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ducing beams of stable or metastable molecules that
would be difficult, if not impossible, to obtain by other
methods. The potential to generate an essentially un-
limited number of different neutral species can be an
impetus for other experiments using beam techniques.
In particular the technique may open up possibilities
to obtain absorption spectra of metastables, using laser
excitation with detection of photofragments. Beam
studies using laser-excited alkali-metal target atoms**
may provide information on Rydberg states of unstable
molecules formed by resonant electron transfer. A
possible example is the reaction

Na*(3p,’P) + NH,* — NH,* (3p,’T,) + Na* (14)
The 2T, state of NH, may then radiate to the %A,
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ground state or dissociate with conversion of internal
energy to fragment kinetic energy.

In its present form the technique is limited in de-
riving structural information that may be contained in
beam profiles. An interesting technical advance in
beam detection is the development of an array detector
(channel plate) by de Bruijn and Los,* using the time
of flight coincidence method of Meierjohann and Vo-
gler.’® The increased resolution in beam profiles offered
by their technique may reveal structural information
masked by the isotropic scattering profile in ().
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Rotation about single bonds is discussed in many
chemistry textbooks and has important consequences
in molecular structure and dynamics.! Since ethane
is the simplest molecule containing a carbon—carbon
single bond, it is the prototype molecule for internal
rotation in a large number of molecules and has
therefore been the most frequently studied molecule in
internal rotation studies.

The existence of a barrier to internal rotation in
ethane was established in the 1930’s, and in subsequent
years the rotational barriers in a large number of
molecules have been measured. The discussion of the
origin of these barriers in terms of interactions between
atoms or bonds began even before any experimental
values had been obtained, and it is curious that even
after a considerable number of rotational barriers had
been measured, little progress had been made in un-
derstanding their origin. It was not until the 1960’s,
when moderate-sized (by the standards of the 1980’s)
digital computers could be applied to theoretical cal-
culations, that firm conclusions could be drawn con-
cerning the fundamental interactions involved.

During the later 1870’s it was pointed out that the
lack of rotational isomers of molecules such as CH,-
CICH,Cl meant that rotation about CC single bonds is
practically free.? Subsequently there was some dis-
cussion as to whether a small hindering potential ex-
isted or not, but no evidence on this question was ob-
tained for some time.2
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In the 1930’s difficulties were found in the statistical
mechanical treatment of the thermodynamic data for
ethane, and the existence of an internal rotation barrier
was one of several suggestions as to the source of these
difficulties. The discrepancies were resolved in 1936
by Kemp and Pitzer, who showed that the third law
entropy of ethane, in combination with other thermo-
dynamic data, required the existence of a barrier of
approximately 3 kcal/mol.3 In 1951 this method of
determining rotational barriers was reviewed by Pitzer,
and, on the basis of the available data, a revised value
of 2.875 £ 0.125 kcal/mol was given for ethane.*

Since the 1930°s a number of other methods of
measuring rotational barriers have been developed, and
these were reviewed by Wilson in 1958.5 Microwave
spectroscopy, one of the more extensively used tech-
niques, is not directly applicable to ethane because the
molecule lacks a dipole moment. By the use of infrared
spectroscopic data, however, Smith was able to show
in 1949 that the staggered conformation of ethane is the
lower energy one,® as had been expected. A new value
of the barrier itself was not obtained in this study be-
cause transitions between the internal rotation (tor-
sional) energy levels in ethane are forbidden by infrared
selection rules. Nevertheless, Weiss and Leroi, in 1968,
were able to find these transitions by carrying out a
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high-pressure, long-path-length experiment, and they
obtained a barrier value of 2.928 * 0.028 kcal/mol.”
Recently Hirota et al. were able to obtain source-mod-
ulated microwave spectra of isotopically substituted
ethanes such as CH;CHD,. From the barrier values
obtained for these molecules, they estimated a barrier
value of 2.90 + 0.03 kcal/mol for C,Hj itself.

