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Abstract

Molecular geometries, energies, and vibrational frequencies for eclipsed and staggered conformers of perfluoroethane were determined by
ab initio calculations. Basis set effects were investigated systematically with progressively larger basis sets, up to triple zeta, d and f polarization
functions plus diffuse functions on all atoms. Electron correlation was included by means of Mgller-Plesset perturbation calculations to the
third order. Vibrational frequencies, calculated at both Hartree—-Fock (HF) and second order Mgller—Plesset perturbation (MP2) methods,
were used to make zero-point energy and thermal corrections to electronic energies. Some semi-empirical methods and molecular mechanics
force fields were also employed for comparison. The rotational barrier (3.81 kcal mol ™'} predicted from the HF/6-311 + G(3df) method
is close to the measured electron diffraction value of 4.40 kcal mol~! (—0.90,+ 1.10). The MP2/6-311G(d) level gives a lower barrier
of 3.33 kcal mol™!, and the best MP3 calculation, MP3/6-311 + G(3df)//MP2/6-311G(d), a value of 3.55 kcal mol~'. © Elsevier

Science S.A.
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1. Introduction

It is well known that saturated fluorocarbons exhibit an
uncommon set of both physical and chemical properties,
which in most instances are quite different from those of their
analogous hydrocarbons [1]. These properties make them
useful in a great number of application. In particular, several
papers have dealt with hexafluoroethane in environmental
[2], theoretical [3] and solid-state [4] chemistry, as well as
in materials science [5] and medicine [6,7].

Since certain properties of organic compounds are closely
related to preferred conformations [8], a reliable determi-
nation of the structural differences among conformers is
desired. There exist a number of chemical and physical meth-
ods to get this information [9,10]. Because chemical methods
may produce questionable results [9], physical methods now
predominate. Computational determinations are paramount
for those conformations which show superimposed spectra
in the vapor and liquid states, and in general for those which
are difficult to elucidate by other physical methods.

Hexafluoroethane has proven to be elusive to various phys-
ical methods applied to the structure of its staggered and
eclipsed conformers and the corresponding rotational barrier,
{11-20]. Table 1 summarizes the experimental and theoret-
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ical structural parameters of the staggered conformer and the
rotational barrier values reported so far.

Since the torsional frequency for C,F4 cannot be directly
measured from either IR or Raman spectroscopy, and the
large error bar of the electron diffraction data (Table 1) pre-
vents a firm determination of the rotational barrier, we have
carried out a systematic set of ab initio M.O. calculations to
provide the rotational barrier and structural parameters for
each conformer. We have also calculated the vibrational fre-
quencies at HF and MP2 levels to make zero-point energy
and thermal corrections to the calculated electronic energies.
In addition, some single-point energy calculations at the MP3
level for the MP2/6-311G(d) optimized geometry were
completed. No thermal correction to the internal energy of
the conformers was considered in getting the ab initio rota-
tional barrier indicated in Table 1. For comparison, some
common semi-empirical and molecular mechanics force field
methods were used for geometry optimizations and relative
energies of conformers.

2. Computational methods
2.1. Ab initio calculations

Ab initio MO calculations were performed using the Gaus-
sian 94 program [22]. Complete self-consistent field (SCF)
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Table 1

Different experimental and theoretical values reported for the rotational barrier and for the structural parameters of hexafluoroethane. First row shows the year
of publication

Experiment Theory
1948 * 1953° 1954 ¢ 1955¢ 1966 © 1969 * 1974 ¢ 1988 " 1996
rer (A) 1.35 1.33 1.33 1.32 1.32 1.32 1.326 1.31 1.339
rec (A) 145 1.48 1.51 1.56 1.56 1.56 1.545 1.528 1.535
£LFCC (deg) 109.5 109.5 108 109.5 109.5 110 109.7 109.8 110.1
AE (kcal mol™1) 435 3.92 430 420 3.67 3.90 3.80
440

? Barrier height estimated from thermodynamic data (Pace and Aston [11]). These authors measured the entropy at 176.15 K and 194.87 K and found that
$=67.92, and $=69.88 ( +0.20 cal K~' mol '), respectively. They also matched the calculated statistical-mechanical entropy with experiment by adjusting

the height of the barrier to intemal rotation.

