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The valence-shell electron momentum distributions for 1-butene are measured by electron momentum
spectroscopy (EMS) employing non-coplanar symmetric geometry. The experimental electron momentum
distributions are compared with the density functional theory (DFT) calculations using different-sized basis
sets. Although the two conformers of 1-butene in the gas phase, namely the skew and syn, have very close
ionization potentials, the electron momentum distributions, especially in the low momentum region, can show
prominent differences for some of the valence orbitals. By comparing the experimental electron momentum
profiles with the theoretical ones, the skew conformer is found to be more stable than the syn and their
relative abundances at room temperature are estimated to be (69( 6)% and (31( 6)%, respectively. It
demonstrates that EMS has the latent potential to study the relative stability of conformers.

I. Introduction

The isomeric or conformational phenomena indwells numer-
ous molecules from simple inorganic compounds up to large
biomolecules (e.g., nucleic acid bases),1-9 and their relative
stabilities have attracted a great deal of theoretical and experi-
mental interest because of the significantly different stereo-
chemical reactivities.10-30 1-Butene, one of the simplest alkenes,
has been theoretically predicated16 existing four low-lying
conformers: skew, syn, anti, and gauche. However, only skew
and syn conformers have been confirmed by the experiments,31-37

and the precise nature of the equilibrium between skew and
syn conformers of 1-butene has not been determined. Extensive
works have been performed to investigate the enthalpy differ-
ences between the skew and syn and the relative conformational
abundances by means of far-infrared,31 Raman,32 microwave
spectroscopy (MW),33 mid-infrared,34 NMR,35-37 and various
theoretical calculations (e.g., CBS-Q, G2).16 Two contradictory
conclusions of the syn-skew conformational stability have been
derived. By the microwave spectroscopy,33 the skew conformer
was suggested more stable than the syn and had a small enthalpy
difference of 0.15( 0.15 kcal/mol with respect to the syn
conformer, while the Raman,32 infrared,31,34and NMR spectra35-37

argued that the syn conformer was a little more energetically
favorable, and the enthalpy of syn conformer was lower by 0.22
kcal/mol (Raman), 0.1( 0.05 kcal/mol (NMR) in the liquid
phase, and 0.209( 0.017 kcal/mol (IR) in gas phase than the
skew. Furthermore, theoretical calculation studies16,19-21 all
predicated that the skew conformer is the favorable one.

Most of the previous experimental and theoretical studies
focused on determining the relative abundance between the skew
and syn conformers in the energetic domain. Besides the
energetic differences among the conformers, the conformational
effects can also be reflected by the variance of the molecular
electronic structures. Namely, the different methyl orientations
in the syn and skew conformers can lead to the different spatial

electron density distributions for certain molecular orbitals
(MOs). Electron momentum spectroscopy (EMS) is an experi-
mental technique that can effectively probe the electron density
distributions in momentum space for individual atomic and
molecular orbitals.38 Thus by comparing the measured electron
momentum profiles with the calculated ones for conformational
structures, it is possible to determine the Boltzmann-weighted
abundances and thus the relative stability for different conform-
ers.

In the earlier years, EMS was used to investigate the isomeric
effect of isobutene,cis-2-butene, trans-2-butene, and iso-
dichloroethylene and its cis, trans isomers by Leung and his
co-workers.39-42 Subsequently, the conformational effect was
considered for the first time in the EMS study on electron
structures for valence orbitals of glycine by Brion and his co-
workers.43,44 More recently, EMS studies by Deleuze et al.,45

Wang et al.,46 and Yang et al.47 have shown that EMS is a
feasible experimental method to study the conformational
preference of molecules. In this article, the first EMS study for
the valence orbitals of 1-butene has been carried out by using
an energy dispersive multichannel (e, 2e) electron momentum
spectrometer employing symmetric non-coplanar geometry. The
relative conformational stability of 1-butene has been determined
by comparing the theoretical and experimental momentum
profiles. The energy and momentum resolution of the present
EMS spectrometer is determined to be∼1.1 eV (full width at
half-maximum (fwhm)) and 0.15 au, respectively, by measuring
Ar 3p ionization.

