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Abstract

We have used semi-empirical and ab initio methods to investigate the various oxidation and reduction states of Cgy with their
respective more energetically stable excited states resulting from variations of the charge from +12 to —12 electrons in the
system with singlet, doublet, triplet and quadruplet multiplicities. We have analysed the various conformations, energy varia-

HOMO — LUMO

tions,

, system charges, average interatomic distances as well as regions of minimum energies resulting from

the simulation of the possible reaction routes. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The discovery of superconductivity in doped full-
erenes has stimulated investigations of the electronic
structures [1] and possible interactions between the
Ceo species [2—5]. A variation of charge and multi-
plicity of Cg, in which the Buckminster has a large
electronic affinity as well as oxidations and reductions
in the presence of atoms and molecules has been
reported [5—11].

Reactions of electron transfer involving fullerene
cations in the gaseous phase has also been studied
[12-21] in the presence of other species. The vacan-
cies of Cg has transformed it into a good electron

* Corresponding author. Tel.: +55-21-586-7100; fax: +55-21-
541-2047.

acceptor in which reactions have been studied [10—
19] which involve different charges on the the Cgg
cation. Cq films were examined eletrochemically
indicating that Cg, can undergo ionizations resulting
in changes of the charges on this species [22—-27]. The
transfer or withdrawal of electrons from the neutral
species of Cg results in a redistribution of the electro-
nic energy levels, [HOMO — LUMO], such that elec-
tric proprieties related to band gaps may be modified.
The cause of the variety of the oxidation—reduction
numbers is due to the great number of m-electrons.
This solid state system has non-conventional optical
and electric structures indicated by numerous experi-
mental techniques. Some of these properties have
been applied to electronic applications, contributing
to the development of new technologies.

It is consequently important to better understand
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Fig. 1. The C4 molecule.

the ionization and excitation states of the [28—40]
Cgo. species. In the present work we do quantum
mechanical calculations in order to analise the
various oxidation and reduction states of Cg
with their respective more energetically stable
excited states resulting from a variation of the
charge from +12 to —12 electrons in the system.
The species with even charge values were
analysed using singlet and triplet states whereas
the odd species with doublets and quadruplets.
We have compared the [HOMO — LUMO| (GAP)
using both semiempirical MNDO and ab initio
methods with Huzinaga basis sets [38—40].

2. Computational methods

The C¢y molecule of Fig. 1 was optimized for the
ground state and the excited states using the MNDO
method [39] in order to obtain the lowest total energy
of the system adding or withdrawing systematically

one electron from the system:
Ceo + ne — Cqo (1)

and

+
C6O - Cgo + ne

2

The first excited state was calculated for each case, in
systems with even charges yielding energies for the
singlet and triplet states. For systems with odd total
charge, we determined the energies for the doublet
and quadruplet states.

We analysed the exchange of energy from one
species to another according to:

Cgo + me — Cgo_m, AE = Ecg(;m - Ego (3)

Coo— Co ™" + me™, AE = Ecyen — Ec 4)

We investigated the variation of the energy
levels [HOMO(H)-LUMO(L)| (A|H-L| = |H-L|c:, —
|H-L|cn ) as well as a similar variation of the charge.

n
60
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Table 1

Energy (eV) variations for Cgy(M = i}, i5) L Cio '(M = ji,j») using the MNDO method