® Rotational barrier based on Pace and Aston’s work, but revised using the new structural parameters [12].

4 Data taken from [13] and [14] respectively.

¢ Rotational barrier obtained from electron diffraction data at 295 K [17]. Error in the barrier height is estimated to extend to 30% above and 20% below the

given value.

f Rotational barrier based on Pace and Aston’s work, but revised using the structural data given by Karle [14], and the moments of inertia and vibrational
frequencies (except for the torsional mode) given by Carney [15], but assuming free internal rotation [21].
¢ Barrier from electron diffraction with sample cooling during experiment: 3.67 ( —0.75, +0.91) at 250 K, and 4.40 ( —0.90, +1.10) at 300 K [18].

" Data obtained by ab initio molecular orbital calculations [19].
! Data obtained by ab initio density functional calculations [20].

geometry optimizations and frequency calculations were
done for C,F4 conformers with each basis set. The normal
vibration frequencies obtained were scaled by a factor of
0.900 to compensate for anharmonicity and electron corre-
lation. MP2 optimizations and the corresponding frequencies
were carried out up to the 6-311G(d) basis set. MP2 fre-
quencies were scaled by 0.980 to account for anharmonicity.
MP3 single-point energies were calculated using the MP2/
6-311G(d) optimized geometry with some basis sets.
Eclipsed conformer geometry was confirmed by the presence
of a single imaginary frequency. The scaled frequencies and
molecular structures were used with standard formulae
[23,24] to calculate the zero-point vibrational energies
(ZPVE) and thermal contributions to the enthalpy for each
of the stationary states: (H(T) — H(0) = Hios — HY).

2.2. Semi-empirical calculations

The MNDO [25,26], CNDO {27], INDO [28], and PM3
[29,30] semi-empirical methods, implemented in the Gaus-
sian 94 package were used for geometry optimizations and
frequency calculations for each conformer.

2.3. Molecular mechanics calculations

The MM2, TRIPOS, and UFF force fields, implemented
in the CS Chem 3D Pro (version 3.2), Sybyl (version 6.1)
and Cerius2 (version 2.0) programs, respectively, were used
for energy minimization.

3. Results and discussion
3.1. Geometries

The staggered and eclipsed conformers of perfluoroethane
have D5, and D4, symmetry respectively. The geometry par-
ameters given by the ab initio calculations are shown in
Table 2, and compared with the most recent experimental
values [18]. The ZFCC is independent of the basis set and
the agreement with the experimental value is remarkable.
When compared to the staggered 2 FCC at both HF and MP2
methods, the ZFCC of the eclipsed conformer is 0.2° larger
within the 3-21G basis set, and about 0.45° larger within the
others.

The predicted C—F distance for the eclipsed conformer is
similar to that of the staggered conformer at all levels of
theory used. However, it should be said that the two smallest
basis sets greatly overestimate this parameter. This is more
evident at the MP2 level where the predicted C-F bond is
0.03 A (3-21G) and 0.04 A (6-31G) longer than that pre-
dicted at the HF level. The calculated value using the other
basis sets remains essentially unchanged, although the cal-
culated C-F bond is, as expected, 0.016-0.025 A shorter than
the experimental value when no correlation effects are
included. This difference range is very similar to that found
in some other fluorocarbons [31,32].

The C-C bond in the eclipsed conformer is about 0.03 A
longer than in the staggered form. In general, the predicted
C-C distance becomes closer to experiment as extra valence
functions are added to the split valence basis set 6-31G(d)
and as the number of d and f polarization functions is
increased. Adding diffuse functions slightly improves the
calculated C-C bond. MP2 enhances predictions for this par-



6-311 + G(3df)

1.538
1.302
109.8
1.569
1.301
110.3

6-311G(3df)

1.536
1.302
109.8
1.566
1.301
1103

6-31G(3df)

1.539
1.303
109.8
1.5684
1.302
110.2

6-311G(2df)

1.530
1.302
109.8
1.562
1.302
110.3

1.532
1.303
109.8
1563
1.302

6-31G(2df)
110.2

6-31G(3d)
1.536
1.306
109.8
1.565
1.305
110.2

6-31G(2d)
1.526
1.306
109.8
1.557
1.305
110.3

6-311G(d)
1.529
1.306
109.8
1.558
1.306
1103

6-31G(d)
1.526
1.311
109.8
1.555
1.310
110.3

6-31G
1.517
1.350
109.9
1.546
1.349
110.5

3-21G
1.503
1.338
109.8
1.533
1.337
110.0

Geometrical parameters for the staggered and eclipsed conformers of C,F,, as given by ab initio molecular orbital calculations *

HF method
Staggered
T'c-c

T'cF

Table 2
LFCC
Eclipsed
T'cc
T'cc
LFCC
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ticular bond compared with the HF method for corresponding
basis sets.

