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Reactions of fullerene Cgo with atomic fluorine are studied by the unrestricted broken spin symmetry Hartree—
Fock (UBS HF) approach implemented in semiempirical codes based on the AM1 technique. The calculations
are focused on a successive addition of a fluorine atom to the fullerene cage following the indication of the
highest chemical susceptibility of the cage atom, which is calculated at each step. The proposed computational
synthesis is based on the effectively-unpaired-electron concept of the chemical susceptibility of fullerene atoms.
The obtained results are analyzed from the standpoints of energy, symmetry, and the composition abundance. A
good fitting of the data to experimental findings proves a creative role of the suggested synthetic methodology.

1. INTRODUCTION

The fluorinated fullerene Cgo decade, started with
the first synthesis in 1991 (see reviews [1-4]) and ended
by a generalizing theoretical approach to the charac-
terization of fluorinated fullerenes in 2003 [5], with-
out a doubt is one of the best examples of the power
and ability of modern chemistry to produce, character-
ize, and describe a new family of fascinating chemicals
at a microscopic level. This is especially impressive
because the number of species hidden under the gen-
eral formula CgoFay (with k= 1,...,30), is definitely
countless if all possible isomers at each particular &
are taken into account. The first breakthrough in the
problem was achieved by experimentalists who showed
that 1) only species with an even number of fluorine
atoms can be observed, 2) not all &k = 1,...,30 flu-
orinated products but only a restricted set of them
can be produced and identified in practice, and 3) a
very limited number of isomers, from one to three,
are revealed. Products with chemical formulas CgoF13,
CgoF36, and CgpF4s dominate in the production list,
while minor products from CgoFs to CgoF2p have also
been identified [6]. Mass spectrometry, IR, '°F, and
3He NMR spectroscopy manifested themselves as re-
liable constituents of a convincing analytical platform
for identification of the species.

At the same time, quantum chemical simula-
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tions have faced the manyfold isomerism problem in
the full measure. Thus, to suggest a convincing
atomistic structure of the products produced exper-
imentally, one to three isomers [6] must be chosen
among 600873146368 170 isomers of CgoF36 [7] and
23322797475 isomers of CgoFag [7]- To make compu-
tations feasible the isomer number must be restricted to
unity. Obviously, this might be possible if some global
regularities, which govern the fluorination process, can
be exhibited. To proceed along this way, it was neces-
sary to answer the following questions.

1. To what kind of chemical reactions does the
fullerene fluorination belong?

2. What is the pathway for fluorination of fullerene
Cego, and does the fluorination of CgoFs, €. g., to CgoFas
follow a single pathway and in regular steps?

3. How can the target carbon atoms of the fullerene
cage be chosen prior to any subsequent step of fluori-
nation?

4. How can these measures restrict the number of
possible isomers?

In answering the first question, the computing com-
munity regarded the fullerene fluorination as a radical
reaction [8] of one-by-one addition of fluorine atoms,
with the first addition drastically violating the double
C—C bond of the fullerene cage and the next addition
completing the transformation of the bond into a single
one.

Experimental data, particularly a comprehensive
study of the electronic structure and chemical bonding
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of fluorinated fullerenes by X-ray photospectroscopy,
near-edge X-ray angular photospectroscopy, UV pho-
tospectroscopy, and vacuum-UV absorption [9] give a
positive answer to the second question; hence, fluorina-
tion of CgoFy to CgoF4g follows a single pathway and
occurs in regular steps.

As regards the choice of target atoms for the sub-
sequent steps, a computing scientist had to solve the
dilemma of either accepting the full equality of the
fullerene Cgp atoms with respect to chemical reactiv-
ity or seeking regioselectivity of the cage atoms. Ob-
viously, the first option, which has been adopted by
the majority of the computational community until
now, was absolutely impotent in the solution of the
above isomerism problem. Therefore, to proceed with
the problem solution, a particular regioselectivity of
fullerene atoms has to be accepted. The first sug-
gestion concerns the choice between 6,6 double bonds
joining two hexagons and 6,5 single bonds framing pen-
tagons in favor of the former. The next suggestion deals
with the separation between carbon sites of the subse-
quent addition of fluorine atoms either via bonds (1,2-
addition, adjacent carbon sites) or via space (1,3- and
1,4-additions, widely spaced carbon sites). It was first
proved in [10] that the 1,2-addition is preferable for flu-
orine. In a decade, the conclusion was confirmed in [5].
The next question concerns the succession of the 1,2-
additions. Following a concept of a supposed increase
in aromaticity of the fullerene hexagons caused by flu-
orine addition generalized in [4], a contiguous Fy addi-
tion was suggested with the preference of C—C double
bonds adjacent to the prior addition sites.

The above issues are quite important for design-
ing model structures, but they should nevertheless be
qualified as general recommendations only. The main
problem concerning the number of isomers attributed
to each of the CgoFsp species is still open. The way
out of the situation was suggested in [11], where it was
proposed to restrict the number of isomers to those
having a three-fold symmetry axis. The proposal was
based on a clear experimental evidence of the C3, sym-
metry of the crown-shaped CgoHys species [12]. This
has been extended to CgoF1s [11] and subsequently
also to CgoF3s and CgoF4s adducts [13-16]. How-
ever, under these assumptions, the number of possi-
ble isomers is still quite large, e.g., 2695 for CgoF36
species [17]. The next step toward decreasing the iso-
mer number involved concrete assumptions concerning
the molecule symmetry. For example, a crown-shaped
structure of CgoF1g points to the Cs, symmetry [11],
the consideration of T, C3, Sg, and D34 structures for
CgoF36 has allowed decreasing the isomer number to
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63 [14], and 94 isomers have been selected in the case
of CgoF4s [13]. The justification of the assumption
has been mainly based on the '"F NMR spectra of
Cﬁ[)Flg [18], CﬁgFgg [19], and 060F48 [20, 2].] How-
ever, a thorough analysis of both 'F NMR and two-
dimensional correlation spectroscopy (2D COSY) spec-
tra has shown that the structure assignment based on
theoretical predictions is not absolutely secure, partic-
ularly for CgoF3s and CgoFag species (see a detailed
discussion in Secs. 5.4 and 5.5). Therefore, the prob-
lem of the assignment of the most stable isomers cannot
be considered definitely solved.

