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Analysis of internal rotation around single bonds was aimed at answering the following question: Is the
hyperconjugation always a driving force for molecular shape and conformational preferences? For
hydroxydiazeniumN-oxide, one of the molecules investigated here, the answer appeared to be negative. As
a consequence, there arose another question: What are the forces that hinder internal rotations around single
bonds? To provide the answer to the latter, the individual repulsive and attractive terms to the potential
energy changes accompanying internal rotation were calculated. Density functional theory was applied as it
allows for the separate determination of the Coulomb repulsion, exchange, and correlation to the electron-
electron interaction. Calculations were performed for ethane, biphenyl, 2,2′-difluorobiphenyl, formic acid,
and hydroxydiazeniumN-oxide. It has been found that both attractive and repulsive interactions are diminished
near the barrier top but the attraction attenuates to a higher degree than the repulsion does. This holds true
even for the molecules that are sterically crowded near the top. It has been shown that the exchange and
correlation contributions are lower by factors of 10 and 100, respectively, than the electrostatic interactions.

Introduction

Overall molecular shape is determined by forces that hinder
internal rotations around the single bonds. As the rotation is
not free, the potential energy surface of even relatively small
molecule can possess a great number of local minima, corre-
sponding to the same number of stable conformers differing in
energy and geometric properties.1 Hindered rotation was first
experimentally found for ethane,2 and since then, ethane has
been the most frequently studied prototype molecule for internal
rotation investigation since it is the simplest molecule containing
a carbon-carbon single bond. The structural preferences in
ethane and other molecules have been attributed to steric effects,
interpreted as the repulsion of electrons in different bonds and
on different atoms, drawn closer to each other in the course of
rotation of the molecule.3-5 For ethane, it was claimed that the
barrier is “caused” by eclipsed C-H bond repulsion. Recently,
investigations by Weinhold6-9 and others10-16 aroused aware-
ness of hyperconjugative interactions between filled and empty
orbitals in the energy profiles accompanying internal rotations.
The idea of the hyperconjugative interactions belongs to the
natural bonding orbital (NBO) analysis of the molecular wave
functions.17 In the analysis, the wave functions are expanded
in terms of localized and orthogonal molecular orbitals. These
hyperconjugative orbital interactions involve partial electron
transfer from nearly doubly occupied bonding orbitals to
antibonding, nearly vacant ones and result in delocalization of
the electron density from the one which would have been
expected on the basis of classical Lewis formulas.18

In several papers devoted to the origin of internal rotation
and based on the NBO theory results, hyperconjugative orbital
interactions have sometimes been opposed to electrostatic
interactions. The latter were claimed to be of minor importance.
Comparison of the steric repulsive interactions with the hyper-
conjugation-induced ones8-11,15 also results in the comparison
of the electrostatic and the hyperconjugation terms of the total
energy changes accompanying internal rotation. However, one
should bear in mind that the aforementioned electrostatic and

hyperconjugative energy changes belong to two different
distributions of the total energy. In terms of the NBO treatment
of the MO wave functions, it is possible to separate “Lewis”
and “non-Lewis” (i.e. delocalization) contributions to the total
energy:7

Thus, the rotation barriers about any single bond may be
decomposed as

Another energy distribution is offered in Hartree-Fock (H-
F) methodology or density functional theory (DFT). In H-F
theory, the energy is given as19

whereVnn stands for the nuclear repulsion energy,P stands for
the density matrix,〈hP〉 is the one electron kinetic plus potential
energy (core energy), 1/2〈PJ(P)〉 is the classical Coulomb
repulsion of electrons, and-1/2〈PK(P)〉 is the exchange energy.
The Coulomb repulsion energy is calculated by treating the
motions of individual electrons as influenced by a “static
Coulomb field” generated by all other electrons. Exchange
energy term involves electron-electron interactions and has the
effect of reducing the size of the Coulomb term. For a given
molecule, H-F calculations (with the use of Gaussian 98
program) produceE, Vnn, electron kinetic energy, andVne,
electron-nuclear attraction energy. Currently there are no means
of reporting Coulomb and exchange energies separately.

