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Conformational Stability of 1-Butene: An Electron Momentum Spectroscopy Investigation
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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 b& @% and (31+ 6)%, respectively. It
demonstrates that EMS has the latent potential to study the relative stability of conformers.

I. Introduction 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 orbital$® 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.

The isomeric or conformational phenomena indwells numer-
ous molecules from simple inorganic compounds up to large
biomolecules (e.g., nucleic acid bas&s),and their relative
stabilities have attracted a great deal of theoretical and experi-
mental interest because of the significantly different stereo-
chemical reactivitie$?3° 1-Butene, one of the simplest alkenes,
has been theoretically predicatédexisting four low-lying
conformers: skew, syn, anti, and gauche. However, only skew . . ) . .
and syn conformers have been confirmed by the experirfeRts, In the equler years, !EMS was used to investigate the isomeric
and the precise nature of the equilibrium between skew and effect of isobutene cis-2-butene, trans-2-butene, and iso-
syn conformers of 1-butene has not been determined. Extensivedichloroethylene and its cidrans isomers by Leung and his
works have been performed to investigate the enthalpy differ- CO-WOrkers®~#2 Subsequently, the conformational effect was
ences between the skew and syn and the relative conformationafonsidered for the first time in the EMS study on electron
abundances by means of far-infra@dRamar?? microwave structures for valence orbitals of egC|_ne by Brion and his co-
spectroscopy (MW§E mid-infrared® NMR 3537 and various workers?344 More recently, EMS studies by Deleuze etf‘él.,
theoretical calculations (e.g., CBS-Q, G2)wo contradictory ~ Wang et ali® and Yang et at’ have shown that EMS is a
conclusions of the syrskew conformational stability have been feasible experimental method to study the conformational
derived. By the microwave spectroscayhe skew conformer  Preference of molecules. In this article, the first EMS study for

was suggested more stable than the syn and had a small enthalp{j!® valence orbitals of 1-butene has been carried out by using
difference of 0.15+ 0.15 kcal/mol with respect to the syn a0 €nergy dispersive multichannel (e, 2e) electron momentum

conformer, while the RamaRjnfrared3-34and NMR spect& 37 spectrometer emp_loying syr_nmetric non-coplanar geometry. _The
argued that the syn conformer was a little more energetically relative com_‘ormatlonal stab|_I|ty of 1-butene I_1as been determined
favorable, and the enthalpy of syn conformer was lower by 0.22 Py comparing the theoretical and experimental momentum
kcal/mol (Raman), 0.1 0.05 kcal/mol (NMR) in the liquid profiles. The energy and momentum resolution of the present
phase, and 0.20% 0.017 kcal/mol (IR) in gas phase than the EMS spectrometer is determined to bd.1 e_V (full width at _
skew. Furthermore, theoretical calculation stutfié¥2? all half-maximum (fwhm)) and 0.15 au, respectively, by measuring
predicated that the skew conformer is the favorable one. Ar 3p ionization.

Most of the previous experimental and theoretical studies ] )
focused on determining the relative abundance between the skew!- Experimental and Theoretical Background
and syn conformers in the energetic domain. Besides the  The details of the present EMS spectrometer have been given
energetic differences among the conformers, the conformationalg|sewherd8 Briefly, the gas-phase target molecules are ionized
effects can also be reflected by the_ variance of the_molepular by impact with a high-energy incident electron beam (1200 eV
electronic structures. Namely, the different methyl orientations |~ pinding energy). The scattered and ionized electrons are

in the syn and skew conformers can lead to the different spatial gnergetically selected4600 eV) by two hemispherical electron
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1, He functional®® The calculated results indicated that no obvious
T4 H8\"“~»C4/ difference can be observed for TMPs of 1-butene calculated by
\ S \ Al the HF and B3LYP method when employing the same basis
H1 C3; ,,,,, WWH6 H] ~ set, therefore only the B3LYP calculations using different-sized
\ - C‘f.,,,\m \ s basis sets will be presented in the present article. To compare
/C'—C2 "’/“8 /C'=C2 with the experiments, the instrumental momentum (i.e., angular)
- - W s resolution is folded into the TMPs using the Gaussian-weighted
planar grid (GWPG) methott.
skew conformer syn conformer
Figure 1. Schematic geometries for the skew and syn conformers of [||. Results and Discussions
1-butene.

