fo
used on a su

essive addition of a �uorine atom to the fullerene 
age following the indi
ation of thehighest 
hemi
al sus
eptibility of the 
age atom, whi
h is 
al
ulated at ea
h step. The proposed 
omputationalsynthesis is based on the e�e
tively-unpaired-ele
tron 
on
ept of the 
hemi
al sus
eptibility of fullerene atoms.The obtained results are analyzed from the standpoints of energy, symmetry, and the 
omposition abundan
e. Agood �tting of the data to experimental �ndings proves a 
reative role of the suggested syntheti
 methodology.1. INTRODUCTIONThe �uorinated fullerene C60 de
ade, started withthe �rst synthesis in 1991 (see reviews [1�4℄) and endedby a generalizing theoreti
al approa
h to the 
hara
-terization of �uorinated fullerenes in 2003 [5℄, with-out a doubt is one of the best examples of the powerand ability of modern 
hemistry to produ
e, 
hara
ter-ize, and des
ribe a new family of fas
inating 
hemi
alsat a mi
ros
opi
 level. This is espe
ially impressivebe
ause the number of spe
ies hidden under the gen-eral formula C60F2k (with k = 1; : : : ; 30), is de�nitely
ountless if all possible isomers at ea
h parti
ular kare taken into a

ount. The �rst breakthrough in theproblem was a
hieved by experimentalists who showedthat 1) only spe
ies with an even number of �uorineatoms 
an be observed, 2) not all k = 1; : : : ; 30 �u-orinated produ
ts but only a restri
ted set of them
an be produ
ed and identi�ed in pra
ti
e, and 3) avery limited number of isomers, from one to three,are revealed. Produ
ts with 
hemi
al formulas C60F18,C60F36, and C60F48 dominate in the produ
tion list,while minor produ
ts from C60F2 to C60F20 have alsobeen identi�ed [6℄. Mass spe
trometry, IR, 19F, and3He NMR spe
tros
opy manifested themselves as re-liable 
onstituents of a 
onvin
ing analyti
al platformfor identi�
ation of the spe
ies.At the same time, quantum 
hemi
al simula-*E-mail: sheka�i
p.a
.ru

tions have fa
ed the manyfold isomerism problem inthe full measure. Thus, to suggest a 
onvin
ingatomisti
 stru
ture of the produ
ts produ
ed exper-imentally, one to three isomers [6℄ must be 
hosenamong 600 873 146 368 170 isomers of C60F36 [7℄ and23 322 797 475 isomers of C60F48 [7℄. To make 
ompu-tations feasible the isomer number must be restri
ted tounity. Obviously, this might be possible if some globalregularities, whi
h govern the �uorination pro
ess, 
anbe exhibited. To pro
eed along this way, it was ne
es-sary to answer the following questions.1. To what kind of 
hemi
al rea
tions does thefullerene �uorination belong?2. What is the pathway for �uorination of fullereneC60, and does the �uorination of C60F2, e. g., to C60F48follow a single pathway and in regular steps?3. How 
an the target 
arbon atoms of the fullerene
age be 
hosen prior to any subsequent step of �uori-nation?4. How 
an these measures restri
t the number ofpossible isomers?In answering the �rst question, the 
omputing 
om-munity regarded the fullerene �uorination as a radi
alrea
tion [8℄ of one-by-one addition of �uorine atoms,with the �rst addition drasti
ally violating the doubleC�C bond of the fullerene 
age and the next addition
ompleting the transformation of the bond into a singleone.Experimental data, parti
ularly a 
omprehensivestudy of the ele
troni
 stru
ture and 
hemi
al bonding5 ÆÝÒÔ, âûï. 3 (9) 449
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tros
opy,near-edge X-ray angular photospe
tros
opy, UV pho-tospe
tros
opy, and va
uum-UV absorption [9℄ give apositive answer to the se
ond question; hen
e, �uorina-tion of C60F2 to C60F48 follows a single pathway ando

urs in regular steps.As regards the 
hoi
e of target atoms for the sub-sequent steps, a 
omputing s
ientist had to solve thedilemma of either a

epting the full equality of thefullerene C60 atoms with respe
t to 
hemi
al rea
tiv-ity or seeking regiosele
tivity of the 
age atoms. Ob-viously, the �rst option, whi
h has been adopted bythe majority of the 
omputational 
ommunity untilnow, was absolutely impotent in the solution of theabove isomerism problem. Therefore, to pro
eed withthe problem solution, a parti
ular regiosele
tivity offullerene atoms has to be a

epted. The �rst sug-gestion 
on
erns the 
hoi
e between 6,6 double bondsjoining two hexagons and 6,5 single bonds framing pen-tagons in favor of the former. The next suggestion dealswith the separation between 
arbon sites of the subse-quent addition of �uorine atoms either via bonds (1,2-addition, adja
ent 
arbon sites) or via spa
e (1,3- and1,4-additions, widely spa
ed 
arbon sites). It was �rstproved in [10℄ that the 1,2-addition is preferable for �u-orine. In a de
ade, the 
on
lusion was 
on�rmed in [5℄.The next question 
on
erns the su

ession of the 1,2-additions. Following a 
on
ept of a supposed in
reasein aromati
ity of the fullerene hexagons 
aused by �u-orine addition generalized in [4℄, a 
ontiguous F2 addi-tion was suggested with the preferen
e of C�C doublebonds adja
ent to the prior addition sites.The above issues are quite important for design-ing model stru
tures, but they should nevertheless bequali�ed as general re
ommendations only. The mainproblem 
on
erning the number of isomers attributedto ea
h of the C60F2k spe
ies is still open. The wayout of the situation was suggested in [11℄, where it wasproposed to restri
t the number of isomers to thosehaving a three-fold symmetry axis. The proposal wasbased on a 
lear experimental eviden
e of the C3v sym-metry of the 
rown-shaped C60H18 spe
ies [12℄. Thishas been extended to C60F18 [11℄ and subsequentlyalso to C60F36 and C60F48 addu
ts [13�16℄. How-ever, under these assumptions, the number of possi-ble isomers is still quite large, e. g., 2695 for C60F36spe
ies [17℄. The next step toward de
reasing the iso-mer number involved 
on
rete assumptions 
on
erningthe mole
ule symmetry. For example, a 
rown-shapedstru
ture of C60F18 points to the C3v symmetry [11℄,the 
onsideration of T , C3, S6, and D3d stru
tures forC60F36 has allowed de
reasing the isomer number to

