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Why is the eclipsed form of dimethylacetylene
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more stable than its staggered form?+
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In organic molecules that exhibit conformational isomers—namely, a staggered and an eclipsed
arrangement, as observed in compounds such as ethane or propane—the staggered conformation
generally represents the equilibrium structure. This preference is commonly attributed to steric
hindrance, Pauli repulsion or hyperconjugation. Surprisingly, in 2-butyne or dimethylacetylene the
eclipsed form is lower in energy, but only by 0.017 kcal mol™ or 598 cm™!. The present study shows
that in this case neither ‘Pauli repulsion” nor ‘hyperconjugation’ plays the decisive role, but the kinetic
energy of the electrons. A rigid rotation around the linear C-C=C-C axis from the eclipsed equilibrium
structure to the staggered one increases the electronic kinetic energy by as much as 0.126 kcal mol™?,
while the increase of the total energy is rather small. The rotationally symmetric ring of the m-orbitals
around the acetylenic C=C bond is modulated at three angles in the eclipsed conformer, but at six
angles in the staggered one, and this causes the larger electronic kinetic energy. Of course, an increase
of both the total energy and the electronic kinetic energy violates the virial theorem. This is then
restored by a small increase of only 0.0008 A in the C—C bond distances, which leads to an elongation
and smoothing of the c-orbitals at the C-C=C-C axis and to a reduction of their kinetic energy. In
addition to the explanation, why the energy of the eclipsed form of 2-butyne is lower than that of the
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staggered form, our calculations confirm the experimental observation that the rotation barrier in 2-
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Introduction

The molecule 2-butyne or dimethylacetylene is not of impor-
tance in industrial or organic chemistry nor in biochemistry.
The synthesis and essential physicochemical properties were
first described in the 1930s."? It has attracted some interest
during the last twenty years, mainly because of its rich
spectroscopic properties. Starting from the unpublished PhD
dissertation of H. Kaiser,” several groups have studied its UV
spectrum experimentally, in particular the photoabsorption,*”
photoionization® and Rydberg spectra,” but also several IR
bands.'®'" A limited number of quantum chemical ab initio
computations have been conducted, mainly to determine the
geometrical structures of its distinct conformers.>"”

2-Butyne is structurally interesting in that it is the simplest
alkyne that exhibits rotational isomerism, which therefore
contains rotamers. According to IUPAC, rotamers are defined
as: “One of a set of conformers arising from restricted rotation
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butyne is very small, only about 6 cm™.

1

about one single bond”."* Conceptually, this compound can be
obtained from ethane by inserting a -C=C- moiety between
adjacent methyl groups. According to a term introduced by
Houk et al. for pericyclines,'* 2-butyne can also be referred to as
“exploded ethane”. Another designation that emphasizes the
connection to ethane and goes back to Maraval and Chauvin'?
is to refer to 2-butyne as the carbo-mer of ethane. For more
information on the topic of rotational isomerism in com-
pounds containing acetylene groups, one is advised to refer
to the comprehensive review article by Toyota."®

The electronic ground state of 2-butyne has a linear
C-C=C-C structure, as determined experimentally by
crystallography’” and electron diffraction.'® Similar to ethane,
the two terminal methyl groups can adopt either an eclipsed or
a staggered orientation. However, in the earlier literature it was
neither definitively known which one of the two possibilities is
the equilibrium structure of the ground state, nor how large the
rotational barrier might be.'® In 1997, di Lauro et al.'* deter-
mined it to be 5.98 &+ 0.03 cm ™" (or 0.0171 kcal mol %), by
analyzing the rotation-torsion structure of certain vibrational
bands, but they could not decide which of the two structures is
the true equilibrium geometry of the ground state.

All recent quantum chemical calculations, on the other
hand, could establish that the ground state of 2-butyne has
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an eclipsed structure, and they were able to get rather reliable
values for the rotational barrier, despite of the fact that it is so
very small. Palmer and Walker® obtained a value of 4.59 cm ™!
by means of UHF-MP2 calculations with a TZVP basis set, Hong
Xu et al.® reported a theoretical value of about 5 cm ™", without
mentioning the details of their calculations, and Omorodion
et al."> obtained a value of 0.010 kcal mol™" (or 3.57 cm™ ') at
the CCSD(T) level for 2-butyne itself and similar, but slightly
larger, values for several substituted 2-butynes.

