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Individual outer valence orbital responses to rotations of the C—C central bond of butane (C4H;() are explored on the
torsional potential energy surface. Orbital ionization energies, topologies and momentum distributions for the four most
significant butane conformation are presented, as snapshots of the conformational variations. The analysis is based on
quantum mechanically generated information from coordinate space and momentum space, a technique called dual space
analysis (DSA). By comparison with experimental measurements of photo-electron spectra (PES) for energies and of electron
momentum spectra (EMS) for energies and Dyson orbitals, we demonstrate that the individual outer valence orbitals of these
conformers response differently to the rotations of the central C—C bond of n-butane. Orbital signatures of other higher
energy conformations, such as orbitals la, and 5a, of conformation D (C,,), are identified. This finding indicates a co-
existence of butane conformations, although the global minimum structure of anti-butane, A (C,;), is dominant. Orbital
topology and electron charges redistribution during the transformation provide useful information on the chemical bonding
and related chemical reactions.

Keywords: Dual space analysis; n-butane conformational analysis; Electron momentum spectroscopy; Valence orbital responses; Density

functional theory calculations

1. Introduction

Many organic and biomolecules with single bonds, such
as butane (C4H(), are subject to conformational effects.
Conformations which likely exist under the experimental
conditions [1—4] are reasonable for as large as 0.2eV
energy difference in their first ionization energies [2—4]. As
a prototype for its conformations [5], summaries of recent
work on butane appear in Refs. [1,6—10]. Of the four
rotational isomers (or rotamers) of butane, only anti-butane
(structure A with a point group symmetry C,;) and gauche
butane (structure C with a point group symmetry C,) are
stable species [11,12] as they possess energy minima on the
torsional potential surface. Structures B—eclipsed-butane,
barrier, 6 = 60°—and D—cis-butane, & = 180°—are
considered as transition structures. When one states a
particular conformer to be more stable than another, one
does not mean that the molecule in question adopts and
maintains only the more stable conformation [11]. Near
300 K, sufficient thermal energy is present to ensure that
rotation about o bonds occurs rapidly and that all possible
conformers are in a fluid equilibrium based on a Boltzmann
distribution. When a reaction is exothermic, initial interaction

of frontier molecular orbitals (MOs) generally leads to the
expected products; for endothermic reactions, information
with respect to the structure and stability of a transition state is
necessary to specify the reaction pathway [5].

As a simple alkane that has attracted considerable
research attention [13—15], butane has a structure that had
been considered to be firmly established and fully under-
stood [7,9]. However, this conclusion was seriously
challenged in the past decade by experiments such as
electron momentum spectroscopy (EMS) [16-19]. For
example, calculations of the binding energies [9,20,21] of
electrons in saturated hydrocarbons of varying size and
complexity have shown that a mixture of carbon 2s2p plus
hydrogen 1s atomic orbitals (AOs) is involved in both inner
and outer valence shells in arange of 14—22 eV. Hence there
is a long-range interaction and strong dependence of the
binding-energy spectra on the conformation of chains [9].
Limited instrumental resolution in the experiments yields
clusters of unresolved orbitals in the outer valence shell in
the EMS measurement [16,17] that might result in loss of
information in the most chemically significant region [8].

Photo-electron spectra (PES) [12] are capable of greater
resolution in binding-energy spectra, but assignment of
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their features (spectral peaks) in the often congested
binding-energy spectra to the orbitals of a molecule [22] is
ambiguous. For this reason, PES relies on theoretical
calculations to aid assignments [12], but these might depend
on a theoretical model if it is insufficiently accurate. For
instance, PES of butane [12] were assigned based on
RHF/4-21G#* calculations with a reduced symmetry
corresponding to a point group symmetry C,, which describes
unsatisfactorily the ground-state configuration (X 'A o Wwitha
point group symmetry C,;, applicable to the global minimum
structure. Experiments generally provide values of properties
of conformers vibrationally averaged over thermal motions,
whereas theoretical calculations can produce results for the
equilibrium states of a specific species [23].