An alternative approach to the problem can be sug-
gested on the basis of the inherent regioselectivity of 60
pristine fullerene atoms. It is based on a partial radical-
ization of the Cgp molecule caused by the appearance of
effectively unpaired electrons (EUPEs) due to weaken-
ing of the interaction of its odd electrons [22-27]. These
electrons, distributed over the cage atoms, enhance the
atom chemical reactivity, providing a numerically defi-
nite atomic chemical susceptibility (ACS). Due to non-
monotonic EUPE distribution, the ACS mapping over
cage atoms readily highlights target atoms that are
characterized by the highest ACS. Thus, taking ACS
as a quantitative pointer of the readiness of each atom
to enter the chemical reaction allows making a definite
choice of targets at each stage of the reaction and, con-
sequently, performing a stepwise computational synthe-
sis of fullerene derivatives of any composition. Exem-
plified by the first steps of the fullerene fluorination [25—
27], the approach has turned out to be a proper tool
for a stepwise synthesis of the halogenated Cgo(Hal)og,
hydrogenated CgoHay, aminated Cgo(Am),, fullerene
adducts in a predictable manner. In this paper, we
present results related to the CgoFsp family. Hydro-
genated and aminated families are discussed in [28, 29].

2. COMPUTATION METHODOLOGY

The traditional theory of chemical bonding involved
conceptual and quantitative determination in terms of
either bond [30] or Wiberg [31, 32] indices in the frame-
work of the single-determinant close shell restricted
Hartree-Fock (RHF') approximation. For odd-electron
systems (the term indicates that the number of va-
lence electrons of each fullerene atom is larger by one
than the number of interatomic bonds formed by the
atom), this corresponds to the limit case of strong cou-
pling between the electrons. This requirement is met
in the case of ethylene and benzene, where odd elec-
trons are fully covalently coupled in the form of 7 elec-
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trons. However, even for naphthalene, not to mention
higher acenes [33,34], fullerenes [22-27], carbon nan-
otubes [33,35,36], and graphene [36], this is not the
case due to the increased length of C-C bonds com-
pared to those of the benzene molecule, which causes
a noticeable weakening of the interaction between the
electrons such that a part of odd electrons are excluded
from the covalent coupling and become effectively un-
paired.

Generalizing the approach to systems with weakly
interacting electrons ultimately requires taking the
electrons correlation into account and passing to com-
putational schemes that involve the full configura-
tional interaction. However, the traditional complete-
active-space-self-consistent-field (CASSCF) methods
that deal correctly with two electron systems of dirad-
icals and some dinuclear magnetic complexes cannot
handle systems with a large number of electrons due
to a huge number of configurations generated in the
active space of the system (for m singly occupied or-
bitals on each of the n identical centers, 2™" Slater
determinants should be formed by assigning spins up
or down to each of the nm orbitals [37]). It has been
assumed until recently that CASSCF-type approaches
are non-feasible for many-odd-electron systems such as
fullerenes, carbon nanotubes, and graphene. Hence,
addressing single-determinant approaches appeared to
be the only alternative.

The open-shell unrestricted broken spin-symmetry
(UBS) approach suggested by Noodleman [38] is
well elaborated for both wave-function and electron-
density quantum-chemical methodologies, based on un-
restricted single-determinant Hartree—Fock scheme [39]
(UBS HF) and the Kohn—Sham single Slater determi-
nant procedure of the density-functional theory (DFT),
i.e. UBS DFT [40]. The main problem of the UBS ap-
proach concerns spin contamination of the calculation
results. The interpretation of UBS results in view of
their relevance to physical and chemical reality con-
sists in mapping between the eigenvalues and eigen-
functions of the exact and model spin Hamiltonians.
The implementation of the UBS HF approach, both ab
initio and semiempirical, is standard and the desired
mapping is quite straightforward. The recent first at-
tempts of many-body configurational interaction calcu-
lations of polyacenes [34] and graphene [41] have pro-
vided a strong support of the UBS HF approach [36]
and highlighted its high ability to quantitatively de-
scribe practically important consequences of the weak
interaction between odd electrons of nanocarbons. A
semiempirical UBS HF calculation scheme based on the
AMI1 approach was used in the current study; due to its

high efficacy, massive calculations concerned with the
isomerism of the CgoFsy family have been successfully
performed.

3. SYNOPSIS OF THE VALUES UNDER
CONSIDERATION

EUPEs provide a partial radicalization of the
species and hence a considerable enhancement of its
chemical reactivity. Because EUPEs are produced by
spin-contaminated UBS solutions, they are directly re-
lated with the spin contamination

C = (8%~ S(S+1), 1)

where (52) is the expectation value of the total spin an-
gular momentum that follows from the UBS solution.
Actually, as shown in [42], the total EUPEs number
Np is expressed as

o _ NB)2

np=2 g -
where N and N? are the respective numbers of elec-
trons with spin a and /3, and N® — N? determines the
spin multiplicity. On the other side, the spin contam-
ination produces an extra spin density (as is particu-
larly evident for the singlet state), and hence Np is
expressed as the trace of the spin density [43],

Np = tr D(r|r"). (3)

Therefore, to quantify Np, either ($2) or tr D(r|r')
must be known.

For a single-Slater-determinant UBS HF function,
the evaluation of both quantities is straightforward be-
cause the corresponding coordinate wave functions are
subordinated to the definite permutation symmetry,
and hence each spin value S corresponds to a definite
expectation value of energy [44]. Therefore [45],

(NQ—N6)2 Ne +N6 NORBS

4 * 2

(5%) = PSP, (1)

= ig0
i,j=1

where P;;’ﬁ are the respective electron density matrix
elements for spins o and 3 and NORBS is the number
of orbitals. Similarly, Eq. (3) has the form [25]

NORBS

Np= > Dy, (5)

i,j=1

where D;; are matrix elements of the spin density ex-
pressed as [25]

D = (P* — PP)2, (6)

5*
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The last expression is related to the neglect-of-diato-
mic-differential-overlap (NDDO) approximation that
underlies the AM1/PM3 semiempirical computational
schemes. The summation in (5) ranges over all atomic
orbitals.