63 [14℄, and 94 isomers have been sele
ted in the 
aseof C60F48 [13℄. The justi�
ation of the assumptionhas been mainly based on the 19F NMR spe
tra ofC60F18 [18℄, C60F36 [19℄, and C60F48 [20; 21℄. How-ever, a thorough analysis of both 19F NMR and two-dimensional 
orrelation spe
tros
opy (2DCOSY) spe
-tra has shown that the stru
ture assignment based ontheoreti
al predi
tions is not absolutely se
ure, parti
-ularly for C60F36 and C60F48 spe
ies (see a detaileddis
ussion in Se
s. 5.4 and 5.5). Therefore, the prob-lem of the assignment of the most stable isomers 
annotbe 
onsidered de�nitely solved.An alternative approa
h to the problem 
an be sug-gested on the basis of the inherent regiosele
tivity of 60pristine fullerene atoms. It is based on a partial radi
al-ization of the C60 mole
ule 
aused by the appearan
e ofe�e
tively unpaired ele
trons (EUPEs) due to weaken-ing of the intera
tion of its odd ele
trons [22�27℄. Theseele
trons, distributed over the 
age atoms, enhan
e theatom 
hemi
al rea
tivity, providing a numeri
ally de�-nite atomi
 
hemi
al sus
eptibility (ACS). Due to non-monotoni
 EUPE distribution, the ACS mapping over
age atoms readily highlights target atoms that are
hara
terized by the highest ACS. Thus, taking ACSas a quantitative pointer of the readiness of ea
h atomto enter the 
hemi
al rea
tion allows making a de�nite
hoi
e of targets at ea
h stage of the rea
tion and, 
on-sequently, performing a stepwise 
omputational synthe-sis of fullerene derivatives of any 
omposition. Exem-pli�ed by the �rst steps of the fullerene �uorination [25�27℄, the approa
h has turned out to be a proper toolfor a stepwise synthesis of the halogenated C60(Hal)2k ,hydrogenated C60H2k, aminated C60(Am)m fullereneaddu
ts in a predi
table manner. In this paper, wepresent results related to the C60F2k family. Hydro-genated and aminated families are dis
ussed in [28; 29℄.2. COMPUTATION METHODOLOGYThe traditional theory of 
hemi
al bonding involved
on
eptual and quantitative determination in terms ofeither bond [30℄ or Wiberg [31; 32℄ indi
es in the frame-work of the single-determinant 
lose shell restri
tedHartree�Fo
k (RHF) approximation. For odd-ele
tronsystems (the term indi
ates that the number of va-len
e ele
trons of ea
h fullerene atom is larger by onethan the number of interatomi
 bonds formed by theatom), this 
orresponds to the limit 
ase of strong 
ou-pling between the ele
trons. This requirement is metin the 
ase of ethylene and benzene, where odd ele
-trons are fully 
ovalently 
oupled in the form of � ele
-450
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omputational synthesis of fullerene : : :trons. However, even for naphthalene, not to mentionhigher a
enes [33; 34℄, fullerenes [22�27℄, 
arbon nan-otubes [33; 35; 36℄, and graphene [36℄, this is not the
ase due to the in
reased length of C�C bonds 
om-pared to those of the benzene mole
ule, whi
h 
ausesa noti
eable weakening of the intera
tion between theele
trons su
h that a part of odd ele
trons are ex
ludedfrom the 
ovalent 
oupling and be
ome e�e
tively un-paired.Generalizing the approa
h to systems with weaklyintera
ting ele
trons ultimately requires taking theele
trons 
orrelation into a

ount and passing to 
om-putational s
hemes that involve the full 
on�gura-tional intera
tion. However, the traditional 
omplete-a
tive-spa
e-self-
onsistent-�eld (CASSCF) methodsthat deal 
orre
tly with two ele
tron systems of dirad-i
als and some dinu
lear magneti
 
omplexes 
annothandle systems with a large number of ele
trons dueto a huge number of 
on�gurations generated in thea
tive spa
e of the system (for m singly o

upied or-bitals on ea
h of the n identi
al 
enters, 2mn Slaterdeterminants should be formed by assigning spins upor down to ea
h of the nm orbitals [37℄). It has beenassumed until re
ently that CASSCF-type approa
hesare non-feasible for many-odd-ele
tron systems su
h asfullerenes, 
arbon nanotubes, and graphene. Hen
e,addressing single-determinant approa
hes appeared tobe the only alternative.The open-shell unrestri
ted broken spin-symmetry(UBS) approa
h suggested by Noodleman [38℄ iswell elaborated for both wave-fun
tion and ele
tron-density quantum-
hemi
al methodologies, based on un-restri
ted single-determinant Hartree�Fo
k s
heme [39℄(UBS HF) and the Kohn�Sham single Slater determi-nant pro
edure of the density-fun
tional theory (DFT),i. e. UBS DFT [40℄. The main problem of the UBS ap-proa
h 
on
erns spin 
ontamination of the 
al
ulationresults. The interpretation of UBS results in view oftheir relevan
e to physi
al and 
hemi
al reality 
on-sists in mapping between the eigenvalues and eigen-fun
tions of the exa
t and model spin Hamiltonians.The implementation of the UBS HF approa
h, both abinitio and semiempiri
al, is standard and the desiredmapping is quite straightforward. The re
ent �rst at-tempts of many-body 
on�gurational intera
tion 
al
u-lations of polya
enes [34℄ and graphene [41℄ have pro-vided a strong support of the UBS HF approa
h [36℄and highlighted its high ability to quantitatively de-s
ribe pra
ti
ally important 
onsequen
es of the weakintera
tion between odd ele
trons of nano
arbons. Asemiempiri
al UBS HF 
al
ulation s
heme based on theAM1 approa
h was used in the 
urrent study; due to its

high e�
a
y, massive 
al
ulations 
on
erned with theisomerism of the C60F2k family have been su

essfullyperformed.3. SYNOPSIS OF THE VALUES UNDERCONSIDERATIONEUPEs provide a partial radi
alization of thespe
ies and hen
e a 
onsiderable enhan
ement of its
hemi
al rea
tivity. Be
ause EUPEs are produ
ed byspin-
ontaminated UBS solutions, they are dire
tly re-lated with the spin 
ontaminationC = hŜ2i � S(S + 1); (1)where hŜ2i is the expe
tation value of the total spin an-gular momentum that follows from the UBS solution.A
tually, as shown in [42℄, the total EUPEs numberND is expressed asND = 2 �hŜ2i � (N� �N�)24 � ; (2)where N� and N� are the respe
tive numbers of ele
-trons with spin � and �, and N��N� determines thespin multipli
ity. On the other side, the spin 
ontam-ination produ
es an extra spin density (as is parti
u-larly evident for the singlet state), and hen
e ND isexpressed as the tra
e of the spin density [43℄,ND = trD(rjr0): (3)Therefore, to quantify ND, either hŜ2i or trD(rjr0)must be known.For a single-Slater-determinant UBS HF fun
tion,the evaluation of both quantities is straightforward be-
ause the 
orresponding 
oordinate wave fun
tions aresubordinated to the de�nite permutation symmetry,and hen
e ea
h spin value S 
orresponds to a de�niteexpe
tation value of energy [44℄. Therefore [45℄,hS2i = (N��N�)24 +N� +N�2 �NORBSXi;j=1 P�ijP �ij ; (4)where P�;�ij are the respe
tive ele
tron density matrixelements for spins � and � and NORBS is the numberof orbitals. Similarly, Eq. (3) has the form [25℄ND = NORBSXi;j=1 Dij ; (5)where Dij are matrix elements of the spin density ex-pressed as [25℄ D = (P� � P �)2: (6)451 5*