Present calculations

For our own calculations we started from geometries optimized
at the Hartree-Fock (HF) level and with density functional
theory (DFT) employing the B3LYP functional, both for the
eclipsed and staggered forms of 2-butyne, in their Dz}, and D3q
symmetries. The TURBOMOLE program package'® and the
def2-QZVPP basis set of Weigend et al.>® were used for this
purpose. The results are given in Table 1 and show that the
C=C and C-H distances as well as the CCH bond angles are
nearly the same in the eclipsed and staggered geometry, while
the C-C distance is slightly longer in the staggered form, but
only by the tiny amount of 0.00008 A. To further substantiate
this result and, as far as possible, to assess whether contribu-
tions from electron correlation may influence the structural
parameters, we additionally report geometry optimisations with
the CCSD(T)-F12 code®" of the TURBOMOLE package." Table 1
shows that the bond lengths and angles obtained at the HF and
B3LYP levels are very close to those obtained by CCSDT(T)-F12,
except for C=C bond length which is by 0.02 A too short at
the HF level. What is more important for our analysis is that the
elongation of the C-C bond length from the eclipsed to the
staggered form is nearly the same for all three geometry
optimizations: 0.000076 A, 0.000087 A and 0.000072 A at HF,
B3LYP and CCSD(T)-F12. This indicates in particular that
dynamic correlation effects do not play a significant role in
this case.

The calculations for the total energies and for the analysis of
their components were performed with our own HF**** pro-
gram and also with codes that contain correlation effects: with
our own MCCEPA®® program as well as with the CC2>® and the

Table 1 Optimized geometries for 2-butyne (in A and degrees);
def2-QZVPP basis set?° for the HF and DFT calculations, def2-TZVPP basis
set?? for CCSD(T)-F12

Method Eclipsed (Dsp) Staggered (D3q)
HF R(C=C) 1.181742 1.181744
R(C-C) 1.465507 1.465583
R(C-H) 1.081702 1.081691
<(ccH) 110.652 110.654
B3LYP R(C=CQ) 1.200476 1.200478
R(C-C) 1.456718 1.456805
R(C-H) 1.091216 1.091200
<(CCH) 111.184 111.185
CCSD(T)-F12 R(C=C) 1.207854 1.207856
R(C-C) 1.463930 1.464002
R(C-H) 1.089976 1.089965
<(CCH) 110.766 110.766
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CCSD(T)-F12*' codes. (Of course, our multireference-CEPA
program can also be applied to single reference electronic
states.) With the three packages including correlation effects,
CEPA, CC2 and CCSD(T), we got nearly the same results for the
rotational barrier as with HF, therefore we used for analyzing
the origin of the rotational barrier only the HF method.>***

Table 2 shows that our results for the rotational barrier of
2-butyne are very close to the experimental value of 5.98 cm™*,"*
at the HF, CEPA, CC2 and CCSD(T)-F12 levels, and also whether
HF, B3LYP, CC2 or CCSD(T)-F12 optimized geometries had
been used. Table 2 indicates that a TZP basis set is too small
to reproduce such a tiny energy difference. And as it will be
shown later, the rather large and popular def2-QZVPP basis
set?® yields a reliable value for the rotational barrier itself, but it
is not flexible enough for our analysis. Therefore we used also
the full ANO basis set of Widmark et al.*® (including three f-sets
at the C atoms) and a completely decontracted basis set, based
on the basis of Huzinaga®* for H and on the well-tempered
basis of Huzinaga and Klobukowski??? for C, extended by two
steep s- and p- functions at the C atoms. This basis set will be
denoted by HUZ-ext and is contained in the SI.

Pauli repulsion or hyperconjugation?

And now the question: What is the reason that in 2-butyne the
eclipsed form is more stable than the staggered one, contrary to
the situation in ethane? The case of ethane has been discussed
in the literature many times. We recall only the two most
popular, but completely different, explanations—*steric repul-
sion”*® or Pauli repulsion and ‘“hyperconjugation”*’—and
refer to our own paper®” containing a more detailed discussion
of this subject.