The atomic origin of the UBS HF function produces
another important relation concerning the partitioning
of the Np value over the system atoms,

NAT
Np= Y Npa, (7)
A
where N AT is the total number of atoms and [25]
NAT

Noa=Y 3 Y,

icA B=1 jcB

(8)

is attributed to the EUPEs number on atom A (the
summation in (8) ranges over all atoms B except A).
Because the EUPEs themselves are a “quality index”
of the enhanced reactivity, the Np and Npa values
just quantify the indices respectively representing the
molecular and atomic chemical susceptibility (ACS).
The correct determination of both values is well pro-
vided by the AM1/PM3 UBS HF solution [25] of the
CLUSTER-Z1 software [46] used in the current study.

4. ALGORITHM OF COMPUTATIONAL
SYNTHESIS OF FULLERENE DERIVATIVES

The analysis of the chemical activity of both car-
bonaceous and siliceous fullerenes presents the first
practical implementation of the concepts described
above [22-24]. From the standpoint of EUPEs, the
Cgo and Cr7g molecules are characterized by partial ex-
clusion of odd electrons from the covalent bonding,
which results in EUPEs constituting approximately a
10 %-odd-electron fraction, while all odd electrons of
the Sigo molecule are not paired, providing a 60-fold
radicalization of the molecule. This finding highlights
evident reasons for the failure to produce the species
in practice. The ACS (Np4) maps complete the
structural description of the Cgp and Crg molecules
by their “chemical portraits” [25-27]. According to
these papers, the Cgp molecule consists of six identical
naphthalene-core fragments forming a 6Cyo configura-
tion.

The chemical portrait of the Cgo molecule is shown
in Fig. 1a and b, and the ACS map of the molecule
atoms belonging to groups 1-5 is presented in Fig. le.
According to the figure, the initial step of any addi-
tional chemical reaction involves atoms of the high-
est ACS of group 1. There are 12 identical atoms
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that form 6 short C—-C bonds belonging to 6 identical
naphthalene-core fragments. We may choose any of the
pairs to start the reaction of attaching any R addend
to the fullerene cage, including fluorine atoms and/or
molecules. When the first adduct CggR4 is formed, the
reaction should proceed around the cage atoms with
the largest Npa values resulting in the formation of
adduct CgoR2. A new ACS map reveals the sites for
the next addition step, and so on. The reaction is ter-
minated when all the Np4 values are fully exhausted.
Following this methodology, a complete list of fluori-
nated fullerenes CgoFsyy has been synthesized.

5. RESULTS AND DISCUSSION

5.1. Start of the Cgg fluorination

When starting the fluorination of Cgg, one fluorine
molecule is placed in the vicinity of the selected atoms
of group 1 (31 and 32 in the current case) (Fig. 2a)
and a full optimization of the complex geometry in the
singlet state is performed. It turns out that the fluo-
rine molecule is willingly attached to the cage, but two
adducts are possible depending on the fluorine molecule
orientation with respect to the chosen C-C bond. If
the molecule axis is parallel to the bond, adduct CgoF2
(adduct I, Fig. 2b) is formed. If the molecule axis
is even slightly inclined toward the bond, a complex
CeoF1 + F (adduct IT + F, Fig. 2¢) is obtained.

Figure 3 presents the ACS maps of the pristine Cgg
cage (gray) and of the cage after formation of adducts
I and IT (black) following the atom numeration in the
output file. The crosses mark the initial target atoms
31 and 32. As can be seen from the figure, attach-
ing either one or two fluorine atoms changes the ini-
tial map considerably and differently in both cases.
When two atoms are attached to the cage, the Npg4
values become zero for target atoms 31 and 32 and star-
marked atoms 18, 20, 38, and 55 become the most ac-
tive (Fig. 3a). When one atom is attached, the remain-
ing target atom 31, which is adjacent to the first target
atom 32, dominates on the adduct ACS map (Fig. 3b).
The picture clearly evidences the readiness of the Cgg
cage to complete the reaction by adding a further flu-
orine atom to atom 31. Following this indication, and
keeping configuration of the II + F complex, we add
the second fluorine molecule as shown in Fig. 2d. In
due course of the structure optimization, a new adduct
CeoF2 + 2F (IIT + 2F, Fig. 2e) is formed. Geometry
and electronic properties of adduct IIT are fully iden-
tical to those of adduct I, which is also confirmed by
a complete identity of their Np4 maps. Therefore, in-
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Fig.1. Chemical portrait of Cso [26] the 6C19 composition (a); different colors mark atoms with different ACS (b). Figures
point to different atom groups, and ACS map over atoms of Cgo; Npa data are aligned from the largest value down (¢)

dependently of whether the one-stage (see Fig. 2b) or
two-stage (Fig. 2¢) process of the Fy attachment to the
fullerene cage occurs, the same final adduct CgoF5 is
formed. Obviously, the two-stage reaction should pre-
vail in practice. It is radical by nature and follows a
qualitative scheme suggested in [47].

The next step of the reaction is governed by the
predominance of atoms 18, 20, 38, and 55 on the ACS
map of CgoF2 (see Fig. 3a) over other atoms. The
above atoms form two identical pairs of short C-C
bonds located in the equatorial plane with respect to
the first two target atoms (see white atoms in Fig. 4a).

One of these pairs is taken as targeting and the pro-
cedure of attaching F» to the pair atoms repeats the
one described above. Consequently, a CgoF4 molecule
is formed (Fig. 4b). The ACS map is calculated for the
product to select target atoms for the next attaching.
As can be seen from Fig. 4, a subsequent Fy addition
is not contiguous (Fig. 4¢) as was suggested in [4, 6].