A. Binding Energy Spectra. The skew and syn conformers
atf; = 0, = 0 = 45 and the relative azimuthal anglebetween of 1-butene belong to th€; and Cs point group symmetries,
them is variable over wide range°(6- & 30°) by rotating one respectively. Both HF and B3LYP calculations give the ground-
analyzer around the incident electron beam and keeping anothestate electronic configurations as
one fixed. Because of the clean “knock-out” collision in which
the residual ion acts as a spectator, the magnitude of the targetcore)® (10)2(24)2 Ga)? (4a)>
electron momentum is related to the azimuthal argle/3® inner—valence

(5a)2 (6a)% (Ta)% (8a)% (9a)? (10a)? (1 1a)% (12a)>

outer—valence

p={(2p,c0s0 — py)2 + [2p, sin O sin@/2)} "> (1)

wherepo andp; are the momenta of the incident and outgoing ¢, the skew conformer and
electrons, respectively.
Within the plane wave impulse approximation (PWIA) and

8 N2/ 22 n2 04,02
target Hartree'Fock approximation (THFA) or KohaSham (core) " (1)"(2a)” (3a)" (4a)

approximation (TKSA), the triple differential cross-section inner—valence
(TDCS)oemsfor randomly oriented molecules can be described 5a"2 (12" (6a")2 (a2 (24" (8a')? (9a")? (3a")?
a§8,49
outer—valence
Ops 0 & JdQleP)? 2 for the syn conformer.

The 32-electron molecule of 1-butene has 12 individual
wheregq(p) is the one-electron momentum space canonical HF valence orbitals. The calculations of ionization potentials (IPs)
or KS wavefunction for theth MO from which the electron  for the outer valence orbitals of 1-butene have been performed
ejected.SP is the spectroscopic factor or pole strength that is using B3LYP, the outer valence Green's function (OVGF)
the possibility of forming a one-hole configuration in the final method3® and the partial third-order electron propagator £°3)
ion state| f1 The integral in eq 2 is known as the spherically method with 6-31%+G** basis set. The results are listed in
averaged electron momentum distribution or electron momentumTable 1. For OVGF and P3 methods, the pole strengths can
profile. also be obtained and listed in the square brackets. OVGF and

The skew and syn conformers of 1-butene are two equilibrium P3 models assign MOs based on HF wavefunctions. It is noted
positions when the methyl group undergoes the internal rotationthat the HF calculation only contains the exchange energy
around the middle €C single bond, as illustrated in Figure 1. resulting from the electronic fermion nature, while in the DFT
The geometries of the two conformers are optimized by using calculation, not only the exchange energy but also the correlation
the second-order MglletPlesset perturbation (MP2) method effect are included. Hence, in some cases, they may yield
with aug-cc-pVTZ basis sets. The geometric parameters are indifferent ordering of MOs in IP%2 As mentioned in last section,
good agreement with the previous values by microwave no obvious differences can be observed for TMPs of 1-butene
spectroscopy® The potential energy curve for rotation about calculated by the HF and BSLYP method when employing the
the middle C-C single bond for 1-butene were calculated at same basis sets for the same numbers of MOs, indicating that
the G2 and CBS-Q theoretical levels by Murcko etéalhe B3LYP model yield the same ordering of MOs as OVGF and
two minima at CCCC dihedral angles of 0 and 1%&re found P3 models for the present molecule of 1-butene.
to be syn and skew, respectively. The swkew Gibbs free As can be seen in Table 1, the corresponding valence orbitals
energy differencedG and enthalpy differenceAH at room of the skew and syn conformers have approximately the equal
temperature (298 K) calculated by G2 and CBS-Q methods arelPs and present the same ionization band in the binding energy
0.40 and 0.30 kcal/mol and 0.47 and 0.37 kcal/mol, respectively, spectra (BES). Previous experimental works on the ionizations
while the syn-skew barrier is about 1.5 kcal/mol (G2) and 2.2 of 1-butene comprise the Hel ultraviolet photoelectron spec-
kcal/mol (CBS-Q)6 troscopy (UPS¥ and the synchrotron radiation photoelectron