The rotational barrier in ethane is commonly attributed to
Pauli repulsion: the electrons in the C-H bonds of adjacent CH;
groups repel each other due to the Pauli principle. This repul-
sion is stronger in the eclipsed conformation than in the
staggered one, because the bonds approach each other more
closely in the eclipsed form.*® A similar effect might be con-
sidered for 2-butyne. However, the distances between the C-H
bonds of the terminal CH; groups are so large that any
significant Pauli repulsion essentially disappears. Conse-
quently, Pauli repulsion cannot account for the rotational
barrier in 2-butyne.

A much more convincing idea is that hyperconjugation®'
might be the origin of the rotational barrier in 2-butyne. There
are three pairs of molecular orbitals belonging to e-type irre-
ducible representations (irreps) of the D;;, and D34 molecules:
The e-type combinations of the three CH bonding orbitals at
the terminal CH; groups and the bonding n orbitals at the
central C=C bond. They can form three (doubly degenerate)
delocalized e-type (or m-type) orbitals along the four-center
C-C=C-C chain. This is a typical case of hyperconjugation,
where the © bond at the central C=C triple bond extends a
little over the neighbouring C-C single bonds. Of course, one
would expect that the four-center bonding e-type orbital is
lower in energy if the terminal CH; groups are “in phase”,
i.e. in the eclipsed form.

This journal is © the Owner Societies 2026
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Table 2 Calculated rotation barriers in 2-butyne (in E,, and cm™3)

Method* Geometry” Basis set Energy (Ep) (eclipsed FR) AE (Ep,) (staggered FR) AE (cm™)
HF HF TZpP —154.95158804 +0.00001626 +3.57

HF HF def2-QZVPP —154.97804570 +0.00002672 +5.86

HF HF ANO —154.97801428 +0.00002702 +5.93

HF HF HUZ-ext’ —154.97871729 +0.00002771 +6.08

HF B3LYP def2-QZVPP —154.97680920 +0.00002617 +5.74
B3LYP B3LYP def2-QZVPP —155.94632967 +0.00002947 +6.47

CEPA HF def2-QZVPP —155.67768677 +0.00002673 +5.86

CEPA B3LYP def2-QZVPP —155.67830367 +0.00002381 +5.23

CcC2 CcC2 aug—cc-pVGZd —155.86418802 +0.00002498 +5.48
CCSD(T)-F12 HF def2-TZVPP —155.74247286 +0.00002078 +4.56
CCSD(T)-F12 B3LYP def2-TZVPP —155.73973460 +0.00002235 +4.91
CCSD(T)-F12 CCSD(T)-F12 def2-TZVPP —155.74158429 +0.00002089 +4.58

Exp." +5.98 4 0.03

“ The excitations of the 1s orbitals on the four C atoms were not included in the treatments containing correlation effects (CEPA, CC2, CCSD(T)-
F12). * Fully optimized geometries (FR), as shown in Table 1, both for the eclipsed and staggered form. ¢ Completely decontracted and extended

Huzinaga basis set. See Supporting Information. ¢ See ref. 27.

33,34

Applying simple Hiickel theory
as in 1941 to establish the concept of hyperconjugation
—provides an initial estimate of the energies of these three
(doubly degenerate) orbitals. The Hiickel matrix H and the
corresponding energies of the three resulting Hiickel-type
orbitals are given in eqn (1)-(3). The energies ¢; and &; belong
to the bonding and the antibonding orbital, ¢ to the
nonbonding one.

—as Mulliken did as early
35,36

o—e Y 0

H=|( 7 p-¢ @)
0 y o—e

& =0 (2)
o+ f o—f 2

In Table 3 the orbital energies of 2-butyne in its optimized
(in the following characterized by FR, fully relaxed) eclipsed
and staggered forms are given, together with those of a third
form (staggered RR), obtained from the eclipsed form with a
rigid rotation (RR) around the C-C=C-C axis. (The HF opti-
mized geometries and the def2-QZVPP basis were used and the
four C 1s orbital energies are omitted, because their changes
are quite small.) The table indicates that the energies of the
three-center bonding pair, &, and &, are approximately
0.000050 Ejy, (Ey: Hartree, the atomic unit of energy, 1 E, =
627.509 kcal mol™") lower in the eclipsed conformation com-
pared to the two staggered conformations. Although this dif-
ference is small, the changes in the other two orbital energies
are even smaller, in the order of +0.000020 E;,. Thus, it can be
concluded that hyperconjugation favors the eclipsed over the
staggered form of 2-butyne.