An important objective in investigating molecular
electronic structure is the mechanism of chemical
bonding, which is fundamental to an understanding of
reactivity, particularly in organic chemistry. Dyson
orbitals indicate the orbital-based bonding characteristics
that directly contribute to mechanisms of chemical
bonding [24]. A o-bond or a w-bond in a molecule
depends on both the angular momenta of the component
orbitals and the manner of bonding, i.e. the projection of
the total angular momentum. For example, p-AOs can
form either o-bonds or m-bonds. Some bonds exhibit
mixed contributions from s-AOs and p-AOs, as “hybrid
bonds”. In k-space, the dependence of orbital angular
momentum is correlated with binding-energy spectra and
with distributions of orbital momentum [25]. Hence, from
orbital MDs with information about the molecular point
group symmetry and from distributions of orbital-electron
density, the bonding nature can be deduced unambigu-
ously, which makes such combined information in both
r-space and k-space particularly useful to identify the
orbital-based fingerprints of isomers [1,2,6,26,27].

In a systematic calculation for butane based on a
CCSD(T) level of theory [7], anti-butane (A) is associated
with the global minimum located with 0.62kcal mol '
below the local minimum conformation due to the gauche
(C) conformer obtained on torsional rotation about the
central C—C bond. The electronic structure of butane,
results in differences in vertical ionization energies and the
outer valence orbital topology of its conformations in the
course of torsional motions [9,28]. Based on our previous
experience of butane (C,,, global minimum structure) [8],
on the core orbitals [6] and the inner valence orbitals [1],
we employed dual space analysis (DSA) [8] to
demonstrate in the present work that the outer valence
Dyson orbitals response differently to the conformational
changes. The present work also demonstrates that DSA
is a useful alternative to the analysis of temperature
dependence of specific rotation of conformations [29,30].

2. Binding energy spectra of butane conformations

Computational details of the present work are similar to
those in Ref. [8], that is, the electronic calculations were

performed using a B3LYP/TZVP//MP2/TZVP model with
the Gamess-US02 [31] program. The basis set is the
DGauss DFT due to Godbout et al. [32]. The vertical
ionization energies of the conformations were generated
using a DFT model with V. = SAOP [33-36], base on the
“meta-Koopman” approximation available in the Amster-
dam density functional (ADF) suite [37]. The connection
between Kohn—Sham (KS) orbitals and Dyson orbitals
allows the spin-unrestricted KS exchange-correlation
potential (V,.) to be expressed as statistically averaged
individual V,. potentials for Dyson spin-orbitals as the
leading term [38].

Conformations of butane have the same order of
attachment of atoms but diverse spatial arrangements
caused by rotation about single bonds [5]. Although
conformers are typically difficult to isolate, a particular
conformer is likely to be more stable than any other; the
dominant conformer therefore generally pertains to the
most stable conformation. In the most stable structure,
anti-butane (A, C,;), a plane of symmetry contains all
skeletal carbon atoms. The principal rotational axis, C,, is
the z-axis which is perpendicular to that plane xy. When
the central C—C bond rotates, the symmetry plane is lost
but the principal C,-axis is retained. When the torsional
angle, 8, rotates 180°, the structure of anti-butane becomes
cis-butane (D) belonging to a point group symmetry C,,,
which is the least stable structure of butane (figure 1) on
the torsional potential-energy surface. As butane rotates
around its C—C central bond, the principal rotational axis,
C,, rotates accordingly within the yz-plane; as a result, for

0.5 7

D(C,)
0.4 .

0.3 - B (C_z)

0.2

Relative Energy / eV

C(C)

0.1

A(C,);
0.0 T 'I T T T T T 1
0° 60° 120° 180°

Torsional angle /°

Figure 1. Relative energies of butane conformers on the torsional
potential-energy surface; data are based on SAOP/TZ2P//MP2/TZVP
calculations.
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anti-butane, A, the C, axis is the z-axis, but, when the
rotation produces cis-butane, D, the C, axis becomes the
y-axis as if it were in the A structure. In such a rotational
process, the C, subgroup is retained, which exerts an
impact on the orbital topology of the conformations.

The configurations of butane conformations in the
ground electronic state can not be directly deduced from
either EMS or PES experiment, but can be determined
based on quantum-mechanical calculations [12,16,17].
The electronic configurations depend on the models and
inclusion of the V,. energy. In the outer valence shell,
orbitals possess small differences in orbital energy;
correlation energies of the same magnitude might,
hence, alter the ordering of orbital energies (configur-
ation). According to our B3LYP/TZVP//MP2/TZVP
calculations, the outer valence-shell electronic configur-
ations for the conformers are

A: anti-butane (Cy;, X lAg):