The theoretical momentum profiles (TMPs) for the valence spectroscopy (SRPES)The experimental IPs for 1-butene are
orbitals of the skew and syn conformers of 1-butene have beenpresented in Table 2. The conformational effect was not taken
calculated within THFA or TKSA according to eq 2. The into account in the PES work&>” and the assignments were
corresponding position space orbital wavefunctions are calcu-made according to the symmetry of the syn conformer.
lated using HartreeFock (HF) and density functional theory = Compared with the experiments, the OVGF and P3 calculations

(DFT) methods with different-sized basis sets of 6-8%#1G, give more consistent IPs in the outer valence region than B3LYP
6-311G**, 6-31H+G**, cc-pVTZ and aug-cc-pVTZ by method.
GAUSSIAN 03 progrant® For DFT calculations, B3LYP The BES in the range of-530 eV have been measured at 15

hybrid functional is employed that refers to Becke’s three different relative azimuthal angleg) 1, 2, 3,4,5,6,7, 8,9,
parameters hybrid functional using L-.e€ang—Parr correlation 11, 13, 15, 17, 19, and 24The ones at thé = 1 and 9 are
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TABLE 1: Theoretical Results of the lonization Potentials (eV) for the skew and syn Conformers of 1-butene

orbitals OVGF/6-31%+G**2 P3/6-31H+G**2 B3LYP/6-31H-+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
Ta/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
dalda 18.24[0.86] 18.67 [0.86] 15.21 14.79
3a/3a 17.24 17.60
2a/2a 19.95 19.93
la/la 21.86 21.99

apole strengths calculated by P3 and OVGF are all listed in square bratfkased on Koopmann’s theorem.

TABLE 2: Experimental Results of the lonization Potentials the experiments in Section Ill. B. The last three bands located
(eV) for 1-butene at 20.6 (p7), 22.8 (p8), and 24.7 eV (p9) correspond to
EMS He | UPS® SRPEY ionizations of the three innermost valence orbitals, thatas, 3
(12a/3a") 100 (3" 100 () 9.8 3a, 2a/2a’, and B/1a'. The present experimental IPs by EMS
%1’51;1(’)3;9’?1? } g.g (::+8a’+2a”) g-g o B 20 o g-g for 1-butene 6;';1re presented in Table 2, together with the results
(7;6;5; @) e E@; o ((33 1a5:) Y of He | UPS_? and SRPES Works.. _
/6a+1a"+5a) } 159 (=) 15.9 15.8 B. Experimental and Theoretical Momentum Profiles.
(da/da)) 183 (&) 178 (4) 18.2 Nine Gaussian peaks corresponding to the ionizations from 12
gzgg; 209 EZ,; 292 valence orbitals of 1-butene are fitted to the BES. The
(1a/1a) 247 (=) 24.4 experimental momentum profile (XMP) for each Gaussian peak
2 This work. is extracted by deconvoluting the same peak from the sequen-

tially obtained BES at different azimuthal angleand plotting

area under the corresponding fitted peaks as a function of
momentunp (i.e., ¢ 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.