However, in this simple Hiickel approach the orbital ener-
gies ¢4, &, &3 of eqn (2) and (3) are the same for the eclipsed and
staggered forms of 2-butyne, therefore it cannot explain why the
eclipsed form has a lower energy than one of the staggered
forms. The reason is that in the Hiickel matrix of eqn (1) only

This journal is © the Owner Societies 2026

Table 3 Orbital energies (in E;,) of the orbitals 5 to 15 for the three forms
of 2-butyne. HUZ-ext basis set

Orbital Nr. Eclipsed Staggered Staggered
Structure® Irrep® FR RR FR

5 a —1.063389 —1.063369 —1.063354
6 a —1.001244 —1.001229 —1.001215
7 a —0.920712 —0.920692 —0.920699
8 a —0.648845 —0.648831 —0.648826
9 a —0.594468 —0.594448 —0.594437
10, 11 e —0.593056 —0.593011 —0.593005
12, 13 e —0.576076 —0.576091 —0.576090
14, 15 e —0.367382 —0.367360 —0.367368

¢ Only the a- or e- part of the irreps is indicated, because the further
specification differs in the D, and D3q symmetries. bR = fully relaxed;
HF optimized geometry; RR = rigid rotation, out of the HF-FR eclipsed
geometry.

the coupling between the terminal CH; groups and the central
C=C = orbitals are included explicitly, by means of the off-
diagonal matrix element y. To determine the energy difference
between the eclipsed and staggered conformations, one would
have to introduce a nonzero value, e.g., ¢ for the off-diagonal
matrix element between the terminal CH3; groups. However,
this modification goes beyond the scope of the simple Hiickel
approach and, more critically, the resulting new energies ¢4, &,
&3 would include a term linear in J, which may be positive or
negative. Consequently, this does not allow us to conclude
whether the eclipsed or the staggered conformer is more stable.

Although the proposition ‘“hyperconjugation is the origin of
the rotational barrier in 2-butyne” still appears quite convin-
cing, two additional questions remain—beyond determining
which of the two conformations is more stable:

(1) 1t is well known that in HF theory - and at more
sophisticated levels as well - the sum of the orbital energies is
not identical with the total energy.’” Therefore, is it really
allowed to conclude from one lower orbital energy to a lower
total energy?

(2) Our optimized geometries, contained in Table 1, show
that the C=C and C-H bond lengths are nearly identical in the
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Table 4 Energy components (in E;) for the different forms of 2-butyne; HF optimized geometry

Eclipsed Staggered Staggered
Energies Basis set FR RR FR
Escr def2-QZVPP —154.97804570 —154.97801897 —154.97801898
Ter def2-QZVPP 154.96409543 154.96428915 154.96406030
v def2-QZVPP —309.94214113 —309.94230812 —309.94207928
A=V|Ty def2-QZVPP —2.000091 —2.000089 —2.000090
Escr ANO —154.97801428 —154.97798726 —154.97798730
Tel ANO 154.97404078 154.97423120 154.97400504
|4 ANO —309.95205502 —309.95221846 —309.95199230
A=VITq ANO —2.000026 —2.000024 —2.000026
Escr HUZ-ext —154.97871729 —154.97868959 —154.97868958
Ter HUZ-ext 154.97746637 154.97766676 154.97743981
v HUZ-ext —309.95618366 —309.95655635 —309.95612939
A=V|Tq HUZ-ext —2.000008 —2.000007 —2.000008
Ecco def2-QZVPP —155.77507322 —155.77504280 —155.77504049
Tel def2-QZVPP 155.79736761 155.79753924 155.79732864
|4 def2-QZVPP —311.57244083 —311.57258204 —311.57236914
A=V|Ty def2-QZVPP —1.999857 —1.999856 —1.999857

two forms of 2-butyne, but the C-C bond length is
slightly larger in its staggered form (for the HF, B3LYP and
CCSD(T)-F12 optimized geometries). Has that any importance
for the rotational barrier?