(1a,)*(5a5)*(5b,)*(1b)*(6b,)*(2a,)*(6a,)*(2b,)*(Ta,)*

B: eclipsed-butane (C,, X '4):
(5a)*(5b)*(6a)*(6b)*(1a)*(7b)*(8a)*(8b)*(9a)*

C: gauche-butane (C,, X ! A):
(5b)*(5a)*(6a)*(6b)*(Ta)*(1b)*(8a)*(8b)*(9a)”

D: cis-butane (C,,, X 1Al):
(1b1)°(5a1)*(1a2)*(6a)*(5b2)*(2b,)*(6b2)*(1a;)*(2ay)

in which configurations of the global minimum anti-butane
A and the local minimum gauche butane C agree
satisfactorily with the corresponding configurations of
A and C generated with the HF/6—311G#* model [9]. The
relative energies of the conformers are depicted in figure 1, as
snapshots of the distinct structures on the surface of torsional
potential energy.

The vertical ionization energies of the four butane
conformations were calculated using the
RHF/TZVP//MP2/TZVP model and DFT with
SAOP/TZ2P model, of which the latter is a Slater-type
triple-zeta basis set, TZ2P [39]. Figure 2 shows a
comparison between the experimental binding energies of
butane, a high-level calculation using an expensive one-
particle Green’s function (GF)lp-GF/ADC(3)/6-311G*x*
method [9] and our results. All theoretical results in this
figure, including the GF calculations, are based on the
global minimum structure of butane. The vertical
ionization energies generated with the SAOP/TZ2P and
the 1p-GF/ADC(3)/6-311G#** models agree satisfactorily
in the outer valence shell with the PES experiment [12],
except the highest occupied molecular orbital (HOMO).
The MP2/TZVP model generally overestimate the
ionization energies in this region. All theoretical methods
in figure 2 overestimate the ionization energy of HOMO,
indicating that this orbital might contain additional effects
of electron correlation that were insufficiently included in
the methods employed. Other effects such as orbital
relaxation effects and zero point vibrational energy may
also contribute to this discrepancy. As a consequence,
ASCF method, which takes the energy difference between
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Outer valence orbitals of anti-butane (C,)

Figure 2. Comparison of vertical ionization energies of anti-butane, the
global minimum energy structure of butane (A), between the present
results from the SAOP/TZ2P and MP2/TZVP models, PES experiment
[12] and 1p-GF/ADC(3)/6-311G#*3* [9] results.

ground state of the neutral species and the ground state of
its cation, may be further considered.

Table 1 presents the outer valence orbital vertical
ionization energies of butane conformations of A, B, Cand D
with a comparison with Ip-GF/ADC(3)/6—311G#** results
(anti-butane A and gauche-butane C, only) [9], and with the
available experimental EMS and PES data [12,16,17]. Due
to instrumental resolution, the EMS measurement showed
only four features in the binding-energy spectra [16,17]. The
PES binding energies are better resolved in the outer valence
energy region for anti-butane A. It should note that the
experimentally observed binding energies are vibrationally
averaged values of binding energies of all possible
conformations in a Boltzmann distribution. The DFT
SAOP/TZ2P model produced orbital ionization energies
are in agreement with EMS and PES experimental
measurements and with an accuracy competitive with the
1p-GF/ADC(3)/6-311G** model [9], for both minimal
energy structures the C,;, and C, conformers. Note that the
largest discrepancy between EMS and PES experiments is
ca. 0.25eV. The SAOP/TZ2P model is based on the
MP2/TZVP geometry whereas the 1p-GF/ADC(3)/
6-311G** model is based on the HF/6-311G** geometry
[9]. Moreover, the HOMO and the next HOMO (NHOMO)
of the anti-butane A conformer given by the SAOP/TZ2P
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model are fortuitously degenerate in energy, and orbital 2b,
is the preferred HOMO in this model.

Figure 3 displays a correlation diagram of vertical
ionization energies in the outer valence orbitals as a
function of the torsional rotation, a snapshot of four butane
conformations produced using the SAOP/TZ2P model
(table 1). The nearly degenerate HOMO and NHOMO pair
in conformer A splits in conformers B and C on rotation of
the central C—C bond, but the orbital symmetries of a and
b are maintained until cis-butane, D(C,,), is produced.
The HOMO/NHOMO orbital pair experiences a signifi-
cant splitting when the structure is rotated to give cis-
butane of D as shown in the last column of figure 3. The
approximately 0.3eV energy splitting in the HOMO-
NHOMO for structure D inversely evidents that the
HOMO of the global minimum structure A is 7a, rather
than 2b,. In addition, this diagram indicates that the
NHOMO of conformation A, B and C (with symmetry b)
do not lead to the NHOMO (symmetry a) but the third
HOMO of structure D.