E. F. Sheka ÆÝÒÔ, òîì 138, âûï. 3 (9), 2010The last expression is related to the negle
t-of-diato-mi
-di�erential-overlap (NDDO) approximation thatunderlies the AM1/PM3 semiempiri
al 
omputationals
hemes. The summation in (5) ranges over all atomi
orbitals.The atomi
 origin of the UBS HF fun
tion produ
esanother important relation 
on
erning the partitioningof the ND value over the system atoms,ND = NATXA NDA; (7)where NAT is the total number of atoms and [25℄NDA =Xi2ANATXB=1 Xj2BDij (8)is attributed to the EUPEs number on atom A (thesummation in (8) ranges over all atoms B ex
ept A).Be
ause the EUPEs themselves are a �quality index�of the enhan
ed rea
tivity, the ND and NDA valuesjust quantify the indi
es respe
tively representing themole
ular and atomi
 
hemi
al sus
eptibility (ACS).The 
orre
t determination of both values is well pro-vided by the AM1/PM3 UBS HF solution [25℄ of theCLUSTER-Z1 software [46℄ used in the 
urrent study.4. ALGORITHM OF COMPUTATIONALSYNTHESIS OF FULLERENE DERIVATIVESThe analysis of the 
hemi
al a
tivity of both 
ar-bona
eous and sili
eous fullerenes presents the �rstpra
ti
al implementation of the 
on
epts des
ribedabove [22�24℄. From the standpoint of EUPEs, theC60 and C70 mole
ules are 
hara
terized by partial ex-
lusion of odd ele
trons from the 
ovalent bonding,whi
h results in EUPEs 
onstituting approximately a10%-odd-ele
tron fra
tion, while all odd ele
trons ofthe Si60 mole
ule are not paired, providing a 60-foldradi
alization of the mole
ule. This �nding highlightsevident reasons for the failure to produ
e the spe
iesin pra
ti
e. The ACS (NDA) maps 
omplete thestru
tural des
ription of the C60 and C70 mole
ulesby their �
hemi
al portraits� [25�27℄. A

ording tothese papers, the C60 mole
ule 
onsists of six identi
alnaphthalene-
ore fragments forming a 6C10 
on�gura-tion.The 
hemi
al portrait of the C60 mole
ule is shownin Fig. 1a and b, and the ACS map of the mole
uleatoms belonging to groups 1�5 is presented in Fig. 1
.A

ording to the �gure, the initial step of any addi-tional 
hemi
al rea
tion involves atoms of the high-est ACS of group 1. There are 12 identi
al atoms

that form 6 short C�C bonds belonging to 6 identi
alnaphthalene-
ore fragments. We may 
hoose any of thepairs to start the rea
tion of atta
hing any R addendto the fullerene 
age, in
luding �uorine atoms and/ormole
ules. When the �rst addu
t C60R1 is formed, therea
tion should pro
eed around the 
age atoms withthe largest NDA values resulting in the formation ofaddu
t C60R2. A new ACS map reveals the sites forthe next addition step, and so on. The rea
tion is ter-minated when all the NDA values are fully exhausted.Following this methodology, a 
omplete list of �uori-nated fullerenes C60F2k has been synthesized.5. RESULTS AND DISCUSSION5.1. Start of the C60 �uorinationWhen starting the �uorination of C60, one �uorinemole
ule is pla
ed in the vi
inity of the sele
ted atomsof group 1 (31 and 32 in the 
urrent 
ase) (Fig. 2a)and a full optimization of the 
omplex geometry in thesinglet state is performed. It turns out that the �uo-rine mole
ule is willingly atta
hed to the 
age, but twoaddu
ts are possible depending on the �uorine mole
uleorientation with respe
t to the 
hosen C�C bond. Ifthe mole
ule axis is parallel to the bond, addu
t C60F2(addu
t I, Fig. 2b) is formed. If the mole
ule axisis even slightly in
lined toward the bond, a 
omplexC60F1 + F (addu
t II + F, Fig. 2
) is obtained.Figure 3 presents the ACS maps of the pristine C60
age (gray) and of the 
age after formation of addu
tsI and II (bla
k) following the atom numeration in theoutput �le. The 
rosses mark the initial target atoms31 and 32. As 
an be seen from the �gure, atta
h-ing either one or two �uorine atoms 
hanges the ini-tial map 
onsiderably and di�erently in both 
ases.When two atoms are atta
hed to the 
age, the NDAvalues be
ome zero for target atoms 31 and 32 and star-marked atoms 18, 20, 38, and 55 be
ome the most a
-tive (Fig. 3a). When one atom is atta
hed, the remain-ing target atom 31, whi
h is adja
ent to the �rst targetatom 32, dominates on the addu
t ACS map (Fig. 3b).The pi
ture 
learly eviden
es the readiness of the C60
age to 
omplete the rea
tion by adding a further �u-orine atom to atom 31. Following this indi
ation, andkeeping 
on�guration of the II + F 
omplex, we addthe se
ond �uorine mole
ule as shown in Fig. 2d. Indue 
ourse of the stru
ture optimization, a new addu
tC60F2 + 2F (III + 2F, Fig. 2e) is formed. Geometryand ele
troni
 properties of addu
t III are fully iden-ti
al to those of addu
t I, whi
h is also 
on�rmed bya 
omplete identity of their NDA maps. Therefore, in-452



ÆÝÒÔ, òîì 138, âûï. 3 (9), 2010 Stepwise 
omputational synthesis of fullerene : : :

1

0.30

a b

с

0.25

0.20

0.15

0.10

0

0.05

5 9 13 17 21 25 29 33 37 41 45 49 53 57 60

Atom number

NDA, e

1

2

3

4

5

1

2

3

4

5

Fig. 1. Chemi
al portrait of C60 [26℄ the 6C10 
omposition (a); di�erent 
olors mark atoms with di�erent ACS (b). Figurespoint to di�erent atom groups, and ACS map over atoms of C60; NDA data are aligned from the largest value down (
)dependently of whether the one-stage (see Fig. 2b) ortwo-stage (Fig. 2e) pro
ess of the F2 atta
hment to thefullerene 
age o

urs, the same �nal addu
t C60F2 isformed. Obviously, the two-stage rea
tion should pre-vail in pra
ti
e. It is radi
al by nature and follows aqualitative s
heme suggested in [47℄.The next step of the rea
tion is governed by thepredominan
e of atoms 18, 20, 38, and 55 on the ACSmap of C60F2 (see Fig. 3a) over other atoms. Theabove atoms form two identi
al pairs of short C�Cbonds lo
ated in the equatorial plane with respe
t tothe �rst two target atoms (see white atoms in Fig. 4a).
One of these pairs is taken as targeting and the pro-
edure of atta
hing F2 to the pair atoms repeats theone des
ribed above. Consequently, a C60F4 mole
uleis formed (Fig. 4b). The ACS map is 
al
ulated for theprodu
t to sele
t target atoms for the next atta
hing.As 
an be seen from Fig. 4, a subsequent F2 additionis not 
ontiguous (Fig. 4
) as was suggested in [4; 6℄.From the 
omputational standpoint, the result ofone-atom addition at ea
h stage of the two-stage pro-
ess of the F2 addition is independent of pre
iselywhi
h, mole
ular or atomi
, addend atta
ks the 
age.That is why a subsequent addition of �uorine atoms453



