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Molecular conformation of dimethyl oxalate studied by electron 
momentum spectroscopy
Noboru Watanabe,a Shota Arakaki a and Masahiko Takahashi *a

The shapes of molecular orbitals convey conformational information about the molecule. Electron momentum spectroscopy 
(EMS) is a method that measures individual molecular orbitals in the momentum space, and it may thus offer a tool for 
examining molecular conformation that cannot be fully determined by conventional structure-analysis techniques. In 
consideration of this, EMS measurements were conducted on dimethyl oxalate, the molecular structure of which in the gas 
phase has long been the subject of considerable debate. The obtained momentum profiles were found to be unexplained 
by theoretical calculations with a fixed CC torsional angle, . The deviations from the experiment were almost resolved by 
incorporating the influence of thermal-induced CC torsional motion, inferred from theoretical potential energy curves (PECs) 
along . The findings demonstrate that the CC torsional angle is distributed over the entire range from 0 to 180 at room 
temperature. Furthermore, the energy of the trans-structure is revealed to be lower than that of the cis-structure. For the 
highest occupied orbital, a small but discernible variation was observed in the theoretical momentum profile, depending on 
the PEC used. A theoretical analysis reveals that the PEC dependence is enhanced by decreasing the temperature, indicating 
that EMS experiments at low temperatures may provide a valuable opportunity to examine the torsional potential, whose 
reliable theoretical prediction has been hindered by the delicate balance between  bonding effects and lone pair-lone pair 
repulsion.

Introduction
An accurate understanding of molecular structure is imperative 
for discussing molecular reactivity and functionality at the 
atomic scale. Consequently, precise structural analysis has been 
performed on numerous molecules using various techniques, 
such as x-ray and electron diffraction, microwave spectroscopy, 
vibrational spectroscopy, and nuclear magnetic resonance. 
Nevertheless, there are still molecules whose precise structures 
remain undetermined. Dimethyl oxalate is an example of such 
a molecule. Its molecular structure consists of two methyl 
carboxylate groups linked by a CC bond (see Fig. 1), and as 
demonstrated by the x-ray crystallographic studies, 1,2 dimethyl 
oxalate is confirmed to exist in the planar trans-conformation 
with C2h symmetry in the solid phase. Conversely, the 
conformational properties of the molecule in the gas and liquid 
phases have been the subject of debate since the 1940s. 3-9

 

Fig. 1 Planar trans- and planar cis-conformations of dimethyl oxalate.

  The infrared (IR) and Raman spectra of dimethyl oxalate in the 
solid phase have been shown to exhibit significant disparities 
from those in other phases.3-6 In order to account for these 
observations, several hypotheses concerning the conformation 
in the gas and liquid phases have been proposed. In the early 
studies, the coexistence of trans- and cis-conformers was 
postulated by Saksena 3 and Miyazawa. 4 In contrast, Wilmshurst 
and Horwood 5 proposed that the molecule possesses a single 
nonplanar structure with C2 symmetry, wherein the constituent 
carboxylate groups are rotated by ~40 relative to the planar 
trans-conformation about the central CC bond. A reexamination 
of the IR and Raman spectra led Durig and Brown 6 to a different 
conclusion that the primary skeleton of the molecule is in the 
planar trans-configuration in both the solid and liquid phases; 
however, the methyl groups exhibit a rotation away from the 
plane in the melting process. The infrared spectroscopy study 
by Katon and Lin 7 concluded that dimethyl oxalate in the liquid 
exists as a mixture of two conformational equilibria, one of 
which is the planar trans-structure. In a more recent study, 
Lopes et al. 8 measured the IR spectra of dimethyl oxalate 
isolated in a low-temperature argon matrix and in solid 
amorphous layers, and also performed potential energy 
calculations. Based on the experimental and theoretical results, 
they demonstrated that the large-amplitude torsional vibration 
around the CC bond in the trans-conformation provides a 
rational explanation for the differences observed in the 
vibrational spectra between the crystal and other phases. Later, 
Vishnevskiy et al. 9 conducted a gas electron diffraction (GED) 

a. Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 
Sendai 980-8577, Japan. E-mail: masahiko@tohoku.ac.jp

Page 1 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
1:

11
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CP00868B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp00868b