II. Experimental and Theoretical Background

The details of the present EMS spectrometer have been given
elsewhere.48 Briefly, the gas-phase target molecules are ionized
by impact with a high-energy incident electron beam (1200 eV
+ binding energy). The scattered and ionized electrons are
energetically selected (∼600 eV) by two hemispherical electron
energy analyzers and detected in coincidence by microchannel
plate position sensitive detectors. In the non-coplanar symmetric
geometry, the polar angles of the two analyzers are kept fixed
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atθ1 ) θ2 ) θ ) 45° and the relative azimuthal angleφ between
them is variable over wide range (0° ∼ ( 30°) by rotating one
analyzer around the incident electron beam and keeping another
one fixed. Because of the clean “knock-out” collision in which
the residual ion acts as a spectator, the magnitude of the target
electron momentum is related to the azimuthal angleφ by38

wherep0 andp1 are the momenta of the incident and outgoing
electrons, respectively.

Within the plane wave impulse approximation (PWIA) and
target Hartree-Fock approximation (THFA) or Kohn-Sham
approximation (TKSA), the triple differential cross-section
(TDCS)σEMSfor randomly oriented molecules can be described
as38,49

whereæq(p) is the one-electron momentum space canonical HF
or KS wavefunction for theqth MO from which the electron
ejected.Sq

(f) is the spectroscopic factor or pole strength that is
the possibility of forming a one-hole configuration in the final
ion state| f〉. The integral in eq 2 is known as the spherically
averaged electron momentum distribution or electron momentum
profile.

The skew and syn conformers of 1-butene are two equilibrium
positions when the methyl group undergoes the internal rotation
around the middle C-C single bond, as illustrated in Figure 1.
The geometries of the two conformers are optimized by using
the second-order Møllet-Plesset perturbation (MP2) method
with aug-cc-pVTZ basis sets. The geometric parameters are in
good agreement with the previous values by microwave
spectroscopy.33 The potential energy curve for rotation about
the middle C-C single bond for 1-butene were calculated at
the G2 and CBS-Q theoretical levels by Murcko et al.16 The
two minima at CCCC dihedral angles of 0 and 119° were found
to be syn and skew, respectively. The syn-skew Gibbs free
energy differences∆G and enthalpy differences∆H at room
temperature (298 K) calculated by G2 and CBS-Q methods are
0.40 and 0.30 kcal/mol and 0.47 and 0.37 kcal/mol, respectively,
while the syn-skew barrier is about 1.5 kcal/mol (G2) and 2.2
kcal/mol (CBS-Q).16

The theoretical momentum profiles (TMPs) for the valence
orbitals of the skew and syn conformers of 1-butene have been
calculated within THFA or TKSA according to eq 2. The
corresponding position space orbital wavefunctions are calcu-
lated using Hartree-Fock (HF) and density functional theory
(DFT) methods with different-sized basis sets of 6-311++G,
6-311G**, 6-311++G**, cc-pVTZ and aug-cc-pVTZ by
GAUSSIAN 03 program.50 For DFT calculations, B3LYP
hybrid functional is employed that refers to Becke’s three
parameters hybrid functional using Lee-Yang-Parr correlation

functional.51 The calculated results indicated that no obvious
difference can be observed for TMPs of 1-butene calculated by
the HF and B3LYP method when employing the same basis
set, therefore only the B3LYP calculations using different-sized
basis sets will be presented in the present article. To compare
with the experiments, the instrumental momentum (i.e., angular)
resolution is folded into the TMPs using the Gaussian-weighted
planar grid (GWPG) method.52

III. Results and Discussions

A. Binding Energy Spectra.The skew and syn conformers
of 1-butene belong to theC1 andCs point group symmetries,
respectively. Both HF and B3LYP calculations give the ground-
state electronic configurations as

for the skew conformer and

for the syn conformer.
The 32-electron molecule of 1-butene has 12 individual

valence orbitals. The calculations of ionization potentials (IPs)
for the outer valence orbitals of 1-butene have been performed
using B3LYP, the outer valence Green’s function (OVGF)
method,53 and the partial third-order electron propagator (P3)54

method with 6-311++G** basis set. The results are listed in
Table 1. For OVGF and P3 methods, the pole strengths can
also be obtained and listed in the square brackets. OVGF and
P3 models assign MOs based on HF wavefunctions. It is noted
that the HF calculation only contains the exchange energy
resulting from the electronic fermion nature, while in the DFT
calculation, not only the exchange energy but also the correlation
effect are included. Hence, in some cases, they may yield
different ordering of MOs in IPs.55 As mentioned in last section,
no obvious differences can be observed for TMPs of 1-butene
calculated by the HF and B3LYP method when employing the
same basis sets for the same numbers of MOs, indicating that
B3LYP model yield the same ordering of MOs as OVGF and
P3 models for the present molecule of 1-butene.

