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1. INTRODUCTION

Notwithstanding the Fisher information of a probability
distribution was introduced in the early decades of the past
century,1 its utility has been assessed until recently for the
informational description of atoms,2,3molecules,4 and processes5

among others. Its appealing features differ appreciably from other
information measures because of its local character,9 in contrast
with the global nature of several functionals, such as the variance
or the Shannon,6 Tsallis,7 and R�enyi8 entropies. Besides, since
Fisher information is defined as a functional of the distribution
gradient, its local character provokes an enhanced sensitivity
even over a very small-sized region in the domain of definition of
the distribution, as will be described below. This is in contrast to
global information measures such as the Shannon entropy,
disequilibrium, or variance, whose values are conditioned by
the behavior of the density over the whole domain, hence
displaying much lesser variations to local changes on the
distribution.10 Interestingly, an analytical relationship between
the densities of the Shannon entropy and Fisher information for
atomic and molecular systems has been recently established.11

Fisher information has been employed for the interpretation
of different physical and chemical phenomena within an infor-
mation-theoretical framework, mainly for atomic and molecular
systems and processes (e.g., ionization, reactions), among others.
Moreover, Fisher information constitutes an essential compo-
nent of “complexity measures”,12 a topic of research that has
attracted attention because of its special features for quantifying
the level of localization or organization of the considered
distribution. Such is the case, for instance, of the recently
introduced “Fisher�Shannon”3 and “Cram�er�Rao”12 complex-
ities and their corresponding information planes, where concepts
such as randomness and uncertainty are employed. Recent
applications of these complexities to atomic systems can be
found in ref 13.

Furthermore, through the concept of Fisher information it has
been possible to introduce functionals which allow establishing
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ABSTRACT: On the basis of a density-based quantification of
the steric effect [Liu, S. B. J. Chem. Phys. 2007, 126, 244103], the
origin of the internal rotation barrier between the eclipsed and
staggered conformers of ethane is systematically investigated in
this work from an information-theoretical point of view by using
the Fisher information measure in conjugated spaces. Two
kinds of computational approaches are considered in this work:
adiabatic (with optimal structure) and vertical (with fixed
geometry). The analyses are performed systematically by fol-
lowing, in each case, the conformeric path by changing the
dihedral angle from 0 to 180� . This is calculated at the HF,
MP2, B3LYP, and CCSD(T) levels of theory and with several
basis sets. Selected descriptors of the densities are utilized to
support the observations. Our results show that in the adiabatic
case the eclipsed conformer possesses a larger steric repulsion
than the staggered conformer, but in the vertical cases the
staggered conformer retains a larger steric repulsion. Our results
verify the plausibility for defining and computing the steric effect in the post-Hartree�Fock level of theory according to the scheme
proposed by Liu.
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useful local comparative measures between two different densities.
Such is the case of the so-called “relative Fisher information”,14

analogous to the “Kullback�Leibler” relative entropy for the
Shannon case,15 andmore recently the “Fisher divergence”,16which
represents a symmetrized form of the relative Fisher information,
stressing the local features of the distribution in contrast with the
“Jensen�Shannon divergence”,17 which only emphasizes its global
character.

In recent years there has been an increasing interest for
analyzing the electronic structure of atoms and molecules by
applying information theory (IT).18 For the molecular cases,
these studies have shown that information-theoretical measures
are capable of providing simple pictorial chemical descriptions of
the processes they exert through the localized/delocalized beha-
vior of the electron densities in position and momentum spaces.
In a recent study,19 we have provided evidence which supports
the utility of the information-theoretical measures in position
and momentum spaces to detect the transition state and the
stationary points of elementary chemical reactions to reveal the
bond-breaking/bond-forming regions of the simplest hydrogen
abstraction and the identity SN2 exchange chemical processes.
Besides, we have shown that Shannon entropies are capable of
explaining the synchronous/asynchronous behavior of the me-
chanistic course of the above-mentioned reactions.20 Moreover,
the utility of the Fisher information measure has been also
assessed to detect the transition state and the stationary points
for the same elementary reactions mentioned above.21 Further, a
very recent study on molecular complexities has shown that
information measures and planes are able to detect not only
randomness or localization but also pattern and organization.22

To the best of our knowledge, no information-theoretical studies
have been reported on the internal rotational barrier for
molecules.