In this figure, all orbitals of a-symmetry are depicted in
red and associated with red dashed lines to reveal the orbital
topology. The outer valence orbitals of the conformers
distributed in the energy region 11-16eV exhibit disparate
patterns. For conformations with a planar symmetry of the
carbon skeleton such as A and D (both with a C,-axis plus a
symmetry plane), orbitals of the stable conformer (A) exhibit

16
1a,
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5a !
T ) 5b
] N 5a,
5a
15 5 .7
—_—
> 5a
3 .. 6a
8 1% i ~..._ 6a .
g L JR— 1a,
S 14+ . b
c L
K] 6a
® 6b S
N 1 »
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2 6b, 7a —=
8 134 — L b %,
S B TR —_—
g 2a,
—_
g J
3
12 e
7a,
2a,
11 T T T T T T T ]
A(C,) B(C) C(C,) D(C,)

n-butane comformers

Figure 3. Orbital topology and correlation for the outer valence shell of
four butane conformers; the SAOP/TZ2P model favours the 2b, orbital as
the HOMO.

Comparison of orbital vertical ionization energies and symmetry of the n-butane conformers calculated using the RHF/TZVP and SAOP/TZ2P models with EMS, PES experiments and 1p-GF/ADC(3)/6-

Table 1.

311G** calculations.

Theoretical results

Experiment

D(X'A;), Ca

C(X'A),C,

B(X'A),C,

A(X'A,),Cs,

PES* sym RHF ADC(3)" SAOP sym RHF SAOP sym RHF ADC(3)" SAOP sym RHF SAOP

EMS'

Peak no.

11.48
11.86
11.99
12.94

12.12
12.42
12.58
13.98
14.33
14.63
15.40
16.64
17.26

2(12

7611
6b,
2b

11.88
11.87
11.93
12.84
13.44
13.44
14.33
15.28
15.34

11.64
11.71
11.83

12.91

12.42
12.47
12.59
13.73
14.44
14.54
15.64
16.84
16.97

9a
8b
8a
Tb
Ta

11.75
11.83
12.04
12.97
12.98
13.82
14.49
14.86
15.47

12.36
12.39
12.67
13.98
14.33
15.00
15.81

9a
8b
8a
7b

11.89%
11.89%
12.16
12.62
13.09
14.19
14.38
14.59
15.66

11.62
11.83
11.95
12.72
13.17
14.52
14.63
14.90

16.19

12.41
12.57
12.74
13.49
14.02
15.46
15.62
1591
17.37

Ta,
2b,
g
au

11.09
11.66

12.3
12.74

11.57

3.24
13.60
14.08
15.09
15.55

5b,
6a,

13.54
13.67
14.65
15.74
15.82

6b
6a
5a

Ta
6b

6b,
b,

13.2
14.2

12.89

v \O

1&12
Sa]

16.32
17.12

6a
5b
5a

5b,
Sa,

14.59
15.0

14.38

1b,

5b

la,

15.99

15.71

TEMS experiment [16,17].
*PES experiment [12].

¥ The SOAP/TZ2P model indicates a nearly doubly degenerate orbital but favours 2b, as HOMO.

1 1p-GF/ADC(3)/6-311G* calculations [9].
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a more clustered pattern than for the less stable structure of
cis-butane (D). The same trend is noted for the orbitals of
conformations B and C that have a common C,-axis: the
orbitals of the local minimum conformer C are more
clustered than those of the B conformation.

3. Outer valence orbital momentum distributions

Conformations of butane exhibit small energy differences,
which challenges experiment resolution for their detection.
The global minimum structure (A) and the local minimum
structure (C) of butane have been observed experimentally
[14]. Even though the transition structures B and D have not
been identified with current experimental techniques, they
play important roles in chemical reactions as they reside
along the reaction pathways on the potential-energy
surface. Their signatures have, however, been seen in
experiments, to be discussed in subsequent sections.
Appropriate theoretical methods are important in the study
of conformers of organic and biological species. In the
conventional coordinate space, the energy-insensitive
properties (likely anisotropic properties) such as orbital
shape and chemical bonding mechanisms still present
challenges to the design of sensitive experimental means of
their observation. An example is the claimed application of
intense femtosecond laser pulses to derive a tomographic
reconstruction of the HOMO of N, [40].