E. F. Sheka ÆÝÒÔ, òîì 138, âûï. 3 (9), 2010
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Fig. 2. Atta
hment of one (a�
) and two (d,e) �uorine mole
ules to the C60 
age: a � the starting geometry; targetatoms of the C60 
age are white; b � addu
t I C60F2; 
 � addu
t II C60F1 and a free �uorine atom F; the 
omposition
orresponds to the starting geometry in a; starting 
on�guration (the target atom of the C60 
age is white) (d) and �naladdu
t III (e) of the rea
tion (C60F1 + F+ F)one-by-one is 
onsidered in what follows as a series ofsu

essive steps 
onsisting of two stages, whi
h involves
al
ulations of two addu
ts related to the two rea
tions,C60F2k + F = C60F2k+1and C60F2k+1 + F = C60F2(k+1);k = 1; 2; : : : ; 30. Ea
h step is 
ontrolled by thefullerene 
age ACS map of the pre
eding addu
ts,namely, C60F2k and C60F2k+1. A
tually, when the dif-feren
e between the high-rank NDA values is not signif-i
ant, every step is additionally 
ompli
ated by expand-ing 
al
ulations over a restri
ted set of isomers that aresele
ted by a set of high-rank values on the ACS map.A �nal 
hoi
e of the most stable spe
ies is thus sub-ordinated to the preferen
e of the stru
ture with theleast total energy.5.2. C60F2�C60F8 addu
tsWe 
onsider the synthesis of �uorinated addu
tsin the working regime exemplifying the pro
edure forC60F2�C60F8 addu
ts. Chart 1 presents high-rankNDA values of the spe
ies from C60 to C60F8. TheNDA data are ordered from top down and only a smallpart of high-rank data is shown. Fluorinated addu
tsare marked FN, where N marks the number of added�uorine atoms.Cage atom 32 was 
hosen as the �rst one to beatta
ked by �uorine. Atom 31 heads the list of theNDA data of addu
t F1 and obviously points to thepla
e of the next atta
k. The head of the NDA listof F2 involves two pairs of one-bond-
onne
ted atoms38&55 and 20&18 (they are shown in Fig. 4a). Thepairs are fully equivalent and, as shown by 
al
ula-tions, the series of addu
ts starting from ea
h of them

are also equivalent. We pro
eed with atom 38 to formF3, whose NDA list immediately highlights the pairingatom 55. The NDA list of F4 is opened by one-bond-
onne
ted atoms 42&48 and in
ludes atom 22, whosepair atom is shifted into the depth of the list. Con-tinuing addition by atta
king atom 42, we obtain F5with atom 48 having the highest NDA. The NDA listof F6 is typi
al for the majority of su

essive additionevents and is headed by two (sometimes, three) atomswith 
omparable NDA values, while the 
orrespondingone-bond-
onne
ted atoms are shifted into the depthof list. Two su
h pairs of F6 are shown di�erently inChart 1. This is a typi
al 
ase where a study of a fewisomers is needed. The �rst isomer F7-1 
orresponds toatta
king atom 60 and highlights atom 59 for the nextatta
k. The se
ond isomer F7-2 starts on atom 58 andexhibits its pairing atom 57. Two F8 addu
ts followedfrom these two F7 isomers di�er by the total energy,respe
tively given by 517.162 and 517.216 k
al/mol forisomers F8-1 and F8-2. In spite of a seemingly smalldi�eren
e in the energy, isomer F8-1 is favored quitereliable. Che
king series from F8-1 and F8-2 isomersshowed that all the subsequent spe
ies have a mu
hhigher total energy in the se
ond 
ase. Atomi
 viewsof the F2k spe
ies for k = 1; 2, 3, 4 are shown amongthe others in Fig. 5. As 
an be seen from the �gure,neither F4 nor F6 and F8 follow the 
ontiguous s
hemeof the addition suggested in [4℄. Not the hypotheti
algrowth of the aromati
ity of adja
ent bonds but the re-distribution of the EUPE density over the 
age atomsis the governing fa
tor of the rea
tion pathway.The total energy of addu
ts and their main geomet-ri
 parameters are presented in Table 1. This 
on
ernsC��F and C��C� bond lengths, where C� denotes 
ageatoms bound to a �uorine one. Changing the total en-ergy in due 
ourse of �uorination is shown in Fig. 6 as454
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Fig. 3. ACS map of the C60 
age of the addu
ts C60F2 (a) and C60F1 (b). Gray bars present the map of the pristine C60mole
ulea fun
tion of the 
oupling energy E
pl needed for theaddition of every next pair of �uorine atoms from thepair number k. Assuming that the rea
tion o

urs inthe gaseous �uorine, we express the energy as E
pl = �H2k ��H2(k�1) ��HF2 ; (9)where �H2k and �H2(k�1) are heats of formationof F2k and F2(k�1) produ
ts, and �HF2 is theheat of formation of the �uorine mole
ule, equal455



E. F. Sheka ÆÝÒÔ, òîì 138, âûï. 3 (9), 2010Chart 1. F1 to F8 �uorination. Figures in bra
kets show the number of the C60 
age atom to whi
h the 
urrent �uorineatom is atta
hedF0�C60 F1 (32) F2 (31) F3 (38) F4 (55)Atomnumber NDA Atomnumber NDA Atomnumber NDA Atomnumber NDA Atomnumber NDA32 0.27072 31 0.53894 38 0.29094 55 0.51918 42 0.3014331 0.27077 35 0.35590 20 0.29086 40 0.33620 22 0.3000233 0.35406 55 0.29049 4 0.31575 48 0.3000039 0.29065 18 0.29041 20 0.29535 2 0.2997130 0.28358 10 0.26369 18 0.29026 1 0.2881210 0.28304 40 0.26368 36 0.28537 35 0.29782F5 (42) F6 (48) F7-1 (60) F8-1 (59)Atomnumber NDA Atomnumber NDA Atomnumber NDA Atomnumber NDA48 0.52989 60 0.34210 59 0.51853 22 0.3468639 0.35424 58 0.32535 57 0.37960 24 0.3298922 0.34896 22 0.28518 39 0.37006 54 0.2922136 0.34284 1 0.28104 46 0.36312 27 0.2823935 0.34226 39 0.27708 60 0.34821 11 0.2802649 0.34028 44 0.27568 22 0.34667 36 0.2755235 0.27411 35 0.2727359 0.26879 23 0.2711615 0.26840 28 0.270742 0.26778 33 0.2683626 0.26445 25 0.2662512 0.26395 6 0.2634657 0.26360 44 0.262535 0.25955 53 0.26195to �22:485 k
al/mol. The data lay within the[�91;�83℄ k
al/mol interval, demonstrating a tightbinding of �uorine with the fullerene 
age. The 
or-responding best values for F2 and F4 obtained in [10℄in the 
lose-shell RHF AM1 approximation and 
or-re
ted by �HF2 are pra
ti
ally 
onstant and amountto �63:5 � 0:2 k
al/mol. The data in
rease by about1.5 times when passing from the RHF to the UHF ap-
proximation. Close-shell B3LYP/4�31G 
al
ulationsin the B3LYP/STO-3G geometry result in the respe
-tive appropriately �HF2 -
orre
ted values �92:4 and�101:7 k
al/mol for F2 and F4 spe
ies [5℄, whi
h are
lose to the UBS HF results.As 
an be seen from Table 1, the total energymarkedly de
reases when �uorination pro
eeds, whi
hfavors polyaddition. This a
tually o