On the verge of comprehension of the origin of internal
rotational barriers,23 it is essential to understand molecular
conformational changes, which are at the heart of fundamental
topics in chemistry and biology such as protein folding/
misfolding,24 signal transduction cascades25 in cells, and chemical
reactivity for individual molecules (regio-, diastereo-, and en-
antioselectivity). Nevertheless, there still exists great controversy
over the origin of the internal rotational barrier even for as simple
a molecule as ethane.26 The main controversy lies in attributing
different amounts of steric, electrostatic, and hyperconjugation
quantum effects to the barrier height. The steric effect is an
essential concept in chemistry, biochemistry, and pharmacology,
affecting rates and energies of chemical reactions, impacting
structure, dynamics, and function of enzymes, and governing to a
degree how and at what rate a drug molecule interacts with a
receptor. This important effect originates from the fact that
atoms in molecules occupy a certain amount of space, and also
when atoms are brought together, then hindrance will be
necessarily induced, resulting in changes in shape, energy, and
reactivity. However, there is no general agreement in the
literature on how to uniquely quantify this effect. Recently, a
density-based quantification of the steric and quantum effects has
been proposed by one of the authors.27 Within this energy
partition scheme, the total energy density functional is decom-
posed into three independent contributions from steric, electro-
static, and quantum effects under the framework of density
functional theory (DFT). Liu27 and later Nagy28 have identified
the steric component with the Weizs€acker kinetic energy, noti-
cing an intrinsic relationship between the Fisher information and

the steric energy. This approach has been investigated at the
atomic and functional group levels29 and applied to examine
the internal rotation barriers of ethane and n-butane,30 for
molecules with one rotatable dihedral angle31 and also for the
SN2 reaction.32

On the considerations above we have conducted this work
from the perspective of the information-theoretical measure of
Fisher1 to investigate the internal rotational barrier for ethane.
The goals of the study are 2-fold: (i) to investigate the origin of
the internal rotation barrier between the eclipsed and staggered
conformers of ethane with emphasis in analyzing the steric effect
according to the density-based quantification scheme proposed
by Liu,27 and (ii) to test this scheme in assessing the dependence
of the calculated steric energy on the choice of the level of theory;
i.e., since the new definition only depends on the densities and
their gradients to calculate the steric effect27 it appears worthy of
belief that the extension of the approach to post-Hartree�Fock
and DFT methods should be straightforward.

2. THEORETICAL DETAILS

The central quantities under study are the Fisher information

Ir ¼

Z
jrBFð rBÞj

2
�����!

Fð rBÞ
d3r ð1Þ

in position space and similarly

Ip ¼

Z
jrBγð pB
���!

Þj2

γð pBÞ
d3p ð2Þ

in momentum space, where F(rB) and γ(pB) denote the normal-
ize-to-unity electron density distributions in the position and
momentum spaces, respectively. The total electron density of a
molecule, in the independent particle approximation, consists of
a sum of contributions from electrons in occupied orbitals. Thus,
in momentum space, the contribution from an electron in a
molecular orbital φi(pB) to the total electron density is given by
|φi(pB)|

2. The orbitals φi(pB) are then related by Fourier trans-
forms to the corresponding orbitals in position space ψi(rB).
Standard procedures for the Fourier transformation of position
space orbitals generated by ab initio methods have been
described.33 The orbitals employed in ab initio methods are
linear combinations of atomic basis functions, and since analytic
expressions are known for the Fourier transforming of such basis
fuctions,34 the transformation of the total molecular electronic
wave function from position to momentum space is computa-
tionally straightforward.35

In contrast to the Shannon entropy, which is a global spread-
ing measure of the electron density, the position Fisher informa-
tion is closely connected to the kinetic energy36 due to its
dependence on the gradient of the distribution thus emphasizing
its local character; i.e., it measures the spatial pointwise concen-
tration of the electronic probability cloud and quantifies the
gradient content of the electron distribution, hence revealing the
irregularities of the density and providing a quantitative estima-
tion of its fluctuations. Besides, according to the localized/
delocalized features of the distributions, Fisher also measures
the departure of the probability density from disorder.1,9A similar
interpretation follows for the momentum Fisher information.
Moreover, the position Fisher information and momentum
Fisher information are reciprocal measures that satisfy the
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uncertainty relation IrIp g 4n2 for n-dimensional quantum
systems.37 For three-dimensional systems they fulfill the inequal-
ity IrIp g 36.