Precomputer Theoretical Work

Quantum mechanical calculations of the ethane ro-
tational barrier were attempted even before it had been
measured.®!® The approach generally adopted then
and later is to use approximate electronic wave func-
tions to calculate the energies of both the staggered and
eclipsed forms of the molecule and then obtain the
barrier value by taking the difference of these energies.
The errors in the individual energies are expected to
be much larger than the barrier, but most of this error
is also expected to cancel out in taking the differ-
ence.! b2

The original calculations were carried out with
standard valence-bond (VB) wave functions. These
were constructed from a minimal set of atomic orbitals,
hybridized on the carbon atoms. Since the orbitals on
one atom are not orthogonal to orbitals on another
atom, the energy expression is quite complex, involving
terms with various numbers of overlap and other inte-
grals. The procedure used was the standard one at the
time of neglecting all terms except the VB coulomb and
single exchange terms.!* When this is done, the cal-
culated barrier value is low by about a factor of 10.5

In retrospect it is clear that in these calculations the
baby was being thrown out with the bath. The wave
function itself was sufficiently accurate, but the inte-
grals discarded were not small enough to neglect and
should have been retained in evaluating the energies.
Unfortunately it was not possible with the desk calcu-
lators of that time to evaluate all of these integrals in
a reliable, accurate way. Instead, futile efforts were
made to find out if improving the wave function would
give a better result. This was done in particular by
including 3d and 4f character in the hybrid orbitals both
to allow for increased electron density in the bond re-
gions and for noncylindrical character in the CC
bond. %1%

The simplest force that could give rise to the barrier
is the electrostatic force between the charge distribu-
tions of the CH bonds at each end of the molecule.
Several attempts were made to evaluate the CH bond
dipole moments, quadrupole moments, etc., and then
calculate the barrier from electrostatics.'®” These
calculations proved to be inconclusive due to difficulties
in obtaining values for the bond moments and to the
uncertain convergence of the expansions used for the
energy.’
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Another suggested source of the barrier is the overlap
(exchange) repulsion between the bonds or atoms at
each end of the molecule, which is the principal com-
ponent of steric repulsion, a more widely used but less
precisely defined term. This repulsion is due to the
overlap of filled electronic shells!® and, like the elec-
trostatic interactions, is described even by simple wave
functions. Alternative attempts have been made to
account for this interaction by using pairwise additive,
parameterized potentials between nonbonded atoms.
The functional forms of these potentials are less well-
defined than the forms of electrostatic potentials but
are usually chosen to have high inverse power or ex-
ponential dependences on the internuclear distances.
The choice of parameters is made empirically and is not
unique. Usually the resulting barrier values have been
too low.>1®

Still another type of interaction is the London (dis-
persion) force, which, unlike the previous interactions,
is not obtainable with simple wave functions. It is an
attractive force and the potential has the well-known
inverse sixth power form at long distances.'® At the
shorter distances of interest for ethane the form of the
potential is not known.

Discussions of this early theoretical work are included
in the reviews by Pitzer! and Wilson.?

Computer-aided Theoretical Work

In the early 1960’s it became apparent that the
available digital computers could be used to evaluate
the molecular integrals needed for calculations on
molecules the size of ethane, and considerable effort was
devoted to developing methods of computing these in-
tegrals?®23 and of using symmetry to simplify the cal-
culations.?*?®> Most calculations were done with mo-
lecular orbital (MO) wave functions because for many
purposes they have the same level of accuracy as VB
wave functions and yet have a considerably simpler
energy expression,'%%

In 1963 a calculation was completed on ethane, using
MO wave functions constructed from a minimal set of
(Slater) atomic orbitals.?” All integrals were computed
and the resulting barrier value was 3.3 kcal/mol. This
was quite encouraging but still subject to skepticism
because at that time a number of similar calculations
on smaller polyatomic molecules were known to contain
errors,'228 primarily in the values of the molecular in-
tegrals.

Beginning in 1966, however, a number of similar
calculations were carried out on ethane and yielded
barrier values in the range of 2.5-3.7 kcal/mol, cor-
roborating the original result.?®3® Thus the barrier to
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internal rotation in ethane has turned out to be both
obtainable from quite simple wave functions and in-
sensitive to the details of the atomic orbital set used.®3!