The role of the kinetic energy of the electrons

For our own analysis of the reason why the eclipsed form of
2-butyne has a lower energy than its staggered form we proceed
in the same way as for our recent analysis of the rotational
barrier in ethane.?” We start from the Schrédinger equation for
the motion of the electrons in the fixed nuclear geometries

AY = (Tq+ V)W =EY (4)

where 7, is the operator for the kinetic energy of the electrons
and V contains all the contributions of the potential energy, i.e.
the Coulomb repulsion of the nuclei and electrons and the
nuclear-electronic attraction. We use for our analysis only the
quantum mechanical expectation values T and V of T, and V
calculated with the solution ¥ of the Schrodinger eqn (4)
obtained either in the Hartree-Fock or in an approximation
including correlation effects (CC2). This means that we base
our conclusions exclusively on well-defined quantum mechan-
ical quantities and not on vaguely defined or even artificial
decompositions of the total energy. We do not use concepts like
steric repulsion where it is not clear how Pauli repulsion,
Coulomb repulsion or even other effects are mixed together.
In our analysis of the rotational barrier in ethane®> we have
shown that the decisive quantity is the kinetic energy of the
electrons T.;. In the staggered form, the electrons of the CH
orbitals in one of the two CH; groups have the possibility to
extend a little into the empty space between the CH orbitals of
the other CH; group. By this extension the wavefunction of the
staggered form will get elongated and slightly smoother, con-
sequently its kinetic energy is getting smaller. But the total
energy of the staggered form will also be changed below that of
the eclipsed form. Clearly, this is in contradiction to the virial
theorem which requires that the total energy and the electronic

Phys. Chem. Chem. Phys.

kinetic energy must have different signs®**° at least at geome-

tries which are stationary with respect to the nuclear coordi-
nates. In ethane, it is the change in geometry, in particular the
shortening of the C-C distance in the eclipsed form, which will
increase T, and correct the ratio between total energy and
electronic kinetic energy to T, = —E and will lead to the correct
value of the virial quotient, 2 = V/T = —2.

In order to analyze the situation for 2-butyne, we have again
decomposed the total HF energy into the electronic kinetic
energy T and the potential energy V. The results are contained
in the Tables 4 and 5. They show that after the rigid rotation
(RR) from the eclipsed equilibrium structure to the staggered
form, the kinetic energy T increases by as much as 193.72 x
10~ ° Ey, for the def2-QZVPP basis and similarly for the ANO and
HUZ-ext basis sets, 190.42 and 200.39 x 10~ ° E;. This is much
more than the rather small increase in the HF energy of 26.73,
27.02 and 27.70 x 10~ ° Ey, This strong increase is mainly due to
the pair of HOMO orbitals, number 14 and 15, which are
essentially the m orbitals of the C=C bond, building the ring
of charge around the C-C = C-C axis. This is shown in Table 6,
which contains the kinetic energies of all occupied orbitals
(again except for the C 1s orbitals). The changes in the a-type

Table 5 Changes of the energy components (in 10°® E,) from the
eclipsed to the two staggered forms of 2-butyne, based on HF geometries

AE AE
Energies Basis set Staggered, RR Staggered, FR
Escr def2-QZVPP 26.73 26.72
T def2-QZVPP 193.72 —35.13
\4 def2-QZVPP —166.99 61.85
Escr ANO 27.02 26.98
T ANO 190.42 —35.74
14 ANO —163.44 62.72
Escr HUZ-ext 27.70 27.71
Te1 HUZ-ext 200.39 —26.56
14 HUZ-ext —172.69 54.27
Ecos def2-QZVPP 30.42 32.73
Tel def2-QZVPP 171.63 —38.97
14 def2-QZVPP —141.21 71.69

This journal is © the Owner Societies 2026
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Table 6 Kinetic energies (in Ey,) of the orbitals 5 to 15 in the three forms of
2-butyne. HUZ-ext basis set

Eclipsed Staggered Staggered
Orbital Nr. Irrep FR RR FR
5. a 3.162570 3.162536 3.162527
6. a 2.665535 2.665515 2.665412
7. a 3.200506 3.200494 3.200409
8. a 2.756885 2.756863 2.756818
9. a 2.816830 2.816820 2.816754
10, 11 e 1.889827 1.889910 1.889934
12, 13 e 1.944837 1.944717 1.944741
14, 15 e 2.281158 2.281353 2.281337

orbitals are rather small, in the order of 50 x 10° Ej, the
combined effect of the two lower e-type orbitals is of the same
size, but the change in the HOMOs is much larger, nearly 200 x
10°° E,.