An interesting aspect of Fisher information is linked to the
Weisz€acker kinetic energy:38

Tw½F� ¼
N

8

Z
jrFð rBÞj

2

Fð rBÞ
d3r ð3Þ

with the number of electronsN arising from the normalization of
the electron density. Equation 3 is in turn linked to the density-
based quantification of the steric energy ES[F], see eq 6 in ref 22,
according to which ES[F] is a measure of the intrinsic dimensions
upheld by the system with the contributions from other effects, e.
g., quantum and electrostatic, completely excluded.

Regarding the behavior of Fisher information, Nagy28 has
pointed out that, for a normal distribution, I is equal to the
inverse variance V in Cram�er�Rao’s inequality (IVg n2) with n
being the space dimensionality.9,10,39 In this case a narrower
distribution (a density that extends to a small portion in the
space) has a larger Fisher information. On the other hand, if the
density fills a large volume in space the Fisher information is
small. Even though atoms and molecules do not possess normal
distributions, still Cram�er�Rao’s inequality holds, and Fisher
information represents a measure of the “narrowness” of a
distribution, meaning that the steric energy proposition27 can
be supported by information-theoretical arguments.

With the purpose of characterizing the Fisher information of
the conformers of ethane, we have computed several reactivity
properties such as the total dipolemoment, the hardness (η), and
the electrophilicity index (ω). These properties were obtained at
the Hartree�Fock level of theory (HF) in order to employ the
Koopmans theorem,40 for relating the first vertical ionization
energy and the electron affinity to the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energies, which are necessary to calculate the con-
ceptual DFT properties. The hardness (η) is obtained within this
framework41 through

η ¼
1

S
∼

εLUMO � εHOMO

2
ð4Þ

where ε denotes the frontier molecular orbital energies and S is
the softness of the system. It is worth mentioning that the factor
1/2 in eq 4 was put originally to make the hardness definition
symmetrical with respect to the chemical potential42

μ ¼
DE
DN

� �

μð rBÞ
¼

εLUMO þ εHOMO

2
ð5Þ

although it has been recently disowned.43 In general terms, the
chemical hardness and softness are good descriptors of chemical
reactivity. The former has been employed43,44 as a measure of the
reactivity of amolecule in the sense of the resistance to changes in
the electron distribution of the system; i.e., molecules with larger
values of η are interpreted as being the lesser reactive ones. In
contrast, the S index quantifies the polarizability of the
molecule45 and hence soft molecules are more polarizable and
possess a predisposition to acquiring additional electronic
charge.46 The chemical hardness η is a central quantity for use
in the study of reactivity through the hard and soft acids and bases
principle.47

The electrophilicity index,48ω, allows a quantitative classifica-
tion of the global electrophilic nature of a molecule within a
relative scale. The electrophilicity index of a system in terms of its
chemical potential and hardness is given by the expression

ω ¼
μ2

2η
ð6Þ

The electrophilicity is also a good descriptor of chemical
reactivity, which quantifies the global electrophilic power of the
molecules (predisposition to acquire an additional electronic
charge).46

3. RESULTS AND DISCUSSION

This study is performed by tracking the conformeric path of
the internal rotation angle of ethane. The strategy for the
calculations takes into account two categories: adiabatic (i.e.,
optimized geometry) and vertical (i.e., fixed geometry). In the
first case, both staggered and eclipsed conformers are in their
respective optimized structure, whereas in the latter situation
bond lengths and angles for the two conformers are fixed to be
identical except for the changing dihedral angle. For the adiabatic
series, each time the dihedral angle of the two conformers is
altered, a geometric optimization with the fixed dihedral angle
will be performed for both conformers. For the vertical category,
two cases are considered in this work. In the first case, we use the
optimized eclipsed conformer as the reference and attain the
staggered conformer by rotating the dihedral angle from 0 to
180�. In the second case, we employ the optimized geometry of

Table 1. Total Energies (au) for Staggered and Eclipsed Conformers of Ethane and Their Energy Differences (kcal/mol) at
Different Levels of Theory