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—({pd

in Figure 2) are fitted to the BES as shown by dashed curves. .
The width for each Gaussian peak is determined by the EMS Thus only the sumr_ned momentum profiles forp2p3 and p4
instrumental energy resolution (1.1 eV in the present work) + p5 are reported in this work. ]

convoluting the FrankCondon widths of the corresponding ~ The XMPs for the valence orbitals of 1-butene are shown as
bands observed in the He | UBgp1—p6) and in the SRPES SO!Id circles in Figure Sag, together with the TMPs calculated
(p7—p9). The positions of the Gaussian peaks are determinedUsing B3LYP method with 6-31#+G, 6-311G*, 6-311+G*,

by the IPs reported by the high-resolution PES experiniéfts ~ CC-pVTZ, and aug-cc-pVTZ basis sets. The XMPs and TMPs
and indicated by the vertical bars in Figure 2. For inner valence are placed on a common intensity scale by normalizing the TMP
orbitals, we adjusted peak positions a little to best fit the present to the XMP for HOMO (12/3a"). This is reasonable because

experimental BES. The overall fitted spectra are representedthe pole strengths for HOMO are very close to unity according
by the solid lines. to the OVGF and P3 calculations. Because 1-butene coexists

As shown in Figure 2, the first band (p1) at 10.0 eV is well in two cor_lformers, the Boltzmann-w_eighted abunda_nces shou_ld
resolved and corresponds to the ionization of the highest P€ taken into account when comparing the XMPs with theoreti-
occupied molecular orbital (HOMO) of 1-butene, that isa12 cal calculations. The detailed discussions of the rele}tlve
orbital of the skew conformer anda3 orbital of the syn gbundgnces for the two conformers of 1-butene will be given
conformer (noted as E23a" in the following discussions). The  in Section Ill. C. Relative abundances of (696)% for the
next two bands located at 12.0 eV (p2) and 13.4 eV (p3) cannotSkew and (31 6)% for the syn conformers have been deduced
be well resolved with respect to the energy resolution of the and employed in the discussions in the present sect|on. In Figure
spectrometer. He | UPS work assigned the p2 to the ionizations 380, the total TMPs are the summation of the respective TMPs,
of 9a, 84, and 2" orbitals (noted as® + 8a + 2a" in the .690_/0. for the skew and 31% for the syn conformers. The
following discussions) and p3 ta@7orbital where only the syn  individual TMPs for the skew (dashed line) and syn (dotted
conformer was taken into accolffitNext two bands at 14.8  line) conformers calculated by B3LYP/aug-cc-pVTZ are also
eV (p4) and 15.9 eV (p5) also overlap each other due to the Shown in figures (multiplied by the respective relative abun-
low-energy resolution of EMS. He | UPS work assigned the p4 dances). And the orbital density surface plots in position space
to the ionization of & orbital and p5 to &, while assigned  calculated by B3LYP/ aug-cc-pVTZ for the two conformers are
the sixth bands (p6) at18.2 eV to &'.56 On the other hand, displayed on the right-hand side of the figures for some orbitals.
the SRPES experiméitassigned the p6 to the ionization of The XMP and TMPs for HOMO are shown in Figure 3a,
4a orbital. As can be seen in Table 1, according to the presenttogether with the orbital density surface plots of the skew and
theoretical calculations including OVGF, P3 and B3LYP syn conformers. It can be seen that the electron densities for
methods, it is more likely to assign the band p6 to ionization of 12a and "' orbitals mainly distribute on the=€C double bond
4a'/4a, and the bands p4 and p5 to the ionizations &f 6 and exhibit typicals-orbitals. Therefore the rotation of the
1a'"/7a + 6a (p4) and ®'/5a (p5). The assignments of these methyl group has little influence on the electron momentum
three bands will be investigated by comparing their TMPs with distribution for HOMO. Both of the individual TMPs for the
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Figure 2. Binding energy spectra (BES) of 1-butene at ¢aj 1°,
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Section Ill. A, He | UPS work assigned p¥4 p5 to &' + 5&

for the syn conformet® while the theoretical calculations give
different assignments ofa/+ 6a + 5a/6a’ + 1la' + 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 & + 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
| UPS work of White et aP® assigned p6 tod' for the syn
conformer But the SRPES work of Bawagan et®algive a
different assignment ofal. All the present theoretical calcula-
tions including the OVGF, P3, B3LYP methods assign p6 to
the ionizations from &/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 assignmenfd.As shown in Figure 3d, the TMPs
for 4a'/4a are in better agreement with XMP than that fet'L
6a, which largely underestimates the experiment. Hence, the