Further refinements in calculations have involved the
inclusion of 3d orbitals on the carbon atoms,* allowing
the CC bond distance and CCH bond angles to change
in going from staggered to eclipsed,*®? vibrational ef-
fects,® and use of configuration-interaction wave
functions.?>343% None of these has had a major effect
on the calculated barrier values.

Important and Unimportant Interactions

From the calculations done since 1963 it is clear that
very simple wave functions are adequate to describe the
interactions giving rise to the internal rotation barrier
in ethane but only if no numerical or other approxi-
mations are made in evaluating the energy expressions
for these wave functions. It is only necessary to include
a minimal set of atomic orbitals, namely, a 1s atomic
orbital on each hydrogen atom and 1s, 2s, 2px, 2py, 2pz
atomic orbitals on each carbon atom, clearly the
smallest set of atomic orbitals possible for ethane.
Furthermore, these atomic orbitals need only be com-
bined in the simplest way (by linear combination) into
molecular orbitals and the MO’s need only be multi-
plied together in a single Slater determinant, the sim-
plest type of many-electron wave function. Thus only
the most basic type of wave function is needed; the
energies and MO coefficients for such wave functions
are most often obtained by the self-consistent-field
(SCF-MO) method.?® Part of the analysis of the in-
teractions contributing to the rotational barrier is based
on the well-understood limitations of these wave func-
tions.

To begin with, effects that these wave functions are
incapable of describing cannot be important. Since only
atomic orbitals through 2p are necessary on carbon
atoms, (1) 3d and 4f character in the carbon atom or-
bitals is not important. Among other things this means
that (2) any noncylindrical character in the CC bond
is not significant. Since London forces are due to the
correlated motion of electrons and the single determi-
nant form of SCF-MO wave functions is incapable of
describing this correlation,'! (8) London forces cannot
be important with respect to the ethane rotational
barrier.

To determine the importance of electrostatic inter-
actions between the ends of the molecule, calculations
were carried out in 1968 in which the electronic charge
distribution of each methyl group was kept rigid during
internal rotation.® The atomic orbital set used was that
of the 1963 calculation,?” and the resulting barrier value
was very small in magnitude and of the wrong sign.
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Thus (4) simple electrostatic interactions are not im-
portant in the ethane barrier.%

The wave functions used in this electrostatic calcu-
lation, however, cannot satisfy the Pauli Exclusion
Principle.’” This is most easily understood by con-
sidering the wave function for one conformation as
being made up of orthogonal, localized bond MO’s.
Upon rotation to the other conformation, the CH bond
MO’s at opposite ends of the molecule will no longer
be orthogonal, and any method of making them or-
thogonal must change these bond MO’s and therefore
the charge distribution as well.®® An MO wave function
that obeys the Pauli principle must, in effect, have
orthogonal M(Q’s,% but clearly orthogonality cannot be
maintained during internal rotation unless the MO’s
change, which is incompatible with rigidly rotating
charge distributions.®

The next step® was to perform calculations in which
the wave function was allowed to change during internal
rotation but only to the minimum extent necessary to
preserve orthogonality and satisfy the Pauli principle.
In this way the effect of the changes, during internal
rotation, in the CH bond orbital overlaps across the
molecule were included, but no further changes in
electron density were permitted.®® The resulting bar-
rier value was 2.6 kecal /mol, showing that (5) the prin-
cipal interaction giving rise to the internal rotation
barrier in ethane is the overlap (exchange) repulsion,’
and (6) any changes in electronic structure other than
those required by the changes in CH bond overlaps are
of minor importance with respect to the barrier.®
Further calculations concerning the role of overlap re-
pulsion have corroborated these simple conclusions and
have provided more details concerning them.*"4

Concluding Remarks

It is interesting that in determining the nature of the
interaction responsible for the internal rotation barrier
in ethane, the difficulty has not been one of a lack of
suggested interactions to investigate but rather one of
obtaining the computational power and techniques
necessary to find out whether the suggestions are cor-
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rect or not. As has already been mentioned, the overlap
repulsion has been considered many times previously,
but attemps to use VB wave functions®®%415 omitted
difficult but important integrals, and the use of em-
pirical potentials has been uncertain at best.>'%%47 The
type of calculation needed for studying the ethane
barrier was essentially impossible in the 1930’s, quite
difficult in the early 1960’s, but with the computers and
computational techniques*®**® developed by the 1980’s,
simple enough to be assighed as project in a quantum
chemistry course.