Electron-momentum spectroscopy (EMS) in conjunction
with quantum-mechanical calculations in momentum space
has been a powerful tool to reveal additional information
about orbitals including orbital shape and chemical bonding
mechanisms of molecules [1,2,6,25-27]. EMS measures
directly the binding-energy spectra and individual orbital-
momentum distributions (cross sections) [43—-44]. DSA [8]
was introduced to study the bonding mechanism of
molecules and to differentiate electronic structures of
conformers [1,2,6,9,27,28] and tautomers [26,41] that
exhibit no significant differences in total energy. DSA
might also assist interpretation of EMS experiments in
decomposition of orbitals in the outer valence shell
appearing as clusters due to limited experimental
instrumental resolution, evident by a recent joint
theory-experimental discovery of tetrahydrofuran [42].
Figure 4 compares the outer valence-orbital MDs of
butane conformers, synthesized with the present
B3LYP/TZVP//MP2/TZVP model, and the experimental
EMS measurements. The orbital MDs, which were
simulated based on the experimental conditions at Tsinghua
University [16], agree satisfactorily with experiment. The
four clusters of orbitals in momentum space exhibit
conformation (torsional angle based) related characteristics
in the low-momentum region of <1.0a.u., whereas in the
higher momentum regions, the distributions converge.

As indicated by Wang [8], a small energy splitting of the
outer valence orbitals of butane results in experimentally
observed orbitals MDs in clusters, due to the large
(ca. 1.60eV) EMS resolution of binding energy spectra.

These clusters are gathered according to the binding-
energy patterns shown in figure 3. For example, the nine
outer valence MOs were clustered into four orbital groups
[8] with only the orbital la, in the outer valence space
being resolved individually. The remaining eight orbitals
form three clusters with an orbital MD superposition of
Sag + 5b, +1bg, 6b, + 2a, and the outermost cluster
6a, + 2b, + Ta,. As is observable in figure 2, orbitals 5b,,
and 5a, (A, Cy,), which are the orbitals with apparent
energy discrepancies between theoretical calculations and
the PES experiment, are unresolved in EMS. These
limitations with current experimental capacity preclude a
detailed understanding of the electronic structures. We
hence proceed theoretically to decompose the orbital
clusters for analysis.

The global minimum structure, anti-butane (A),
dominates the outer valence space. Inspection of the
outer valence orbital MDs of the experiment and
the simulated conformer orbital MDs indicates that the
orbitals of the high-energy conformers impose signatures
on some clusters. For example, for the “orbital” MDs of
the outermost orbital cluster of 7a, + 2b, + 6a, (figure
4(a)), even though the anti-butane orbital MDs (solid line)
agree with experiment within the error bars, the orbital
MDs in the region of momentum greater than 1.0a.u.
obviously fit all the conformers. Moreover, the experi-
mental measurement in the region of small momentum,
=0.2 a.u., exhibits a decreased cross section (figure 4(a)),
which might indicate the involvement of other con-
formers, such as B, C and D, rather than the anti-butane
structure A alone. On further rotation of the central C—C
bond, A — B — C — D, the next orbital cluster MDs of
2a, + 6b, (figure 4(b)) show a strongly hybridized feature
with an increasing s-component in the region of =0.5 a.u.
It is noted that the EMS measurements produce large error
bars in this orbital cluster and no resolved experimental
data are available in this region to reflect the complex
conformer related properties. The third clustered orbital
MDs in figure 4(c) indicate that the experiment
measurement produces the orbital MDs of all confor-
mations but likely structure D in very small momentum
regions of 0.2a.u. The only resolved orbital MDs in the
outer valence space (figure 4(d)) agree with experiment
with respect to structure A.

4. Clustered orbital decomposition

Orbital-based properties become revealed when the
clustered “orbital” MD are decomposed. Figure 5
decomposes the outermost cluster of three orbitals for
the four conformations, in an orbital symmetry correlated
fashion. Figures 4(a) and (c) are a cluster of three orbitals
on the outer valence shell, but they behave quite
differently as follows. First, the outermost valence orbital
cluster MDs split into distinguishable individual con-
formers in the region of small momentum (figure 4(a)), in
contrast with figure 4(c) which does not exhibit apparent
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Figure 4. Comparison of EMS experimental [16] orbital MDs in the outer valence shell of anti-butane with synthesized conformer orbital MDs based

on the B3LYP/TZVP//MP2/TZVP model and PWIA [43,44].

splitting as a function of torsional motion. Second, the
clustered orbital MDs in figure 4(a) indicate the
dominance of the global minimum structure A (solid
line), whereas the orbital MDs in figure 4(c) favour other
conformations such as C (the local minimum gauche

butane, dashed and dotted line) and D (the cis-butane,
dotted line), rather than the most stable structure A. This
phenomenon has been observed in the inner valence shell
of butane [1] and 1,3-butanediene [2]. Third, the
outermost clustered orbital MD display a strong s and p
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phase change (figure 4(a)), whereas the cluster of the other
trio shows a p dominance.