(b) ¢ = 9°. The dotted lines represent the Gaussian peaks fitting the present EMS work assigns p6 to the ionization af4a, which
BES. The solid line is the summed fit. The vertical bars indicate the is consistent with the results of SRPES experiment and

positions of the Gaussian peaks.

two conformers exhibit “p-type” in nature only with different
maximum positions ab ~ 0.45 au for the skew ang ~ 0.57

au for the syn conformers. The XMP for HOMO also shows
the expected p-type character (a maximum positign-at0.58
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 sz orbital in the low momentum region can be
ascribed to the distorted-wave effé&ts° The TMPs calculated
by B3LYP method with 6-31%+G, 6-31H+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 -t 10a +
9a+ 8a/9a’ + 8a' + 2a" + 7a’) are shown in Figure 3b. It can

theoretical calculations. The orbital plots indicate that bah 4
orbital of the skew conformer anda4of 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 @t~ 0.5

au for 4a andp ~ 0.7 au for 4.

The XMP and TMPs for band p7 é8a’) are shown in Figure
3e. All the TMPs are in good agreement with XMP and exhibit
“sp-type” character with a secondary maximunpat 0.6 au.
The orbital plots indicate that&3orbital of skew conformer and
3a’ of syn conformer both have electron densities mainly
distributed on the methyl group and—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 8 is “sp-type” in nature with a
secondary maximum g ~ 0.65 au, while the TMP for 8
exhibits “p-type” character with a maximum pt~ 0.5 au.

Bands p8 and p9 correspond to the ionizations of the two

be seen that the XMP exhibits an “sp-type” character with a innermost valence orbitals§2a’ and k/1a’). The XMPs and

minimum atp ~ 0.32 au and a secondary maximumpat-

TMPs for these two bands are shown in Figure 3f,g, and it can

0.65 au All the calculations roughly reproduce the shape whereasbe seen that all the TMPs calculated by B3LYP method with
largely underestimate the experimental data in the region from different sized basis sets consist with each other for these inner

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 regiomp < 0.25 au. The high intensity in the low
momentum region in XMP may partly be ascribed to the
distorted-wave effect becauseal Pa, 9a' and &' ares*-like
orbitals.

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 tlaeakbital of the skew
conformer and the & orbital of the syn conformer basically

The difference between the individual TMPs for the skew distribute on the €&C double bond and ethyl group. A node
and syn conformers can clearly be observed as shown in Figureplane perpendicular to the middle-C bond is obvious, and
3b. The TMP for the skew exhibits “sp-type” character, whereas therefore both of the individual TMPs for the two conformers

the TMP for the syn is mainly “p-type” in nature.

are of “p-type” in nature. The XMP for band p8 corresponding

Figure 3c compares the summed XMP and TMPs for p4 and to 2a/2a’ orbital exhibits an expectant “p-type” character. All

p5 (7a+ 6a + 5a/ 6a’ + 1a" + 5a’). Generally, all the summed

the TMPs overestimate the relative intensities for this orbital,

TMPs well reproduce the XMP both in shape and intensity. A while reproducing the shape well except in the low momentum

significant difference between the individual TMPs for the two

where XMP shows an obvious turn up. This turn up may also

conformers can be observed. The TMP for the skew exhibits a be due to the distorted wave effect for the psemdorbitals.