urs experimen-456
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omputational synthesis of fullerene : : :Table 1. Geometri
 parameters and total energy of �uorinated fullerenes C60F2kF1 F2 F3 F4 F5 F6R(C��F), Åa 1.378 1.382 1.382, 1.378 1.382 1.382, 1377 1.382R(C��C�), Åb 1.52 1.61 1.52 1.62, 1.61 1.52, 1.61�H , k
al/mol
 903.60 843.58 795.50 729.99 677.70 622.58Symmetry C2v Cs C1F7 F8 F10 F12 F14 F16R(C��F), Åa 1.383�1.381 1.384�1.381 1.383�1.381 1.383�1.381 1.387�1.380 1.385�1.378R(C��C�), Åb 1.52 1.61�1.60 1.61�1.60 1.61�1.58 1.60�1.58 1.60�1.57�H , k
al/mol
 570.35 517.16 414.70 305.92 195.77 86.80Symmetry C1 C1 C1 C1 CsF18 F20 F22 F24 F26 F28R(C��F), Åa 1.384�1.377 1.385�1.376 1.384�1.375 1.385�1.375 1.385�1.374 1.386�1.376R(C��C�), Åb 1.58�1.57 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57 1.58�1.57�H , k
al/mol
 �24:54 �132:87 �248:07 �355:61 �459:33 �552:60Symmetry C3v C1 C1 C1 Cs C1F30 F32 F34 F36 F38 F40R(C��F), Åa 1.385�1.374 1.393�1.373 1.393�1.376 1.402�1.375 1.402�1.375 1.402�1.376R(C��C�), Åb 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57�H , k
al/mol
 �642:47 �738:80 �822:14 �914:95 �905:77 �1069:62Symmetry C1 C1 C1 C1 C1 C1F42 F44 F46 F48 F50 F52R(C��F), Åa 1.402�1.381 1.402�1.381 1.402�1.383 1.408�1.387 1.408�1.387 1.410�1.387R(C��C�), Åb 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57 1.59�1.57�H , k
al/mol
 �1120:36 �1184:68 �1237:16 �1293:30 �1338:08 �1356:10Symmetry C1 C1 C1 C1 C1 CsF54 F56 F60R(C��F), Åa 1.412�1.387 1.412�1.385 1.412�1.357R(C��C�), Åb 1.59�1.57 1.59�1.57 1.585�1.565�H , k
al/mol
 �1371:49 �1387:42 �1410:63Symmetry Cs Cs Iha C� marks a 
age atom to whi
h �uorine is added.b C��C� marks a pristine short bond of the 
age to whi
h a pair of �uorine atoms is added.
 �H is the heat of formation determined as �H = Etot �PA(EAele
 + EAheat), where Etot = Eele
 + Enu
l, whileEele
 and Enu
l are the el
tron and 
ore energies; EAele
 and EAheat are the ele
tron energy and the heat of formationof an isolated atom A, respe
tively.
457
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a b

c

Fig. 4. Atta
hment of one �uorine mole
ule to theC60F2 
age: a � the starting geometry; target atomsof the C60 
ore are white; b � addu
t C60F4; 
 � as
heme of 
ontiguous F2 addition [4℄tally, and C60F18, C60F36, and C60F48 are usually themain produ
ts obtained [6℄. As shown by groups ofTaylor and Boltalina (see reviews [2; 4℄), the �uori-nation yield greatly depends on the rea
tion 
ondi-tions. In �uorination by a �uorine gas, the ele
tronionization mass spe
trum showed a 
ontinuous spe
-trum of derivatives from C60F2 to C60F42. However, itwas un
lear whether the lower �uorinated spe
ies were
ompounds or merely fragmentation ions. Only afterparti
ular measures were taken, the authors su

eededin separating lower �uorinated spe
ies C60F2, C60F4,C60F6, and C60F8 [48; 49℄, 
on�rming the stability ofaddu
ts.The top panel in Fig. 6 shows the EUPEs totalnumber as a fun
tion of the number of �uorinatedpairs added to the fullerene 
age. The value gradu-ally de
reases when �uorination pro
eeds, and hen
ethe mole
ular 
hemi
al sus
eptibility ND logi
ally be-haves as a �pool of 
hemi
al rea
tivity� that is beingworked out in the 
ourse of the rea
tion. At the verybeginning at low k, ND slightly in
reases due to an in-
rease in the number of elongated un�uorinated C�Cbonds 
aused by the sp2�sp3 
age stru
ture re
onstru
-tion under �uorination.5.3. C60F10�C60F18 addu
tsA detailed pro
edure of 
omputational �uorinationof the C60 
age dis
ussed above is retained through thefull 
y
le of the C60F2 to C60F60 �uorination. A 
on-
ise synopsis related to the formation of produ
ts fromC60F10 to C60F18 that required a study of 11 isomers is