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

experiment at a temperature of 323 K in conjunction with 
quantum chemistry calculations. The experimental outcome 
was subsequently analyzed using a dynamical model in which 
20 pseudo-conformers with varying CC torsional angles were 
utilized. The analysis yielded a conclusion that cis- and trans-
conformers separated by a low barrier of 0.44 kcal/mol coexist 
in the gas phase, with the cis-conformer being 0.02 kcal/mol 
lower in energy than the trans-conformer. The findings of the IR 
and GED studies by Lopes et al. and Vishnevskiy et al., as well as 
their potential energy calculations, indicate that the 
conformational problem of dimethyl oxalate can be reduced to 
a consideration of the CC torsional angle. However, a 
discrepancy persists among the conclusions of these studies, 
even regarding the question of whether the cis- or trans-
structure is more stable, and further study is thus necessary.
  The shapes of molecular orbitals are contingent upon the 
molecular structure, thereby imparting conformational 
information. Given the distribution of individual orbitals over 
distinct molecular sites, it is conceivable that certain molecular 
orbitals may exhibit a considerable degree of sensitivity to a 
structural parameter of interest. Electron momentum 
spectroscopy (EMS) is an experimental technique that 
facilitates the measurement of molecular orbital shapes in the 
momentum space by means of electron Compton scattering. 10-

12 In view of the aforementioned considerations, EMS can offer 
a promising approach for acquiring molecular-structure 
information that is challenging to extract from other structure-
analysis techniques. The sensitivity of EMS to molecular 
structure has indeed been demonstrated in the investigations 
on interreference structure that appears in electron 
momentum distributions 13-16 and in the analysis of conformer 
abundances for several molecules. 17-23 In the latter studies, the 
electron momentum distributions of individual orbitals, 
referred to as momentum profiles, are theoretically calculated 
for pre-known stable conformers. The abundance ratios are 
then determined so that experimental momentum profiles are 
most reproduced by a weighted sum of the theoretical 
predictions of each conformer. The extension of this approach 
has a potential to enable the application of EMS to the 
conformational study of a molecule, even in cases where the 
equilibrium conformers are not known beforehand, as is the 
case with dimethyl oxalate.

In this study, an EMS experiment has been performed on 
dimethyl oxalate to obtain information about the molecular 
conformation in the gas phase, with a particular focus on the 
torsional angle around the central CC bond. To this end, the 
valence orbital momentum distributions are obtained from the 
experiment, and the results are then compared with theoretical 
momentum profiles calculated at different torsional angles. It 
has been demonstrated that the experimental outcomes are 
not adequately reproducible when a fixed single torsional angle 
is assumed. A detailed analysis of the data reveals that the CC 
torsional angle ranges from 0 to 180 at room temperature due 
to large-amplitude internal rotation, and also that the trans-
structure is more stable in energy than the cis-structure. 
Furthermore, it is shown that EMS experiments at low 
temperature can serve as a valuable tool for examining CC 

torsional potentials, which are recognized as playing an 
important role in the dynamical mechanisms of various 
chemical reactions.

Methods

Experimental

EMS is an electron-impact ionization experiment that measures 
the energies and momenta of the scattered and ejected 
electrons generated under the high-energy Bethe ridge 
conditions. 10-12 In this instance, the ionization process is 
initiated by the collision of the incoming electron with a bound 
target electron, while the residual ion acts as a spectator. The 
binding energy Ebind and the momentum p of the target electron 
prior to the ionization can thus be determined through the 
simple application of the energy and momentum conservation 
laws between the projectile and target electrons. In accordance 
with the plane wave impulse approximation (PWIA), the triple-
differential cross section of the electron impact ionization is 
proportional to the electron momentum profile expressed as 
follows: 10-12

𝑀(𝑝) = 𝜌𝛼(𝑝;𝑸) =
𝑆α

4𝜋 |𝜓α(𝒑;𝑸)|2𝑑Ω𝒑 ,               (1)

and it provides the spherically-averaged momentum density 
distribution of the target electron, (p; Q), with Q being the 
molecular geometry at the moment of the electron collision. 
Here p is the magnitude of the target electron momentum |p|, 
S represents the spectroscopic factor, and (p; Q) denotes 
the momentum-space representation of the normalized Dyson 
orbital. The averaging over the orientation of p, (4𝜋)―1∫ 𝑑Ω𝒑 , 
is taken due to the random orientation of the gaseous target 
molecules. It has been demonstrated that in most cases, the 
Dyson orbital for outer valence ionization can be adequately 
represented by the Hartree-Fock or Kohn-Sham orbital to which 
the target electron belonged before the ionization, and EMS 
allows for the measurement of the molecular-orbital shape in 
momentum space.