“p-type” character with a maximum @t~ 0.55 au, while the
TMP for the syn is mainly “s-type” in nature. As mentioned in

The good agreement between the XMP and TMP by B3LYP/
aug-cc-pVTZ can be achieved if the TMP is scaled by a factor
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® Experiment
1—— B3LYP/aug-cc-pVTZ
2 -—-— B3LYPlcc-pVTZ
3 —— B3LYP/6-311++G**
4 —— B3LYP/6-311++G
5 —— B3LYP/6-311G**
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Figure 3. The experimental and theoretical momentum profiles calculated by B3LYP method with16+&*, 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-Q* G216 MP22 MW 33 Ramani? NMR35-37 IR3! EMS?
AG 0.47 0.40 0.45/0.43 0.47+0.20
AH 0.37 0.30 0.14/0.10 0.15 0.15 —0.220 —0.10+ 0.05 —0.209+ 0.017

aThis work. The basis sets used in MP2 calculations are cc-pVTZ/aug-ccpVTZ.

of 0.6, which represents the pole strength for the main transition The missing intensity of &2a and ®/1a is most likely
of 2a=%/2a' 1. distributed in the energy region beyond about 26 eV as shown
The XMP for band p9 displayed in Figure 3g exhibits an in Figure 2.

“s-type” profile. The orbital plots in Figure 3g show that both C. Conformational Stability of 1-Butene. As mentioned in

of 1la orbital for the skew conformer andilorbital for the syn the Introduction, the relative stability of the conformers of
conformer mainly comprise carbon 2s components and the 1-butene is still a controversial issue. The swkew relative
TMPs for la/1a’ are rationally of “s-type”. However, even if  enthalpiesAH obtained by the previous experiments are listed
the TMPs for B/1a’ are scaled by a proper factor, they still in Table 3, together with the theoretically calculated-sgkew
cannot well describe the XMP for this band. It is reasonable to relative Gibbs free energiesG and enthalpie&\H by CBS-Q
take into account the contribution from satellite states of the and G2 method& as well as the present MP2 method with
2a~Y/2a' ! transition. An admixture of 0.36& (la/la’) + 0.30 cc-pVTZ and aug-cc-pVTZ basis sets. In general, all the
x (2a/2a’) TMP reproduces the XMP well as shown in Figure previous experiments 37 predicated that the syn conformer is
3g, where 0.36 represents the pole strength for the main more stable than the skew except the MW w&righile various
transition of a~1/1a’~! and 0.30 is the pole strength contributed levels of theoretical calculations predict an inverse order.

by the Za~%/2a'~1 satellites in the energy region of band p9. As shown in Section Ill. B, the rotation of methyl group in
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600 good agreement with the previous CBS-Q calculafi(3.47
p7 ® Experiment kcal/mol) and the present MP2 results (0.45 and 0.43 kcal/mol).

------ skew (3a)
__________ syn (3a') IV. Summary

skew x69%+syn x31% 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 6-3t3+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

450 |

300

Intensity (arb. units)

0 . ) ) o of 7a + 6a + 5a/6a’ + 1a"' + 5a’ and band at 18.3 eV to the
0.0 0.5 1.0 15 2.0 25 ionization of &'/4a in BES. The pole strengths for the two
Momentum (a.u.) innermost valence orbitals have also been determined.

Figure 4. The experimental and theoretical momentum profiles for . The conformational stability of 1-butene has b?en In\{estlgated
the ionization band of p7 for 1-butene. in the present work by EMS. The well-resolved ionization band
p7 at 20.7 eV was selected to determine the relative abundances
1-butene that leads to the two conformers can have an obvious©f the two conformers of 1-butene by comparison the XMP with
valence orbitals. By comparing the XMP with the weighted the two conformers. The relative conformational abundances

summation of TMPs for the skew and syn conformers, the Of (69 & 6)% for skew conformer and (3% 6)% for syn
Boltzmann-weighted abundances and thus the relative stability conformer at room temperature were obtained and syn-skew
for conformers can be determined. It is important to select an relative Gibbs free energy of 0.470.20 kcal/mol was deduced,
appropriate ionization band in determining the relative abun- indicating that the skew conformer is the preferential one. The
dances by EMS. As can be seen in Figure 3, among all the results demonstrqte latent pote_ntlal of EMS as an effective tool
ionization bands, band p7 ofa@®a ionization is the best 0 study the relative conformational stability.

