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The binding energy spectra and electron momentum distributions for the outer valence
molecular orbitals of gaseous 2-ﬂuoroethanol have been measured by the non-coplanar asymmetric (e, 2e) spectrometer at impact energy of 2.5 keV plus binding energy. The quantitative
calculations of the ionization energies and the relevant molecular orbitals have been carried
out by using the outer-valence Green’s function method and the density functional theory
with B3LYP hybrid functional. The observed ionization bands in binding energy spectra, as
well as the previous photoelectron spectrum which was not assigned, have been assigned for
the ﬁrst time through the comparison between experiment and theory. In general, the theoretical electron momentum distributions calculated by B3LYP method with aug-cc-pVTZ
basis set are in line with the experimental ones when taking into account the Boltzmannweighted thermo-statistical abundances of ﬁve conformers of 2-ﬂuoroethanol.
Key words: (e, 2e) Electron momentum spectroscopy, 2-Fluoroethanol, Conformer, Density
functional theory

tatively [18, 19]. Recently, molecular dynamical simulations of Hajgato et al. [20] improved the agreement
of theory with experiment in view of the ultrafast nuclear dynamics. But the discrepancy between theory
and experiment still remained. It therefore needs more
EMS experimental information on structural versatile
molecules for further theoretical studies on such phenomena.
2-Fluoroethanol (2-FE), a derivative of ethanol in
which one hydrogen of methyl group is replaced by a ﬂuorine atom, has ﬁve conformers existing in this molecule
as shown in Fig.1. The conformational arrangement of
C−F bond rotation about the C−C bond is denoted as
G (Gauche) or T (Trans). The arrangement of O−H
bond rotation about the C−O bond is denoted as either g (gauche) or t (trans). In the case of a G arrangement about the C−C bond, there are two inequivalent
conformers with respect to the C−O bond and diﬀerentiated as g or g′ . Many theoretical and experimental
works were devoted to the molecular geometries and
conformational energies of 2-FE [21–28] and it was concluded that the Gg′ conformer is the most stable one
with about 90% population. However, studies of the
electronic structure of 2-FE are very scarce. There is
only one report on the photoelectron spectrum (PES)
measured by He I ultraviolet radiation [29], but the observed ionization bands were not assigned. It is worth
noting that EMS can provide an eﬀective way to assign
the bands ionized from molecular orbitals by simply

I. INTRODUCTION

Electron momentum spectroscopy (EMS), also known
as binary (e, 2e) spectroscopy, is a powerful technique
for exploring the electronic structures of atoms and
molecules [1–4]. The principal value of the EMS for
understanding the electron behavior lies in its unique
ability to obtain directly both the binding energy spectra and the electron density distributions in momentum space for individual orbitals [1–4]. Such information is useful for the assignment of the ionic states of
atoms and molecules, evaluation of the quality of diﬀerent types of quantum chemical calculations, as well as
the understanding of phenomena such as chemical reactivity and molecular recognition. In the past decades,
EMS has been extensively used to study the conformational eﬀect on the electronic structure of molecules
such as n-glycine [5, 6], n-butane [7, 8], 1-butene [9–11],
tetrahydrofurane [12–14], ethylamine [15], ethanethiol
[16], and ethanol [17–20]. When taking into account
the Boltzmann-weighted population for diﬀerent conformers, the thermally averaged theoretical momentum
distributions are usually in accordance with the experimental results. However, in the case of ethanol, the
calculations failed to reproduce the experiment quanti-
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FIG. 1 Geometry structures of five conformers including Gg′ , Gg, Gt, Tg, and Tt of 2-FE optimized by MP2/aug-cc-pVTZ.