eclipsed energy difference

method staggereda adiabatic staggeredb adiabatic vertical

B3LYP/aug-cc-PVDZ �79.836 082 �79.831 761 �79.831 509 2.71 2.87

B3LYP/6-311þþG** �79.856 575 �79.852 268 �79.851 864 2.70 2.96

CCSD(T)/aug-cc-PVDZ �79.597 789 �79.593 339 �79.592 861 2.79 3.09

CCSD(T)/6-311þþG** �79.616 591 �79.611 857 �79.611 601 2.97 3.13

MP2/aug-cc-PVDZ �79.551 122 �79.546 313 �79.546 064 3.02 3.17

MP2/6-311þþG** �79.571 672 �79.566 764 �79.566 445 3.08 3.28

HF/aug-cc-PVDZ �79.237 278 �79.232 129 �79.231 613 3.23 3.55

HF/6-311þþG** �79.251 935 �79.247 063 �79.246 089 3.06 3.67
a Staggered conformation in the optimized geometry. b Eclipsed conformation in the staggered geometry.
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the staggered conformer as the starting structure and the eclipsed
conformer is obtained from it by changing the dihedral angle
from 180 to 0�. For both vertical cases, no structural optimization
is carried out. The dihedral angle considered for ethane is
—H�C�C�H and the interval is 5�. Thus, we will examine
densities obtained at HF, DFT-B3LYP levels and post-HF ones,
MP2 and CCSD(T). We will examine Pople’s49 6-311þG* and
6-311þþG** and Dunning’s correlation consistent basis set,
aug-cc-pVDZ.50 The electronic structure calculations were car-
ried out with the Gaussian 03 suite of programs.51 The molecular
Fisher information measures in position and momentum spaces
for the conformeric structures described above were obtained by
employing software developed in our laboratory along with
three-dimensional numerical integration routines52 and the
DGRID suite of programs.35 DFT parameters, the hardness
and electrophilicity, were calculated by use of eqs 4 and 6 and
the standard hybrid B3LYP functional.51 Atomic units are
employed throughout the study except for the total and steric
energy differences (kilocalories per mole) and the dipole mo-
ment (debyes).
3.1. Total and Steric Energies. To investigate the plausibility

of defining and computing the steric effect in the post-Har-
tree�Fock level of theory and assessing its impact on the steric
energy, we have tabulated the total and the steric energies in
Tables 1 and 2, respectively, for the aforementionedmethods and
basis sets. In Table 1 the total energies for the staggered and
eclipsed conformations of ethane at different levels of theory are
shown. The adiabatic and vertical energy differences (eclipsed�
staggered) between the two conformers are also included in
Table 1. As discussed in the preceding paragraph, two vertical
comparisons are possible: one using the staggered conformer as
the reference and the other using the eclipsed structure. In
Tables 1 and 2 we only illustrate the case for the staggered
geometry as a reference because it possesses the lowest total
energy. With each conformer of ethane in the optimized geo-
metry, the adiabatic energy difference gives a positive quantity for
all methods, indicating that the eclipsed conformer possesses a
larger steric repulsion than the staggered conformer, which is
consistent with the chemical intuition. In addition, it is observed
that the total energy differences are similar for all calculations in
both the adiabatic and the vertical cases, with consistently larger
energies for the vertical one as observed for all methods, an
observation that is due to the geometry constraints imposed onto
the vertical choice by fixing the internal angles and distances

when the torsion angle reaches the eclipsed conformation, hence
the augment on the energy. This is in agreement with a previous
study30 performed at the HF andDFT levels for the same system.
Note that all methods show the same trends and that the energy
differences are increasingly larger for B3LYP, CCSD, MP2,
and HF.
Table 2 shows the steric energy, calculated by use of eq 3, for

the staggered and eclipsed conformations of ethane at different
levels of theory along with the adiabatic and vertical energy
differences (eclipsed�staggered) between the two conformers.
As observed in Table 1, with each conformer of ethane in the
optimized geometry, the steric energy difference for the adiabatic
case yields a positive quantity for all methods, indicating the well-
known fact that the eclipsed conformer holds a larger steric
repulsion than the staggered conformer. In contrast, for the
vertical cases where bond distances and angles take either the
staggered or eclipsed values, the steric energy differences become
negative for all methods, showing that the staggered conformer
holds a larger steric repulsion than its eclipsed counterpart. This
is not reflected in the total energy differences (Table 1), which
are all positive, but in the steric energy ones where the hindrance
impediment becomes important, i.e., the neglecting of the
electronic interactions by constraining the geometry in the
vertical case (no relaxing effects), the nuclear interactions
become more important in the staggered conformation than in