The decomposed orbital MDs demonstrate disparate
orbitally dependent features reflected by their binding
energies. In the decomposed orbital MDs in figure 5, the
orbitals associated with binding energy 11.57eV (EMS,
table 1) are correlated based on orbital topology given in
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figure 3. In the decomposed orbital MDs shown in figure
5(b)—(d), the individual orbital MDs split only in the
region of small momentum, approximately =1.0a.u.,
which is reflected in the cluster given in figure 5(a),
indicating that information in the region of small
momentum is sufficiently sensitive to the torsional
variation of the conformers. Figure 5(a) indicates that
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Figure 5. Decomposed orbital MDs (HOMO, MO2 and MO3, A: 7a, + 2b, + 6a,) of conformers and their clustered orbital MDs, synthesized based

on experimental observation.
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dominance of structure A in this orbital cluster, the
analysis therefore concentrates on the decomposed
orbitals of structure A in this cluster (the solid lines).
The frontier orbitals of anti-butane (A), HOMO (7a,)
and NHOMO (2b,) possess much smaller cross sections
in scale than the third orbital (6a,), which indicates that
the degree of orbital overlap in HOMO and NHOMO
is small, possibly related to the anti-bonding nature. The
third orbital exhibits a strong s-component over the
p-component, approximately eight times as large,
indicating contributions from orbitals containing Hj
orbitals.

In the three decomposed orbitals, figure 5(b)—(d),
conformers A and B (and likely other conformers with a
torsional angle =90°) exhibit similarities with the s*p”
hybridized features in their HOMO (7a, for A and 9a for
B). The degree of overlap is small due to local bonds such
as C—H as indicated by the intensities. A p-dominant
nature in the NHOMO (2b,, for A and 8b for B) indicates
that the symmetry plane (for A) might serve as a nodal
plane. A strong s contribution in the third outermost
orbital is shown in figure 5(d). In this orbital (6a, for A),
the p contribution remains almost constant, but the in-
plane s-electron contribution is enhanced significantly at
small torsional angles. The local bonding overlap is hence
larger in this orbital than in the HOMO. Conformations C
and D, for which the torsional angle is =90°), behave
differently. As a “planar” species, the s component in
conformer D is strong (dotted lines in figure 5(b)),
indicating a larger overlap of the s components in the
HOMO (2a, for D). Similarly, in the third MO (figure
5(d)), the contributions from s and p are balanced, similar
to the orbital MDs of HOMOs in C and D. Note that the
orbital MD cross section scales are different in (b) and (d).
Apart from the cross section indicator, the positions of the
phase changes in the orbital MDs reflect the confor-
mational process. The anti-butane conformer A is
dominant in this energy region in the spectrum, in
agreement with experiment.

The third clustered-orbital MDs also consist of three
orbitals, 1b, + 5b, + 5a, (for A), but the cluster orbital
MDs do not show significant orbital/conformer dependent
changes. Figure 6 depicts the decomposed orbitals in
momentum space. A distinctive feature of this figure
relative to the outermost clustered orbitals is that, in figure
5, the clustered orbitals were dominated by the third
orbital of A (6a,) due to its large cross sections, whereas
the HOMO and NHOMO were significantly less intense.
In figure 6(a), the clustered orbitals also take the
approximate distributions of the third orbital in the
cluster, i.e. orbital 5a, of A. However, the three orbitals in
this cluster exhibit approximately equal intensities of
cross sections, as shown in figure 6(b)—(d). What happens
in this cluster is that the first and second orbitals, 1b, and
5b, in A, compensate in their shape of cross sections, as
displayed in figure 6(b) and (c). Such a significant
difference is revealed only when the cluster is fully
decomposed.