As can be seen in Table 1, the corresponding valence orbitals
of the skew and syn conformers have approximately the equal
IPs and present the same ionization band in the binding energy
spectra (BES). Previous experimental works on the ionizations
of 1-butene comprise the HeI ultraviolet photoelectron spec-
troscopy (UPS)56 and the synchrotron radiation photoelectron
spectroscopy (SRPES).57 The experimental IPs for 1-butene are
presented in Table 2. The conformational effect was not taken
into account in the PES works56,57 and the assignments were
made according to the symmetry of the syn conformer.
Compared with the experiments, the OVGF and P3 calculations
give more consistent IPs in the outer valence region than B3LYP
method.

The BES in the range of 5-30 eV have been measured at 15
different relative azimuthal angles (φ): 1, 2, 3, 4, 5, 6, 7, 8, 9,
11, 13, 15, 17, 19, and 24°. The ones at theφ ) 1 and 9° are

Figure 1. Schematic geometries for the skew and syn conformers of
1-butene.

p ) {(2p1 cosθ - p0)2 + [2p1 sin θ sin(φ/2)]2}1/2 (1)

σEMS ∝ Sq
(f) ∫dΩp|æq(p)|2 (2)
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displayed in Figure 2. Because the energy resolution of the
present EMS cannot resolve all the 12 ionization bands for
individual valence orbitals, only nine Gaussian peaks (p1-p9
in Figure 2) are fitted to the BES as shown by dashed curves.
The width for each Gaussian peak is determined by the EMS
instrumental energy resolution (1.1 eV in the present work)
convoluting the Frank-Condon widths of the corresponding
bands observed in the He I UPS56 (p1-p6) and in the SRPES57

(p7-p9). The positions of the Gaussian peaks are determined
by the IPs reported by the high-resolution PES experiments56,57

and indicated by the vertical bars in Figure 2. For inner valence
orbitals, we adjusted peak positions a little to best fit the present
experimental BES. The overall fitted spectra are represented
by the solid lines.

As shown in Figure 2, the first band (p1) at 10.0 eV is well
resolved and corresponds to the ionization of the highest
occupied molecular orbital (HOMO) of 1-butene, that is, 12a
orbital of the skew conformer and 3a′′ orbital of the syn
conformer (noted as 12a/3a′′ in the following discussions). The
next two bands located at 12.0 eV (p2) and 13.4 eV (p3) cannot
be well resolved with respect to the energy resolution of the
spectrometer. He I UPS work assigned the p2 to the ionizations
of 9a′, 8a′, and 2a′′ orbitals (noted as 9a′ + 8a′ + 2a′′ in the
following discussions) and p3 to 7a′ orbital where only the syn
conformer was taken into account.56 Next two bands at 14.8
eV (p4) and 15.9 eV (p5) also overlap each other due to the
low-energy resolution of EMS. He I UPS work assigned the p4
to the ionization of 6a′ orbital and p5 to 5a′, while assigned
the sixth bands (p6) at∼18.2 eV to 1a′′.56 On the other hand,
the SRPES experiment57 assigned the p6 to the ionization of
4a′ orbital. As can be seen in Table 1, according to the present
theoretical calculations including OVGF, P3 and B3LYP
methods, it is more likely to assign the band p6 to ionization of
4a′/4a, and the bands p4 and p5 to the ionizations of 6a′ +
1a′′/7a + 6a (p4) and 5a′/5a (p5). The assignments of these
three bands will be investigated by comparing their TMPs with

the experiments in Section III. B. The last three bands located
at 20.6 (p7), 22.8 (p8), and 24.7 eV (p9) correspond to
ionizations of the three innermost valence orbitals, that is, 3a/
3a′, 2a/2a′, and 1a/1a′. The present experimental IPs by EMS
for 1-butene are presented in Table 2, together with the results
of He I UPS56 and SRPES57 works.

B. Experimental and Theoretical Momentum Profiles.
Nine Gaussian peaks corresponding to the ionizations from 12
valence orbitals of 1-butene are fitted to the BES. The
experimental momentum profile (XMP) for each Gaussian peak
is extracted by deconvoluting the same peak from the sequen-
tially obtained BES at different azimuthal anglesφ and plotting
area under the corresponding fitted peaks as a function of
momentump (i.e.,φ angle). Because p2 and p3, p4, and p5 are
not well resolved because of the small energy spacing, their
individual momentum profiles are scattered and not reliable.
Thus only the summed momentum profiles for p2+ p3 and p4
+ p5 are reported in this work.