Table 2. Steric Energies (au) (Obtained by Use of eq 3) for Staggered and Eclipsed Conformers of Ethane and Steric Energy
Differences (kcal/mol) at Different Levels of Theory

eclipsed steric energy difference

method staggereda adiabatic staggeredb adiabatic vertical

B3LYP/aug-cc-PVDZ 64.273 716 64.278 574 64.268 906 3.05 �3.02

B3LYP/6-311þþG** 64.245 620 64.251 691 64.238 814 3.81 �4.27

CCSD(T)/aug-cc-PVDZ 64.575 113 64.577 781 64.569 175 1.67 �3.73

CCSD(T)/6-311þþG** 64.527 896 64.538 168 64.522 067 6.45 �3.66

MP2/aug-cc-PVDZ 64.574 872 64.578 404 64.569 175 2.22 �3.57

MP2/6-311þþG** 64.530 909 64.535 261 64.522 067 2.73 �5.55

HF/aug-cc-PVDZ 64.581 453 64.585 931 64.566 387 2.81 �9.45

HF/6-311þþG** 64.534 322 64.538 753 64.518 597 2.78 �9.87
a Staggered conformation in the optimized geometry. b Eclipsed conformation in the staggered geometry.

Figure 1. Comparison of the steric energy at the B3LYP (red open
circles) and CCSD(T) (blue open squares) levels of theory in a
6-311þG* basis set for the adiabatic conformations of ethane.
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the eclipsed one. These observations are again in agreement with
previous work,30 and this is in accordance with our plausibility
argument (see above) with respect to employing post-Har-
tree�Fock methods to compute steric energies as may be
observed from Table 2.
To emphasize the above and provide a visual confirmation of

the extension of the density-based quantification approach27 to
post-Hartree�Fock and DFT methods, we have depicted in
Figure 1 a comparison of the steric energy between the B3LYP
and CCSD(T) levels of theory in a 6-311þG* basis set for the
adiabatic conformations for ethane.
3.2. Vertical Conformeric Cases. 3.2.1. Eclipsed Conformer.

In this section we consider the two vertical cases (eclipsed and
staggered) where the conformers are constrained to fixed bond
lengths and angles according to the eclipsed or staggered
optimized structure and then vary the internal dihedral angle
to obtain the conformeric path for each case. All of them were
calculated at the MP2/aug-ccPVDZ level of theory for the
energies and for the Fisher information measures and at the
B3LYP/aug-ccPVDZ level for the reactivity parameters. Densi-
ties were calculated with a relative error of 10�5 for the
numerically approximated integrations.
The total energies for both the staggered and the eclipsed

conformations are depicted in Figure 2 at the MP2/aug-ccPVDZ
level of theory, where the conformeric structures where obtained
in each case by constraining the geometry to that of the
optimized eclipsed/staggered conformer (as the reference) to
attain the staggered/eclisped conformeric structure by varying
the dihedral angle from 0 to 180� and from 180 to 0�,
respectively. As observed in Figure 2, the energies remain fairly
constant when the torsion angle varies up to a point where the
energies are maxima at 60� for the staggered and 120� for the
eclipsed reference conformations; then the eclipsed conformeric
structure is attained for the former and the staggered one for the
latter as the angle augments/diminishes. To understand the
energy changes observed in Figure 2, we recall the imposed
geometry constraints which, in the absence of other electronic
effects arising from the relaxation of the structures, cause the
hindrance impediment to be more important in the staggered

conformation (on the order of 60 au) than in the eclipsed one
(on the order of 15 au) due to the nuclear interactions; i.e., in the
former each hydrogenic atom is much more exposed to the rest
than in the latter case.
Fisher information in position space and Fisher information in

momentum space are depicted in Figure 3 at the MP2/aug-
ccPVDZ level of theory. It may be noted from Figure 3 that they
behave in an opposite manner in accordance with the Heisenberg
principle, i.e., Fisher information in position space shows a local
minimum at around 60� and a very pronounced maximum at
120�, and the opposite is observed for the momentum space
quantity. Interestingly, both quantities possess richer structure
compared with the energy (see Figure 2). Concerning the
localized/delocalized behavior of the conjugated space densities,
we have performed elsewhere53 an information-theoretical anal-
ysis of the Shannon entropies in conjugated spaces. In position
space, two kinds of structures can be characterized at the extrema
of the constrained path for the conformeric eclipsed geometry;
i.e., the staggered conformer holds a high delocalized density at
60�, whereas the eclipsed conformation possesses a highly
localized density at 120�. In accordance with these features is
that Fisher in position space is able to measure the “narrowness”
of the distributions; i.e., we observe from Figure 3 that a localized
density (squeezed) corresponds to larger values of the Fisher
measure whereas a delocalized distribution (less compressed) is
associated with smaller values of its gradient. Accordingly, as a
result the staggered conformation constrained to the eclipsed
geometry is less “compressed” and the eclipsed one is more
“squeezed”; therefore the influence from the steric effect is more
pronounced in the eclipsed conformer. The situation for the
momentum space quantities is the opposite; i.e., according to the
Shannon entropy study53 the staggered conformation shows a
localized momentum density (low kinetic energy) whereas a
delocalized density in momentum space is shown for the eclipsed
conformation (high kinetic energy) and this is reflected by the
Fisher information quantities as may be observed from Figure 3
in that a narrowmomentum density is observed for the staggered
conformation compared to the eclipsed one, which shows a lesser
squeezed density. This behavior altogether shows a picture where
the steric effect is shown to be more pronounced for the eclipsed
conformer with a higher kinetic energy and lesser compressed
momentum density. A complementary view of the Fisher analysis