candidate that is well resolved in the BES and the individual
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The individual TMPs for @ (skew) and & (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 (1) Zhang, M.; Huang, Z. J.; Lin, Z. 3. Chem. Phys2005 123
reproduce the XMP, especially in the low momentum region 134313.

- - - (2) Ha, T. K.; Gunthard, H. HJ. Am. Chem. Sod.993 115 11939.
below 0.6 au with TMP for & (skew) underestimating and TMP (3) Akasaka, T.: Wakahara, T.- Nagase, S.: Kobayashi, K. Waelchli,

for 3a (Syn) overestimating the XMP. By taking relative m.; Yamamoto, K.; Kondo, M.; Shirakura, S.; Maeda, Y.; Kato, T.; Kako,
conformational abundances of (896)% for the skew and (31 Mh; Nakadaira, Y.; Gao, X.; Caemelbecke, E. V.; Kadish, K. MPhys.
0 i N Ei Chem. B2001, 105, 2971.

E)t 6% % for (tjhe Syr;hthil\sﬂl;mr_?ﬁd ;’(D/IP (solid Curv? 'f‘ Fllg(lj'lre ‘tlf)l (4) Shivanyuk, A.; Rebek, J., 5. Am. Chem. So002 124, 12074.

est reproduces the - I'he bvo accuracy only includes € (5) gatink, R. G.; Meijer, G.; Helden, G. vod. Am. Chem. So2003
standard deviations in the least-square fitting procedure deter-125 15714.
mining the abundances. In this way, the Boltzmann-weighted y ':(63 Péinny,CJH P.; 'gggfelrég-;\ﬁﬁieﬂstfa-KifaCOfe, J. C.; Schaefer,

_ . F.J. Phys. Chem. .

abundances for the two Conform?rs (.)f .1 b.Utene at room (7) Kurihara, M.; Matsuda, T.; Hirooka, A.; Yutaka, J. Am. Chem.
temperature (298 K) are then determined indicating that the skewsoc 200q 122 12373.
conformer is the preferential one, which is in consistence with (8) Dugourd, Ph.; Hudgins, R. R.; Tenenbaum, J. M.; Jarrold, M. F.
the predications of the previous M#work and theoretical Phy?é)RXhlc]gg 01n99}? go_' #a%ér R. S.; Tang, W.. Brezinsky, K. Harding
calculations. The deduced relatlye conformational abur)dancesl__ B. J. Phys. Chén{. /2004 108 3403, T T '
were employed throughout Section Ill. B and well describe the  (10) Civcir, P. U; J. Mol. Struct. (THEOCHEM)200q 532, 157.
XMPs for the complete valence orbitals of 1-butene, indicating 3(()11) Naumkin, F. Y.; McCourt, F. R. WJ. Chem. Phys199§ 108
the rr]atlonallll%/ pf the refsults qf thcla r(ta)latlél/e abunéjancej. A (12) Tian, S. X.: Xu, K. Z.Chem. Phys2001 264, 187.

.T e equilibrium conformational abundances depend on the  (13) piyzzi, F.; Mons, M.; Dimicoli, I.; Tardivel, B.; Zhao @hem.
Gibbs free energy differenc&G of the two conformers. The  Phys 2001, 270, 205.
conformational equilibrium constank{) can be simply esti- 56‘(1%)4) Chen, Y. Z.; Mohan, V.; Griffey, R. HPhys. Re. E 200Q 61,

mated by the following equation
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