The XMPs for the valence orbitals of 1-butene are shown as
solid circles in Figure 3a-g, together with the TMPs calculated
using B3LYP method with 6-311++G, 6-311G**, 6-311++G**,
cc-pVTZ, and aug-cc-pVTZ basis sets. The XMPs and TMPs
are placed on a common intensity scale by normalizing the TMP
to the XMP for HOMO (12a/3a′′). This is reasonable because
the pole strengths for HOMO are very close to unity according
to the OVGF and P3 calculations. Because 1-butene coexists
in two conformers, the Boltzmann-weighted abundances should
be taken into account when comparing the XMPs with theoreti-
cal calculations. The detailed discussions of the relative
abundances for the two conformers of 1-butene will be given
in Section III. C. Relative abundances of (69( 6)% for the
skew and (31( 6)% for the syn conformers have been deduced
and employed in the discussions in the present section. In Figure
3a-g, the total TMPs are the summation of the respective TMPs,
69% for the skew and 31% for the syn conformers. The
individual TMPs for the skew (dashed line) and syn (dotted
line) conformers calculated by B3LYP/aug-cc-pVTZ are also
shown in figures (multiplied by the respective relative abun-
dances). And the orbital density surface plots in position space
calculated by B3LYP/ aug-cc-pVTZ for the two conformers are
displayed on the right-hand side of the figures for some orbitals.

The XMP and TMPs for HOMO are shown in Figure 3a,
together with the orbital density surface plots of the skew and
syn conformers. It can be seen that the electron densities for
12a and 3a′′ orbitals mainly distribute on the CdC double bond
and exhibit typicalπ-orbitals. Therefore the rotation of the
methyl group has little influence on the electron momentum
distribution for HOMO. Both of the individual TMPs for the

TABLE 1: Theoretical Results of the Ionization Potentials (eV) for the skew and syn Conformers of 1-butene

orbitals OVGF/6-311++G** a P3/6-311++G** a B3LYP/6-311++G** b

skew/syn skew syn skew syn skew syn

12a/3a′′ 9.67 [0.91] 9.68 [0.91] 9.67 [0.91] 9.65 [0.91] 7.06 7.07
11a/9a′ 11.89 [0.91] 11.93 [0.91] 11.86 [0.90] 11.85 [0.90] 9.24 9.24
10a/8a′ 12.44 [0.91] 12.40 [0.92] 12.24 [0.90] 12.37 [0.91] 9.49 9.67
9a/2a′′ 12.81 [0.92] 13.05 [0.91] 12.98 [0.90] 12.62 [0.91] 10.26 9.79
8a/7a′ 13.76 [0.91] 13.53 [0.91] 13.41 [0.90] 13.59 [0.90] 10.53 10.76
7a/6a′ 14.58 [0.90] 14.78 [0.90 ] 14.63 [0.90] 14.57 [0.90] 11.70 11.71
6a/1a′′ 15.33 [0.90] 15.18 [0.90] 15.07 [0.89] 15.33 [0.90] 12.16 12.36
5a/5a′ 16.12 [0.87 ] 16.07 [0.88] 16.12 [0.87] 15.94 [0.87] 12.92 13.11
4a/4a′ 18.24 [0.86 ] 18.67 [0.86] 15.21 14.79
3a/3a′ 17.24 17.60
2a/2a′ 19.95 19.93
1a/1a′ 21.86 21.99

a Pole strengths calculated by P3 and OVGF are all listed in square brackets.bBased on Koopmann’s theorem.

TABLE 2: Experimental Results of the Ionization Potentials
(eV) for 1-butene

EMSa He I UPS56 SRPES57

(12a/3a′′) 10.0 (3a′′) 10.0 (3a′′) 9.8
(11a+10a+9a+8a } 12.0 (9a′+8a′+2a′′) 12.0 { 11.9
/9a′+8a′+2a′′+7a′) 13.4 (7a′) 13.4 (9a′,8a′,2 a′′ ,7a′ 13.0
(7a+6a+5a } 14.8 (6a′) 14.8 6a′, 1a′′,5a′) 15.1
/6a′+1a′′+5a′) 15.9 (5a′) 15.9 15.8
(4a/4a′) 18.3 (1a′′) 17.8 (4a′) 18.2
(3a/3a′) 20.6 (3a′) 20.5
(2a/2a′) 22.8 (2a′) 22.6
(1a/1a′) 24.7 (1a′) 24.4