Figure 2. Total energy (au) for the eclipsed (red open triangles) and
staggered (blue open circles) conformations of ethane as the references
in the vertical case.

Figure 3. Fisher information in conjugated spaces (position space in
red triangles; momentum space in blue circles) for the eclipsed
conformation of ethane as the reference in the vertical case.
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on the distributions in conjugated spaces can be performed in
terms of order/disorder features (see section 2); i.e., departing
from the eclipsed conformation at 0� the disorder in position
space augments to reach the staggered conformation around 60�
(minimum for the Fisher measure) and as the torsion angle varies
a maximum value for the Fisher measure is obtained at 120�
when the initial conformeric structure is reached, so that its order
is maximum. Then, the disorder increases up to an angle of 180�
when the Fisher measure is minimum, indicating that the
staggered conformation has been reached.
It is interesting to associate the steric effect with the reactivity

parameters, hardness and electrophilicity, through the Fisher
information measures. In Figures 4 and 5 we present the values
for the hardness and electrophilicity reactivity indexes, which
were calculated at the B3LYP/aug-cc-pvdz level. In Figure 4 we
have depicted the Fisher information in position space and the
hardness for the vertical eclipsed conformation. As mentioned
above, hardness represents a measure of the reactivity of a
molecule in the sense of the resistance to changes in the electron
distribution of the system. Thus, a chemically stable structure
holds higher resistance to changes in its electronic distribution
corresponding to a higher hardness value and this is reflected in

the Fisher information measure in position space which pos-
sesses lower values for the vertical eclipsed conformer at 0�. In
contrast, as the torsion angle varies, hardness values decrease as
the hindrance increases, reaching its maximum at 120�, where the
larger steric effect is reflected in a lower resistance to changes in
the electron density and hence the reactivity of this conformer
increases. This is indeed observed in Figure 4, where the hardness
attains lower values at the region where Fisher information in
position space possesses maximum values, i.e., conformers
affected by the steric effect are more reactive and susceptible to
changing their corresponding electron distributions.
Figure 5 shows the electrophilicity values for the vertical

eclipsed conformation of ethane along with Fisher information
in momentum space. It is interesting to note the close resem-
blance between these quantities, both indicating the same
regions, i.e., an inflection point around the staggered conforma-
tion (60�) and a global minimum at the eclipsed conformation
(120�). It is apparent that the global electrophilic power of the
molecules decreases throughout the conformeric path up to a
point where it reaches a minimum at the eclipsed conformer,
indicating a structure with the least predisposition to acquire an
additional electronic charge because of the steric impediment
which is the largest for this conformer (see above), correspond-
ing to a high energy structure with a more delocalized momen-
tum density.
In Figure 6, the total dipole moment for the eclipsed con-

formation is depicted, which was calculated at the B3LYP/aug-
cc-pvdz level. Through the dipole moment we may observe
the effect of polarizing the position space density by constraining
the geometries as the torsion angle varies. In Figure 6 the total
dipole moment is null at 0�, corresponding to the fully relaxed
structure of the eclipsed conformation, and then increases up to a
point where the torsion angle reaches the conformation with the
highest steric effect; hence the total dipole moment reflects the
strength of the hindrance impediment caused by the geometry
constraints.
3.2.2. Staggered Conformeric Case. The total energy for the

staggered vertical case at the MP2/aug-ccPVDZ level of theory is
depicted in Figure 2, where the conformeric structures were
obtained by changing the internal dihedral angle while fixing the
rest of the geometric parameters to those of the staggered

Figure 4. Fisher information in position space (red open triangles) and
hardness (green open squares) for the vertical eclipsed conformation of
ethane as the reference in the vertical case.