comparing the experimental electron momentum distributions with the theoretical ones [30–33]. Therefore, it
is necessary to carry out the detailed EMS studies on
electronic structures of 2-FE molecule both experimentally and theoretically.
In the present work, we report the ﬁrst EMS measurement on binding energy spectra and electron momentum distributions for the outer valence molecular
orbitals of gaseous 2-FE. The experimental results are
interpreted on the basis of the quantitative calculations
of the ionization energies and the relevant molecular orbitals using the outer-valence Green’s function method
[34–36] and the density functional theory with B3LYP
hybrid functional [37–40].
II. EXPERIMENTAL AND THEORETICAL
BACKGROUND

EMS is based on the high-energy electron impact single ionization process, in which the kinematics of all
the electrons is fully determined. The present experiment on 2-FE molecule is carried out by using the noncoplanar asymmetric (e, 2e) spectrometer which was
described in detail elsewhere [33, 41] and thus only a
brief description is given here. The incident electron
beam generated from an electron gun is accelerated by
an electrostatic lens system to the desired energy of
2.5 keV plus binding energy, and transferred to the reaction region where it impacts with the gas-phase target molecules injected by a nozzle. The scattered electron outgoing along polar angle θa =14◦ passes through
the fast electron analyzer and is detected by a two dimensional position sensitive detector (PSD) over a large
range of both energies and azimuthal angles of interest.
The ionized electron outgoing along polar angle θb =76◦
passes through the slow electron analyzer and is detected by one dimensional PSD. In such experimental
condition, considering conservation of energy and momentum, the binding energy ε and magnitude of momentum p of target electron can be expressed by
ε = E0 − Ea − Eb
(1)
2
2
2
p = [p0 + pa + pb − 2p0 pa cos θa − 2p0 pb cos θb +
2pa pb (cos θa cos θb − sin θa sin θb cos ϕ)]1/2

(2)

where (E0 , p0 ), (Ea , pa ), and (Eb , pb ) are the energies
and momenta of the projectile, scattered, and ejected
DOI:10.1063/1674-0068/28/cjcp1410175

electrons, respectively. And ϕ is the relative azimuthal
angle between the two outgoing electrons. Therefore,
by detecting two outgoing electrons in coincidence, the
binding energy and momentum of the target electron
can be determined. Before the experiment of 2-FE, the
energy and momentum resolutions of the present EMS
spectrometer are determined to be ∼1.0 eV (full width
at half maximum (FWHM)) and ∼0.1 a.u., respectively,
by measuring the ionization spectra and electron momentum distributions of Ar3p orbital.
On the theoretical side, with the binary encounter
approximation and the plane wave impulse approximation (PWIA), as well as the target Hartree-Fock or
Kohn-Sham approximation, the triple diﬀerential crosssection (TDCS) of (e, 2e) process can be described as
Ref.[1–4]:
∫
(f )
2
σEMS ∝ Sj
|ψj (p)| dΩ
(3)
where ψj (p) is the one-electron canonical Hartree-Fock
or Kohn-Sham wave function in momentum space for
the jth orbital from which the electron is knocked out.
(f )
Sj , known as spectroscopic factor or pole strength,
denotes the possibility of forming a one-hole conﬁguration in the ﬁnal state f . The integral in Eq.(3) is usually
referred to as the spherically averaged one-electron momentum distribution, i.e., electron momentum proﬁle.
For 2-FE molecule, in the previous studies, the theoretical calculations [21–24] predicted that it had Gg′ ,
Gg, Tg, Gt, and Tt ﬁve conformers. Whereas experiments [24–28] determined the most stable Gg′ conformer to be ∼90% abundance, and the Tt or Tg conformer was less than 10%. In the present calculations,
the structural parameters and energies of these conformers are optimized at benchmark theoretical level using the second-order Møller-Plesset perturbation (MP2)
[42] method with large basis set of aug-cc-pVTZ [43].
The optimized structural parameters agree well with
the available data from electron diﬀraction [25, 26] and
microwave spectra [27]. The calculated energies of ﬁve
conformers, in which the zero-point vibrational energy
correction and the thermodynamics enthalpy correction
are taken into account, are used to estimate the relative
abundance ni with the Boltzmann statistics according
to the equation
)
(
∆E
(4)
ni = ρi exp
kB T
c
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where kB is the Boltzmann constant, T is temperature, ρi is the symmetry number of conformers, and
∆E is the energy diﬀerence relative to the most stable conformer Gg′ . At room temperature, the relative abundances of conformers are deduced to be 91.1%
Gg′ , 1.8% Gg, 4.1% Tg, 1.7% Gt and 1.2% Tt, respectively. Furthermore, based on the optimized molecular
geometries of the respective conformers, the position
space Kohn-Sham wave functions are calculated by using DFT-B3LYP method with aug-cc-pVTZ basis set.
Thus, the theoretical momentum proﬁles for the outer
valence molecular orbitals (MOs) of ﬁve conformers of
2-FE are obtained according to Eq.(3). All the theoretical calculations are carried out using the Gaussian 03
suite of programs [44].
III. RESULTS AND DISCUSSION
A. Binding energy spectra