a This work.
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two conformers exhibit “p-type” in nature only with different
maximum positions atp ∼ 0.45 au for the skew andp ∼ 0.57
au for the syn conformers. The XMP for HOMO also shows
the expected p-type character (a maximum position atp ∼ 0.58
au) but with a strong “turn up” in the low momentum region
below 0.25 au. Previous research studies indicated that such
turn up for π orbital in the low momentum region can be
ascribed to the distorted-wave effect.58-60 The TMPs calculated
by B3LYP method with 6-311++G, 6-311++G** and aug-
cc-pVTZ basis sets which include “diffuse” functions predict
higher intensity in low momentum region and a smaller
maximum position at∼ 0.53 au than XMP. While the TMPs
calculated by B3LYP method with 6-311G** and cc-pVTZ basis
sets which do not include “diffuse” function predict a maximum
position at∼ 0.59 au and are in better agreement with XMP.
Among all the TMPs, the B3LYP/cc-pVTZ provides the best
description of the experiment.

The summed XMP and TMPs for p2 and p3 (11a + 10a +
9a + 8a/9a′ + 8a′ + 2a′′ + 7a′) are shown in Figure 3b. It can
be seen that the XMP exhibits an “sp-type” character with a
minimum atp ∼ 0.32 au and a secondary maximum atp ∼
0.65 au All the calculations roughly reproduce the shape whereas
largely underestimate the experimental data in the region from
p ∼ 0.25 to∼ 0.9 au. Among all the calculations, B3LYP with
6-311++G** and aug-cc-pVTZ give the best fit in the low
momentum regionp < 0.25 au. The high intensity in the low
momentum region in XMP may partly be ascribed to the
distorted-wave effect because 11a, 9a, 9a′ and 2a′′ areπ*-like
orbitals.

The difference between the individual TMPs for the skew
and syn conformers can clearly be observed as shown in Figure
3b. The TMP for the skew exhibits “sp-type” character, whereas
the TMP for the syn is mainly “p-type” in nature.

Figure 3c compares the summed XMP and TMPs for p4 and
p5 (7a + 6a + 5a/ 6a′ + 1a′′ + 5a′). Generally, all the summed
TMPs well reproduce the XMP both in shape and intensity. A
significant difference between the individual TMPs for the two
conformers can be observed. The TMP for the skew exhibits a
“p-type” character with a maximum atp ∼ 0.55 au, while the
TMP for the syn is mainly “s-type” in nature. As mentioned in

Section III. A, He I UPS work assigned p4+ p5 to 6a′ + 5a′
for the syn conformer,56 while the theoretical calculations give
different assignments of 7a + 6a + 5a/6a′ + 1a′′ + 5a′. A
good agreement between XMP and TMPs shown in Figure 3c
clearly reveals that these two bands should be assigned to the
ionizations from orbitals of 7a + 6a + 5a/6a′ + 1a′′ + 5a, as
theoretical calculations predicted. Unfortunately, because of the
low-energy resolution, it is not possible for us to assign p4 and
p5 bands separately.

The XMP and TMPs for p6 are shown in Figure 3d. The He
I UPS work of White et al.56 assigned p6 to 1a′′ for the syn
conformer. But the SRPES work of Bawagan et al.57 give a
different assignment of 4a′. All the present theoretical calcula-
tions including the OVGF, P3, B3LYP methods assign p6 to
the ionizations from 4a′/4a, supporting the SRPES’s result. As
can be seen in BES, p6 is well resolved and thus the momentum
profile of this band is much reliable. It is easy to make the clear
assignment by simply comparing the XMP with TMPs for the
two different assignments.61 As shown in Figure 3d, the TMPs
for 4a′/4a are in better agreement with XMP than that for 1a′′/
6a, which largely underestimates the experiment. Hence, the
present EMS work assigns p6 to the ionization of 4a′/4a, which
is consistent with the results of SRPES experiment and
theoretical calculations. The orbital plots indicate that both 4a
orbital of the skew conformer and 4a′ of the syn conformer
have electron densities predominantly distributed on the ethenyl
group. Therefore, similar to HOMO, the rotation of methyl
group also has small influence on the electron momentum
distributions. Both of the individual TMPs for the two conform-
ers are “p-type” with different maximum positions atp ∼ 0.5
au for 4a andp ∼ 0.7 au for 4a′.