Figure 5. Fisher information in momentum space (blue circles) and
electrophilicity (cyan asterisks) for the vertical eclipsed conformation of
ethane as the reference in the vertical case.

Figure 6. Total dipole moment for the eclipsed conformation of ethane
as the reference in the vertical case.
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optimized conformer. The picture is similar to that of the
eclipsed vertical conformer explained above; i.e., as the dihedral
angle varies from 180 to 0� the energy remains constant up to a
point where the energy reaches a maximum value at 60�, when
the staggered conformeric structure is attained. In the absence of
other electronic effects arising from the relaxation of the struc-
tures, the repulsive energy is mostly caused by the steric effect.
Interestingly, this effect is shown to be much more important in
the staggered vertical case, with an energy change accounting for
asmuch as 60 hartrees, i.e., 4 timesmore than the eclipsed vertical
case. The physical explanation for this observation is discussed in
section 3.2.1.
As in the eclipsed conformeric case, the Fisher information

measures in position and momentum spaces for the staggered
conformation of ethane were also calculated at the MP2/aug-
ccPVDZ level of theory. Although these measures are not
depicted, they show a close resemblance with the ones obtained
for the eclipsed conformer, except for the fact that the maximum
and minimum values for the Fisher measures in position and
momentum spaces, respectively, are now observed at 60�.
Accordingly, some comments are worth remarking: (i) Fisher
measures behave in an opposite manner; (ii) the eclipsed
conformation (constrained to the staggered geometry) was
observed to be less “compressed” whereas the staggered one is
more “squeezed”; (iii) the influence of the steric effect is more
pronounced in the staggered conformeric structure. As to the
order/disorder features of the distributions, we observed that in
departing from the staggered conformation at 180� the disorder
in position space augments to reach the eclipsed conformation
around 120� and as the torsion angle varies a maximum value for
the Fisher measure is obtained at 60� when the initial confor-
meric structure is reached, so that its order is maximum. On the
other hand, the behavior of the steric effect for the reference
staggered conformation with respect to the reactivity parameters
hardness, electrophilicity, and the total dipole moment is analo-
gous to the one analyzed above for the eclipsed case (section
3.2.1). In this case, the extrema for these reactivity properties are
found at 60�.
3.3. Adiabatic Case. In this section we consider the adiabatic

case where the two conformers are in their corresponding
optimized structure, along with the rest of the structures at the
conformeric path. All of them were calculated at the CCSD(T)/
6-311þG* level of theory for the energy and the Fisher informa-
tion measures and at the B3LYP/6-311þG* level for the single
point calculations to obtain the reactivity parameters. Densities
were obtained with more demanding calculations with a relative
error of 10�7 for the numerically approximated integrations, in
contrast to the vertical cases which do not require highly accurate
calculations in order to achieve reliable densities (see discussion
below).
The total energy for the adiabatic case is depicted in Figure 1,

where the conformeric structures were obtained by relaxing the
structures at each point of the path from 0 to 180�. The picture is
the standard one, with maxima at 0 and 120� and minima at 60
and 180�. Since the structures are fully optimized, all quantum,
steric, and electrostatic27,30,31 effects are taken into account and
we expect the steric effect to be important at the eclipsed
conformations according to chemical intuition.
Before proceeding with the analysis of the Fisher information

quantities in conjugated spaces, it is worth mentioning that
Fisher information in momentum space is especially sensitive
to the geometric changes, so in order to achieve reliable results

we had to resort to more demanding criteria for the numerical
integrations. As an example we are presenting two different
calculations for the Fisher information measures at two different
relative errors of 10�5 and 10�8 for the numerically approxi-
mated integrations, both calculated at the HF/6-311þG* level,
which are presented in Figure 7. Since more demanding integra-
tion criteria implies very large integration grids (on the order of a
million points), the required computing resources become very
expensive. Therefore, we decided to set the precision to 10�7 in
order to obtain acceptable densities within feasible computing
capabilities.
Fisher information in position and momentum spaces at the

CCSD(T)/6-311þG* level were calculated with a relative error
of 10�7. They are depicted in Figure 8. As in the vertical cases the
opposite behavior between these quantities is apparent with
Fisher information in position space resembling the profile of the
energy (see Figure 1). An information-theoretical analysis per-
formed with Shannon entropies (presented elsewhere53) shows
that eclipsed conformers at 0 and 120� possess more delocalized
densities in both spaces compared with the rest of the confor-
mers; i.e., these structures show higher kinetic energies and

Figure 7. Comparison of the Fisher information in position space for
the adiabatic conformations of ethane calculated at the HF/6-311þG*
level with a relative error of 10�5 (red open circles) and 10�8 (blue
circles) for the numerically approximated integrations.