A concise overview of the EMS spectrometer utilized is 
provided herein, as the details of the instrument have been 
thoroughly delineated in other documents. 24 The generation of 
an electron beam by an electron gun is followed by its 
intersection with molecular beams effused from multi-nozzles. 
The resultant ionization of the molecule leads to the ejection of 
scattered and ejected electrons. Two outgoing electrons which 
possess nearly identical energies and scattering polar angles of 
45 are dispersed by a spherical analyzer prior to reaching 
position-sensitive detectors. The azimuthal angles of electrons 
that pass through the analyzer are maintained, thus facilitating 
the determination of the energies and the emission angles of 
the outgoing electrons from their arrival positions at the 
detectors. In this experimental geometry, p is expressed as a 
function of the azimuthal angle difference between the 
electrons that are detected in coincidence, . The p 
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dependence of the electron-impact ionization cross section can 
thus be determined through the measurement of the electron 
coincidence counts against .

EMS measurements on dimethyl oxalate were conducted 
using an incident electron energy of E0 = 1.2 keV. The 
experiment did not necessitate the heating of dimethyl oxalate 
(Tokyo Chemical Industry Co. Ltd., > 99.0 %), a powder sample, 
due to its sufficient vapor pressure at room temperature. The 
experimental data were collected over the course of one and 
half months under an ambient sample pressure of 2 ×10−4 Pa. 
To achieve a higher energy resolution, the outgoing electrons 
were decelerated with an energy ratio of 1/2.7 before entering 
the spherical analyzer. The resulting resolutions for Ebind and p 
were, respectively, 1.7 eV full width at half maximum and ~0.16 
a.u. at p = 1.0 a.u.

Theoretical calculations

As previously stated, the present study primarily focuses on the 
mutual angle around the CC bond between the two methyl 
carboxylate groups, which is represented by the O=C-C=O 
dihedral angle, . The geometries with  = 180 and 0 
correspond to the planar trans- and planar cis-geometries, 
respectively. In numerous instances, ab-initio calculations have 
been employed to identify stable conformers of molecules. 
However, it has been demonstrated that for dimethyl oxalate, 
the potential energy curve along the O=C-C=O torsional 
coordinate exhibits significant variation depending on the 
theoretical methods employed, 8,9 which prevents the reliable 
determination of equilibrium conformers from theory. The 
theoretical electron momentum profiles of the molecule were 
thus calculated for a series of molecular geometries with 
different ’s for comparison with experiment. To this end, the 
geometry optimization of the molecule was conducted at the 
level of second-order Møller–Plesset perturbation theory 
(MP2) with fixing  to a specific value. Subsequently, the Kohn-
Sham (KS) orbitals were calculated at the optimized geometry 
employing the Becke-3-parameters-Lee-Yang-Parr (B3LYP) 
functional, 25,26 and in accordance with the target KS 
approximation, 27 the electron momentum profiles at the given 
 were obtained from the KS orbitals using the HEMS program 
developed by Brion and his colleagues. 28 For outer valence 
ionization, the spectroscopic factor is generally close to unity; 
thus, S was set to one. The geometry optimizations and the 
density functional theory (DFT) calculations were performed 
with the Gaussian16 program. 29 The Dunning’s augmented 
correlation-consistent polarization valence basis of triple-zeta 
quality (aug-cc-pVTZ) 30,31 was used in the calculations.

Eqn (1) presupposes that the constituent atoms are fixed at a 
geometry represented by Q. However, recent EMS studies have 
demonstrated that the changes in the nuclear positions due to 
internal molecular vibration may considerably influence on the 
momentum profiles. 32-38 To incorporate this vibrational effect, 
additional calculations were carried out with the harmonic 
analytical quantum mechanical (HAQM) approach. 32-34 Within 

this method, the electron momentum profile is approximately 
expressed as

𝑀(𝑝) = 𝜌α(𝑝,𝑸0) +

v
𝑃v(𝑇)

L

⟨𝜉vL(𝑄L)│𝜌α 𝑝,𝑸0 + 𝑄L𝒒L ― 𝜌α(𝑝,𝑸0)│𝜉vL(𝑄L)⟩ ,   (2)

where Q0 is the equilibrium geometry and vL(QL) denotes the 
harmonic oscillator function of the L-th normal mode, in which 
the constituent atoms change their positions along a unit vector 
that indicates the direction of the corresponding normal 
coordinate, 𝒒L. The population of the vibrational level at 
temperature T, denoted as Pv(T), is assumed to be the 
Boltzmann distribution. The second term on the right-hand side 
of the equation delineates the influence of molecular vibration 
and is represented as the sum of terms, each corresponding to 
the contribution from a single vibrational mode. 