To ascertain that dynamic correlation does not provide an
alternative rationale for the trends derived from the HF-based
analysis, the data presented in Tables 4 and 5 are complemen-
ted by additional calculations at the coupled-cluster level.
Unlike the geometry optimisations—where CCSD(T)-F12 calcu-
lations could be performed, thereby ensuring that dynamic
correlation effects are negligible—the evaluation of the expec-
tation values of the kinetic and potential energies necessarily
relies on a less accurate approach. The calculations performed
at the CC2 level—an approximation to CCSD— corroborate the
findings obtained from the HF calculations and, in particular,
reproduce the same qualitative behaviour. These computations
were carried out with a local version®® of the CC2 module®®
implemented in TURBOMOLE.

Fig. 1 presents an explanation for the increased kinetic
energy in 2-butyne after the rigid rotation (RR): In acetylene,
the electron density of the pair of HOMOs is rotationally
symmetric around the C=C axis. In dimethylacetylene
(2-butyne) this rotational symmetry is modified by the inter-
action with the CH orbitals at the terminal CH; groups: In the
eclipsed form, the density of the HOMOs 14 and 15, which are
essentially the e-type m orbitals of the acetylene-like C=C
bond, is reduced, compared with pure acetylene, by the term-
inal CH; groups at the angles 0°, 120° and 240°, but increased
at 60°, 180° and 300°. This results in a pattern with three
minima and maxima as shown in Fig. 1a, plotted at a distance
(radius) of 1.0 a, (ao: Bohr, the atomic unit of length, 1 a, =
0.529177211 A) from the axis and for z = 0.0 a,, i.e. at the center
of the C=C bond, and similarly for all positions z along the
C-C=C-C axis. For the staggered conformer the changes of
the density by the terminal CH; groups are just opposite for
positive and negative values of z and cancel at z = 0.0 a,
(Fig. 1c). The reason is that the m orbitals are more strongly
modified by the H atoms close by. That means that the
reductions of the density at 0°, 120° and 240° and their increase
at 60°, 180° and 300° are caused by the interaction with the
hydrogen atoms with positive values of z. And the opposite
changes of the density are caused by the interaction with the
hydrogen atoms with negative values of z. At z = 0.0 a, the

This journal is © the Owner Societies 2026
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modification of one CH; group cancels the modification of the
other one. All this can be seen in Fig. 1b-d. Taking together,
this results in six modifications of the total density of the &
electrons around the C-C=C-C axis. The larger number of
modifications of the orbitals 14 and 15 in the staggered form of
2-butyne leads to an increase of their kinetic energy. This is
evident from Table 6 which shows that their kinetic energies
are by about 0.000200 Ej, larger in the staggered RR than in the
eclipsed FR form, while the changes for the other orbitals are
much smaller and have different signs.

Nevertheless, the account has not reached its final stage. In
ethane it is the change in the geometry of the eclipsed con-
former from its RR to the FR form that leads to the simplified
form of the virial theorem, T,y = —E and V=2 x E***° and to a
value of —2 for the virial quotient 1 = V/T..***! Here in
2-butyne, the situation is very similar. Table 1 shows, that in
the optimized geometries the C-C distance in the staggered
form are slightly larger, by 0.000076 A in the HF, by 0.000087 A
in the B3LYP and by 0.000072 A in the CCSD(T)-F12 approxi-
mation, than in the eclipsed form, while for both the C=C and
the C-H distances the changes are very small. The C=C bond
is too strong to be changed. By this increase of the C-C
distance, the a-type orbitals, in particular the c-orbitals along
the C-C=C-C chain, are slightly elongated. This is connected
with a reduction of their kinetic energies with respect to both
the eclipsed FR and the staggered RR forms, as presented in
Table 6. The largest change occurs for orbital 7, which is
essentially a combination of the two C-C o bond orbitals. The
kinetic energies of the e-type orbitals, on the other hand, which
are involved in the n-bonding (or stated differently, which are
responsible for the ‘“hyperconjugation”), remain nearly
unchanged. Table 5 summarizes the whole account. The elec-
tronic kinetic energy of 2-butyne is increased by about 190 x
10 ° Ey, after a rigid rotation (RR) from its eclipsed equilibrium
structure to the staggered one, the reoptimization (FR) of the
staggered form reduces the kinetic energy again.