From the computational standpoint, the result of
one-atom addition at each stage of the two-stage pro-
cess of the Fy addition is independent of precisely
which, molecular or atomic, addend attacks the cage.
That is why a subsequent addition of fluorine atoms
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Fig.2. Attachment of one (a—c) and two (d,e) fluorine molecules to the Cgo cage: a — the starting geometry; target

atoms of the Cgp cage are white; b — adduct | CoF2; ¢ — adduct Il CgoF1 and a free fluorine atom F; the composition

corresponds to the starting geometry in a; starting configuration (the target atom of the Cgo cage is white) (d) and final
adduct Il (¢) of the reaction (CgoF1 + F + F)

one-by-one is considered in what follows as a series of
successive steps consisting of two stages, which involves
calculations of two adducts related to the two reactions,

CeoFar + F = CgoFar41

and
CeoFart1 + F = CooFa(r1),

k= 1,2,...,30. Each step is controlled by the
fullerene cage ACS map of the preceding adducts,
namely, CgoFar and CgpFap11. Actually, when the dif-
ference between the high-rank Np 4 values is not signif-
icant, every step is additionally complicated by expand-
ing calculations over a restricted set of isomers that are
selected by a set of high-rank values on the ACS map.
A final choice of the most stable species is thus sub-
ordinated to the preference of the structure with the
least total energy.

5.2. Ceon—CeoFg adducts

We consider the synthesis of fluorinated adducts
in the working regime exemplifying the procedure for
CeoF2—CgoFg adducts. Chart 1 presents high-rank
Npy values of the species from Cgg to CgoFg. The
Npa data are ordered from top down and only a small
part of high-rank data is shown. Fluorinated adducts
are marked FN, where N marks the number of added
fluorine atoms.

Cage atom 32 was chosen as the first one to be
attacked by fluorine. Atom 31 heads the list of the
Npa data of adduct F1 and obviously points to the
place of the next attack. The head of the Np4 list
of Fy involves two pairs of one-bond-connected atoms
38&55 and 20&18 (they are shown in Fig. 4a). The
pairs are fully equivalent and, as shown by calcula-
tions, the series of adducts starting from each of them

are also equivalent. We proceed with atom 38 to form
F3, whose Np4 list immediately highlights the pairing
atom 55. The Np4 list of F4 is opened by one-bond-
connected atoms 42&48 and includes atom 22, whose
pair atom is shifted into the depth of the list. Con-
tinuing addition by attacking atom 42, we obtain F5
with atom 48 having the highest Np4. The Np4 list
of F6 is typical for the majority of successive addition
events and is headed by two (sometimes, three) atoms
with comparable Np 4 values, while the corresponding
one-bond-connected atoms are shifted into the depth
of list. Two such pairs of F6 are shown differently in
Chart 1. This is a typical case where a study of a few
isomers is needed. The first isomer F7-1 corresponds to
attacking atom 60 and highlights atom 59 for the next
attack. The second isomer F7-2 starts on atom 58 and
exhibits its pairing atom 57. Two Fg adducts followed
from these two F7 isomers differ by the total energy,
respectively given by 517.162 and 517.216 kcal /mol for
isomers F8-1 and F8-2. In spite of a seemingly small
difference in the energy, isomer F8-1 is favored quite
reliable. Checking series from F8-1 and F8-2 isomers
showed that all the subsequent species have a much
higher total energy in the second case. Atomic views
of the F2k species for k = 1,2, 3, 4 are shown among
the others in Fig. 5. As can be seen from the figure,
neither F4 nor F6 and F8 follow the contiguous scheme
of the addition suggested in [4]. Not the hypothetical
growth of the aromaticity of adjacent bonds but the re-
distribution of the EUPE density over the cage atoms
is the governing factor of the reaction pathway.

The total energy of adducts and their main geomet-
ric parameters are presented in Table 1. This concerns
C*—F and C*—C* bond lengths, where C* denotes cage
atoms bound to a fluorine one. Changing the total en-
ergy in due course of fluorination is shown in Fig. 6 as
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Fig.3. ACS map of the Cgp cage of the adducts CeoF2 (a) and CeoF1 (). Gray bars present the map of the pristine Cso

a function of the coupling energy E., needed for the

molecule

Ecpl - AHZk: - AIg2(lc—1) - AHFz? (9)

addition of every next pair of fluorine atoms from the

pair number k. Assuming that the reaction occurs in
the gaseous fluorine, we express the energy as

where AHy; and AH,y_q) are heats of formation
of F2k and F2(k—1) products, and AHp, is the
heat of formation of the fluorine molecule, equal
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Chart 1. F1 to F8 fluorination. Figures in brackets show the number of the Cso cage atom to which the current fluorine

atom is attached

F0-C60 F1 (32) F2 (31) F3 (38) F4 (55)
ni:r(l)brz T ND A Ili:l’(l)brz T ND A nﬁ:r(l)lf;r ND A nﬁ:l’(l)brz T ND A nﬁ:r(l)lir ND A

32 |0.27072| 31 0.53894 | 38 0.29094 55 0.51918 | 42 0.30143
31 |0.27077| 35 0.35590 20 0.29086 40 0.33620 22 0.30002
33 0.35406 55 0.29049 4 0.31575 48 0.30000

39 0.29065 18 0.29041 20 0.29535 2 0.29971

30 0.28358 10 0.26369 18 0.29026 1 0.28812

10 0.28304 40 0.26368 36 0.28537 35 0.29782

F5 (42) F6 (48) F7-1 (60) F8-1 (59)
Ili:l’(l)brz T ND A nﬁ:r(l)lf;r ND A nﬁ:l’(l)brz T ND A nﬁ:r(l)lir ND A

48 0.52989 | 60 0.34210| 59 0.51853 | 22 0.34686

39 0.35424 58 0.32535 57 0.37960 24 0.32989

22 0.34896 22 0.28518 39 0.37006 54 0.29221

36 0.34284 1 0.28104 46 0.36312 27 0.28239

35 0.34226 39 0.27708 60 0.34821 11 0.28026

49 0.34028 44 0.27568 22 0.34667 36 0.27552

35 0.27411 35 0.27273

59 0.26879 23 0.27116

15 0.26840 28 0.27074

2 0.26778 33 0.26836

26 0.26445 25 0.26625

12 0.26395 6 0.26346

57 0.26360 44 0.26253

5 0.25955 53 0.26195

to —22.485 kcal/mol.

The data lay within the

proximation.