In the HAQM calculations, the normal mode analysis was 
performed at the level of MP2 with the aug-cc-pVTZ basis set 
(MP2/aug-cc-pVTZ) following the above stated geometry 
optimizations wherein the value of  was fixed. Subsequently, 
the momentum profiles were calculated in accordance with eqn 
(2), assuming room temperature (T = 298 K). The lowest 
vibrational mode corresponds to the torsional vibration around 
the CC bond, and its normal coordinate is practically along . In 
the normal mode analysis, the frequency of this torsional 
vibration cannot be obtained except at  = 13 and 180 where 
the MP2/aug-cc-pVTZ calculation predicts a minimum of the 
energy. Thus, the contribution of the CC torsional vibration was 
excluded from the calculations; its influence will be discussed 
later. The remaining vibrational modes were treated within the 
harmonic approximation, with the exception of two methyl 
torsional modes with large anharmonicity, whose influence was 
inferred in a manner analogous to a method described 
elsewhere. 39,40 The vibrational effect on the momentum 
profiles (the second term of eqn (2)) at  = 180 was calculated 
with two types of basis sets: valence triple zeta quality, aug-cc-
pVTZ, and valence double zeta quality, aug-cc-pVDZ. 30,31 The 
obtained results were found to be highly consistent with each 
other; thus, the second term of eqn (2) at other angles was 
obtained at the B3LYP/aug-cc-pVDZ level to reduce the 
computational costs, while the first term was calculated at the 
B3LYP/aug-cc-pVTZ level. The theoretical momentum profiles 
obtained based on eqn (2) are henceforth referred to as 
vibrational effects calculations, while those based on eqn (1) 
with Q of the optimized geometry are denoted as the 
equilibrium geometry calculations.

To facilitate the attribution of the ionization bands, the 
vertical ionization energies at the planar trans- and planar cis-
conformations were calculated using the equation-of-motion 
coupled-cluster singles and doubles for ionization potentials (IP-
EOM-CCSD) method 41 with the cc-pVDZ basis set. The 
calculations were executed using the GAMESS program, 42 and 
the results are presented in Table I, along with the experimental 
values reported in a photoelectron spectroscopy study. 43 The 
differences in the orbital energies between the trans- and cis-
geometries are small, amounting to less than the Franck-
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Condon widths observed in the photoelectron spectrum. 43 This 
suggests that the ionization energies lack sufficient sensitivity to 
 to discern the molecular conformation.

Table I Vertical ionization potentials (IPs) calculated at the IP-EOM-CCSD level of theory.

trans cis Expt. 43

State IP (eV) State IP (eV) IP (eV)
13ag

-1 9.93 13a1
-1 10.36 10.30

3au
-1 11.11 12b2

-1 10.98 11.42
3bg

-1 11.41 3a2
-1 11.11 11.74

12bu
-1 11.74 3b1

-1 11.44
12ag

-1 12.89 11b2
-1 13.10 13.17

11bu
-1 13.26 12a1

-1 13.26 13.48
2bg

-1 13.52 2a2
-1 13.52

11ag
-1 14.66 2b1

-1 14.79 14.56
2au

-1 14.76 11a1
-1 14.88 14.89

10bu
-1 15.84 10b2

-1 15.77
10ag

-1 16.09 9b2
-1 15.95 16.4

1bg
-1 16.46 1a2

-1 16.46
9bu

-1 16.57 10a1
-1 16.73 16.8

1au
-1 17.03 1b1

-1 17.05
9ag

-1 18.07 9a1
-1 18.35 18.7

Results and discussion

Binding energy spectrum

In the planar trans-geometry, dimethyl oxalate belongs to the 
C2h point group. According to the IP-EOM-CCSD calculation, the 
outer-valence electron configuration of the molecule can be 
expressed as follows:

(9ag)2(1au)2(9bu)2(1bg)2(10ag)2(10bu)2(2au)2(11ag)2

(2bg)2(11bu)2(12ag)2(12bu)2(3bg)2(3au)2(13ag)2.
The orbital designations in the C2h geometry are to be used 
henceforth. 

Figure 2 presents the binding energy spectrum of dimethyl 
oxalate, derived by plotting the number of electron-electron 
coincidence events against the binding energy of the target 
electron. The separation of the individual ionization bands has 
been accomplished through a deconvolution process, in which 
the profile of each ionization band is represented by a Gaussian 
function. The center position and width of the Gaussian 
functions were determined from the photoelectron spectrum 
with high energy resolution, 43 in conjunction with the 
instrumental energy resolution, and their heights were utilized 
as the sole fitting parameters to reproduce the experimental 
spectrum. The same fitting procedure was applied to the 
ionization spectra at each . By plotting the areas under the 
Gaussian curves against p, the momentum profiles of the three 
lowest ionization bands were obtained. The first band is 
associated with the ionization from the highest occupied 
molecular orbital (HOMO), 13ag, while the second band is 
formed by ionizations from the close-lying 3au, 3bg, and 12bu 
orbitals (denoted as {3au + 3bg + 12bu}, hereafter). The third 
band is constituted by ionizations from the subsequent three 

orbitals, 12ag, 11bu, and 2bg, referred to as {12ag + 11bu + 2bg} 
below.