n (even) AEYS® AELL® AE§ AE}® AEfG® AERS'T
+12 +0.81 —43.05 —42.37 —43.85 —43.18 +0.68
+10 +1.32 —36.73 —36.08 —38.05 —37.40 +0.66
+8 +0.66 —32.69 —34.22 —33.35 —34.87 —1.52
+6 —0.74 —24.88 —24.28 —24.15 —24.27 —0.13
+4 —0.14 —18.29 —18.60 —18.15 —18.47 —0.32
+2 —0.13 —12.06 —9.66 —11.94 —9.53 +2.41
0 +3.23 —-2.16 —0.34 —5.38 —2.88 +2.50
-2 —0.08 +3.31 +2.91 +3.39 +3.00 —0.40
—4 —0.33 +9.27 +9.22 +9.60 +9.55 —0.05
-6 —0.90 +15.07 +15.11 +15.97 +16.02 +0.05
-8 —-1.90 +20.32 +24.99 +22.22 +21.88 —0.34
—10 —0.09 +27.87 +28.87 +27.96 +28.96 +0.99
n (odd) AED® AERS" AED,! AE}! AEY " AEG!
+11 +0.68 —39.30 —37.98 —39.98 —38.66 +1.32
+9 +0.66 —32.69 —34.22 —33.35 —34.87 —-1.52
+7 +0.22 —26.84 —27.58 —27.06 —27.80 —0.74
+5 -0.13 —-21.13 —21.26 —21.00 —-21.14 —-0.14
+3 —-0.32 —15.02 —15.15 —14.70 —14.586 —0.13
+1 +2.41 —-9.49 —6.27 —11.90 —8.67 +3.23
-1 +2.50 +0.34 +0.25 —2.16 —2.24 —0.08
-3 —0.40 +6.28 +5.95 +6.68 +6.35 —0.33
-5 —0.05 +13.15 +12.25 +13.20 +12.30 —0.90
=7 +0.05 +20.63 +18.73 +20.58 +18.68 —-1.90
-9 —0.34 +24.65 +24.56 +24.99 +24.90 —0.09
—11 +0.99 +31.25 +32.01 +30.250 +31.013 +0.76

* AEgy indicates variation of the energy due to transition of the system from a singlet state of charge n to a triplet state of the same charge.
 AEZ, indicates variation of the energy due to transition of the system from a singlet state of charge n to a quartet state of charge n — 1.
¢ AEgq indicates variation of the energy due to transition of the system from a singlet state of charge n to a quartet 7 state of charge n — 1.
4 AEZ indicates variation of the energy due to transition of the system from a triplet state of charge n to a doublet state charge n — 1.

¢ AE7q indicates variation of the energy due to transition of the system from a triplet state of charge n to a quartet ¢ state charge n — 1.

f AEﬁal indicates variation of the energy due to transition of the system from a doublet state of charge n to a quartet ¢ state charge n — 1.
¢ AEpq indicates variation of the energy due to transition of the system from a doublet state of charge n to a quartet state charge n.

" AEP indicates variation of the energy due to transition of the system from a doublet state of charge 7 to a singlet state charge n — 1.

! AE}r indicates variation of the energy due to transition of the system from a doublet state of charge 7 to a triplet state charge n — 1.

j AE(ys indicates variation of the energy due to transition of the system from a quartet state of charge n to a singlet state charge n — 1.

k AE{r indicates variation of the energy due to transition of the system from a quartet state of charge » to a triplet state charge n — 1.

U AELT ! indicates variation of the energy due to transition of the system from a singlet state of charge n — 1 to a triplet state of charge n — 1.

We have compared the results using the quantum tions for each system are:
mechanical ab initio methods (contracted Huzi- AE; ;,
naga basis) with those obtained from the semiem-
plrical MNDO method. The simulations originated A,
from a Cgro12 structure in the singlet and triplet CooM =1i) V410 CZ&I(MZ D)
states where they were optimized including a Eii, ) — . T AE,
charge (—1) in the system. The new species was CooM = i) Coo (M = j1)
analysed by investigating its conformation, energy AE,;,
variation, charges, molecular levels as well as

AE, 5)

average interatomic distances. The general equa-
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Table 2 B

Energy (eV) variations for Cgy(M = i}, i5) A Cio '(M = ji,j»), using ab initio methods

n (even) AEY? AE%L® AE{ AE! AEf AERS

0 +1.65 —3.55 —5.40 —=5.20 —17.06 —1.85
-2 —0.55 +3.14 +2.59 +3.69 +3.14 —0.54
—4 —0.95 +9.12 +9.31 +10.07 +10.26 +0.19
-6 —0.04 +17.00 +16.84 +17.04 +16.88 —0.16
-8 —0.72 +23.46 +22.70 +24.178 23.42 —0.75
—10 —0.59 +29.67 +29.99 +30.27 +30.59 +0.32
n (odd) AERG® AELG" AER, AEg! AEY AET
+1 —-9.51 —7.86 - - +1.65
-1 —1.85 +0.68 +0.14 +2.54 +1.99 —0.55
-3 —0.54 +7.25 +6.30 +7.79 6.85 —0.95
=5 +0.19 +14.08 +14.05 +13.89 +13.86 —0.04
=7 —0.16 +20.34 +19.62 +20.50 +19.78 —-0.72
-9 —=0.75 +27.06 +26.46 +27.81 +27.21 —-0.59
—11 +0.32 +34.21 +32.53 +33.89 +32.21 —1.68