Close-shell B3LYP/4_31G calculations

[-91; —83] kcal/mol interval, demonstrating a tight
binding of fluorine with the fullerene cage. The cor-
responding best values for F2 and F4 obtained in [10]
in the close-shell RHF AM1 approximation and cor-
rected by AHy, are practically constant and amount
to —63.5 £ 0.2 kecal/mol. The data increase by about
1.5 times when passing from the RHF to the UHF ap-

in the B3BLYP/STO-3G geometry result in the respec-
tive appropriately AHp,-corrected values —92.4 and
—101.7 keal /mol for F2 and F4 species [5], which are
close to the UBS HF results.

As can be seen from Table 1, the total energy
markedly decreases when fluorination proceeds, which
favors polyaddition. This actually occurs experimen-
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Table 1. Geometric parameters and total energy of fluorinated fullerenes CgoF 2y,
F1 F2 F3 F4 F5 F6
R(C*-F), Ao 1.378 1.382 1.382, 1.378 1.382 1.382, 1377 1.382
R(C*-C*), Ab 1.52 1.61 1.52 1.62, 1.61 1.52, 1.61
AH, kecal/mol® 903.60 843.58 795.50 729.99 677.70 622.58
Symmetry Cay Cs Ch
F7 F8 F10 F12 F14 F16
R(C*-F), Ao | 1.383-1.381 | 1.384-1.381 | 1.383-1.381 | 1.383-1.381 | 1.387-1.380 | 1.385-1.378
R(C*-C*), Ab 1.52 1.61-1.60 1.61-1.60 1.61-1.58 1.60-1.58 1.60-1.57
AH, kcal/mol® 570.35 517.16 414.70 305.92 195.77 86.80
Symmetry Cl 01 Cl 01 Cs
F18 F20 F22 F24 F26 F28
R(C*-F), Ao | 1.384-1.377 | 1.385-1.376 | 1.384-1.375 | 1.385-1.375 | 1.385-1.374 | 1.386-1.376
R(C*-C*), Ab 1.58-1.57 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57 1.58-1.57
AH, kcal/mol® —24.54 —132.87 —248.07 —355.61 —459.33 —552.60
Symmetry Cgv Cl 01 Cl Cs 01
F30 F32 F34 F36 F38 F40
R(C*-F), Ao | 1.385-1.374 | 1.393-1.373 | 1.393-1.376 | 1.402-1.375 | 1.402-1.375 | 1.402-1.376
R(C*-C*), Ab 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57
AH, kcal/mol® —642.47 —738.80 —822.14 —914.95 —905.77 —1069.62
Symmetry 01 Cl 01 Cl 01 01
F42 F44 F46 F48 F50 F52
R(C*-F), Ao | 1.402-1.381 | 1.402-1.381 | 1.402-1.383 | 1.408-1.387 | 1.408-1.387 | 1.410-1.387
R(C*-C*), Ab 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57 1.59-1.57
AH, kcal/mol® —1120.36 —1184.68 —1237.16 —1293.30 —1338.08 —1356.10
Symmet ry 01 Cl 01 Cl 01 Cs
F54 F56 F60
R(C*-F), Ao | 1.412-1.387 | 1.412-1.385 | 1.412-1.357
R(C*-C*), Ab 1.59-1.57 1.59-1.57 1.585-1.565
AH, kcal/mol® —1371.49 —1387.42 —1410.63
Symmetry Cs Cs I

¢ C" marks a cage atom to which fluorine is added.

b ¢*~C* marks a pristine short bond of the cage to which a pair of fluorine atoms is added.

¢ AH is the heat of formation determined as AH = Etot — Y 4 (E:;‘lEC + E;?mt)7 where Fiot = Eeiec + Enuyer, while
Fetee and Epye are the elctron and core energies; E4., and Ef: , are the electron energy and the heat of formation
of an isolated atom A, respectively.
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4

a b
Fig.4. Attachment of one fluorine molecule to the
CeoF2 cage: a — the starting geometry; target atoms

of the Cgo core are white; b — adduct CeoF4; ¢ — a
scheme of contiguous F2 addition [4]

tally, and CGOFls, 060F367 and 060F48 are usually the
main products obtained [6]. As shown by groups of
Taylor and Boltalina (see reviews [2,4]), the fluori-
nation yield greatly depends on the reaction condi-
tions. In fluorination by a fluorine gas, the electron
ionization mass spectrum showed a continuous spec-
trum of derivatives from CgoFs to CgoF42. However, it
was unclear whether the lower fluorinated species were
compounds or merely fragmentation ions. Only after
particular measures were taken, the authors succeeded
in separating lower fluorinated species CgoFy, CgoFy,
CeoFg, and CgoFg [48,49], confirming the stability of
adducts.

The top panel in Fig. 6 shows the EUPEs total
number as a function of the number of fluorinated
pairs added to the fullerene cage. The value gradu-
ally decreases when fluorination proceeds, and hence
the molecular chemical susceptibility Np logically be-
haves as a “pool of chemical reactivity” that is being
worked out in the course of the reaction. At the very
beginning at low k, Np slightly increases due to an in-
crease in the number of elongated unfluorinated C-C
bonds caused by the sp?—sp? cage structure reconstruc-
tion under fluorination.

5.3. CGOF10_060F18 adducts

A detailed procedure of computational fluorination
of the Cgp cage discussed above is retained through the
full cycle of the CgoFs to CgoFgo fluorination. A con-
cise synopsis related to the formation of products from
CgoF10 to CgoF15 that required a study of 11 isomers is
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presented in Chart 2. The content of each cell involves
the isomer name and the cage atom numbers, which
were taken from the high-rank part of the Np 4 list of
the preceding isomer and addition to which provided
the current isomer formation, as well as the isomer to-
tal energy in kcal/mol. Isomers with the least total
energy are shown in boldface. When reading the chart,
the following picture is developed. Starting with iso-
mer F8-1 and looking at the Npy4 list in Chart 1, we
can obtain two isomers F10 by adding a pair of fluo-
rine atoms to either atoms 22 and 33 (F10-1) or atoms
24 and 23 (F10-2). The total energies of the two iso-
mers are 414.700 and 415.812 kcal/mol. The energy
difference favors the first one, which we place at the
head of the CgoF19—CgoF 15 series in Chart 2. The high-
rank part of the list of F10-1 involves three pairs that
originate three F12 isomers shown in Chart 2. Isomer
F12-2 has the least energy and a fluorine atom addi-
tion to its high-rank atoms produces two F14 isomers.
Choosing the F14-1 isomer, we proceed with two F16
isomers, among which F16-2 is more favorable energet-
ically. Adding fluorine atoms to atoms 23 and 24 of
F16-2, we obtain isomer F18-1. Shown for comparison
in Chart 2 is the case where adduct F18 is produced
from isomer F16-1. As can be seen from the chart, thus
formed F18-2 and F18-3 adducts have much higher en-
ergy and are energetically nonprofitable with respect to
adduct F18-1.