The other significant difference between this orbital
cluster and the outermost orbital cluster is that this cluster
is likely dominated by conformers C and D, rather than by
the global minimum structure A. Such a phenomenon was
discernible for the inner valence shell (orbital 4b of
conformer C) of butane conformers [1] and the outer
valence shell of 1,3-butadiene [2], indicating possible co-
existence of rotamers under the experimental conditions.
The torsional changes of this cluster have been clearly
demonstrated on an orbital base. For example, the first
orbital has a clear p-dominant nature for conformer A,
indicating a nodal plane. The s electron overlap builds up
and becomes separate from the p electrons during rotation
(figure 6(b)). In contrast, the in-plane bonding nature of
conformer A in orbital 5b, is decreased to allow the
localized p electron overlaps to join and to achieve the
maximum overlap in conformer D (figure 6(c)). The last
orbital in this cluster, Sa,(A) — 6a(B, C) — la,(D), figure
6(d), is dominated by the p-component in general. The
orbital MDs clearly indicate the existence of a particular
symmetry related to the central C—C bond in this orbital.
The overall orbital MDs of this cluster of three orbitals
exhibit that conformer D has the strongest performance in
momentum space, although all conformers show simi-
larities in their orbital MDs. The orbital MDs from the
EMS experiment are more accurately reproduced by
conformers C and D, in particular D as shown in figure
6(a). The PES experimental feature at 15.00eV in the
binding energy spectra [12] supports this observation. The
binding energy is 15.09 eV for orbital 1a, of conformer D.

5. Orbital topology and bonding mechanism analysis

All outer valence MOs of the conformers are affected on
rotation of the central C—C bond of n-butane. The orbital
MDs of the conformers reflect such changes through
orbital distortion and redistribution of electronic charge.
We applied the DSA method [8] to a selected set of outer
valence orbitals in order to obtain insight into chemical
bonding related to the conformational process of butane.
The HOMOs (figure 5(b)) of n-butane have been the target
of studies of bonding mechanisms and chemical reactions
in organic chemistry, as they are typically active and
susceptible to changes in chemical processes. The next
selected orbital is the set of orbitals Sag(A) — 6a(B,
C) — lay(D) (figure 6(d)) as this set of orbitals contains a
pertinent correlation to the C—C bond rotation. The last
orbital “cluster” is the only EMS experimentally resolved
orbital in the outer valence shell, i.e. the set of orbitals
la,(A) — 5a(B, C) — 5a,(D) (figure 4(d)).

Figure 7 provides information on the sensitivity of
orbital MDs of the HOMO to reflect the distortion of the
orbital, with snapshots of redistribution of electronic
charge on rotation of the C—C bond. The p-component
of the HOMO of conformers experience little variation
of their orbital MDs when momentum is >1.25a.u.
What alters significantly is the overlap of s and p
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Figure 6. Decomposed orbital MDs (D: 5b, + la, + 1b1) of conformers and their clustered orbital MD, synthesized based on experimental

observation.

orbitals in the “plane” formed by the carbon atoms (four
carbon atoms in A and D but three carbon atoms in B
and C). The Dyson orbital charge distributions indicate
the p dominant nature of the bonding enhanced by the s
electrons of the H atoms connected to the carbons
atoms. As the central C—C bond rotation, the overlaps
by the p electrons of the carbon atoms in A (7a,) start to

distort but still manage to some overlap as seen in B
(9a). As the rotation continues the overlap (in gray)
between the carbon atoms begin to separate until
structure D (2a5) is produced. The overlap of electrons
between carbons atoms reaches a minimum, in an anti-
bonding fashion. The orbital MDs reflect such changes
in the small momentum regions in figure 7.
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Figure 8 presents interesting orbital MDs of orbital set
A(5a,) — B(6a) — C(6a) — D(lay). The C—C central
bond of conformer A is formed from two pairs of terminal
C—C bonds on the parallel sides of the Z-shaped
conformer in opposite charges, such that the p nature is
enhanced by the C—C central bond consisting of the same
charges as shown in figure 8 A(5a,). The rotation of the
central C(;,—C ) bond (approximately 60°) in conformer
B reduces such overlap as the four carbon atoms in B are
not in the same plane, which causes decreased orbital MDs
in the region =ca. 0.3 a.u. (dashed line in figure 8). Once
the central C(;,—C2, bond rotates beyond 90° to attain
conformer C at approximately 120°, the overlapped
electron with the same charge “breaks” into three parts so
that it further decreases the o-component in the region of
small momentum (refer to C(6a) in figure 8). When the

0.0004

PRI - - --B(9a)

torsional angle becomes 0° in conformer D (lay), the
“co-planar” symmetry is totally broken in the central C—C
region and produces two nodal planes, so that this orbital
in D receives a minimized o-component in the orbital
MDs (refer to D(1a2) in figure 8). The bonding in the
C3)—C1) and C(2)—C 4, pairs is only slightly perturbed in
the conformational process: their orbital MDs thus remain
stable.