The geometrical parameters by some semi-empirical and
molecular mechanics methods are collected in Table 3. The
overall performance of the force fields is better than that of
the semi-empirical methods. Nevertheless, both are of poor
quality compared with ab initio results.

In summary, not only does the size of the basis set need to
be augmented, but its shape needs to be changed (by adding
d and f polarization functions) and correlation effects
included to correctly predict structural parameters of the C,Fg
conformers.

3.2. Vibrational analyses

The calculated vibrational frequencies are given in
Tables 4-7. The symmetry of the normal modes has been
assigned by the point group of each conformer [33]. Because
frequency calculations use the harmonic oscillator model,
neglecting anharmonic effects, and since the HF approach
(Tables 4 and 6) also neglects correlation, the SCF and MP2
frequencies are scaled by factors of 0.900 and 0.980 respec-
tively to bring them closer to experimental values. The exper-
imental values [20] and the available theoretical results
[19,20] are also displayed in Table 4.

A possible explanation for the effect of d and f functions
on the predicted frequencies can be developed by considering
the types of vibrations. Tables 5 and 7 show the coordinates
associated with the symmetry of vibrational modes. The first
frequency is generated by torsion and convergence is
achieved. The last five frequencies are stretching modes. The
remaining vibrational modes are bending modes. Since spa-
tial distortion by bending is larger than that caused by stretch-
ing, the former require slightly more flexibility in choice of
basis.

Polarized basis sets allow orbitals to change shape by add-
ing orbitals with angular momentum beyond what is needed
for the ground state. Accordingly, the low frequencies given
by 6-31G(3d) are closer to experimental values than those
given by 6-31G. The addition of one f function should
improve the predicted values. In fact, adding f functions does
not improve the prediction, because in this particular mole-
cule the stretching modes are not shape dependent.

In short, the bending modes for C,F are best described by
allowing the orbitals to change shape, i.e. adding d and f
polarization functions, and stretching modes by increasing
the size of the basis set. A combination of both basis set size
and shape leads to high quality prediction of vibrational spec-
tra. The difference in the magnitudes of the values for the D54
and D, can be explained by steric hindrance and by the
change of the C-C bond length (structure dependence).
There is excellent agreement of calculated spectra with exper-
iment. The global error varies from 6% to 1.3% within the
HF method and from 6.71% to 0.95% within the MP2 method
as the basis sets are improved. The errors with Dixon’s basis

Exp.®
1.545
1.326
109.7

1.538
1.330
109.7
1.569
1.330
110.2

1.530
1.340
109.7
1.560
1.339
110.1

1.536
1.391
109.9

1.566
1.390
1104

1.519
1.368
109.7
1.552
1.366
109.9

® Bond distances in dngstroms; angles in degrees.

MP2 method
Staggered

I'cc

Icr

LFCC
Eclipsed

LFCC

®See Ref. [18].

'cc
e
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Table 9

Total electronic energies (hartrees) for the staggered and eclipsed conformers of C,Fg, as given by MP2 and MP3 single point energy calculations using the MP2/6-311G (d) and HF/6-311 + G (3df) optimized

geometries. The value within parenthesis corresponds to the relative energy after thermal correction

AE (kcal mol™")

Eclipsed

Staggered

MP2 geometry

MP3

MP2

MP3

MP2

MP3

MP2

3.95 (3.33) 4.02 (3.40)

—674.0222407
—673.8610311
—673.9601875

—674.0382023
—673.8658534
—673.9679781
—674.4234034
—674.4386510

—674.0286410
—673.8674718
—673.9664915

—674.0444942
—673.8722498

6-311G(d)
6-31G(2d)

4.04 (3.42)

4.01 (3.39)
3.96 (3.34)
4.04 (3.42)

3.96 (3.34)

—673.9742849
—674.4169589

—674.4451953

6-31G(3d)

6-311G(3df)

4.17 (3.55)

4.11 (3.49)

—674.4253508

—674.4319920

6-311 + G(3df)

HF geometry

6-311G(d)
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3.97 (3.35) 4.04 (3.42)

—674.025765 —674.032846 —674.019334

—674.039173

set [19] and for the LDA [20] are 2.5% and 6.6%
respectively.