* AEgr indicates variation of the energy due to transition of the system from a singlet state of charge n to a triplet state of the same charge.
® AE%, indicates variation of the energy due to transition of the system from a singlet state of charge n to a quartet state of charge n — 1.

c
d
e

f

AEyg indicates variation of the energy due to transition of the system from a singlet state of charge n to a quartet ¢ state charge n — 1.
AE7p indicates variation of the energy due to transition of the system from a triplet state of charge n to a doublet state charge n — 1.
AE7 indicates variation of the energy due to transition of the system from a triplet state of charge n to a quartet ¢ state charge n — 1.
AE%B] indicates variation of the energy due to transition of the system from a doublet state of charge n to a quartet 7 state charge n — 1.

¢ AEp indicates variation of the energy due to transition of the system from a doublet state of charge n to a quartet state charge n.
" AEJ indicates variation of the energy due to transition of the system from a doublet state of charge n to a singlet state charge n — 1.
' AEpr indicates variation of the energy due to transition of the system from a doublet state of charge n to a triplet state charge n — 1.

i
k

AE(ys indicates variation of the energy due to transition of the system from a quartet state of charge n to a singlet state charge n — 1.
AEgr indicates variation of the energy due to transition of the system from a quartet state of charge » to a triplet state charge n — 1.

' AE%: ! indicates variation of the energy due to transition of the system from a singlet state of charge n — 1 to a triplet state of charge n — 1.

Here, i;, i, are the multiplicities of the initial
excited states and j;,j, are the final states where
the subscript M = 1 refers to the singlet state (S),
M =2 to the doublet state (D), M =3 to the
triplet state (T) and M =4 to the quadruplet
state (Q).

Analysing Eq. (5) we note that there are six possi-
bilities for the variation of the energy as a function of
the changes of state which are: AE}; , AE;’JZI, AE};
AE}; , AE}; , AE}; . The superscript (n) of AE refers
to the magnitude of the charge.

3. Results and discussion

The energetic differences resulting from our
MNDO and ab initio calculations are given in Tables
1 and 2, respectively. These two tables illustrate ener-
getic variations for Cg, molecules with multiplicity of

i} or i;. When this species is reduced we obtain Cgg l
which as has a multiplicity of j; or j,, and the varia-
tions of the possible routes through which the reaction
could be simulated. In both tables the results were
separated in two sections, i.e. one section where the
initial system has even charges with singlet or triplet
multiplicities and another section containing odd
charges which could be initially in the doublet or
quadruplet states. Consequently, the initial molecules
with even charges (positive or negative), could
proceed via three routes if they are in the singlet
state, i.e. change multiplicity to the triplet state
(AEjgy), reduction to a doublet (AEgp) or a quadruplet
(AEgq) state. Notwithstanding, if they are initially in
the triplet state, they may be reduced to doublet
(AErp) or a quadruplet (AEtq) state. After reduction,
the Cfy ' molecule with odd charge can have a doublet
or quadruplet multiplicity (AEpg) which could be
reduced to the singlet (AEpg) or triplet (AEpy) state,
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Table 3 o
Average energies (eV) per charge AEj; = (AEj/n), using

Table 4
Average variations of the energies (eV) per charge AE;} = (AE{}/n),

the +11\§NDO method  for  the reactions Cgy(M = using+ 1 :lb initio methods for the reactions Cgy(M =

i) = Coo'(M =j1.jo) i) = Coo' (M =j1.jo)

n (even) AE&L® Eng AE}L© E%Qd n(even) AEdL" E'S'Qb AE}L© E%d

+12 —3.59 —3.53 —3.65 —3.65 0 —3.55 —5.40 —5.20 —7.06

+10 —3.67 —3.60 —3.80 —3.74 -2 +1.57 +1.29 +1.85 +1.57

+8 —4.06 —4.02 —3.86 —3.83 -4 +2.28 +2.33 +2.52 +2.56

+6 —4.15 —4.05 —4.03 —4.05 -6 +2.83 +2.80 +2.84 +2.81

a4 457 —4.65 —4.65 —4.62 -8 +2.93 +2.84 +3.02 +2.93

2 ~603 483 7 476 ~10 +2.96 +2.99 +3.02 +3.06

0 —2.16 +0.34 —5.38 —2.88 : : ’ ’