Fig. 2 The binding energy spectra of dimethyl oxalate for (a) the sum of the entire  
region covered by the experiment as well as at (b)  = 1 and (c)  = 9. The dashed 
curves in the figure represent the deconvolution functions, with each curve 
corresponding to a specific ionization band, and the sum of these functions is depicted 
by a solid line.

Momentum profiles

Figure 3 presents the experimental momentum profiles thus 
obtained, along with the vibrational effects calculations at 
geometries with representative  values of 0, 90, and 180. 
Moreover, a comparison is made between the vibrational 
effects and equilibrium geometry calculations at  = 0 and 180 
in the right panels of the figure. The comparison reveals that, 
while molecular vibration exerts relatively minor effects on the 
momentum profiles of the 13ag and {3au + 3bg + 12bu} orbitals, 
the influences are not negligible for quantitative discussions. 
Furthermore, the vibrational effects calculation for the {12ag + 
11bu + 2bg} momentum profile predicts significantly higher 
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intensity at low momentum compared to the equilibrium 
geometry calculation, indicating the crucial importance of 
incorporating the vibrational effect in order to accurately 
interpret the experimental result of the third band. These 
tendencies have been observed for all CC torsional angles at 
which the calculations were performed.

As demonstrated in Fig. 3, the theoretical momentum profile 
of the 13ag orbital exhibits a notable  dependence. This orbital 
is predominantly composed of O 2p orbitals in the C=O sites in 
conjunction with the C-C bonding electron distribution, and its 
momentum profile is shown to be highly sensitive to . Despite 
the predominant maximum being observed at p ~ 0.8 a.u. in the 
experiment, the calculation assuming  = 180 has predicted 
the presence of the maximum intensity at p = 0. This 
discrepancy clearly indicates that the molecular structure in the 
gas phase is different from the planar trans-geometry of the 
molecule in the crystal. Deviation from the experiment is also 
evident at  = 0 and 90, and the same is true for other angles. 
The experimental momentum profile has not been adequately 
reproduced by the calculation assuming any fixed  value.

Fig. 3 Experimental and theoretical momentum profiles of the outer valence orbitals of 
dimethyl oxalate. The left panels compare the experimental results with the vibrational 
effects calculations at  = 0, 90, and 180, all of which are folded with the instrumental 
momentum resolution. The right panels present comparisons between the vibrational 
effects and equilibrium geometry calculations at  = 0and 180 without the influence 
of the instrumental resolution. The inset in the upper left panel presents the theoretical 
images of the 13ag orbital at  = 180and 0.

Discernible alternations in the theoretical momentum 
profiles with  are also observed for the {3au + 3bg + 12bu} and 
{12ag + 11bu + 2bg} orbitals, while the  dependences are 
smaller in comparison to the case of the 13ag orbital. The 
experimental result of the {3au + 3bg + 12bu} orbital shows a 
reasonable agreement with the calculation when  is set to 
180. Conversely, for the {12ag + 11bu + 2bg} orbital, a 
discernible discrepancy emerges between the experiment and 
the calculation with  = 180, and the former aligns closely with 
the calculations at  = 90. It is evident that, given a fixed O=C-
C=O dihedral angle, no theoretical results have been obtained 
that reproduce both sets of experimental results for the {3au + 
3bg + 12bu} and {12ag + 11bu + 2bg} orbitals. The findings indicate 
that molecular conformations with different  values 
contribute to the experimental results. In early studies, 3,4 the 
coexistence of trans- and cis-conformers was postulated to 
explain the appearance of infrared- and Raman-bands that are 
forbidden for the planar trans-conformation. However, in the 
attempt to reproduce the experimental momentum profile by 
the weighted sum of theoretical predictions for the trans- and 
cis-geometries, no weighting factor could be identified that can 
reasonably explain the experimental results of all three 
ionization bands simultaneously.