On the other hand, in the density functional theory, DFT,
the energy partition can be presented as19

where Ex stands for the exchange energy andEc for the
correlation energy.

E ) ELewis + Edeloc (1)

∆E ) ∆ELewis + ∆Edeloc (2)

E ) Vnn + 〈hP〉 + 1/2〈PJ(P)〉 - 1/2〈PK(P)〉 (3)

E ) Vnn + 〈hP〉 + 1/2〈PJ(P)〉 + Ex + Ec (4)
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Electron correlation accounts for coupling of electron motions
and leads to a lessening of the electron-electron repulsion
energy, just as the exchange energy does.

Calculations performed in this work were carried out in the
framework of DFT not only because it allows one to determine
the correlation energy but also because it has an option to report
Coulomb and exchange terms separately. Therefore, the rotation
barrier, ∆E, between structures of different geometry, e.g. Z
(trans) and E (cis) isomers of formic acid, can be decomposed
as

The last three terms correspond to electron-electron interaction,
Vee. So eq 5 is equivalent to

or

It can be seen that the last equation describes the total energy
change as a sum of the potential and kinetic (∆Ek) contribu-
tions.

Equations 5-7 present an alternative way to eq 2 for treating
rotation barriers. One can guess that the five terms of eq 5 are
dispersed into both terms of eq 2, and vice versa. The energy
distribution can be performed according to the first or to the
second approach. Therefore, it is not correct to compare and
oppose the hyperconjugative and the electrostatic contributions
to energetic barriers, e.g. state that the latter are of minor
importancesboth are valid within the limits of different
distributions. In terms of the theory of atoms in molecules, the
electrostatic effects were found to be sufficient to explain the
occurrence of barriers to rotation for such molecules as C2H6,
CH3OH, and CH3NH2.20 Another calculation of the rotation
barrier in acetaldehyde on the HF and MP2 levels yielded the
same outcome: an increase in total potential energy, despite
the electron and nuclear repulsion energies decrease in rotation
toward the top of the barrier.21

Definition of major barrier sources in other molecules
which may rotate around C-C, C-OH, and N-OH single
bonds has been the goal of this study. Each individual
energy component will be treated according to the philos-
ophy expressed in eq 2 or to the distribution offered by
eqs 5-7. Both approaches to the rotation barriers will be
confronted.

Calculations

A reliable determination of the energy variation accompany-
ing the conformational change requires relaxation of all other
molecular coordinates.22 That is why the geometry optimization
has been carried out with all internal degrees of freedom allowed
to adjust themselves during the rotation around one selected
bond except for a fixed dihedral angle scanned at regular
intervals.

Energies of all structures were calculated at the B3LYP/
6-311++G** level. In the case of formic acid, the calculations
were also repeated using the B3PW91 and MPW1PW91 DFT
functionals to make sure that the effects observed do not depend
on the functional used. As the results obtained were much the
same, other calculations proceeded using the B3LYP. Natural

bond orbital (NBO) calculations have been carried out using
NBO 4.0 interfaced to Gaussian 98.23

Results

The molecules chosen for the internal rotation investigation
were ethane, biphenyl, 2,2′-difluorobiphenyl, formic acid, and
hydroxydiazeniumN-oxide. Ethane was chosen because the
major part of studies on internal rotation was made with this
molecule as a model specimen.3,6-9,11,20 Biphenyl molecules,
similarly to ethane, can rotate around a single C-C bond.
However, a steric hindrance appears upon the rotation when
they approach planar transition states.24 Due to the latter, the
basic conformation of both molecules is twisted: the gas-phase
electron diffraction value of the dihedral angle between the
planes of two aromatic rings is 44.4° for biphenyl25 and 60°
for 2,2′-difluorobiphenyl.26 Formic acid and hydroxydiazenium
N-oxide, in turn, were taken as the examples of polar molecules
possessing free electron pairs and significant dipole moments.
Internal rotation in the first involves C-O, while in the second
it involves N-O bond. Barrier energetics in lone-pair molecules
containing an oxygen atom has been previously inves-
tigated.10,12,14,21,27-31 It has been shown that, in the course of
the rotation around single bonds between atoms possessing free
electron pairs, the latter play an active role in the process.