Equilibrated structures of adducts from the
CeoF10—CgoF15 series that correspond to those of the
least total energy are shown above in Fig. 5. Drawn
in the same projection, the pictures allow vividly
exhibiting a consequent deformation of the fullerene
cage caused by fluorination until F18 is formed. The
last row of pictures in Fig. 5 presents F18 in different
projections to highlight its crown-like structure of the
C3, symmetry well known experimentally [50-52].
The total energy and geometric parameters of adducts
are given in Table 1. Data plotting in Fig. 6 shows
that both Np and the coupling energy do not differ
much within the series and retain close to the highest
values just revealing the high chemical reactivity of
individual adducts and a strong tendency to further
fluorination.

5.4. CGOF207060F36 adducts

Continuing the computational procedure, a series of
CeoF20—Cg0F36 adducts was produced. About 20 iso-
mers were considered in order to choose the most stable
isomers. Such selected isomers are shown in Fig. 7, and
their total energy and geometric parameters are given
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in Table 1. In contrast to the previous series, the cur-
rent one does not end by a high-symmetry adduct. The
obtained F36 adduct has no symmetry at all.

Fluoride CgoF36 is one of the most studied among
other fluorinated fullerenes. However, since the first
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recording of the substance [53] (and until the last
one [54]), there has not been clear vision of the compo-
sition and symmetry of the species. A strong temp-
tation to see a direct connection between F18 and
F36 [6] motivated searching for Cs-based structures of
F36 both computationally [14-17] and experimentally
[52,54-57]. However, all experimental findings turned
out to have a complicated structure and cannot be in-
terpreted from the high-symmetry standpoint. This led
to the conclusion about a complicated isomer composi-
tion of the produced material, involving isomers of the
C3, C1, and T symmetry. Another view on the prob-
lem might be based on the computed F36. This con-
cerns interpreting the experimental findings not from a
rigid “yes/no” symmetry standpoint (Cy or other sym-
metry) but in terms of continuos symmetry [58, 59]. We
cannot exclude that fitting experimental and computa-
tional data could then be quite satisfactory, as this is
in the case with Cgo, whose exact symmetry is C;, but
a continuous symmetry is I, [26,60].

As can be seen from Fig. 6, fluorination of F20 to
F36 covers the main step at which the pool of the cage
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Chart 2. Scheme of F8—F18 fluorination
F8-1
60&57
517.162
F10-1
22&33
414.700
F12-1 F12-2 F12-3
54&40 52&51 53&56
310.952 305.920 311.329
F14-1 F14-2
58&59 53&56
198.577 203.669
F16-1 F16-2
53&56 40854
87.656 86.799
F18-2 F18-3 F18-1
24823 16&11 24&23
—18.287 —8.705 —24.538

chemical reactivity is being worked out. The remaining
Np values become small. Simultaneously, the coupling
energy considerably decreases in absolute value. Both
factors evidently point to weakening the reaction abil-
ity, which evidences the reaction termination in a few
steps.

5.5. CGOF38_CGOF48 adducts

Due to the smallness of the Np value, the next steps
of the addition reaction require more attention and a
thorough investigation of a number of isomers at each
step. Nevertheless, with a few roots of the reaction
continuation attempted, the same set of energetically
stable isomers has been obtained. The species are pre-
sented in Fig. 8. Their total energy and geometric pa-
rameters are given in Table 1. As can be seen from
Fig. 8, the structure of adducts becomes visually more
and more symmetric as the fluorination proceeds. How-
ever, the point symmetry of F48 is C}.

Analyzing Fig. 6 at this stage of the reaction, one
should conclude that experimental realization of high-
fluorinated Cgp is approaching the end because 1) the
chemical reactivity pool is worked out and 2) the
coupling energy actively decreases, approaching zero.
Therefore, F44-F50 must be the final species in the
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row of fluorinated Cgy because the coupling energy of
F52 and higher species becomes positive. One of the
first report on producing F48 [61] states that the sub-
stance can be obtained only in the course of long-time
fluorination and that depending on the temperature ei-
ther F46 or F48 species can be obtained. Both species
are due to the polyaddition realization inherent to the
fluorination process. Just stopping the reaction after-
wards allows accumulating the species in a considerable
amount. This makes the production of F48 more favor-
able than the production of either F18 or F36 in spite
of much worse conditions for the reaction occurrence
as regards Np values and the coupling energy. As for
higher fluorinated fullerenes, no indication of their ob-
servation is known [6] besides F60 that was supposedly
observed as trace amounts in an '?F NMR study [6].