The XMP and TMPs for band p7 (3a/3a′) are shown in Figure
3e. All the TMPs are in good agreement with XMP and exhibit
“sp-type” character with a secondary maximum atp ∼ 0.6 au.
The orbital plots indicate that 3a orbital of skew conformer and
3a′ of syn conformer both have electron densities mainly
distributed on the methyl group and C-C single bond. Thus
the torsion of methyl group can obviously influence the
individual momentum profiles for the two conformers of
1-butene. The TMP for 3a is “sp-type” in nature with a
secondary maximum atp ∼ 0.65 au, while the TMP for 3a′
exhibits “p-type” character with a maximum atp ∼ 0.5 au.

Bands p8 and p9 correspond to the ionizations of the two
innermost valence orbitals (2a/2a′ and 1a/1a′). The XMPs and
TMPs for these two bands are shown in Figure 3f,g, and it can
be seen that all the TMPs calculated by B3LYP method with
different sized basis sets consist with each other for these inner
valence orbitals. The ionizations of these two inner valence
orbitals exhibit pole strengths that are significantly less than
unity due to the importance of final state electron correlation
effects in these ionizations. As can be seen in Figure 3f, the
electron densities in position space for the 2a orbital of the skew
conformer and the 2a′ orbital of the syn conformer basically
distribute on the CdC double bond and ethyl group. A node
plane perpendicular to the middle C-C bond is obvious, and
therefore both of the individual TMPs for the two conformers
are of “p-type” in nature. The XMP for band p8 corresponding
to 2a/2a′ orbital exhibits an expectant “p-type” character. All
the TMPs overestimate the relative intensities for this orbital,
while reproducing the shape well except in the low momentum
where XMP shows an obvious turn up. This turn up may also
be due to the distorted wave effect for the pseudo-π orbitals.
The good agreement between the XMP and TMP by B3LYP/
aug-cc-pVTZ can be achieved if the TMP is scaled by a factor

Figure 2. Binding energy spectra (BES) of 1-butene at (a)φ ) 1°,
(b) φ ) 9°. The dotted lines represent the Gaussian peaks fitting the
BES. The solid line is the summed fit. The vertical bars indicate the
positions of the Gaussian peaks.
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of 0.6, which represents the pole strength for the main transition
of 2a-1/2a′-1.

The XMP for band p9 displayed in Figure 3g exhibits an
“s-type” profile. The orbital plots in Figure 3g show that both
of 1a orbital for the skew conformer and 1a′ orbital for the syn
conformer mainly comprise carbon 2s components and the
TMPs for 1a/1a′ are rationally of “s-type”. However, even if
the TMPs for 1a/1a′ are scaled by a proper factor, they still
cannot well describe the XMP for this band. It is reasonable to
take into account the contribution from satellite states of the
2a-1/2a′-1 transition. An admixture of 0.36× (1a/1a′) + 0.30
× (2a/2a′) TMP reproduces the XMP well as shown in Figure
3g, where 0.36 represents the pole strength for the main
transition of 1a-1/1a′-1 and 0.30 is the pole strength contributed
by the 2a-1/2a′-1 satellites in the energy region of band p9.

The missing intensity of 2a/2a′ and 1a/1a′ is most likely
distributed in the energy region beyond about 26 eV as shown
in Figure 2.

C. Conformational Stability of 1-Butene. As mentioned in
the Introduction, the relative stability of the conformers of
1-butene is still a controversial issue. The syn-skew relative
enthalpies∆H obtained by the previous experiments are listed
in Table 3, together with the theoretically calculated syn-skew
relative Gibbs free energies∆G and enthalpies∆H by CBS-Q
and G2 methods,16 as well as the present MP2 method with
cc-pVTZ and aug-cc-pVTZ basis sets. In general, all the
previous experiments31-37 predicated that the syn conformer is
more stable than the skew except the MW work,33 while various
levels of theoretical calculations predict an inverse order.

As shown in Section III. B, the rotation of methyl group in

Figure 3. The experimental and theoretical momentum profiles calculated by B3LYP method with 6-311++G**, 6-311++G, 6-311G**, cc-
pVTZ, and aug-cc-pVTZ basis sets for the valence orbitals of 1-butene. The total TMP is the Boltzmann-weighted summation of the individual
TMPs for the skew (69%) and syn (31%) conformers.