presented in Chart 2. The 
ontent of ea
h 
ell involvesthe isomer name and the 
age atom numbers, whi
hwere taken from the high-rank part of the NDA list ofthe pre
eding isomer and addition to whi
h providedthe 
urrent isomer formation, as well as the isomer to-tal energy in k
al/mol. Isomers with the least totalenergy are shown in boldfa
e. When reading the 
hart,the following pi
ture is developed. Starting with iso-mer F8-1 and looking at the NDA list in Chart 1, we
an obtain two isomers F10 by adding a pair of �uo-rine atoms to either atoms 22 and 33 (F10-1) or atoms24 and 23 (F10-2). The total energies of the two iso-mers are 414.700 and 415.812 k
al/mol. The energydi�eren
e favors the �rst one, whi
h we pla
e at thehead of the C60F10�C60F18 series in Chart 2. The high-rank part of the list of F10-1 involves three pairs thatoriginate three F12 isomers shown in Chart 2. IsomerF12-2 has the least energy and a �uorine atom addi-tion to its high-rank atoms produ
es two F14 isomers.Choosing the F14-1 isomer, we pro
eed with two F16isomers, among whi
h F16-2 is more favorable energet-i
ally. Adding �uorine atoms to atoms 23 and 24 ofF16-2, we obtain isomer F18-1. Shown for 
omparisonin Chart 2 is the 
ase where addu
t F18 is produ
edfrom isomer F16-1. As 
an be seen from the 
hart, thusformed F18-2 and F18-3 addu
ts have mu
h higher en-ergy and are energeti
ally nonpro�table with respe
t toaddu
t F18-1.Equilibrated stru
tures of addu
ts from theC60F10�C60F18 series that 
orrespond to those of theleast total energy are shown above in Fig. 5. Drawnin the same proje
tion, the pi
tures allow vividlyexhibiting a 
onsequent deformation of the fullerene
age 
aused by �uorination until F18 is formed. Thelast row of pi
tures in Fig. 5 presents F18 in di�erentproje
tions to highlight its 
rown-like stru
ture of theC3v symmetry well known experimentally [50�52℄.The total energy and geometri
 parameters of addu
tsare given in Table 1. Data plotting in Fig. 6 showsthat both ND and the 
oupling energy do not di�ermu
h within the series and retain 
lose to the highestvalues just revealing the high 
hemi
al rea
tivity ofindividual addu
ts and a strong tenden
y to further�uorination.5.4. C60F20�C60F36 addu
tsContinuing the 
omputational pro
edure, a series ofC60F20�C60F36 addu
ts was produ
ed. About 20 iso-mers were 
onsidered in order to 
hoose the most stableisomers. Su
h sele
ted isomers are shown in Fig. 7, andtheir total energy and geometri
 parameters are given458
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Fig. 5. Equilibrium stru
tures of C60F0 to C60F18 �uorinated fullerenes
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pl; k
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Fig. 6. Evolution of the ND value and the 
oupling en-ergy E
pl with the number k of �uorine atom pairsin Table 1. In 
ontrast to the previous series, the 
ur-rent one does not end by a high-symmetry addu
t. Theobtained F36 addu
t has no symmetry at all.Fluoride C60F36 is one of the most studied amongother �uorinated fullerenes. However, sin
e the �rst

re
ording of the substan
e [53℄ (and until the lastone [54℄), there has not been 
lear vision of the 
ompo-sition and symmetry of the spe
ies. A strong temp-tation to see a dire
t 
onne
tion between F18 andF36 [6℄ motivated sear
hing for C3-based stru
tures ofF36 both 
omputationally [14�17℄ and experimentally[52; 54�57℄. However, all experimental �ndings turnedout to have a 
ompli
ated stru
ture and 
annot be in-terpreted from the high-symmetry standpoint. This ledto the 
on
lusion about a 
ompli
ated isomer 
omposi-tion of the produ
ed material, involving isomers of theC3, C1, and T symmetry. Another view on the prob-lem might be based on the 
omputed F36. This 
on-
erns interpreting the experimental �ndings not from arigid �yes/no� symmetry standpoint (C1 or other sym-metry) but in terms of 
ontinuos symmetry [58; 59℄. We
annot ex
lude that �tting experimental and 
omputa-tional data 
ould then be quite satisfa
tory, as this isin the 
ase with C60, whose exa
t symmetry is Ci, buta 
ontinuous symmetry is Ih [26; 60℄.As 
an be seen from Fig. 6, �uorination of F20 toF36 
overs the main step at whi
h the pool of the 
age459
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heme of F8�F18 �uorinationF8-160&57517.162F10-122&33414.700F12-154&40310.952 F12-252&51305.920 F12-353&56311.329F14-158&59198.577 F14-253&56203.669F16-153&5687.656 F16-240&5486.799F18-224&23�18:287 F18-316&11�8:705 F18-124&23�24:538
hemi
al rea
tivity is being worked out. The remainingND values be
ome small. Simultaneously, the 
ouplingenergy 
onsiderably de
reases in absolute value. Bothfa
tors evidently point to weakening the rea
tion abil-ity, whi
h eviden
es the rea
tion termination in a fewsteps. 5.5. C60F38�C60F48 addu
tsDue to the smallness of the ND value, the next stepsof the addition rea
tion require more attention and athorough investigation of a number of isomers at ea
hstep. Nevertheless, with a few roots of the rea
tion
ontinuation attempted, the same set of energeti
allystable isomers has been obtained. The spe
ies are pre-sented in Fig. 8. Their total energy and geometri
 pa-rameters are given in Table 1. As 
an be seen fromFig. 8, the stru
ture of addu
ts be
omes visually moreand more symmetri
 as the �uorination pro
eeds. How-ever, the point symmetry of F48 is C1.Analyzing Fig. 6 at this stage of the rea
tion, oneshould 
on
lude that experimental realization of high-�uorinated C60 is approa
hing the end be
ause 1) the
hemi
al rea
tivity pool is worked out and 2) the
oupling energy a
tively de
reases, approa
hing zero.Therefore, F44�F50 must be the �nal spe
ies in the

row of �uorinated C60 be
ause the 
oupling energy ofF52 and higher spe
ies be
omes positive. One of the�rst report on produ
ing F48 [61℄ states that the sub-stan
e 
an be obtained only in the 
ourse of long-time�uorination and that depending on the temperature ei-ther F46 or F48 spe
ies 
an be obtained. Both spe
iesare due to the polyaddition realization inherent to the�uorination pro
ess. Just stopping the rea
tion after-wards allows a

umulating the spe
ies in a 
onsiderableamount. This makes the produ
tion of F48 more favor-able than the produ
tion of either F18 or F36 in spiteof mu
h worse 
onditions for the rea
tion o

urren
eas regards ND values and the 
oupling energy. As forhigher �uorinated fullerenes, no indi
ation of their ob-servation is known [6℄ besides F60 that was supposedlyobserved as tra
e amounts in an 19F NMR study [6℄.Fluoride F48 is the main target of the stage onwhi
h 
onsiderable e�ort was 
on
entrated. The �rst19F NMR analysis of the spe
ies showed [61℄ that whenthe NMR spe
trum of F46 is very 
ompli
ated, that ofF48 demonstrates 
lear patterns 
hara
teristi
 of highsymmetry. It was suggested that two 
hiral isomersof the D3 symmetry formed the studied sample. Allfurther investigations were aimed at proving the highsymmetry of the spe
ies, both 
omputationally [13; 16℄and experimentally [57; 62�64℄. In spite of many e�orts460
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Fig. 7. Equilibrium stru
tures of C60F20 to C60F36 �uorinated fullerenes
F38 F40 F42

F44 F46 F48

Fig. 8. Equilibrium stru
tures of C60F38 to C60F48 �uorinated fullerenes461
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Angle (2θ)Fig. 9. Plots of the best Rietveld re�nements asso
i-ated with D3 [64℄ (a) and C1 [65℄ (b) mole
ular modelsof C60F48. Courtesy by Dr. R. Papoular, Leon Bril-louin Laboratory, CEN-Sa
layundertaken to 
larify the symmetry problem, there arestill features that do not �t the high-symmetry sug-gestion. Those are extra dots on the 2D COSY 19FNMR diagram [61℄, and the insu�
ient a

ura
y of gasele
tron di�ra
tion due to a large number of parame-ters used in interpreting the data obtained [63℄. This
an also be addressed to high-resolution X-ray pow-der di�ra
tion [64℄, and hen
e only a relative 
on
lu-sion 
ould be made that, e. g., the D3 symmetry of themole
ule �ts experimental data under applied 
ondi-tions better than the S6 or Td symmetry. Under these
onditions, it was interesting how pre
isely may theexperimental data �t the stru
ture shown in Fig. 8.R. Papoular from the Leon Brillouin Laboratory, CEN�Sa
lay, agreed to perform Rietveld re�ning of his high-resolution X-ray powder di�ra
tion stru
ture data for