Influence of the CC torsional motion

In order to infer the distribution of conformations with different 
 values, the potential energy curve along the O=C-C=O 
dihedral coordinate has been constructed by plotting the 
energies obtained from a series of restricted geometry 
optimizations in which  is kept constant. It has been reported 
that the potential energy curve of dimethyl oxalate exhibits 
significant sensitivity to the theoretical approach employed, 
owing to a delicate balance between two factors: the -
conjugation effect between the C=O groups and lone pair-lone 
pair repulsion. 8,9 The calculations were thus conducted at two 
different levels: the MP2 method and the DFT approach with 
the B3LYP functional. The aug-cc-pVTZ basis set was utilized in 
the calculations. The results are depicted in Fig. 4. The figure 
also presents the potential energy curve reported in a GED 
study. 9 This curve was inferred so as to maximize the 
reproduction of the gas-phase electron diffraction data based 
on a dynamic model. It is evident that there are substantial 
discrepancies among the potential energy curves. However, in 
all cases, the energy relative to the minimum value is either 
smaller than or comparable to the thermal energy at room 
temperature, ~207 cm-1, across the majority of the dihedral 
angle range. Consequently, it is anticipated that the internal 
rotation around the CC bond leads to the variation of  from 0 
to 180, and its influence should be taken into account in the 
data analysis.
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Fig.4 The potential energy curves of dimethyl oxalate along the O=C-C=O dihedral angle 
(top panel) and dihedral-angle distributions derived from these curves, with a 
temperature of 298 K (bottom panel). The theoretical results at the MP2 and B3LYP levels 
are represented as dashed lines with filled circles and solid lines with filled squares, 
respectively. The chain lines are result of the GED study by Vishnevskiy et al. 9

In order to ensure the reliability of the analysis, it is necessary 
to incorporate not only the influence of the internal rotation 
around the CC bond but also the contributions of other 
vibrational modes. Within the HAQM approach, the influences 
of molecular vibration have been calculated under the 
assumption that the molecular structure varies in the vicinity of 
a well-defined equilibrium geometry due to internal vibrations. 

32-38 However, the method cannot be directly applied to the 
present case, as the molecular structure undergoes significant 
change over a wide range of , and the vibrational effect may 
notably change with the angle. To address this issue, an 
adiabatic approximation is introduced as described below.

The internal motion with changing  corresponds to the 
torsional vibration around the CC bond. The normal mode 
analysis indicates that the frequency of the CC torsional 
vibration is in a few tens of cm-1, and the energy separation 
between the neighboring vibrational levels is significantly lower 
than the thermal energy at room temperature. Accordingly, the 
 distribution can be adequately described by the following 
Boltzmann distribution: 

𝑃(𝜑;𝑇) = exp
―𝑉(𝜑)

𝑘𝐵𝑇 𝑍 ,

where kB and Z represent the Boltzmann constant and the 
partition function, respectively, and V() denotes the potential 

energy function along . The  distributions at room 
temperature are illustrated in the bottom panel of Fig. 4, with 
the maximum values being rescaled to 1. It is reasonable to 
hypothesize that the large-amplitude CC torsional motion is 
significantly slower compared to the other vibrational modes 
with higher frequencies. Within this assumption, the gradual 
change in the molecular geometry induced by the CC torsional 
vibration can be treated as adiabatically slow when considering 
the influence of the other vibrational modes. According to this 
adiabatic approximation, the results of the vibrational effects 
calculations conducted at each  are averaged over the angle 
after weighting P(; T) to obtain the momentum profiles that 
include the influences of both large-amplitude CC torsional 
motion and other vibration modes. 

Fig. 5 Comparison of the experimental momentum profiles with theoretical calculations 
that incorporate the influence of the CC torsional motion at room temperature as well 
as the effect of other vibrational modes. The dashed, solid, and chain lines represent the 
theoretical results obtained using the MP2, B3LYP, and GED potential energy curves, 
respectively. All theoretical momentum profiles are folded with the instrumental 
momentum resolution.

Figure 5 compares the theoretical momentum profiles thus 
obtained using the three different V()’s depicted in Fig. 4 with 

0 60 120 180
O=C-C=O dihedral angle (deg.)

0

0.5

1

R
el

at
iv

e
Po

pu
la

tio
n

MP2
B3LYP
GED

0

200

En
er

gy
(c

m
-1

)
Potential energy curve

MP2
B3LYP
GED

0

0.02

0.04 HOMO (13ag)

MP2
B3LYP
GED

Expt.
Theory

0

0.05

0.1

In
te

ns
ity

(a
rb

.u
ni

ts
) 3au+3bg+12bu

MP2
B3LYP

Expt.
Theory

GED

0 1 2
Momentum (a.u.)

0

0.05

0.1

0.15
12ag+11bu+2bg

MP2
B3LYP

Expt.
Theory

GED

Page 6 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
1:

11
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CP00868B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp00868b


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

the experiment. It is evident that all calculations have yielded 
substantial enhancements in the agreement with the 
experimental results, compared to the case assuming a fixed  
value. For the 13ag orbital, the experiment exhibits a relatively 
uniform distribution up to p ~ 0.3 a.u., followed by a maximum 
at p ~ 0.8 a.u. These features are accurately reproduced by the 
theoretical results. Furthermore, the calculations demonstrate 
good accordance with the experimental outcomes for both the 
{3au + 3bg + 12bu} and {12ag + 11bu + 2bg} orbitals. These findings 
clearly indicate that the structure of dimethyl oxalate 
distributes over a wide  region at room temperature.