Free rotation in formic acid14,30 and in hydroxydiazenium
N-oxide31 has been previously investigated, yet individual
contributions to the energy were not addressed. Both molecules
can exist not only as the lowest energy Z conformers but also
as E conformers of higher energy. Because the Z and E
conformers of hydroxydiazeniumN-oxide molecule are less
known than other molecules investigated here, they are shown
in Chart 1.

Contribution of the Lewis and Delocalization Energies to
the Barrier. The first approach in the investigation of energetic
consequences of the rotation around single bonds has been
treated in terms of delocalization of electron density (eq 2).
Results of the rotation around the C-C single bond were
reported previously,2-11,20,21,24 and the plots of∆ELewis and
∆Edelocvs corresponding dihedral angle are given only for formic
acid and hydroxydiazeniumN-oxide (Figures 1a and 2a). The
energy increments are calculated with respect to the most stable
Z conformer (dihedral angle equaling 0).

In the case of formic acid, the values for Z and E conformers
and for the transition state rotamer are given in Table 1. As
both ELewis andEdeloc are negative, the maximum of∆Edeloc at
the transition state in Figure 1a is equivalent to the least span
of hyperconjugation. For what follows, it can be stated that
hyperconjugation favors the stable conformations. On the other
hand, a minimum of∆ELewis in the same figure carries the
information that the top barrier rotamer would have the lowest
energy of all rotamers with full occupation of the bonding
orbitals (corresponding rigorously to Lewis formulas). However,
for the E conformer,∆ELewis and∆Edeloc are both positive and
cooperate in increasing the energy of E to an extent greater than
in the case of Z conformer. In Figure 1b the relative total energy
plot is confronted with the curve displaying the “% non-Lewis”,
e.g. the percentage of electrons that cannot be described by the

∆E ) ∆Vnn + ∆〈hP〉 + 1/2∆〈PJ(P)〉 + ∆Ex + ∆Ec (5)

∆E ) ∆Vnn + ∆〈hP〉 + ∆Vee (6)

∆E ) ∆Vnn + ∆Ven + ∆Vee+ ∆Ek (7)

CHART 1
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classical Lewis structure. It can be seen that the two plots mirror
each other in a nearly ideal manner. This result remains in
agreement with findings of Weinhold9 and Goodman,11 who
confirmed that hyperconjugation (i.e. electron delocalization
from bonding to antibonding orbitals in the framework of NBO

theory) is mainly responsible for the rotation barrier in ethane.
In other words, in formic acid, like in ethane, the “Lewis-like”
structures would exhibit energetic preferences opposite from
those when hyperconjugation, i.e., delocalization of electron
density, is taken into account.

We expected that the results obtained for another small polar
molecule, hydroxydiazeniumN-oxide, would be qualitatively
similar. However, to our surprise it has turned out that, for the
latter molecule, the relation between total and delocalization
energies is quite different (see the last columns in Tables 1 and
2). Figure 2a,b displays the same functions of the rotation angle
H-O-NdN in that molecule as Figure 1a,b does for H-O-
CdO in formic acid. This figure shows that the hyperconjugative
stabilization is the largest for the NNOH dihedral angle of 105°,
near the maximum of total energy, occurring at 90° (perpen-
dicular arrangement of the OH bond vs the NNO plane). For
hydroxydiazeniumN-oxide, it is the Lewis energy which is
decisive for the energetic preferences; its minima correspond
to conformers Z and E. The maximum of∆ELewis near the barrier
top shows that the corresponding rotamer would be of highest
energy and the energetic order of the three rotamers would be
the same if the rotamers’ electron densities corresponded exactly
to the Lewis formula.

Our result provides evidence of the adverse energy effects
due to charge rearrangements associated with hydroxyl internal
rotation in the COOH or NNOH groups. Whereas in formic
acid ∆Edeloc is responsible for E and Z conformers displaying
lower energy than the top (perpendicular) structure, in hydroxy-
diazeniumN-oxide, with the delocalization energy being the

Figure 1. (a) Dependence of the relative total energy of formic acid molecule and its∆ELewis and ∆Edeloc parts on the OH rotation angle. (b)
Relationship between the relative total energy of formic acid molecule and the percentage of electron density (% non-Lewis) which cannot be
accounted for by the classical Lewis formula.