-2 +1.66 +1.46 +1.69 +1.50

—4 +2.32 +2.30 +2.40 +2.39 n(odd)  AE}G® AER! AEYs® AEY"

-6 +2.51 +2.52 +2.66 +2.67

-8 +2.54 +3.12 +2.78 +2.73 +1 —9.51 —7.86 - -

-10 +2.79 +2.88 +2.79 +2.89 -1 +0.68 +0.14 +2.54 +1.99
-3 +2.42 +2.10 +2.59 +2.28

n(odd)  AEps® AELL' AE(s® AEY" -5 +2.82 +2.81 +2.64 +2.46
=7 +2.90 +2.80 +2.92 +2.83

+11 —3.57 —3.45 —3.63 —3.51 -9 +3.00 +2.94 +3.09 +3.02

+9 —3.63 —3.80 —3.70 —3.87 -11 +3.11 +2.95 +3.08 +2.92

+7 —3.83 —3.94 —3.87 —3.97

+5 —4.23 —4.25 —4.20 —4.23 * AE{p average variation of the energy per charge due to the

+3 —5.00 —5.05 —4.90 —4.86 transition from a doublet state of charge n to a quartet state of charge

+1 —9.49 -6.27 —11.90 —8.67 n— 1

-1 +0.34 +0.25 —2.16 —-2.24 b EQQ average variation of the energy per charge due to the

-3 +2.09 +1.98 +2.22 +2.11 transition from a singlett state of charge n to a quadruplet state of

=5 +2.63 +2.45 +2.64 +2.46 charge n — 1.

-7 +2.96 +2.67 +2.94 +2.66 ¢ AEfp average variation of the energy per charge due to the

-9 +2.73 +2.72 +2.77 +2.76 transition from a triplet state of charge n to a doublet state of charge

—11 +2.84 +2.91 +2.75 +2.81 n— 1

* AEYn average variation of the energy per charge due to the
transition of the system from a singlet state of charge n to a doublet
state of charge n — 1.

b E’gQ average variation of the energy per charge due to the
transition of the system from a singlet state of charge n to a quartet
state of charge n — 1.

¢ AE}p average variation of the energy per charge due to the
transition of the system from a triplet state of charge n to a doublet
state of charge n — 1.

d E%Q average variation of the energy per charge due to the
transition of the system from a triplet state of charge n to a quartet
state of charge n — 1.

© AE}g average variation of the energy per charge due to the
transition of the system from a doublet state of charge n to a singlet
state of charge n — 1.

T AE!; average variation of the energy per charge due to the
transition of the system from a doublet state of charge » to a triplet
state of charge n — 1.

€ E’és average variation of the energy per charge due to the
transition of the system from a quadruplet state of charge n to a
singlet state of charge n — 1.

h E&T average variation of the energy per charge due to the
transition of the system from a quadruplet state of charge n to a
triplet state of charge n — 1.

d E% average variation of the energy per charge due to the
transition from a triplet state of charge n to a quadruplet state of
charge n — 1.

¢ AE}s average variation of the energy per charge due to the
transition from a doublet state of charge n to a singlet state of charge
n— 1

T 'AE}; average variation of the energy per charge due to the
transition from a doublet state of charge » to a triplet state of charge
n—1.

& EES average variation of the energy per charge due to the
transition from a quadruplet state of charge n to a singlet state of
charge n — 1.

h EEST average variation of the energy per charge due to the
transition from a quadruplet state of charge n to a triplet state of
charge n — 1.

if it is initially in the doublet state, otherwise it could
have AEqs, AEqr variations.

The values of the variations of the systems with
positive charge when reduced are negative, indicating
that the addition of an electron increases the stability
of the system, for even as well as for odd charges
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Fig. 2. Total energy variations for C¢y = ne” — Cgg', where n varies from —12 to +12, with multiplicities (M = 1,2, 3,4) using the MNDO

method.

using both MNDO and ab initio methods. When the
consecutive reductions lead to negative charges the
variations remain negative until the reduction of
Cg)l to Cgoz, whereas they become positive for
systems with odd as well as even charges.