TABLE 3: syn-skew Energy Difference (kcal/mol) for 1-Butene at Room Temperature (298 K)

theoretical experimental

CBS-Q16 G216 MP2a MW33 Raman32 NMR35-37 IR31 EMSa

∆G 0.47 0.40 0.45/0.43 0.47( 0.20
∆H 0.37 0.30 0.14/0.10 0.15( 0.15 -0.220 -0.10( 0.05 -0.209( 0.017

a This work. The basis sets used in MP2 calculations are cc-pVTZ/aug-ccpVTZ.
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1-butene that leads to the two conformers can have an obvious
effect on the electron momentum profiles for some of the
valence orbitals. By comparing the XMP with the weighted
summation of TMPs for the skew and syn conformers, the
Boltzmann-weighted abundances and thus the relative stability
for conformers can be determined. It is important to select an
appropriate ionization band in determining the relative abun-
dances by EMS. As can be seen in Figure 3, among all the
ionization bands, band p7 of 3a/3a′ ionization is the best
candidate that is well resolved in the BES and the individual
TMPs for 3a and 3a′ orbitals largely influenced by the
conformational effect.

The XMP for band p7 is shown again as solid circles in Figure
4. Because 1-butene coexists in two conformers, band p7
actually contains ionizations of 3a (skew) and 3a′ (syn) orbitals.
The individual TMPs for 3a (skew) and 3a′ (syn) orbitals
calculated by B3LYP/cc-pVTZ are also plotted in Figure 4. As
can be seen in the figure, neither of the individual TMP can
reproduce the XMP, especially in the low momentum region
below 0.6 au with TMP for 3a (skew) underestimating and TMP
for 3a′ (syn) overestimating the XMP. By taking relative
conformational abundances of (69( 6)% for the skew and (31
( 6)% for the syn, the summed TMP (solid curve in Figure 4)
best reproduces the XMP. The 6% accuracy only includes the
standard deviations in the least-square fitting procedure deter-
mining the abundances. In this way, the Boltzmann-weighted
abundances for the two conformers of 1-butene at room
temperature (298 K) are then determined indicating that the skew
conformer is the preferential one, which is in consistence with
the predications of the previous MW33 work and theoretical
calculations. The deduced relative conformational abundances
were employed throughout Section III. B and well describe the
XMPs for the complete valence orbitals of 1-butene, indicating
the rationality of the results of the relative abundances.

The equilibrium conformational abundances depend on the
Gibbs free energy difference∆G of the two conformers. The
conformational equilibrium constant (KT) can be simply esti-
mated by the following equation

whereRT) 0.592 kcal/mol at room temperature and the Gibbs
free energy has a relationship with enthalpy and entropy as∆G
) ∆H - T∆S. By substituting the above-gained relative
conformational abundances in eq 3, a syn-skew relative Gibbs
energy of 0.47( 0.20 kcal/mol can be obtained, which is in a

good agreement with the previous CBS-Q calculations16 (0.47
kcal/mol) and the present MP2 results (0.45 and 0.43 kcal/mol).

IV. Summary

In summary, the first EMS studies on the valence orbitals of
1-butene are reported. The XMPs are compared with the TMPs
calculated by using B3LYP method with 6-311++G, 6-311G**,
6-311++G**, cc-pVTZ, and aug-cc-pVTZ basis sets. The
calculated momentum profiles are generally in good agreement
with the experimental ones. The strong proofs provided by the
present EMS experiments and IP calculations support the
assignments of the bands at 14.8 and 15.9 eV to the ionizations
of 7a + 6a + 5a/6a′ + 1a′′ + 5a′ and band at 18.3 eV to the
ionization of 4a′/4a in BES. The pole strengths for the two
innermost valence orbitals have also been determined.

The conformational stability of 1-butene has been investigated
in the present work by EMS. The well-resolved ionization band
p7 at 20.7 eV was selected to determine the relative abundances
of the two conformers of 1-butene by comparison the XMP with
the Boltzmann-weighted summation of the individual TMPs for
the two conformers. The relative conformational abundances
of (69 ( 6)% for skew conformer and (31( 6)% for syn
conformer at room temperature were obtained and syn-skew
relative Gibbs free energy of 0.47(0.20 kcal/mol was deduced,
indicating that the skew conformer is the preferential one. The
results demonstrate latent potential of EMS as an effective tool
to study the relative conformational stability.
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(10) Civcir, P. Ü.; J. Mol. Struct. (THEOCHEM).2000, 532, 157.
(11) Naumkin, F. Y.; McCourt, F. R. W.J. Chem. Phys.1998, 108,

9301.
(12) Tian, S. X.; Xu, K. Z.Chem. Phys. 2001, 264, 187.
(13) Piuzzi, F.; Mons, M.; Dimicoli, I.; Tardivel, B.; Zhao Q.Chem.