2-FE (CH2 FCH2 OH) contains 34 electrons and has
nine outer valence molecular orbitals (MOs). B3LYP
calculations indicate that the ground state electronic
conﬁgurations of Gg′ , Gg, Tg and Gt conformers having
C1 symmetry point group can be written as
8

(core) (5a)2 (6a)2 (7a)2 (8a)2
|

{z

}

Inner-valence

(9a)2 (10a)2 (11a)2 (12a)2 (13a)2 (14a)2 (15a)2 (16a)2 (17a)2
|
{z
}
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(5)
and Tt conformer having Cs symmetry point group can
be written as
(core)

8
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FIG. 2 Binding energy spectra for the outer valence orbitals of 2-FE. (a) The previous PES spectrum [29]. (b)
The present BES measured over all ϕ angles by EMS. The
dashed lines represent Gaussian peaks fitting the BES and
the solid line is the summed fit. The vertical bars indicate the positions of Gaussian peaks. (c) The theoretical
simulated BES based on OVGF/6-311++G∗∗ calculation,
in which the relative abundance of Gg′ , Gg, Gt, Tg and
Tt was taken into account. The positions of vertical bars
denote the calculated ionization energies for the individual
conformer and the height represents the product of the pole
strength and the density of states.

(6)
The binding energy spectra (BES) for the outer valence MOs of 2-FE in the energy range of 9−20 eV
have been measured simultaneously in the desired range
of azimuthal angles, and the summed over all the azimuthal angles ϕ is shown in Fig.2(b), together with the
previous PES spectrum [29] in Fig.2(a) and the simulated spectra in Fig.2(c). The vertical ionization potentials (IPs) for the outer valence MOs of Gg′ , Gg, Tg,
Gt, and Tt ﬁve conformers have been calculated using
OVGF method with 6-311++G∗∗ basis set. As listed in
Table I, the calculated IPs are very close to each other
for the relevant MOs of the ﬁve conformers which could
contribute to the same ionization bands in BES. Due
to the energy resolution of 1.0 eV (FWHM) of present
EMS spectrometer, four obvious lobes in Fig.2(b) are
observed in BES, which contain the contributions from
DOI:10.1063/1674-0068/28/cjcp1410175