Analyzing the results of Tables 1 and 2 we observe
that the singlet excitation to the triplet (even n) state
only occurs for negative AEgr whereas there will be a
competition to occupy less energetic levels among the
different states, i.e. AEsp, AEsq, AETp, AErq. Similar
reasoning can be made for the excitation of the doub-
let to the quadruplet (odd n) state.

Tables 3 and 4 illustrate the average variations of
the energies per charge for the reactions in which the
reductions occur, for systems with even and odd as
well as positive and negative charges. These tables
indicate that the simulated reactions could lead to
more stable states. The most stable electron transfer
with change of multiplicity is that of the quadruplet to
the singlet state. The variations of energies related

only to the change of multiplicities in systems with
the same charge are positive.

Analysing Tables 3 and 4 we observe that in the
regions of positive charge (odd or even), the varia-
tions of the energies per charge are negative. Figs. 2
and 3 indicate that from Cgo to Cgo6 yields a region of
minimum energy facilitating the transfer of charge for
the buckyball, in agreement with experimental results
[30]. In order to add more electrons to Cgy would
involve a large quantity of energy that would difficult
the electron transfer process.

Analysing the complete process from Cg’o12 to Cgolz,
one arrives at the conclusion that starting from
C20, the oxidation and reduction process indicates
that the variation rate of energy as a function of
withdrawal or donation of electrons (AE/An), is
larger for oxidation.

In Fig. 2, we observe that the curve obtained is
parabolic, in which the region of the minimum energy
is close to the systems with charges in the region (—3)
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Fig. 3. Total energy for variations Cgy + ne~ — Cgq', where 7i varies from —12 to +1, with multiplicities (M = 1,2, 3,4) using the ab initio

method.

to (—1), whereas we observe that there exist the
possibility that these reduced systems could have
unpaired electrons, such as doublets, triplets or
quadruplets, increasing thus the reactivity of such a

14

0.5

Variation of Distances

0

system, if it enter in contact with other molecules or

atoms.

The variations of distances, charges and [HOMO —
LUMO| are illustrated in Figs. 3 and 4 and Table 2,

4
///
13 42 44 40 8 -8 -7 5 .4 2 1 0 1+ 2 3 4 5 8 7 2 9 10 M 2

Charges of the System

Fig. 4. Average of the percent variations of the distances as a function of the charges on Cg, n = +12 to —12.

13
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Charge

Fig. 5. Average of the variations of the charges of the system Cg, as a function of reduction or oxidation, where n = +12 to —12.

slightly ~3% at most. This trend repeats itself with
the same intensity whether 12 electrons are added or
withdrawn from the system. For cg012 or Cg012 the
interatomic distances vary between 1474 and
1399 A. Such a molecule is a conglomerate of hexa-
gons and pentagons where ressonant structures exist
such as carbon sp”. In general the average interatomic
distances increase at most to 1518 A. Among the
averages of the percent variations of distances, one

should take into consideration that the Cqy molecule

respectively. There is controversy regarding the
energy of the ground state of Csd and Cgg. Experi-
mental work indicate that for the Cg02 state the triplet
is the most stable state, in contrast to the doublet for
the Cgy state. In this work we observed the triplet
state for Cs” and quadruplet for the Cgg. This result
for Cg(f is in agreement with previous theoretical
calculations published in the literature.

Fig. 4 shows that after reduction or oxidation of Cgy,
of =12 eletrons, the interatomic distance increases

Table 5

Distribution of the systems as a function of the number of filled and partially-filled levels with their multiplicities: singlet, doublet, triplet and
quadruplet (P12S, P10S, P8S, P6S, P4S, P2S indicates Cg, with positive charges (P), +12, +10, +8, +6, +4, +2, singlet statet (S); P12T, P10T,
P8T, P6T, P4T, P2T indicates Cg with positive charges (P), +12, +10, +8, +6, +4, +2, triplet state (T); P11D, P9D, P7D, P5D, P3D, P1D
indicates Cg, with positive charges (P), +11, +9, +7, +5, +3, +1, doublet state (D); P11Q, P9Q, P7Q, P5Q, P3Q, P1Q indicates Cq, with
positive charges (P), +11, +9, +7, +5, +3, +1, quartet state (Q); ZS indicates neutral Cq (Z), singlet state (S); ZT indicates neutral Cq (Z),
triplet state (T); N2S, N4S, N6S, N8S, N10S, N12S indicates Cqy with negative charges (N), —2, —4, —6, —8, —10, —12, singlet state (S); N2T,
N4T, N6T, N8T, N10T, N12T indicates Cg, with negative charges (N), —2, —4, —6, —8, —10, —12, triplet state (T); N1D, N3D, N5D, N7D,
NOD, N11D indicates Cq, with negative charges (N), —1, —3, —5, =7, —9, —11, doublet state (D); N1Q, N3Q, N5Q, N7Q, N9Q, N11Q