With regard to the only EMS experimentally resolved
MO (la,) in the outer valence shell of n-butane, figure 9
shows the distributions of orbital electronic charge and
corresponding orbital MDs of the conformers, which are
correlated as A(la,) — B(5a) — C(5a) — D(5a;). Con-
former A dominates this region of binding energy
(approximately 16eV), as the orbital MDs of this anti-
butane conformer agree with the EMS experiment and the

—— A(7a,)

C(9a)

Figure 7. Orbital distortion of HOMO of conformers A—D caused by rotation about the C—C bond in coordinate and momentum space.
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Figure 8. The orbital of conformers “least sensitive” to torsional variation in momentum space in the outer valence shell.

corresponding orbitals of other conformers show no
significance in this spectral region. The orbital MDs of the
conformers indicate an impact on the bond nature as a
result of the orbital distortion. This orbital of anti-butane is
an s and p mixed MO dominated by the four carbon 2p,
AOs and the Is AO of the eight out-of-plane hydrogen
atoms in a bonding fashion. As a result, this orbital has
a nodal plane as the symmetry plane (A, a significant
m-bonding character) and at each side of the plane the
positive and negative parts of the p, orbitals have been
enhanced by the four out-of-plane 1s hydrogen atoms in a
o fashion bonding (C—H). As the “planar” C,;, symmetry
of the conformer represents a perfect overlap of the p,

orbitals, the cross sections of this MO are in its maximum
overlap position in anti-butane (figure 9 solid line).

As the central C—C bond rotates, for instance to
conformer B, the orbital overlap decreases but orbital 5a
retains roughly one positive and one negative part so that
the orbital MD have a decreased intensity but retain one
feature (the dashed line) in conformer B. As the C—C
bond is rotated beyond 90°, the orbital positive and
negative parts are broken into four parts in conformers C
and D showing an anti-bonding nature. The isolated CH,
(the middle carbon atoms) and CHj (the terminal carbon
atoms) groups involve all 10 hydrogen atoms including the
terminal hydrogen atoms. The overlap between the Hig
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Figure 9. Orbital la, (A) of the only EMS experimentally resolved orbital in the outer valence shell of butane.

and Cp, orbitals within the CH, and CHj; groups slightly
increases, whereas the overlap between the groups is
largely reduced. This effect is seen in the distributions of
electronic charge in conformers C and D. As a result, the
integrated single feature in the orbital MDs of conformers
A and B splits into two feature and produces a minimum in
the orbital MDs of C and D (phase changes). When
the torsional angle, , attains 180° to produce cis-butane
(D), the redistributions of electronic charge attain
maximum isolation; hence the intensities of the cross
sections become further decreased and reach the minimum
of the well.

6. Conclusions

We have analysed the orbital topology and bonding
mechanism in the outer valence shell of butane using dual-
space analysis, in combination with photo-electron
spectroscopy and EMS. Calculations indicate that the
effects of electron correlation depend on orbitals in the
outer valence shell. There is strong evidence in both PES
and EMS that some orbitals in the outer valence shell such
as orbitals 5b, and 5a, deviate from the global minimum
structure, indicating contributions from other conformers
in the spectra. In both coordinate space (binding energies)
and momentum space (orbitals MDs) the orbital pair 5b,
and 5a, is most likely from the conformers C and D of
higher energy under the experimental conditions, rather
than from the global minimum structure A. The
phenomenon has been observed elsewhere [1-4].

In momentum space, the B3LYP/TZVP//MP2/TZVP
model reproduces the n-butane clustered orbital MDs of

experiment in the outer valence space [16]. This work
provides details of the orbital topology and orbitals
primarily responsible for conformational processes as well
as chemical bonding mechanism for butane in its outer
valence shell. It has demonstrated that the small
momentum region is very sensitive to the conformational
changes. As conformers and tautomers exist abundantly
in biological molecules, DSA is expected to play an
important role in the conformational analysis, a useful
alternative to the energy based analysis of specific
rotations. The latter unlikely sheds much additional light
on the problem [29].
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