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1. Introduction

Considerable interest in the properties of c-C4F8 ex-
ists because of its use as a feed stock in plasma process-
ing, its reactions in the upper atmosphere, and its poten-
tial as an insulating gas for high voltages [1] and [2]. 
There is good experimental evidence that an adiabati-
cally stable negative ion exists. Miller et al. [3] and [4] 
have made fl owing-afterglow-Langmuir-probe studies 
and have arrived at an adiabatic electron affi nity (AEA) 
of 0.63 ± 0.05 eV. Photo-detachment measurements have 
also been made by Miller and Lineberger for which the 
0–0 transition has not been clearly identifi ed1. The ob-
served threshold is nevertheless near 0.68 eV, consistent 
with the kinetic measurement.

It is perhaps surprising that such a relatively small 
saturated molecule, made entirely of elements from the 
second row of the periodic table, possesses a stable neg-
ative ion. It is the purpose of this article to examine c-
C4F8 with a number of basis sets to show how this aris-
es. The calculations are all done with the GAMESS [5] 
program suite. The theory also predicts that c-C4F8 ex-
hibits a rather unusual symmetry change in forming c-

C4F8̄ . This occurs in such a way as to make the negative 
ion of this molecule even more challenging for theory 
than such entities usually are.

2. Calculations

Molecular structure calculations normally proceed by 
carrying out some sort of self-consistent fi eld calculations 
followed by a second step that introduces the electron cor-
relation effects that are missing from the fi rst step. During 
these steps decisions must be made as to how the geome-
try is to be optimized. It also known that successful neg-
ative ion calculations require large diffuse basis sets. For 
the ion we are considering, c-C4F8¯, these two require-
ments are in confl ict to an extent, because calculations 
predict that the ion has a higher symmetry than the neutral 
molecule. This prediction does not arise directly, howev-
er, from a simple straightforward application of the proce-
dures above. We fi rst examine the symmetry question at 
the self-consistent fi eld level.

We have performed calculations with three differ-
ent basis sets, which we abbreviate A, B and C. These 
are 6-31G(d), 6-311G(d), and 6-311G(spd), respective-
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ly. The energies are given in Table 1. With all three ba-
sis sets the optimized restricted closed-shell Hartree–
Fock (RHF) geometry for c-C4F8 has a puckered ring 
D2d symmetry, but for the optimized restricted open-
shell Hartree–Fock (ROHF) geometry of c-C4F8̄  ba-
sis sets A and B give planar ring D4h symmetry while C 
gives either a D2d or a D4h geometry depending upon the 
starting point for the search. This behavior for basis set 
A has already been seen by Miller et al. [4] who used the 
G3(MP2) procedure of Curtiss et al. [6] The basis set B 
results differ from those of A only in quantitative details. 
Calculations of the nuclear Hessians for the two ROHF 
geometries with basis set C show that these are both sta-
ble local minima. We therefore have here two differ-
ent electronic states that will not interact (i.e., they may 
cross) for all geometries which satisfy subgroups of D4h 
in which z is not a totally symmetric coordinate. 

Basis set C also shows a 2A2u state symmetry for c-
C4F8¯ in the D4h geometry, as do the other two basis 
sets. The apparent D2d geometry for c-C4F8¯ and ba-
sis set C has a state symmetry of 2A1. Examination of 
the orbitals here shows that without the diffuse s and p 
functions, basis sets A and B constrain the singly occu-
pied molecular orbital (SOMO) to remain in the vicin-
ity of the molecule, while C in D2d symmetry allows 
this orbital to collapse into a continuum-like function. 
Starting the geometry optimization for C at larger bond 
lengths allows the more compact a2u SOMO to form 
and the geometry to become more symmetric. For all 
basis sets the D4h SOMO is bonding for the C–C bonds 
and antibonding for the C–F bonds, and in Table 2 we 
show how the MP2 bond lengths vary with basis set. 
For both the B and C basis sets, the bonding character 
of the SOMO is clearly shown by the changes in bond 
length upon formation of the ion. 

Examination of Table 1 shows that in spite of 
the geometry change c-C4F8¯ is not calculated at the 
R(O)HF level to be stable for any of the basis sets. 