indicates Cgy with negative charges (N), —1, —3, —5, —7, —9, —11, quartet state (Q); (") indicate systems with the lowest energies (charges
+12 to —12))

NM 114 115 116 117 118 119 120 121 122 123 124 125 126 127

0 “P12S  “PI10S P8S P6S P4S P2S *ZS N2S N4S N6S N8S NIOS  "NI2S

1 - “P11D “P9D *P7D P5D P3D “PID “NID N3D N5D *N7D N9D “N11D

2 - PI2T PIOT “PST “P6T “P4T “P2T ZT “N2T “N4T “N6T “NS8T “NIOT NI2T

3 - P11Q P9Q P7Q “P5Q "P3Q PIQ NIQ *N3Q *N5Q N7Q “N9Q N11Q
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is a closed symmetrical geometrical form. In this
manner, if there is any increase of the distances in
one region there may be a reduction in another
region.

In the graph of Fig. 5, we observe the average
variations of the charges in the molecules Cgy, n =
+12 to —12, yielding equal negative and positive
structures such that the evolution of the average
values have a linear behaviour whereas Average
charge = {D charges/no. of atoms}. We note that if
the averages are positive, then the number of atoms
with positive charge exceed those of the negative
charges or these have a weight, whose magnitude is
greater that that of the atoms with negative charges.

Table 5 describes 50 systems investigated, distrib-
uted in numbers of filled and partially filled levels,
number of unpaired electrons and multiplicity
whereas the prefix P indicates positive, Z indicates
zero, N indicates negative and the systems with
pairs of charges can be singlets or triplets and the
odd systems can be doublets or quadruplets. Starting
with the oxidized +12 singlet system and reducing
continuously to —12, we have the route of least
energy (" in Table 5) along which all these reductions
can occur. Only four of these have the singlet state, for
the doublet state we find seven systems with stability.
The triplet state has nine systems and the quadruplet
has five systems with lower energy. We thus have 25

Energy (eV)

systems with lower energies with their respective
multiplicities.

The graph of Fig. 6 indicates the energies as a func-
tion of the number of filled and partially filled levels
which yields the variation of energy with the singlet,
doublet, triplet and quadruplet multiplicities indicat-
ing the regions of minimum energies determined by
molecules such as. Cq, (doublet), Cgg® (triplet), Cog’
(quadruplet) and Cg(, (singlet). Similar results are
shown in Fig. 7, whereas the surface and curves at
each level are given as a function of the energy,
number of levels and multiplicity. On the surface
one observes a minimum near the region determined
by the number of levels (120—122) whereas the level
of least energy is found near the singlet and doublet
multiplicities.

The graphs of Figs. 8—10 show variations of the
|[HOMO — LUMO)] as a function of the singlet, doub-
let, triplet and quadruplet states as well as the number
of filled and partially filled levels. Fig. 9 indicates that
the maximum values are always in the region of 120
levels (filled or partially filled), determined by the
molecules  C%(S), Ceg (D), Ca(T), Cég(Q). The
|[HOMO — LUMO)| is high in the singlet state but
decreases in the doublet, triplet and quadruplet states
where the values diminish to less than 2 eV. The least
decrease is observed in the double state cgol D).

The general trend indicates that, independent of the

Fig. 7. Total energy (eV) vs multiplicities vs number of filled levels.
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Fig. 9. Variation of |HOMO(H) - LUMO(L)| vs number of levels vs (M = 1,2,3,4) for the systems C¢y, n = +12 a — 12.
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state of oxidation or reduction, the largest [HOMO —
LUMO| correspond to the singlet state. The important
regions are near the 120 number of filled and partially
filled levels. From the surfaces and Tables described
above we can follow, starting from the Cgolz surface
and reducing continuously the system, the route on the
surface on which the reactions occur leading to the
Ceo species.
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