Table 2. C60F48 Rietveld re�nement [64; 65℄Quality fa
tors SymmetryD3 C1 S6�2 0.1481 0.1708 0.1870wRp 0.0356 0.0382 0.0399Rp 0.0383 0.0435 0.0438R (F2) 0.0758 0.0766 0.0906Durbin�Watsond-statisti
s 0.6190 0.4810 0.5000C60F48 powder by using the F48 mole
ular stru
turefollowing from the 
urrent study [65℄. Figure 9 presentsthe re�ning results for the mole
ule in 
omparison withthose obtained for D3-symmetri
 spe
ies. The latterwas a

epted as the best �t in 
omparing mole
ularstru
tures of D3, S6, and Td symmetries [64℄. As 
anbe seen from the �gure, the �t for the C1 mole
ule isvisually not only worse than that of the D3 symmetrybut even better in the region of the �rst most inten-sive peak. Table 2 summaries the results of numeri
al
omparison of the two Rietveld re�nements added bythe data for an S6 mole
ule. It 
an be 
on
luded thatthe C1 mole
ule re�nement is between D3 and S6 ones,that is why we were led to the 
on
lusion that it waseither D3 or S6, when we did not know the mole
ulesymmetry. At any rate, the mole
ule had to be at-tributed to a high symmetry, not to C1 that formallyfollows from the mole
ule stru
ture.As regards the dis
ussed X-ray di�ra
tion 
ase, theRietveld re�nement started from the modeling of 
rys-tal pa
king. This pro
edure involves a large set of ap-proximations (the 6-exp-1 intermole
ular potential, aparti
ular algorithm of the Coulomb energy 
al
ula-tion, and so on), whi
h make the re�ning pro
eduredependent on numerous parameters. Not all of themare physi
ally real. For example, in 
al
ulating theCoulomb energy within the bond-
enter 
harge model,the respe
tive 
harges�0:086e and �0:380e on C and Fatoms of ea
h C�F bond and the 
harge 0:466e on the
harge 
enter in the bond middle were assumed [64℄,while the un�uorinated 
arbons had no 
harge. Thisassumption drasti
ally 
ontradi
ts the real pi
ture of
harge distribution over the mole
ule atoms, whi
h isshown in Fig. 10. The F48 �uoride is presented in the�gure by D3 (the 
urve with open 
ir
les) and C1 (thehistogram) mole
ules. The stru
ture of the former wastaken as suggested in [65℄. Just this D3 mole
ule wasused for the Rietveld re�nement in [64℄. As follows462
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ule) and C60F60 (
urve with �lled dotes) spe
ies
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Fig. 11. Equilibrium stru
tures of C60F50 to C60F60 �uorinated fullerenesfrom the �gure, the general pattern of the 
harge dis-tribution is well similar for both mole
ules. The dif-feren
e between the two plots just re�e
ts the di�er-en
e in the mole
ule symmetry. In both 
ases, �u-orinated 
arbon atoms form three main groups with
harges of the �rst group within 0:135e�0:123e (C1)(a spike at 0:185e is a dire
t eviden
e of low symme-try) and 0:132e�0:125e (D3) intervals; of the se
ond
group, within 0:087e�0:073e (C1) and 0:089e�0:080e(D3) intervals; and of the third group, from �0:098e to�0:128e (C1) and at �0:119e (D3). The �rst group in-volves atoms one of whose neighbors is not �uorinated.All atoms of the se
ond group are �uorinated and arejoined to �uorinated atoms. Atoms of the third groupare un�uorinated. Fluorine atoms have 
harge withinthe intervals from �0:072e to �0:080e (C1) and from463



E. F. Sheka ÆÝÒÔ, òîì 138, âûï. 3 (9), 2010�0:072e to �0:078e (D3). When �uorination is fully
ompleted in C60F60, the 
harges of both 
arbon and�uorine atoms are pra
ti
ally 
onstant, equal in abso-lute value (0:071e and �0:071e) and opposite in sign.As 
an be seen from Fig. 10, the real 
harge distri-bution has nothing in 
ommon with the assumptionsmade in [64℄. And who knows, if these 
harges weretaken into a

ount, not a D3 but a C1 mole
ule wouldhave been the best �t for the Rietveld re�nement. Atany rate, the performed analysis of the pro
edure ap-plied on the basis of F48 stru
ture eviden
es 
onvin
-ingly a 
learly exhibited D3 
ontinuous symmetry ofthe mole
ule.Comparing D3 symmetry mole
ule with F48, itis ne
essary to stress attention on the following. Asshown previously, the F48 mole
ule has been obtainedin due 
ourse of su

essive steps of 1,2-additions thatstri
tly keep long-bond framing of the fullerene 
agepentagon [66℄. Oppositely to this, the exa
t D3 sym-metry of the isomer requires moving a short bond ofthe fullerene 
age to the pentagon framing. This ispossible if only the 1,2-manner of addition is repla
edby 1,4-one at the last or one of the pre
eding steps. Apre
edent and a possible me
hanism for su
h a spon-taneous transformation have not been known so far.On the other hand, geometri
al fa
tors given in Ta-ble 1 show 
onvin
ingly that a su

essive �uorinationof the 
age did not require any serious re
onstru
tion ofthe latter whi
h might result in 
hanging the pentagonframing. This means that the main stru
ture fa
tor ofthe C60 
age 
onsisting in the long-single-bond frame ofpentagons should be retained during the whole �uori-nation pro
ess sin
e the �uorination of C60F2 to C60F48follows a single pathway and o

urs in regular steps.At the same time, the total energy of the exa
t D3-C60F48 isomer is signi�
antly lower (about 54 k
al/mol)than that of F48 mole
ule. It means that under par-ti
ular kineti
 
onditions, the formation of more sta-ble isomer might be energeti
ally pro�table. �Fluorinedan
e�, whi
h was dis
overed ten years ago [67℄ and wasexhibited in a fa
ile migration of �uorine atoms overthe fullerene surfa
e at elevated temperature, may ob-viously provide su
h parti
ular kineti
s. Evidently, themigration itself 
annot transform 1,2-addition into 1,4one. However, if to remember a possible D3d C60 iso-mer [68℄ (see a detailed dis
ussion of the C60 isomerismin Ref. [69℄), it seems reasonable to suppose that the�uorine migration alongside with temperature elevat-ing may stimulate reisomerization of the C60 
age fromCi and/or Ih form into D3d one, whi
h, in its turn, mayfavour the formation of D3 symmetri
 �uoride. Sin
eexperimental re
ordings related to C60F48, su
h as 19F