While the incorporation of the  distribution effect into the 
calculation results in the reasonable agreement with the 
experimental momentum profiles, deviation from the 
experiment persists to some extent at p < ~0.5 a.u. for the {3au 
+ 3bg + 12bu} and {12ag + 11bu + 2bg} orbitals. One potential 
origin of the discrepancy is the distortion of the incoming and 
outgoing electron waves from plane waves (distorted-wave 
effect), which is caused by the target potential. 10 It has been 
established that the distorted-wave effect, which emerges 
when the incident electron energy is not sufficiently high to 
satisfy the PWIA, may enhance the intensity near p = 0 for 
orbitals that possess a d-orbital-like shape, such as a * orbital. 

44-46 The 3au, 3bg, and 2bg orbitals exhibit a  antibonding 
character, thereby enabling the manifestation of the distorted-
wave effect at small p in the {3au + 3bg + 12bu} and {12ag + 11bu 
+ 2bg} momentum profiles. An additional experiment was thus 
conducted at a lower incident electron energy of 0.8 keV to 
examine the distorted-wave effect. The results of the 
experiment are provided in the supplementary information. For 
the 13ag orbital, the momentum profiles at E0 = 0.8 and 1.2 keV 
are in agreement within the error bars, indicating the 
achievement of the high energy limit (see Fig. S2 in the 
supplementary information). In contrast, the {12ag + 11bu + 2bg} 
momentum profile at E0 = 0.8 keV has exhibited higher intensity 
below p ~ 0.7 a.u. than that at E0 = 1.2 keV. A similar tendency 
has been observed for the {3au + 3bg + 12bu} momentum profile, 
though the change with E0 is less distinct compared to the case 
of the {12ag + 11bu + 2bg} orbital. These findings indicate that 
the high energy limit is not attained at E0 = 0.8 keV, suggesting 
the potential persistence of the distorted-wave effect even at 
E0 = 1.2 keV for the second and third ionization bands. In the 
following, the focus is on the 13ag orbital, for which the 
distorted-wave effect is deemed negligible.

A closer look at Fig. 5 reveals a small but discernable 
discrepancy between the theoretical momentum profiles of the 
13ag orbital. This can be attributed to the disparity between the 
potential energy curves employed in the calculations. In the 
vicinity of p = 0, the GED result exhibits lower intensity than the 
other theoretical predictions and considerably underestimates 
the experiment. Theoretical calculations for each  have 
indicated that the 13ag momentum profile of the planar trans-
conformer ( = 180) displays a predominant maximum at p = 0 
(see Fig. 3) and that the peak intensity diminishes with the 
reduction of  until the angle reaches ~120. For geometries 
with  lower than 120, a minimum has been observed at p = 0. 
The GED result demonstrates a shallow minimum at p ~ 0, while 

the experiment exhibits a local maximum at that point. It 
indicates that the contribution from trans-conformation has 
been notably underestimated in the GED result, which was 
obtained using a potential energy curve with close energies of 
the cis- and trans-conformations. It can be deduced from the 
finding that the energy of the cis-conformation is higher than 
that of the trans-conformation. Indeed, at p ~ 0, the experiment 
is in excellent agreement with the theoretical momentum 
profiles obtained from the potential energy curves at the MP2 
and B3LYP levels, both of which indicate the energy at  = 0 to 
be higher by 2102 cm-1 than that at  = 180 (see Fig. 4). 

A comparison of the MP2 and B3LYP results reveals that the 
latter exhibits higher intensity than the former at p = 0.2−0.8 
a.u. and aligns more closely with the experiment in that p 
region. However, the difference between the two theoretical 
momentum profiles is not significant, and furthermore, both 
exhibit an underestimation of the experiment in the p region 
from 0.64 to 1.12 a.u. beyond the error bars. Thus, it is not 
possible to draw a definitive conclusion about the validity of the 
theoretical potential energy curves solely from the present 
results.

Temperature dependence of the 13ag momentum profile

Despite the substantial difference between the MP2 and B3LYP 
potential energy curves, the theoretical momentum profiles 
derived using these curves exhibit a high degree of similarity. It 
is conceivable that the averaging of the momentum profile over 
a wide  range at room temperature smears out the 
dependence on the potential energy curve. In this case, 
conducting the experiment at a sufficiently low temperature 
can result in the enhancement of the difference between the 
momentum profiles obtained from the different potential 
energy curves. This is due to the fact that the molecular 
structure is concentrated around the bottom of the potential 
well, where a significant discrepancy between the MP2 and 
B3LYP results becomes evident. The execution of such an 
experiment is indeed possible through the employment of a 
supersonic molecular beam technique. In anticipation of future 
research endeavors focused on cooling molecules, a theoretical 
investigation is conducted to explore the temperature 
dependence of the 13ag momentum profile.