Figure 2. (a) Same dependence as in Figure 1a for hydroxydiazeniumN-oxide. (b) Same dependence as in Figure 1b for hydroxydiazenium
N-oxide.

TABLE 1: Contributions of Lewis Energy ( ∆ELewis) Due to
the Localized Electron Density and the Hyperconjugation
Energy (∆EDeloc) Due to the Delocalized Electron Density to
Barrier for Rotation around the C -OH Bond in Formic
Acida

structure
Erel

(kcal/mol)
ELewis
(au)

∆ELewis
(kcal/mol)

Edeloc
(au)

∆Edeloc
(kcal/mol)

Z 0 -189.541 87 0 -0.285 81 0
top 13.13 -189.548 74 -4.31 -0.258 03 17.43
E 4.56 -189.537 08 3.01 -0.283 32 1.56

a B3LYP/6-311++G** geometries. Experimental data on geometry
of Z (trans) andE (cis) conformers were reported by: Bjarnov, E.;
Hocking, W. H.Z. Naturforsch. 1978, A33, 610.

TABLE 2: Contributions of Lewis Energy ( ∆ELewis) Due to
the Localized Electron Density and the Hyperconjugation
Energy (∆EDeloc) Due to the Delocalized Electron Density to
Barrier for Rotation around the N -OH Bond in
Hydroxydiazenium N-Oxidea

structure
Erel

(kcal/mol)
ELewis

(kcal/mol)
∆ELewis

(kcal/mol)
Edeloc

(kcal/mol)
∆Edeloc

(kcal/mol)

Z 0 -296.187 0 -0.47200 0
top 10.38 -310.638 24.83 -0.49503 -14.45
E 3.82 -309.583 17.22 -0.49335 -13.40

a B3LYP/6-311++G** geometries.

Energy Barriers to Internal Rotation J. Phys. Chem. A, Vol. 107, No. 41, 20038673



sole term taken into consideration, the energetic ordering should
beEtop < Ecis < Etrans, exactly opposite to the calculated energy
order.

Contribution of Different Potential Energy Terms to the
Barrier. The second approach to the investigation of energy
barriers is based on the energy partition offered by eqs 4-6.
Tables 3-7 present the contributions of the electron-electron
(Vee) repulsion, nuclear-nuclear (Vnn) repulsion, and electron-
nuclear (Ven) attraction terms to total potential energy of the
molecules under investigation. The most stable structures are
mentioned in the first rows of each table. The second rows
show the rotamers of the highest energies. Table 6 and 7 present
also (in the third rows) the properties of the second stable
conformers.

Data in the above-mentioned tables illustrate the fact that both
repulsive terms,Vee andVnn, are the largest in the most stable
conformation and that they decrease by hundreds to thousands
kcal/mol when going to the barrier top. More detailed results
for the energy as a function of the rotation angle for formic
acid (rotation of OH around the C-O bond), and for hydroxy-
diazeniumN-oxide (rotation of OH around the N-O bond) are
shown in Figures 3 and 4. The figures display increments of
the total energy and of the potential energy components,
calculated as a function of the rotation angle of the O-H bond
vs the plane spanned by other atoms. Energy values at maxima
and minima are shown in Tables 6 and 7. It is worth noticing
how different are the energy scales for the total energy and its
components. By virtue of the virial theorem, the total potential
energy (which is not shown in Figures 3 and 4) is twice as
large as total energy and runs parallel to it. Therefore, it is
evident that the repulsive interactions strongly favor the
conformations being at the energy barrier top, being weaker

than those in the stable conformations. The contribution deciding
the real energetic preferences is made by the attractive forces
which produce the energetic effect larger than the sum of both
repulsive terms. Since the attraction term,Vne, is negative, the
highest value of∆Vne at the top of the curve indicates the lowest
absolute value ofVne at that point. In other words, the attractive
forces are weakened. For ethane, the absolute value of the
negativeVen energy is lower by 207.4 kcal/mol at the barrier
top (eclipsed form) than at the most stable staggered structure.
For formic acid, it is lower by 771.5 and 529 kcal/mol at the
barrier top than in the Z and E conformations, respectively. In
2,2′-difluorobiphenyl, the corresponding decrease is as large as
7000 kcal/mol. The attraction term increments,∆Vne, are larger