Four necessary comments

(1) The two larger basis sets we had used - def2-QZVPP*° and
ANO®®*—were optimized for total energies and resulted in
essentially the same HF energy, as contained in Table 2. How-
ever, that did not apply for the expectation values of T, and V.
Table 4 shows that for the def2-QZVPP basis —T, is quite
different from Escr and the virial quotient A is quite far
from —2. The ANO basis is much better in this respect, but
still not perfect. Therefore we have tried a still more flexible
basis (HUZ-ext), and Table 4 shows that now Egcr and —T,; are
nearly identical and Z is close to —2. This is nice, but the main
conclusions of our analysis are the same for all the three large
basis sets. We can only repeat the comment from Slater’s
book®® that whenever one is close to true wavefunction small
changes in the energy might be connected with large changes
in other properties.

(2) One should be a bit more careful with the expectation
values for T and V. The optimized, fully relaxed (FR) geome-
tries for the eclipsed and staggered forms represent stationary
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points on the potential energy surface, therefore the virial
theorem is valid in its simplified form: T, = —F and V =
2 x E, or 1 = —2.%%% But generally this does not hold true for
the RR forms which are no stationary points, therefore the virial
forces had to be taken care of.*' However, for 2-butyne the
situation seems to be different. Surprisingly, as Table 4 shows,
the value of the virial coefficient A is also very close to —2 in the
staggered RR form, as soon as the large HUZ-ext basis set is
used. This means that this form represents also a stationary
point. And it is even more surprising that for all basis sets (def2-
QZVPP, ANO, HUZ-ext) the same SCF energy is obtained for the
staggered RR and the staggered FR structure, while T and V
differ substantially in the two staggered forms.

(3) The two larger basis sets (ANO and HUZ-ext) are slightly
linearly dependent: The smallest eigenvalues of the overlap
matrix are 0.2D-05 (ANO basis) and 0.7D-08 (HUZ-ext basis).
This is taken care of in our SCF code,>*?* but not in the
MCCEPA code.”® Since the uncertainties in the CEPA energy
caused by the linear dependence are in the order of the small
rotational barrier itself, Table 2 contains only a CEPA value for
the rotation barrier obtained by the def2-QZVPP basis set.

(4) Why the sixfold modification of the rotationally sym-
metric ring of the electronic density of the m orbitals in

Phys. Chem. Chem. Phys.

acetylene leads to a higher electronic kinetic energy than the
threefold modification can be understood by a comparison
with the well-known example of the “particle in a box” with a
potential V = 0. In this example, the electronic density of a state
with higher energy - and since V = 0 this means with higher
kinetic energy - has more maxima and minima than that of a
state with lower energy. Since the wave functions of the states
have to be normalized to unity, (;|i;) = 1, the spatial extent of
a state with more maxima and minima must be smaller than
that of a state with less maxima and minima. Fig. 1 shows that
this is indeed the case for the HOMOs of 2-butyne.

Conclusions

The main result of the present study is that the higher stability
of the eclipsed conformer of dimethylacetylene, as compared to
its staggered conformer, is caused by the kinetic energy of the
electrons. The rotationally symmetric ring of the two m orbitals
at the central C=C bond of the C-C= C-C axis is modified by
the C-H bond orbitals at the terminal methyl groups at three
angles in the eclipsed form, but at six angles in the staggered
form. This leads to a higher electronic kinetic energy and also
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to a higher total molecular energy of the staggered form, as
long as the change from the eclipsed to the staggered form is
performed by a rigid rotation (RR). But this is in contradiction
to the virial theorem which requires that the changes of the
total energy and the electronic kinetic energy must have differ-
ent signs. A reoptimization of the geometry of the staggered
conformer to its fully relaxed (FR) form can reestablish the
virial theorem, since it leads to a small elongation of the C-C
bond distances together with a smoothing of the c-orbitals of
the C-C=C-C axis and a decrease of the electronic kinetic
energy, without a significant change in the total energy.
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