3.3. Energetics

The electronic energy of each conformer after geometry
optimization is associated with an isolated rigid molecule at
0 K. It is made comparable with experimental values by zero-
point vibrational energy and thermal corrections to the elec-
tronic energy [23,24].

Correlation effects lead to a decrease in the rotational bar-
rier (Table 8). The lowest barrier is provided by 3-21G and
the highest barrier is given by 6-31G, the smallest basis sets
considered. The value of the barrier oscillates with the addi-
tion of d functions to 6-31G, but f functions consistently
decrease the barrier compared with corresponding basis sets
with only d functions. The effect of extra valence functions
is to substantially increase the barrier; for instance the 6-
311G(3df) barrier is 0.30 kcal mol ™! higher than that of the
6-31G(3df). The main correction of —0.62 kcal mol™"! is
due to the change in enthalpy on going from 0 to 298.15 K.
The zero-point contribution is small and tends to decrease as
the basis sets are improved. The thermal correction turns out
to be independent of both the basis set and the correlation
effects. The small zero-point energy depends on the basis set
chosen and on correlation.

The highest basis set considered within the HF method (6-
311+ G(3df)) gives a corrected barrier 0.59 kcal mol !
lower than the value estimated at 300 K from electron dif-
fraction data [18] (4.40 kcal mol '), whereas the 6-31G
basis set gives a value 0.55 kcal mol ~ ' lower. The apparent
good agreement with experiment with the 6-31G basis set is
fortuitous. It is well-known that this basis set gives too long
a bond length for the C-F bonds, leading to decreased stretch-
ing frequencies and consequently better agreement with
experiment. At the MP2 level, all basis sets give a barrier
notably lower than the thermodynamic value.

Dixon [19] predicts a barrier, after zero-point correction,
of 3.90 kcal mol ~" at the HF level and with a basis set size
between our 6-31G and 6-31G(d) close to the thermody-
namic value (3.92 kcal mol ~'). However, this value cannot
be directly compared with experiment since no thermal cor-
rections were made. If corrected using our average thermal
contribution, it drops to 3.28 kcal mol ~'. The local density
approximation [20] gives a rotational barrier of 3.80 kcal

Table 10
Total energies and their relative differences AE for the staggered and
eclipsed conformers of C,F¢ by molecular mechanics methods

Force field Staggered Eclipsed AE
(kcal mol ")
TRIPOS —0.0704 2.089 2.1594
MM2 23.3141 27.4343 4.1202
UFF 1.7148 7.007 5.2922
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Table 13

Polarizabilities and quadrupole moments for the two conformers of C,Fg, as predicted by the HF/6-311 + G(3df) level

Ay ayy a;; a Qxx Qyy 2%
Staggered 27.258 27.258 27.409 27.308 —41.794 —41.794 —41418
Eclipsed 27.142 27.142 27.860 27.381 -41.719 —41.791 —41.841

* Polarizabilities are in a.u.®, The quadrupole moments are in Debye A.
lau.=1Bohr=0.529 A.

mol ™!, the same as predicted by the highest basis set at the
HF level.

In order to check the effect of a higher order correlation
on the relative energies, single point energy calculations were
performed in a number of basis sets at the MP3 level using
the MP2/6-311G(d) optimized geometry. A single point
energy at the MP3/6-311G(d) level was also carried out
with the HF/6-311 + G(3df) geometry (Table 9). The bar-
riers obtained with the HF geometry are close to those
obtained with the MP2 geometry. Furthermore, all the MP2
and MP?3 calculations are fairly similar. After applying ther-
mal corrections and ignoring zero-point energies, lower
bound values for the barriers are 3.33 kcal mol™! and
3.40 kcal mol ~ ' with MP2 and MP3 respectively. The upper
bound values are 3.49 kcal mol™! and 3.55 kcal mol ™!,
respectively. These values are lower than the reported exper-
imental rotational barriers.