Fluoride F48 is the main target of the stage on
which considerable effort was concentrated. The first
19F NMR analysis of the species showed [61] that when
the NMR spectrum of F46 is very complicated, that of
F48 demonstrates clear patterns characteristic of high
symmetry. It was suggested that two chiral isomers
of the D3 symmetry formed the studied sample. All
further investigations were aimed at proving the high
symmetry of the species, both computationally [13, 16]
and experimentally [57,62-64]. In spite of many efforts
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Counts, 10° Table 2.  CgoF4s Rietveld refinement [64, 65]
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Fig.9. Plots of the best Rietveld refinements associ-

ated with D3 [64] (a) and C [65] (b) molecular models

of CeoF4s. Courtesy by Dr. R. Papoular, Leon Bril-
louin Laboratory, CEN-Saclay

undertaken to clarify the symmetry problem, there are
still features that do not fit the high-symmetry sug-
gestion. Those are extra dots on the 2D COSY '°F
NMR diagram [61], and the insufficient accuracy of gas
electron diffraction due to a large number of parame-
ters used in interpreting the data obtained [63]. This
can also be addressed to high-resolution X-ray pow-
der diffraction [64], and hence only a relative conclu-
sion could be made that, e.g., the D3 symmetry of the
molecule fits experimental data under applied condi-
tions better than the Sg or Ty symmetry. Under these
conditions, it was interesting how precisely may the
experimental data fit the structure shown in Fig. 8.
R. Papoular from the Leon Brillouin Laboratory, CEN—
Saclay, agreed to perform Rietveld refining of his high-
resolution X-ray powder diffraction structure data for

CgoF4s powder by using the F48 molecular structure
following from the current study [65]. Figure 9 presents
the refining results for the molecule in comparison with
those obtained for Ds-symmetric species. The latter
was accepted as the best fit in comparing molecular
structures of D3, Sg, and Ty symmetries [64]. As can
be seen from the figure, the fit for the C'; molecule is
visually not only worse than that of the D3 symmetry
but even better in the region of the first most inten-
sive peak. Table 2 summaries the results of numerical
comparison of the two Rietveld refinements added by
the data for an Sg molecule. It can be concluded that
the C7 molecule refinement is between D3 and Sg ones,
that is why we were led to the conclusion that it was
either D3 or Sg, when we did not know the molecule
symmetry. At any rate, the molecule had to be at-
tributed to a high symmetry, not to C that formally
follows from the molecule structure.

As regards the discussed X-ray diffraction case, the
Rietveld refinement started from the modeling of crys-
tal packing. This procedure involves a large set of ap-
proximations (the 6-exp-1 intermolecular potential, a
particular algorithm of the Coulomb energy calcula-
tion, and so on), which make the refining procedure
dependent on numerous parameters. Not all of them
are physically real. For example, in calculating the
Coulomb energy within the bond-center charge model,
the respective charges —0.086e and —0.380e on C and F
atoms of each C—F bond and the charge 0.466e on the
charge center in the bond middle were assumed [64],
while the unfluorinated carbons had no charge. This
assumption drastically contradicts the real picture of
charge distribution over the molecule atoms, which is
shown in Fig. 10. The F48 fluoride is presented in the
figure by D3 (the curve with open circles) and C; (the
histogram) molecules. The structure of the former was
taken as suggested in [65]. Just this D3 molecule was
used for the Rietveld refinement in [64]. As follows
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Fig.10. Charge distribution over atoms of CgoF4s (the histogram is the C'y molecule and the curve with empty dots is the
D5 molecule) and CgoFgo (curve with filled dotes) species

Fig.11. Equilibrium structures of CsoF50 to CeoFgo fluorinated fullerenes

from the figure, the general pattern of the charge dis-
tribution is well similar for both molecules. The dif-
ference between the two plots just reflects the differ-
ence in the molecule symmetry. In both cases, flu-
orinated carbon atoms form three main groups with
charges of the first group within 0.135¢-0.123e (C1)
(a spike at 0.185¢ is a direct evidence of low symme-
try) and 0.132¢-0.125¢ (D3) intervals; of the second

group, within 0.087¢-0.073e¢ (C) and 0.089¢-0.080¢
(D3) intervals; and of the third group, from —0.098¢ to
—0.128¢ (C1) and at —0.119¢ (D3). The first group in-
volves atoms one of whose neighbors is not fluorinated.
All atoms of the second group are fluorinated and are
joined to fluorinated atoms. Atoms of the third group
are unfluorinated. Fluorine atoms have charge within
the intervals from —0.072e to —0.080e (C) and from
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—0.072¢e to —0.078¢ (D3). When fluorination is fully
completed in CgoFgo, the charges of both carbon and
fluorine atoms are practically constant, equal in abso-
lute value (0.071e and —0.071e) and opposite in sign.
As can be seen from Fig. 10, the real charge distri-
bution has nothing in common with the assumptions
made in [64]. And who knows, if these charges were
taken into account, not a D3 but a C; molecule would
have been the best fit for the Rietveld refinement. At
any rate, the performed analysis of the procedure ap-
plied on the basis of F48 structure evidences convinc-
ingly a clearly exhibited D3 continuous symmetry of
the molecule.

Comparing D3 symmetry molecule with F48, it
is necessary to stress attention on the following. As
shown previously, the F48 molecule has been obtained
in due course of successive steps of 1,2-additions that
strictly keep long-bond framing of the fullerene cage
pentagon [66]. Oppositely to this, the exact D3 sym-
metry of the isomer requires moving a short bond of
the fullerene cage to the pentagon framing. This is
possible if only the 1,2-manner of addition is replaced
by 1,4-one at the last or one of the preceding steps. A
precedent and a possible mechanism for such a spon-
taneous transformation have not been known so far.
On the other hand, geometrical factors given in Ta-
ble 1 show convincingly that a successive fluorination
of the cage did not require any serious reconstruction of
the latter which might result in changing the pentagon
framing. This means that the main structure factor of
the Cgo cage consisting in the long-single-bond frame of
pentagons should be retained during the whole fluori-
nation process since the fluorination of CgoFs to CgoF4g
follows a single pathway and occurs in regular steps.

At the same time, the total energy of the exact Ds-
CeoF 45 isomer is significantly lower (about 54 kcal /mol)
than that of F48 molecule. It means that under par-
ticular kinetic conditions, the formation of more sta-
ble isomer might be energetically profitable. “Fluorine
dance”, which was discovered ten years ago [67] and was
exhibited in a facile migration of fluorine atoms over
the fullerene surface at elevated temperature, may ob-
viously provide such particular kinetics. Evidently, the
migration itself cannot transform 1,2-addition into 1,4
one. However, if to remember a possible D3, Cgq iso-
mer [68] (see a detailed discussion of the Cgo isomerism
in Ref. [69]), it seems reasonable to suppose that the
fluorine migration alongside with temperature elevat-
ing may stimulate reisomerization of the Cgo cage from
C; and/or Iy, form into D34 one, which, in its turn, may
favour the formation of D3 symmetric fluoride. Since
experimental recordings related to CgoFys, such as '°F

NMR as well as electronic spectra, etc., depend on a
chemical prehistory of samples producing, one might
think that both, exact and continuous, Ds-symmetric
isomers of the fluoride may coexist shifting balance to
one of them depending on chemical and physical treat-
ments.