nine overlapping ionization bands in the outer valence
region. Although more ionization bands were resolved
by the previous PES in Fig.2(a), they were not assigned
[29]. It is preferable to resort to the theoretical simulations at the OVGF/6-311++G∗∗ level for analyzing and
assigning the observed structures in the available EMS
and PES spectra. Figure 2(c) shows the simulated BES
constructed by convoluting the calculated results, using Gaussian function as the convolution function with
the width of 1.0 eV (FWHM) from the EMS instrumental resolution. The positions of Gaussian functions, as
the vertical bars in Fig.2(c), are from the IPs of the
ﬁve conformers as listed in Table I, and the intensities
are from the product of pole strengths and densities of
states. The solid curve is the thermally averaged theoc
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TABLE I Experimental and theoretical IPs for outer valence MOs of 2-FE molecule.
Theoretical (OVGF/6-311++G∗∗ )a IP
MO
C1 /Cs
Gg′ (C1 )
Gg (C1 )
Tg (C1 )
′′
17
17a/4a
11.20[0.92]
11.20[0.92]
11.31[0.92]
16
16a/13a′
12.77[0.92]
12.82[0.92]
12.73[0.93]
15
15a/3a′′
13.47[0.93]
13.25[0.93]
13.50[0.92]
14
14a/12a′
14.53[0.92]
14.23[0.92]
14.18[0.92]
′′
13
13a/2a
15.15[0.92]
15.18[0.92]
15.22[0.92]
12
12a/11a′
16.17[0.92]
16.25[0.92]
16.35[0.92]
11
11a/10a′
17.39[0.92]
17.16[0.92]
17.13[0.92]
10
10a/1a′′
17.64[0.92]
17.58[0.92]
17.54[0.92]
p8
18.3
18.2
9
9a/9a′
18.25[0.92]
18.16[0.92]
18.38[0.92]
This work. Pole strengths are listed in square brackets.
The IPs values are obtained by fitting the PES spectrum [29] with eight Gaussian functions.

Experimental IP
Peak
EMSa
PESb
p1
11.1
11.1
p2
12.5
12.5
p3
13.2
13.2
p4
14.1
14.1
p5
15.1
15.1
p6
16.1
16.1
p7
17.4
17.4

a
b

retical spectra including the contribution of 91.1% Gg′ ,
1.8% Gg, 4.1% Tg, 1.7% Gt and 1.2% Tt conformers. In
general, the simulated ionization spectra can reproduce
the experimental BES well.
In order to extract the experimental electron momentum proﬁles for the outer valence MOs of 2-FE, Gaussian functions are used to ﬁt the BES as shown by the
dashed curves in Fig.2(b) and the overall ﬁtted spectrum is represented by the solid line. The positions
of Gaussian peaks (p1−p8) are referred to the IPs obtained by ﬁtting the high-resolution PES [29], and the
widths are the combination of EMS instrumental energy
resolution and Franck-Condon widths of the ionization
bands deduced from PES spectra. Slight adjustments
have been applied to compensate the asymmetries of
the shapes of the Franck-Condon proﬁles. As shown
in Fig.2(b), the ﬁrst band (p1) at 11.1 eV is well resolved and corresponds to the ionization of the highest
occupied molecular orbital (HOMO). In the region of
12−17 eV, there are two lobes which contain ﬁve unresolved peaks (p2−p6) corresponding to MO16−MO12
due to the limited energy resolution of EMS spectrometer. For the last lobe two Gaussian functions are ﬁtted, which contains three outer valence orbitals, i.e.
MO11−MO9. According to the OVGF calculation, the
ionization band (p7) at 17.4 eV should be ascribed to
the cooperative contributions from MO11 (11a/10a′ )
and MO10 (10a/1a′′ ), and the one (p8) at 18.3 eV
should be ascribed to MO9 (9a/9a′ ). Further assignments of the observed bands will be presented in next
section by comparing the experimental and theoretical
momentum proﬁles. The determined ionization energies
and band assignments are also presented in Table I.
B. Experimental and theoretical electron momentum
profiles

The experimental momentum proﬁles (XMPs) for
each peak (p1−p8) are extracted by deconvoluting a series of angular correlated BES, and plotting area under
DOI:10.1063/1674-0068/28/cjcp1410175

Gt (C1 )
11.36[0.93]
12.48[0.92]
13.20[0.93]
14.09[0.92]
15.26[0.92]
16.27[0.92]
16.55[0.92]
17.55[0.92]
18.50[0.92]