TABLE 3: Electrostatic Contributions to Energy of the Staggered and Eclipsed Ethane Calculated at the B3LYP/6-311++G**
Levela

structure Erel (cal/mol) Vnn (au) ∆Vnn (kcal/mol) Ven (au) ∆Ven (kcal/mol) Vee (au) ∆Vee (kcal/mol)

staggered 0 42.164 40 0 -268.556 42 0 67.139 16 0
eclipsed 2.70 41.997 27 -104.87 -268.225 90 207.40 66.983 74 -97.52

a The top entries in Tables 3-7 represent the lowest energy conformers; the next ones, transition states.

TABLE 4: Electrostatic Contributions to Energy of the Twisted and Plane Biphenyl Molecule Calculated at the B3LYP/
6-311++G** Level

structure Erel (kcal/mol) Vnn (au) ∆Vnn (kcal/mol) Ven (au) ∆Ven (kcal/mol) Vee (au) ∆Vee (kcal/mol)

twisted 0 599.455 87 0 -2273.418 87 0 749.272 36 0
plane 2.10 598.747 92 -444.24 -2271.932 95 932.41 748.494 86 -487.89

TABLE 5: Electrostatic Contributions to Energy of the Twisted and Plane 2,2′-Difluorobiphenyl Molecule Calculated at the
B3LYP/6-311++G** Level

structure Erel (kcal/mol) Vnn (au) ∆Vnn (kcal/mol) Ven (au) ∆Ven (kcal/mol) Vee (au) ∆Vee (kcal/mol)

twisted 0 828.099 41 0 -3205.195 84 0 1055.779 24 0
plane 10.79 822.543 04 -3486.62 -3194.040 53 6999.96 1050.200 36 -3500.75

TABLE 6: Electrostatic Contributions to the Energy of the Z and E Conformers and Transition State Rotamer of Formic Acid
Calculated at the B3LYP/6-311++G** Level

structure Erel (kcal/mol) Vnn (au) ∆Vnn (kcal/mol) Ven (au) ∆Ven (kcal/mol) Vee (au) ∆Vee (kcal/mol)

Z 0 70.331 11 0 -587.391 08 0 138.172 56 0
top 13.13 69.691 49 -402.37 -586.161 58 771.51 137.621 87 -345.56
E 4.56 70.121 97 -126.59 -587.004 66 242.48 137.999 79 -108.41

TABLE 7: Electrostatic Contributions to the Energy of the Z and E Conformers and Transition State Rotamer of
Hydroxydiazenium N-Oxide Calculated at the B3LYP/ 6-311++G** Level

structure Erel (kcal/mol) Vnn (au) ∆Vnn (kcal/mol) Ven (au) ∆Ven (kcal/mol) Vee (au) ∆Vee (kcal/mol)

Z 0 125.806 51 0 -865.874 42 0 218.610 33 0
top 10.38 123.401 28 -1509.28 -861.306 76 2866.21 216.487 19 -1332.27
E 3.82 123.861 29 -1220.62 -862.319 08 2230.98 217.018 59 -998.82

Figure 3. Dependence of attractive (∆Vne) and repulsive (∆Vnn and
∆Vee) energy increments on the H-O rotation angle in the formic acid
molecule.∆Vne > 0 means that on going to the barrier top, the negative
attraction is weaker than in the stable (Z, E) conformations. Positive
Vnn andVee are also weaker at the top (see Table 6).
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than the sums of both repulsive terms increments,∆Vnn and
∆Vee. Energy differences between the structures at the top of
the energy barrier and the most stable ones,∆Vne, ∆Vee, and
∆Vnn, attain fairly high values (Tables 3-7), yet the ratio of
the corresponding terms is very near 1. This is possible because
the respective two values, subtracted or divided, are very
significant.