Figure 8. Fisher information in conjugated spaces (position space in
red triangles; momentum space in blue circles) for the conformational
structures of ethane in the adiabatic case.
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hence exert larger steric effects. The situation for the staggered
conformers at 60 and 180� is the opposite; i.e., they possess more
localized densities in both spaces and their corresponding
structures display lower kinetic energies compared with the rest,
hence exerting lesser steric effects. The picture for the Fisher
information measures are shown in Figure 9, where one may
observe that eclipsed conformers hold narrow position densities,
affected by steric effects, and less squeezed densities for the
staggered conformers. The behavior for the Fisher information
measure in momentum space is the opposite, more squeezed
momentum densities at the staggered conformers and less
narrow ones at the eclipsed conformers, indicating both that
eclipsed conformers are prone to suffer steric effects. It is
interesting to note that, apparently, Fisher information in
momentum space holds more structure at the eclipsed confor-
mations; however, it was difficult to obtain more resolution with
the choice of the method and integration criteria. However, it
seems from the reactivity parameters (shown below) that there
exist indeed more structures around these conformations.
In Figures 9 and 10 we present the values for the hardness and

electrophilicity reactivity indexes, which were calculated at the
B3LYP/6-311þG*//CCSD(T)/6-311þG* level. In Figure 9 we
have depicted the Fisher information in position space and the

hardness for the adiabatic case. As mentioned above, hardness
represents ameasure of the reactivity of amolecule in the sense of
the resistance to changes in the electron distribution of the
system. Thus, wemay observe fromFigure 9 that hardness attains
lower values at 30, 90, and 150� corresponding to intermediate
structures, whereas the maxima are attained at the eclipsed and
staggered conformations. Interestingly, the maxima are not equal
and the largest hardness values correspond to the staggered
conformations, indicating larger steric effects for the eclipsed
conformations as discussed above.
Figure 10 shows the electrophilicity index for the adiabatic

case for ethane along with Fisher information in momentum
space. It is interesting to note the close resemblance between
both quantities, indicating the same extrema, i.e., minima at 0 and
120� for the eclipsed conformation and maxima at 60 and 180�
for the staggered ones. For the former, structures are indicated
which show larger steric effects and hence are less susceptible to
gaining additional electronic charge. It is interesting to note that
electrophilicity index shows more structure around the eclipsed
conformers; i.e., a local maximum is clearly observed. This
behavior is also manifested in the Fisher measures in momentum
space. Therefore, it is apparent that aside from the steric effect
there might be other effects (quantum, hyperconjugation, etc.)
affecting the local behavior of the momentum density for this
conformer.
In Figure 11 the total dipole moment (calculated at the

CCSD(T)/6-311þG* level) is depicted for the adiabatic con-
formations which is null at the staggered and eclipsed conformers
as expected, withmaxima at intermediate structures at 30, 90, and
150� in close resemblance to the hardness behavior (see above).

4. CONCLUSIONS

Throughout the study we have performed an information-
theoretical analysis of the internal rotation angle of ethane by
considering two kinds of rotational barriers: adiabatic, i.e., with
optimized geometry, and vertical, i.e., with fixed geometry. Our
results show that Fisher information measures in conjugated
spaces allow description of the conformeric path of ethane in
various situations (adiabatic and vertical) when varying the
torsion angle to link the “localized/delocalized” behavior of the
distributions with their “narrowness/compression” and hence

Figure 9. Fisher information in position space (red triangles) and
hardness (green open tilted squares) for the conformational structures
of ethane in the adiabatic case.

Figure 10. Fisher information in momentum space (blue circles) and
electrophilicity (cyan stars) for the conformational structures of ethane
in the adiabatic case.

Figure 11. Total dipole moment for the conformational structures of
ethane in the adiabatic case.
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with the steric effect. In particular, we find that in the adiabatic
case the eclipsed conformer possesses a larger steric repulsion
than the staggered conformer for both molecules, but in the
vertical cases the staggered conformer retains a larger steric
repulsion. Furthermore, we have verified the plausibility
of defining and computing the steric effect in the post-
Hartree�Fock level of theory according to the density-based
quantification scheme proposed by Liu.27
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