Tt (Cs )
11.48[0.93]
12.55[0.92]
13.10[0.93]
14.11[0.92]
15.56[0.92]
16.32[0.92]
16.58[0.92]
17.73[0.92]
18.46[0.92]

the corresponding ﬁtted peak as a function of momentum p (i.e., ϕ angle). The theoretical momentum proﬁles (TMPs) for the outer valence MOs of the ﬁve conformers are calculated using the B3LYP method with
the basis set of aug-cc-pVTZ. For the sake of comparison, the TMPs are folded with the instrumental momentum resolution using the Gaussian weighted planar grid
method [45, 46]. In addition, the XMPs and the TMPs
are placed on a common intensity scale using an uniform factor obtained by normalizing the summed XMPs
for p1−p8 to the summed TMPs for MO17−MO9, in
which the relative abundances of 91.1% Gg′ , 1.8% Gg,
4.1% Tg, 1.7% Gt, and 1.2% Tt deduced by MP2/augcc-pVTZ calculations are also taken into account. The
XMPs and the corresponding TMPs for the outer valence MOs of 2-FE are shown in Fig.3. It is noted that
the error bars of experimental data given in the ﬁgures
represent the overall error of the statistical and deconvolution uncertainties. In addition, the molecular orbital
maps in position space for each of conformers calculated
by B3LYP/aug-cc-pVTZ are illustrated in Fig.4.
Figure 3(a) presents the XMP for the ﬁrst ionization
band (p1) together with the corresponding TMPs for
HOMO (i.e., MO17), of which the lone pair of oxygen
2p predominates. The individual TMPs of ﬁve conformers appear two remarkably diﬀerent characteristics. For
trans geometrical arrangements (t) due to the O−H rotation about C−O bond, i.e., Gt and Tt, TMPs show
‘p-type’ character, similar to the proﬁle of oxygen 2p
lone pair. While for gauche arrangements (g or g′ ), i.e.,
Gg′ , Gg, and Tg, TMPs exhibit ‘sp-type’ proﬁles. The
thermally averaged TMP shows an ‘sp-type’ character,
and can reproduce the XMPs well except at p<0.25 a.u.
It is worth noting that the XMP feature for HOMO
of 2-FE molecule is almost the same as the case of
ethanol [17]. The O−H internal rotation about C−O
bond leads to the obvious change of electron density
distributions for gauche and trans conformers. This
should also be ascribed to the hyperconjugative interc
⃝2015
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FIG. 3 Experimental momentum profiles (XMPs) and the corresponding thermally averaged theoretical momentum profiles
(TMPs) for the outer valence MOs of 2-FE, along with the individual TMPs of each conformer for the corresponding MOs
calculated by B3LYP/aug-cc-pVTZ.
∗
∗
actions between the oxygen lone pair and σC−C
or σC−H
bonds. Such interactions can induce a charge transfer
∗
∗
from the oxygen to σC−C
or σC−H
bonds, and make
the HOMOs of conformers having diﬀerent components
and orbital symmetries. As illustrated in Fig.4, the
HOMO (i.e., MO17) for gauche conformer Gg′ , Gg, or
Tg is composed of oxygen lone pair, σC−C and σC−H
components. While for trans conformer Gt or Tt the
HOMO is a pseudo-π orbital formed by oxygen lone pair
and two reverse-phased σC−H components. Such diﬀerences of orbital components in position space become
well-marked in momentum space, yielding two kinds of
remarkably diﬀerent TMPs, i.e., ‘p-type’ proﬁle and hybrid ‘sp-type’ proﬁle, as shown in Fig.3(a).