Phys. 2001, 270, 205.
(14) Chen, Y. Z.; Mohan, V.; Griffey, R. H.Phys. ReV. E 2000, 61,

5640.
(15) Gould, I. R.; Burton, N. A.; Hall, R. J.; Hillier, I. H.J. Mol. Struct.

(THEOCHEM)1995, 331, 147.
(16) Murcko, M. A.; Castejon, H.; Wiberg, K. B.J. Phys. Chem.1996,

100, 16162.
(17) Abu-samha, M.; B¢rve, K. J.; Sæthre, L. J.; Thomas, T. D.Phys.

ReV. Lett. 2005, 95, 103002.
(18) Saha, S.; Wang, F.; Falzon, C. T.; Brunger, M. J.J. Chem. Phys.

2005, 123, 124315.
(19) Kodama, T.; Ozawa, N.; Miyake, Y.; Sakaguchi, K.; Nishikawa,

H.; Ikemoto, I.; Kikuchi, K.; Achiba, Y.J. Am. Chem. Soc. 2002, 124,
1452.

Figure 4. The experimental and theoretical momentum profiles for
the ionization band of p7 for 1-butene.

ln KT ) -∆G/RT (3)

Conformational Stability of 1-Butene J. Phys. Chem. A, Vol. 112, No. 18, 20084365



(20) Nagashima, N.; Kudoh, S.; Takayanagi, M.; Nakata, M.J. Phys.
Chem. A2001, 105, 10832.

(21) Minoura, Y.; Nagashima, N.; Kudoh, S. Nakata, M.J. Phys. Chem.
A 2004, 108, 2353.

(22) Falzon, C. T.; Wang, F.J. Chem. Phys. 2005, 123, 214307.
(23) Galasso, V.J. Chem. Phys.1995, 102, 7158.
(24) Woo, H. K.; Zhan, J. P.; Lau, K. C.; Ng, C. Y.; Cheung, Y. S.J.

Chem. Phys.2002, 116, 8803.
(25) Woo, H. K.; Lau, K. C.; Zhan, J. P.; Ng, C. Y.; Li, C. L.; Li, W.

K.; Johnson, P. M.J. Chem. Phys.2003, 119, 7789.
(26) Wiberg, K. B.; Ellison, G. B.; Wendoloski, J. J.; Brundle, C. R.;

Kuebler, N. A.J. Am. Chem. Soc.1976, 98, 7179.
(27) Mannfors, B.; Sundius, T.; Palmo, K.; Pietila, L. O.; Krimm, S.J.

Mol. Struct. 2000, 521, 49.
(28) Bauschlicher, C. W., Jr.Chem. Phys. Lett. 1995, 239, 252.
(29) Jungwirth, P.; Bally, T.J. Am. Chem. Soc. 1993, 115, 5783.
(30) Fronzoni, G.; Lisini, A.Chem. Phys. 1996, 207, 1.
(31) Bell, S.; Drew, B. R.; Guirgis, G. A.; Durig, J. R.J. Mol. Struct.

2000, 553, 199.
(32) Durig, J. R.; Compton, D. A. C.J. Phys. Chem. 1980, 84, 773.
(33) Kondo, S.; Hirota, E, Morino, Y.J. Mol. Spectrosc.1968, 28, 471.
(34) Gallinella, E.; Cadioli, B.Vib. Spectrosc.1997, 13, 163.
(35) Bothner-By, A. A.; Naar-Colin, C.J. Am. Chem. Soc.1961, 83,

231.
(36) Bothner-By, A. A.; Narr-Colin, C.; Gu¨nther H.J. Am. Chem. Soc.

1962, 84, 2748.
(37) Karabatsos, G. J.; Taller, R. A.Tetrahedron. 1968, 24, 3923.
(38) McCarthy, I. E. Weigold, E.Rep. Prog. Phys.1991, 54, 789.
(39) Mathers, C. P.; Gover, B. N.; Ying, J. F.; Zhu, H.; Leung, K. T.J.

Am. Chem. Soc. 1994, 116, 7250.
(40) Ying, J. F.; Zhu, H.; Mathers, C. P.; Gover, B. N., Banjavcˇić M.
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