Barriers to internal rotation have now been computed
in numerous other molecules with use of SCF-MO and
more elaborate types of wave functions, with generally
good agreement with the experimental values where
they are known.?! In general it has been found that
larger sets of atomic orbitals are needed for molecules
whose atoms in the central bond contain lone pairs of
electrons and that the effects of bond distance and bond
angle relaxation during internal rotation may be im-
portant also. For example, in the hydrogen peroxide
molecule it has been found that both a larger set of
atomic orbitals and consideration of bond angle and
bond length changes during rotation were needed®® to
obtain an accurate description of the internal rotation
potential function, whose principal features in this case
are the cis barrier, the trans barrier, and the minimum
at a skew angle. In retrospect it seems that ethane, with
no lone pairs of electrons and only one principal feature
in its internal rotation potential function, the barrier
height, is one of the simplest molecules to treat, despite
the fact that it contains more atoms than some other
molecules with internal rotation.

The type of intramolecular force analysis applied to
ethane here has also been applied to other molecules

(46) 0. J. Sovers and M. Karplus, J. Chem. Phys., 44, 3033 (19686).

(47) M. L. Huggins in “Structural Chemistry and Molecular Biology”,
A. Rich and N. Davidson, Ed., Freeman, San Francisco, 1968.

(48) T. H. Dunning, Jr., and P. J. Hay in “Methods of Electronic
Structure Theory”, H. F. Schaefer, III, Ed., Plenum, New York, 1977.

(49) M. Dupuis, J. Rys, and H. F King, J. Chem. Phys., 65, 111 (1976).

(50) T. H. Dunning, Jr., and N. W. Winter, Chem. Phys. Lett., 11, 194
(1971); J. Chem. Phys., 63, 1847 (1975). D. Cremer, J. Chem. Phys., 69,
4440 (1978},

such as methanol,#*%! acetaldehyde,* hydrogen per-
oxide,* methylamine,*® and butadiene.’? The conclu-
sions regarding the nature of the forces involved were
essentially the same for all of these molecules, although
in some cases there were additional complications. The
hydrogen peroxide difficulties have already been men-
tioned; for butadiene a more complicated, correlated
wave function was required for the cis portion of the
potential although not in determining the barrier height
from the lower (trans) minimum.

The nature of the intramolecular forces determining
barriers can be probed in even more detail by studying
the variation of barrier heights with vibrational exci-
tation. This has been done both theoretically and ex-
perimentally for methylsilane,® and theoretically for
BH;NH.* Good agreement with spectroscopic values
of the derivatives of barrier heights with respect to
vibrational coordinates is obtained for methylsilane with
SCF-MO wave functions but not with empirical non-
bonded potential functions, again showing that these
simple potential functions are generally not accurate
enough to use in internal rotation problems. The study
of vibrational motion in methylsilane also provided a
value for the effect of the variation in zero-point energy
on the internal rotation barrier.

Other points of view have been taken in attemps to
understand internal rotational barriers, and extensive
references to these may be found in the reviews by
Dale,? by Lowe,% by Veillard,”® and by Payne and
Allen.?2
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The equation A — B (eq 1) represents a photochem-
ical six-electron cyclization. X is a heteroatom with an
unshared electron pair available for participation in the
electrocyclization. The primary synthetic value of this
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reaction type is the formation of a carbon~carbon bond
to an aromatic ring. From a methodological point of
view, the heteroatom X functions as a connecting link,
which allows the bonding centers to approach each
other with the proper trajectory. We have suggested
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