The theoretical momentum profiles of the 13ag orbital, 
calculated under the assumptions of T = 50, 100, and 298 K, are 
presented in Fig. 6. The temperature dependence is 
incorporated in the present model by the Brotzman distribution 
for the CC torsional angle, as well as Pv(T) in eqn (2). The top 
panel of the figure displays the results obtained through the 
utilization of the MP2 potential energy curve, indicating that the 
intensity at p ~ 0 increases with decreasing temperature. A 
comparable temperature dependence has also been observed 
in the calculation employing the B3LYP potential energy curve, 
as illustrated in the middle panel of the figure. However, the 
extent of the increase in the intensity at p ~ 0 is considerably 
smaller than the calculation using the MP2 potential energy 
curve. This discrepancy is more clearly seen in the direct 
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comparison of the momentum profiles calculated for T = 50 K 
(depicted in the bottom panel). The MP2 calculation has 
predicted that the planar trans-geometry is the equilibrium 
geometry, and that the energy of the molecule rapidly increases 
with the decrease in  from 180. In contrast, the equilibrium 
geometry derived from the B3LYP calculation is at  = 148.2, 
and the potential energy curve exhibits a pronounced flatness 
over the range of 140 – 180 (see Fig. 4). The observed 
discrepancy between the two theoretical predictions can be 
attributed to the difference in the theoretical potential energy 
curves. The present result indicates that the EMS experiment at 
low temperature offers an opportunity to examine the potential 
energy curve. A study based on this idea is currently being 
planned in our group.

Fig. 6 Theoretical momentum profiles of the 13ag orbital at T = 50, 100, and 298 K, which 
were obtained using the potential energy curves at the (a) MP2 and (b) B3LYP levels. 
Panel (c) presents a comparison of the momentum profiles at T = 50 K obtained using 
the MP2 and B3LYP potential energy curves. The  distributions derived from these 
curves are illustrated in the insert of panel (c).

Summary

EMS experiments were conducted on dimethyl oxalate in order 
to assess the efficiency of EMS in investigating molecular 
conformation. The experimental momentum profiles were then 
compared with theoretical calculations employing a series of 
molecular geometries that vary the CC torsional angle, . It has 
been revealed that the momentum profile of the 13ag orbital is 
highly sensitive to , and that the experimental outcomes 
cannot be adequately explained under the assumption of  
being fixed to a single value. In the light of this finding, an 
extension of the HAQM approach was introduced to 
incorporate the influence of both the large-amplitude CC 
torsional motion and other vibrational modes into the 
theoretical momentum profiles. Consequently, the deviation 
from the experiment has been almost resolved, indicating that 
 varies from 0 to 180 at room temperature due to the 
internal rotation around the CC bond. A comparison of the 
experiment with the theoretical momentum profiles obtained 
using different potential energy curves demonstrates that the 
trans-structure possesses a lower energy than that of the cis-
structure. 

Theoretical explorations were subsequently conducted on 
the temperature dependence of the 13ag momentum profile, in 
anticipation of future research on structural flexible molecules 
cooled through the utilization of a supersonic molecular beam 
technique. The theoretical momentum profile of the 13ag 
orbital exhibited a considerable variation with temperature, 
and the difference between the results obtained using the MP2 
and B3LYP potential energy curves was found to be enhanced 
with decreasing temperature. This finding suggests that the 
EMS experiment at low temperature provide a valuable 
opportunity to examine the CC torsional potential, whose 
prediction exhibits a considerable variation with the theoretical 
method employed.

The present study has demonstrated that EMS can be used to 
investigate molecular conformations that are challenging to be 
fully determined by conventional structure-analysis techniques. 
In particular, the extended HAQM approach based on the 
adiabatic approximation furnishes a foundation for the 
application of the EMS method to molecules that exhibit a high 
degree of flexibility along a torsional coordinate. Torsional 
potentials have been shown to play a pivotal role in the 
dynamical mechanisms of chemical reactions, 47 and have been 
an active subject of theoretical studies. 47,48 EMS may offer an 
experimental tool to investigate torsional potentials and the 
influence of torsional motion on electronic wavefunctions.
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keV.
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Data availability
The experimental and theoretical results supporting this article have been included within the 

article and the supplementary information. The supplementary information contains the binding 

energy spectrum and electron momentum profiles of dimethyl oxalate measured at an incident 

electron energy of 0.8 keV.
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