The interplay between the repulsive and attractive forces
causes the conformations mentioned in the top lines of Tables
3-7 to be the most stable ones. The effect is opposite to what
could have been expected when taking into consideration only
the repulsive forces.

The sum of the potential (∆V ) ∆Vnn + ∆Vne +∆Vee) and
kinetic (∆Ek ) -∆V/2 in virtue of the virial theorem) energy
increments should equal the calculated barrier height for all
molecules and the Z- E energy difference, in the case of formic
acid and hydroxydiazeniumN-oxide. It is so inasmuch as it is
allowed by the accuracy resulting from the subtraction of very
large individual energy terms and by the fact that the factor in
virial theorem differs somewhat from 2.

Data in Tables 3-7 and Figures 3 and 4 provide evidence
that all electrostatic interactions decrease at the barrier top and
nearly balance one another when all the energy contributions
are figured up to the total energy value, due to the opposite
signs of the attractive and repulsion interaction. For what
follows, the total energy change associated with the internal
rotation is much smaller (2-3 orders of magnitude) than the
separate potential energy terms. A diagram representation of
the relative contributions of the changes in the attractive,
repulsive, and kinetic energies to the barrier is shown in Figure
5. This diagram is valid for all the five molecules reported here
as well as for a few others not described here (e.g. for the allyl
radical).

Tables 3-7 present total electronic interaction energiesVee

which are composed, within the theoretical model, of three
terms: Coulomb repulsion energyEcoul; exchange energyEx;
correlation energyEc. Without a doubt, it is interesting to inquire

what the contributions of the individual terms to electron-
electron interaction are and how they change when geometry
of the molecules changes during the rotation.

The answer to the first question is given in Table 8, which
displays the dissection of the total electron-electron interaction
into the Coulomb, exchange, and correlation energies. Presented
data show that the Coulomb term is the most important of the
three and the contribution of correlation to the electron-electron
interaction is small. The answer to the second question is the
following: For the highest energy rotamers, the contributions
of Ecoul, Ex, andEc values are nearly the same as for the most
stable structures and differ at the most by 0.1% (Table 8).

Finally, Table 9 presents the total electron-electron interac-
tion, the exchange, and correlation energy differences with
respect to the total barrier energy. It can be seen that the
contribution of∆Ex and∆Ec to the energy barrier may attain
10%. At the same time, the electrostatic contributions are about
a factor of several dozens to several hundred larger than the
barrier height.

Discussion

The inference that the repulsive forces are not responsible
for the observed energetic consequences of the C-OH and
N-OH rotation is in agreement with the results of Badenhoop
and Weinhold on the steric analysis of the internal rotation
barrier.8 They conclude that for ethane and ethane-like molecules
(CH3OH, CH3NH2) the exchange energy difference between the
staggered and eclipsed forms predicts a counterintuitive eclipsed
minimum. However, they use the “exchange energy” term for
the electron-electron interactionVee.. Most frequently,19,32 the
main part of this interaction is named electron-electron
Coulomb repulsion,Vee, and only a minor contributionEx is
termed the exchange energy. It should be noted however that
the “exchange” is not a physical process. It is due to the
expression of the molecular wave function in terms of the atomic
wave functions. The Hellmann-Feynman theorem of quantum
mechanics states that if exact wave functions are used, the total
energy may be exactly calculated by the direct evaluation of
the classical electrostatic contributions.33 In the correlated

Figure 4. Same plots as in Figure 3 for hydroxydiazeniumN-oxide.

Figure 5. Relative contributions of the changes in the attractive,
repulsive, and kinetic energies to the rotation barrier.

TABLE 8: Coulomb, Exchange, and Correlation Energies
Given as Percent of the Total Electron-Electron Repulsion
Energya

molecule Ecoul (%) Ex (%) Ec (%)

ethane 115.8 -14.7 -1.1
biphenyl 107.5 -7.0 -0.5
2,2-difluorobiphenyl 106.8(9) -6.4(5) -0.4
formic acid 113.7 -12.9 -0.8
hydroxydiazeniumN-oxide 111.7(8) -11.0(1) -0.7

a The values are calculated for the lowest energy conformer and at
the barrier top (in parentheses). The latter are given only if they differ
from the stable conformer at least by 0.1%.