The XMP for p2 and the TMPs for MO16 for various conformers are shown in Fig.3(b). It can be seen
that the individual TMPs for gauche (Gg′ , Gg and Tg)
exhibits mainly ‘p-type’ characters while the TMPs for
trans (Gt and Tt) are ‘sp-type’ proﬁles. The thermally
averaged TMP shows a ‘p-type’ character, in line with
the XMP for p2 in shape, but underestimates the experimental intensity in the low momentum region. Figure 3(c) compares the XMP for p3 with the TMPs for
MO15. The individual TMPs of ﬁve conformers both
DOI:10.1063/1674-0068/28/cjcp1410175

display ‘p-type’ feature except for those of Gg′ and Gg
appearing a ‘turn up’ intensity at p<0.25 a.u. In general, the thermally averaged TMP agreed well with the
XMP for p3 in shape. As for the observed high intensity
in Fig.3 (b) and (c), it may be contributed from distorted wave eﬀects in view of the pseudo-π bond character of MO16 and MO15 illustrated in Fig.4. Such πlike MOs were often observed higher intensity than the
PWIA calculations at low momentum region according
to previous EMS studies [15, 47–49].
In Fig.3(d), we plot the XMP for p4 and the corresponding TMPs for MO14. This peak cannot be resolved and lies in the valley of two bands as shown in
Fig.2(b). The large overlaps with p3 and p5 make the
XMP data of p4 scattered. The thermally averaged
TMP shows an ‘sp-type’ proﬁle and could interpret the
XMP qualitatively. For p5 and p6, as shown in Fig.3
(e) and (f), the thermally averaged TMPs of MO13 and
MO12 can reproduce the XMPs well.
For p7 and p8, as we have mentioned above, according to the OVGF calculation, the peak p7 at 17.4 eV
includes the cooperative contribution from MO11 and
MO10, and the one (p8) at 18.3 eV is MO9. Therefore,
we arrange the summed TMPs of MO11 and MO10 to
c
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FIG. 4 The orbital maps in position space of nine outer valence MOs for the five conformers of 2-FE calculated by
B3LYP/aug-cc-pVTZ.
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compare with the XMP of p7 in Fig.3(g), and the TMPs
of MO9 to compare with the XMP of p8 in Fig.3(h).
One can see that agreements between the TMPs and
the XMPs have been achieved, which further conﬁrm
our assignments of the bands at 17.4 and 18.3 eV in
the present BES and the previous PES. In addition, as
shown in Fig.3(g), a noticeable diﬀerence between the
XMP and the summed TMP remains at low momentum
region (p<0.35 a.u.). One possible explanation is the
change of molecular structures in the process of electron
impact, such as isomerization or transition structures
which departures from equilibrium conformers, leading
to a noticeably populated change of conformers. The
similar photo-isomerization induced by the C−H and
O−H vibrational excitations has been reported [50]. If
increasing the abundance of Gt conformer, in general,
the agreement of XMPs and TMPs in Fig.3 can be improved in some extent.
IV. CONCLUSION

We report the ﬁrst EMS measurement on outer
valence-shell binding energy spectra and electron momentum proﬁles for gaseous 2-FE. The experiment results are interpreted on the basis of quantitative calculations of the ionization energies and of the related
Kohn-Sham molecular orbitals at benchmark theoretical levels using OVGF and B3LYP methods. The experimental momentum proﬁles are generally consistent
with the theoretical ones except in the lower momentum
region. Furthermore, according to the EMS measurement combined with the theoretical calculations, the
observed bands ionized from the outer valence orbitals
of 2-FE have been assigned for the ﬁrst time.
As for the discrepancy remained between experiment
and theory, in practice, the interpretation of EMS experiments is subject to numerous complications such as
the validity of PWIA in collision process [15, 47–49], the
isomerization induced by the C-H and O−H vibrational
excitations [50], the thermally induced nuclear dynamics involving all internal degrees of freedom in the electronic initial (neutral) ground state [20], and possibly
ultra-fast nuclear dynamics in the ﬁnal ionized state
[11, 14], in the form of Jahn-Teller distortions [51], as
well as possible bond breaking in the ﬁnal ionized state
[52]. This deserves to further explore in view of the
aspects of complications both experimentally and theoretically, especially for structurally ﬂexible molecules.
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