NMR as well as ele
troni
 spe
tra, et
., depend on a
hemi
al prehistory of samples produ
ing, one mightthink that both, exa
t and 
ontinuous, D3-symmetri
isomers of the �uoride may 
oexist shifting balan
e toone of them depending on 
hemi
al and physi
al treat-ments. 5.6. C60F50�C60F60 addu
tsBe
auseND has been 
ompletely worked out by thisstage (see Fig. 6), the NDA pointer 
ould not be usedand further �uorination had to pro
eed without it. Theproblem is fa
ilitated by a 
omparatively small numberof empty pla
es, whi
h de
reases when �uorination pro-
eeds, and the isomer study 
an therefore be performedjust routinely by running over all pla
es one by one.The result of the sorting thus performed is presentedin Table 1 and in Fig. 11, whi
h shows the stru
ture ofthe spe
ies of the lowest total energy. The �uorinationpro
ess is ended by the formation of C60F60 spe
ies ofthe Ih symmetry. Be
ause there are no odd ele
trons inthe spe
ies, its atoms form an ideal trun
ated i
osahe-dron stru
ture, in 
ontrast to pristine C60, where oddele
tron 
onjugation violates the high symmetry lower-ing it to Ci [26; 60℄. When the odd ele
tron behavioris not taken into a

ount, as is the 
ase with 
lose-shell
al
ulations, both RHF and DFT, the C60 exa
t sym-metry is obviously Ih. All the above high-�uorinatedprodu
ts are thermodynami
ally stable and 
ould ex-ist. But be
ause �uorination is a su

essive pro
ess,their formation be
omes energeti
ally nonpro�table atk � 25 due to positive partial 
oupling energy (seeFig. 6); that is why no re
ording of the spe
ies produ
-tion has been known by now.5.7. Fluorination-indu
ed C60 
age stru
turetransformationStepwise �uorination is followed by the gradual sub-stitution of sp2-
on�gured 
arbon atoms by sp3 ones.Be
ause both valen
e angles between the 
orrespondingC�C bonds and the bond lengths are noti
eably di�er-ent in the two 
ases, the stru
ture of the fullerene 
agebe
omes pronoun
edly distorted. Figure 12 demon-strates the transformation of the 
age stru
ture in the
ourse of �uorination exempli�ed by 
hanges within a�xed set of C�C bonds.A gray 
urve in ea
h panel in Fig. 12 presents thebond length distribution for pristine C60. As seen fromthe �gure, the �rst steps of �uorination are followed bythe elongation of C�C bonds that involve not only thenewly formed sp3 atoms but also some of sp2 ones. This464
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Bond numberFig. 12. sp2-sp3 transformation of the C60 
age stru
ture in the 
ourse of su

essive �uorination. Gray and bla
k 
urvesrespe
tively 
orrespond to the bond length distribution related to the C60 
age of pristine fullerene and its �uorinatedderivatives6 ÆÝÒÔ, âûï. 3 (9) 465
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rease in the total number of e�e
tivelyunpaired ele
trons ND, as is shown in Fig. 6. The in-
rease pro
eeds until C60F8 is formed, after whi
h thee�e
t is 
ompensated by a gradual de
rease in the NDvalue 
aused by the in
reasing number of sp3 atoms.Comparing the pristine diagram with those belong-ing to a 
urrent �uorinated spe
ies makes it possible totra
e the fullerene 
age stru
ture 
hanges. As might benaturally expe
ted, the sp2�sp3 transformation 
ausesthe appearan
e of elongated C�C bonds, whose num-ber in
reases as �uorination pro
eeds. To keep the
age stru
ture 
losed, this e�e
t as well as 
hanges invalen
e angles should be 
ompensated. At the levelof bonds, this 
ompensation 
auses the squeezing ofa major part of pristine bonds, both long and short,and the squeezing e�e
t grows as �uorination pro
eeds.This is parti
ularly well seen in the right-hand panelsof Fig. 12 related to k-high �uorides where a numberof extremely short C�C bonds 1.325�1.320Å in lengthare formed. The existen
e of these bonds is proved ex-perimentally [70℄. These six bonds are the only onesthat remain untreated in C60F48 spe
ies and 
arry in-formation about the pristine stru
ture. On
e ea
h ofthem has been treated as the �uorination pro
eeds fromC60F48 to C60F60, a new nonstressed 
age of the Ihsymmetry is formed. It is important to note that al-though all 
arbon atoms be
ome sp3-
on�gured andshould be 
onsidered fully identi
al, the short-and-longbond pattern of pristine C60 is kept for C60F60 as well,although with less di�eren
e between the two kinds ofbonds. Moreover, the previously short (long) bonds ofC60 retain their 
hara
ter in C60F60. A similar sp2�sp3transformation of the 
age was observed under hydro-genation from C60 to C60H60 [28℄.6. CONCLUSIONThe rea
tions of fullerene C60 with mole
ular�uorine have been studied using unrestri
ted brokensymmetry HF semiempiri
al 
al
ulations (the UBS HFversion of the AM1 te
hnique of the CLUSTER-Z1
odes). The 
al
ulations are fo
used on a sequentialaddition of �uorine atoms to the fullerene 
age. A
omplete family of spe
ies C60F2k (k = 1�30) hasbeen produ
ed. Based on the 
on
ept of e�e
tivelyunpaired ele
trons for the sele
tivity of the fullerenemole
ule 
hemi
al a
tivity as well as on a suggestedmethodology of a 
omputational synthesis of fullerenederivatives, the quantum-
hemi
al 
omputationalsynthesis of the above derivatives has been performedfollowing the laboratory syntheti
 pathway of the

relevant rea
tions in the gaseous state. The preferredbinding sites for sequential additions were sele
ted bythe largest value of the atomi
 
hemi
al sus
eptibilityquanti�ed by the fra
tion of e�e
tively unpairedele
trons NDA on the sele
ted atom A. As shown, anyaddition of �uorine atom 
auses a remarkable 
hangein the NDA distribution over the C60 
age atoms. Thatis why the synthesis has been performed as a seriesof predi
ted sequential steps. Brie�y, the syntheti
s
heme is as follows. The rea
tion starts around apair of fullerene C60 atoms with the largest NDAvalues. The atoms usually form one of short-lengthbonds within one of the six identi
al naphthalene-
orefragments. When the �rst addu
t C60F2 is formed, therea
tion pro
eeds around a new pair of its fullerene
age atoms with the highest NDA values, resulting inthe formation of a C60F4 addu
t. A new NDA mapreveals the sites for the next addition step, and soon. The rea
tion is terminated when all the NDAvalues are fully exhausted. Following this method-ology, a 
omplete series of C60F2k spe
ies has beensynthesized. The obtained results are analyzed fromthe energeti
, symmetry, and 
omposition abundan
estandpoints. A good �tting of the data to experi-mental �ndings 
onvin
ingly proves a 
reative role ofthe suggested syntheti
 methodology in 
onsideringfullerene-involved addition rea
tions of di�erent kinds.The author is deeply thankful to R. Papoular forperforming the Rietveld re�ning of his high-resolutionX-ray data on the C60F48 
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