TABLE 9: Total Electron -Electron Interaction, Exchange,
and Correlation Energy Changes (∆Vee, ∆Ex, and ∆Ec) on
Rotation with Respect to the Total Energy Difference∆Ea

molecule ∆Vee/∆E ∆Ex/∆E ∆Ec/∆E
∆E

(kcal/mol)

ethane -36.1 0.29 0.03 2.70
biphenyl -232.4 -0.96 -0.30 2.10
2,2-difluorobiphenyl -324.4 0.13 -0.12 10.79
formic acid -26.3 0.25 0.04 13.13
hydroxydiazenium

N-oxide
-128.3 0.59 0.16 10.38

a The differences are calculated for the lowest energy conformer and
at the barrier top.
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methods, there is also an even smaller element, calledEc

(eq 4 ). For the reason that the electrostatic contributions cancel
each other out in great measure, this small-scale term (Table 8)
constitutes a noticeable contribution to the barrier height. The
contribution (at the B3LYP/6-311++G** level) is 3% (ethane),
4% (formic acid), and 16% (hydroxydiazeniumN-oxide) of the
total barrier. As for biphenyls, the contribution is negative:-30
and -12%, respectively. The numbers do not constitute a
consistent set. On the other hand, the electron repulsion
contribution, including exchange energy, equals-36∆E and
-26∆E for small and simple molecules, ethane and formic acid.
It is larger for the negatively charged hydroxydiazeniumN-oxide
(-128∆E) and for biphenyls (-232∆E and-324∆E, respec-
tively). The minus sign means that the electron-electron
repulsion is lower at the barrier top.

For the rotation around C-C, C-OH, and N-OH single
bonds the electrostatic point of view provides us with a
homogeneous interpretation: Rotamer energy is the lower, the
stronger is the electrostatic attraction of negative energy within
the molecule as a whole, accompanied by the increased repulsive
interactions. It was previously stated that in a few molecules
the only barrier-forming term is an increase in the nuclear-
electron attraction energy.10 However, it has to be taken into
account that the attractive energy is negative and the positive
value of ∆Vne is equivalent to the physical lowering of the
attraction at the barrier.

Such molecules as biphenyls are especially interesting, since
according to atoms in molecule (AIM) results24 the rotation
through the barrier involving a planar transition state is sterically
hindered there. We emphasize that even in this case the
electron-electron and nuclear-nuclear repulsion, calculated for
the entire molecule, is lower in the planar transition state than
in the lowest energy twisted state (Tables 4 and 5). Yet it is
possible that, in the sterically crowded molecules, the repulsive
terms between the individual atoms may be larger at the barrier
top than someplace else.

Conclusions

Calculations performed for hydroxydiazeniumN-oxide led
us to conclude that for hydroxydiazeniumN-oxide hypercon-
jugation acts against the most stable Z planar conformation and,
to a lesser extent, against the E conformation. In other words,
steric attraction but not hyperconjugation seems to be decisive
in this case. Hyperconjugation does not provide a unique
measure of the energetic preferences connected with the internal
rotation around the single bonds. It may either favor the most
stable configuration or, on the contrary, promote the rotamer
of the highest energy. In the latter case, it is the Lewis energy
term which determines the rotamer energy sequence.

On the other hand, the proposed quantitative picture of the
internal rotation barrier provides a rationale for the conforma-
tional preferences in terms of elementary electrostatic forces.
The information obtained by concentrating on the individual
potential energy components consistently explains the rotamers
energetics. The repulsive interactions favor the energetic prefer-
ence opposite to that calculated or measured (e.g. eclipsed and
not staggered ethane molecule, planar and not twisted structure
of biphenyls). However, the increased repulsion for the most
stable configurations (known from experiments) is more than
compensated by the negative attraction term, the total calculated
energy being at its lowest.

By and large, both descriptions remain in accordance with
the statement that energy changes accompanying free rotation
are due to rearrangement of the electron density, which
influences all terms in eqs 2 and 5.
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