3.4. Molecular mechanics and semi-empirical energies

Tables 10 and 11 show the energies for some semi-empir-
ical methods and molecular mechanics force fields. The semi-
empirical methods largely underestimate the rotational
barrier. Using the 0.900 correction factor, the MM2 force
field gives a rotational barrier only 0.28 kcal mol ~' lower
than the barrier obtained from electron diffraction data at
300 K [18]. The other fields give a poorer performance but
better than with any of the semi-empirical methods.

3.5. Thermodynamic properties
The calculated frequencies, along with the corresponding
optimized geometries, were employed to get some thermo-

Table 14
Some molecular orbital eigenvalues (eV) for perfluoroethane conformers
at the HF/6-311 + G(3df) level

Orbital * Staggered Eclipsed

occ —18.76 (a,,) —18.65 (e")
oce ~—18.52 (ay,) —18.45 (a,")
HOMO —16.01 (a,,) —16.05 (a,")
LUMO 2.11 (ay) 2.11 (a,")

unocc 2.46 (a,,) 245 (ay")

2 Orbitals given in order of increasing energy with symmetry in parenthesis.
occ = occupied. unocc =unoccupied.

HOMO = highest occupied molecular orbital. LUMO = lowest unoccupied
molecular orbital.

dynamic properties displayed in Table 12 [23,24]. The best
basis set within the HF method predicts a value of 5.29 kcal-
mol ~! for the Gibbs free energy change; the best basis set
within the MP2 level predicts a value of 4.82 kcal mol .
The value predicted for H(T) — H(0) is a constant at both
levels of theory considered.

3.6. Electronic properties

The Mulliken charge distribution depends on the basis set.
Carbon takes a charge which varies between 1.8 and 0.57.
The tensor components of the molecular polarizabilities and
quadrupole moments determined by the HF/6-311 + G(3df)
level of theory are given in Table 13. Table 14 shows the
eigenvalues and the symmetries for some molecular orbitals
of the D54 and D5, conformers. The HOMO of the eclipsed
conformer is 0.90 kcal mol ~' more stable than the HOMO
of the staggered. The negatives of the eigenvalues of filled
molecular orbitals, according to Koopman’s theorem [34],
correspond to their ionization potentials.

4. Conclusions

The rotational barrier of hexafluoroethane and the struc-
tural parameters of its staggered and eclipsed conformers
have been systematically studied by means of ab initio molec-
ular orbital theory. Both HF and MP2 levels were used to
perform geometry optimizations and frequency calculations
with a number of progressively larger basis sets. The C-C
bond and £FCC are accurately predicted by HF and MP2;
the C-F bond is better predicted by MP2, while HF under-
estimates it. Basis set and electron correlation effects have a
great influence on the calculated rotational barrier. Zero-point
vibrational energy correction to the barrier is very small
( —0.007 to —0.065 kcal mol '), but thermal correction is
significant ( —0.62 kcal mol ~') and is independent of basis
set and correlation. The best Hartree-Fock rotational barrier,
after zero-point energy and thermal corrections, is 3.81 kcal-
mol ~!, close to the measured thermodynamic barrier of
3.92 kcal mol ~ !. Correlation effects greatly lower the barrier
predicted by the HF method. The MP2/6-311g(d) level pre-
dicts a barrier, after all corrections, of 3.33 kcal mol™".
Higher-order correlation corrections were made by
performing single-point energy calculations at the MP3 level
with several basis sets. The MP2/6-311g(d) geometry was
used to perform MP3 calculations. The best MP3 calculation
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(MP3/6-311 + G(3df)//MP2/6-311G(d)) gives a value
for the rotational barrier of 3.55 kcal mol !, after applying
only a thermal correction of —0.62 kcal mol ~'. Semi-empir-
ical and molecular mechanics methods are unsatisfactory.
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Note added in proof

Recently we calculated the rotational barrier (with thermal
correction) at the MP4 (SDTQ)/6-311G(d) method using
the MP2/6-311G(d) geometry. The predicted value is
3.12 kcal mol .