When MP2 calculations are carried out, providing cor-
relation, we see that basis set C shows a positive AEA. 
Further geometry optimizations were carried out and all 
bond lengths increased in length as expected. Thus, as 
is usually the case, c-C4F8¯ attains its adiabatic stabili-
ty through a combination of electron correlation effects 
and geometry relaxation. The behavior here is some-
what unusual in that the geometry change involves an 
increase in symmetry. The smaller bases provide a ge-
ometry change, but do not have enough electron corre-
lation. Our fi nal energies using this scheme are shown 
in the last column of Table 1. With the zero-point ener-
gies corresponding to the R(O)HF structures of basis 
set C, we obtain an AEA of 0.640 eV with no empirical 
corrections. The conventional ZPE correction (89% of 
the calculated value) gives 0.620 eV.

3. Orbital symmetry

The apparent 2A2u state symmetry of c-C4F8̄  is 
somewhat unusual for doublet negative ions, since we 
expect them to have as few nodes as possible in their 
SOMO. The upper part of Fig. 1 shows the SOMO ob-
tained with an ROHF treatment using basis set C. It is 
seen to have a nodal plane at the C-atom plane. As can 
be seen from the lower part of Fig. 1, the upper orbit-
al drawing is indistinguishable from that of the RHF 
LUMO, which represents the Koopmans’ theorem (KT) 
[7] approximation to the SOMO. 

When occupied in the ion, the SOMO contributes 
bonding character to C–C bonds and antibonding char-
acter to the C–F bonds. This is evident qualitatively 
from Fig. 1 and, quantitatively, from the change in bond 
distances shown in Table 2. The overall effect when 
forming the ion is an increase of ≈0.2 Å in the calculat-
ed non-bonded F–F distance that reduces the tendency 
for ring-puckering. An idea of what an a1g orbital might 
look like can be obtained using the KT approximation 
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and the RHF LUMO + 1. Unfortunately, the software 
used to obtain Fig. 1 [8] cannot deal with such a diffuse 
orbital, and we instead show a contour plot in Fig. 2. As 
seen, it extends out to nearly 8.0 Å and has a relatively 
small involvement in the vicinity of the atoms. 

The electronegativities of C and F are quite different 
and are expected to produce a fairly large bond dipole. 
Since there are eight of them pointing roughly toward 
the center, it is not surprising that there is a fairly large 
positive electrical potential there. Fig. 3 shows the elec-
tron potential energy due to this potential along the z-
axis of the D4h symmetry constrained neutral molecule. 
The actual value of the potential at the origin is 0.6033 
(a.u.), which, if such a model were to be used, would re-
quire a positive charge of 0.574|e| at the position of each 
C-atom with corresponding negative charges to produce 
electric neutrality at each F-atom. 

As far as the state of the negative ion is concerned, 
we can only conjecture that a fairly delicate balance be-

Fig. 1. The actual and the Koopmans’ theorem representation of the 
a2u SOMO using basis set C. 

Fig. 3. The electron potential energy on a line perpendicular to the C-
atom plane (c-C4F8̄  geometry) and going through the centre of the 
square. The places where the line intersects the planes of F-atoms are 
marked with arrows. 

Fig. 2. A contour plot of the a1g LUMO + 1 using basis set C. The con-
tour is in a plane (x–z)containing 2 C and 4 F atoms at opposite corners 
of the molecule. The border around the contours is 16 × 16 Å, and the 
outside contour represents a probability amplitude of 0.001 (bohr)−3/2. 
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tween the Pauli exclusion principal and the coulombic 
attraction yields an a2u SOMO with one horizontal node.

4. Summary

Calculations of the energies of c-C4F8 and c-C4F8̄  
with a 6311G(spd) basis at the R(O)HF − MP2 lev-
el at geometries optimized with a 6311G(d) basis at 
the R(O)HF − MP2 level yield an AEA of 0.640 eV. 
When the conventional correction to calculated vibra-
tional frequencies of 0.89 is used the calculated AEA 
is reduced to 0.620 eV. This number is certainly in sat-
isfactory agreement with the experimental FALP val-
ue of 0.63 ± 0.05 eV [4]. c-C4F8 is a somewhat un-
usual molecular negative ion whose stability can be 
attributed to the accumulated positive fi elds result-
ing from the eight C–F bond dipoles oriented with 
their positive ends near the center of the molecule. 
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