5.6. CGOF50_CGOF6O adducts

Because Np has been completely worked out by this
stage (see Fig. 6), the Np4 pointer could not be used
and further fluorination had to proceed without it. The
problem is facilitated by a comparatively small number
of empty places, which decreases when fluorination pro-
ceeds, and the isomer study can therefore be performed
just routinely by running over all places one by one.
The result of the sorting thus performed is presented
in Table 1 and in Fig. 11, which shows the structure of
the species of the lowest total energy. The fluorination
process is ended by the formation of CgoFgo species of
the I, symmetry. Because there are no odd electrons in
the species, its atoms form an ideal truncated icosahe-
dron structure, in contrast to pristine Cgg, where odd
electron conjugation violates the high symmetry lower-
ing it to C; [26,60]. When the odd electron behavior
is not taken into account, as is the case with close-shell
calculations, both RHF and DFT, the Cgp exact sym-
metry is obviously Ij,. All the above high-fluorinated
products are thermodynamically stable and could ex-
ist. But because fluorination is a successive process,
their formation becomes energetically nonprofitable at
k > 25 due to positive partial coupling energy (see
Fig. 6); that is why no recording of the species produc-
tion has been known by now.

5.7. Fluorination-induced Cgg cage structure
transformation

Stepwise fluorination is followed by the gradual sub-
stitution of sp?>-configured carbon atoms by sp* ones.
Because both valence angles between the corresponding
C-C bonds and the bond lengths are noticeably differ-
ent in the two cases, the structure of the fullerene cage
becomes pronouncedly distorted. Figure 12 demon-
strates the transformation of the cage structure in the
course of fluorination exemplified by changes within a
fixed set of C—C bonds.

A gray curve in each panel in Fig. 12 presents the
bond length distribution for pristine Cgg. As seen from
the figure, the first steps of fluorination are followed by
the elongation of C—C bonds that involve not only the
newly formed sp* atoms but also some of sp? ones. This
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Fig.12. sp’-sp® transformation of the Cgo cage structure in the course of successive fluorination. Gray and black curves
respectively correspond to the bond length distribution related to the Cgo cage of pristine fullerene and its fluorinated
derivatives
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results in an increase in the total number of effectively
unpaired electrons Np, as is shown in Fig. 6. The in-
crease proceeds until CgoFg is formed, after which the
effect is compensated by a gradual decrease in the Np
value caused by the increasing number of sp?® atoms.

Comparing the pristine diagram with those belong-
ing to a current fluorinated species makes it possible to
trace the fullerene cage structure changes. As might be
naturally expected, the sp?—sp* transformation causes
the appearance of elongated C—C bonds, whose num-
ber increases as fluorination proceeds. To keep the
cage structure closed, this effect as well as changes in
valence angles should be compensated. At the level
of bonds, this compensation causes the squeezing of
a major part of pristine bonds, both long and short,
and the squeezing effect grows as fluorination proceeds.
This is particularly well seen in the right-hand panels
of Fig. 12 related to k-high fluorides where a number
of extremely short C—C bonds 1.325-1.320 A in length
are formed. The existence of these bonds is proved ex-
perimentally [70]. These six bonds are the only ones
that remain untreated in CgoF4s species and carry in-
formation about the pristine structure. Once each of
them has been treated as the fluorination proceeds from
CeoF4s to CgoFgp, a new nonstressed cage of the I,
symmetry is formed. It is important to note that al-
though all carbon atoms become sp3-configured and
should be considered fully identical, the short-and-long
bond pattern of pristine Cgg is kept for CgoFgo as well,
although with less difference between the two kinds of
bonds. Moreover, the previously short (long) bonds of
Cgo retain their character in CgoFgo. A similar sp>—sp?
transformation of the cage was observed under hydro-
genation from Cgo to CgoHgp [28].

6. CONCLUSION

The reactions of fullerene Cgp with molecular
fluorine have been studied using unrestricted broken
symmetry HF semiempirical calculations (the UBS HF
version of the AMI1 technique of the CLUSTER-Z1
codes). The calculations are focused on a sequential
addition of fluorine atoms to the fullerene cage. A
complete family of species CgoFar (K = 1-30) has
been produced. Based on the concept of effectively
unpaired electrons for the selectivity of the fullerene
molecule chemical activity as well as on a suggested
methodology of a computational synthesis of fullerene
derivatives, the quantum-chemical computational
synthesis of the above derivatives has been performed
following the laboratory synthetic pathway of the
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relevant reactions in the gaseous state. The preferred
binding sites for sequential additions were selected by
the largest value of the atomic chemical susceptibility
quantified by the fraction of effectively unpaired
electrons Np4 on the selected atom A. As shown, any
addition of fluorine atom causes a remarkable change
in the Np 4 distribution over the Cgo cage atoms. That
is why the synthesis has been performed as a series
of predicted sequential steps. Briefly, the synthetic
scheme is as follows. The reaction starts around a
pair of fullerene Cgg atoms with the largest Npa
values. The atoms usually form one of short-length
bonds within one of the six identical naphthalene-core
fragments. When the first adduct CgoF5 is formed, the
reaction proceeds around a new pair of its fullerene
cage atoms with the highest Np4 values, resulting in
the formation of a CgoF4 adduct. A new Np4 map
reveals the sites for the next addition step, and so
on. The reaction is terminated when all the Npy
values are fully exhausted. Following this method-
ology, a complete series of CgoFa) species has been
synthesized. The obtained results are analyzed from
the energetic, symmetry, and composition abundance
standpoints. A good fitting of the data to experi-
mental findings convincingly proves a creative role of
the suggested synthetic methodology in considering
fullerene-involved addition reactions of different kinds.

The author is deeply thankful to R. Papoular for
performing the Rietveld refining of his high-resolution
X-ray data on the CgoF4s crystal based on author’s
results and giving permission for publishing the result
here.
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