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Simulating electron momentum spectra of 𝑖𝑠𝑜-C2H2Cl2:
A study of the core electronic structure*
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Electron momentum spectroscopy (EMS) has been used for the first time to study core electronic structure of iso-
C2H2Cl2. In the present work, the pronounced difference between ionization energies of two C1s core orbitals (2A1 and
3A1) is seen as a chemical shift of 3 eV, which is due to different chemical environments of the related carbon atoms. Both
the calculated spherically averaged core electron momentum distributions (MDs) and three-dimensional electron momen-
tum density maps show that these core molecular orbitals (MOs) 2A1 and 3A1 exhibit strong atomic orbital characteristics
in real and momentum space. However, the core states 2B2 and 4A1, which are almost degenerate and related to two equiv-
alent atoms, exhibit notable differences between the momentum and position depictions. In contrast to the position space,
the momentum density maps of these two core MOs highlight the interference effects which are due to the nuclear positions.
The 2B2 orbital of iso-C2H2Cl2 is the antisymmetric counterpart of the 4A1 core orbital in real space. However, it relates to
the 4A1 orbital by an exchange of maxima and minima in momentum space. Due to interference effects between electrons
scattered from different atomic centers, modulations with a periodicity of 1.12 a.u. can be seen in the computed momentum
densities, which tend to decay with increasing electron momenta. Accordingly, the EMS can not only effectively image the
electronic structure of compounds by studying valence orbitals, but also provides direct information on the nature of the
nuclear geometry by investigating the core states.
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1. Introduction

Electron momentum spectroscopy (EMS), based on a bi-
nary (e, 2e) single electron ionization, is a uniquely pow-
erful theoretical and experimental tool of obtaining infor-
mation about the electronic structure of matter, atoms, and
molecules.[1–9] It has been known as an informative exper-
imental method for direct and precise measurements of the
ionization energy spectrum. It determines orientationally aver-
aged orbital momentum densities corresponding to individual
ionic states. In the (e, 2e) electron impact ionization reac-
tion, an incident electron of energy E0 causes the single elec-
tron ionization of the target system. The EMS kinematics can
be completely determined by detecting the two outgoing scat-
tered electrons in coincidence, with energies E1 and E2, polar
angles θ1 and θ2, and a relative azimuthanl angle φ . The suit-
able experiment configuration used in this present work is the
symmetric non-coplanar geometry in which cross sections are
measured for scattering at equal energies (E1 = E2) with equal
polar angles (θ1 = θ2 = 45∘) and a varying relative azimutal
angle φ .

Within the plane wave impulse approximation (PWIA),
the binary encounter approximation, and the target Hartree–
Fock or Kohn–Sham approximation,[1,10] the differential EMS
cross sections for randomly oriented molecules at gas phase

are given by[10]

σEMS ∝

∫
|ϕα (𝑝)|2dΩ , (1)

where 𝑝 is known as the momentum of the target electron at
the instant of ionization, and ϕα (𝑝) is the Fourier transform
of the real representation orbital wavefunction ϕα (𝑟). The
quantity dΩ gives the spherical average over the random ori-
entations of the target molecules.

The core MO energies are calculated using ab ini-
tio Hartree–Fock (HF) and density functional theory (DFT)
in conjunction with the nonlocal hybrid and gradient
corrected Becke-three-parameter Lee–Yang–Parr functional
(B3LYP)[11,12] and Dunning’s correlation consistent polarized
valence basis set of triple-ξ quality basis set augmented by a
set of diffuse {s, p} functions on the hydrogen atoms together
with a set of diffuse {s, p, d} functions on the carbon and chlo-
rine atoms (aug-cc-pVTZ).[13]

Chemists usually concentrate on valence shells[14–20] or
the frontier MOs[21,22] for chemical bonding mechanisms not
only because they are more accessible to experimental obser-
vation but also because of their importance to chemical pro-
cesses, and the theoretical interest in calculating SCF wave-
fucntions and many-body effects.[23–25] Moreover, this is true
for most cases in chemical science since the core states show
very strong atomic characteristics in various chemical envi-
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ronments. However, core orbitals do also exhibit properties of
theoretical and practical significance, which makes their stud-
ies worthwhile. Splitting of core levels through spin–orbit and
exchange interactions, and so-called chemical shifts induced
in core binding energies by the molecular or crystal environ-
ment, have already been exploited in electron spectroscopy
for chemical analysis (ESCA) spectra to deduce some infor-
mation about chemical dynamics.[26–30] The measurement of
core electron momentum distributions through EMS can be
expected to provide richer details than the observation of bind-
ing energies alone, as has been demonstrated by direct obser-
vations of the chemical shift and electron momentum distribu-
tions of core shell in N2O.[31] In momentum space, core or-
bitals are rich in information on molecular geometry and ori-
entations. This promises to be a fruitful area of research, in
particular in studying the properties of molecules on surface,
because interference phenomena have been of crucial impor-
tance in the foundation of quantum mechanics. Cohen and
Fano[32] predicted by using a simple model that the spectrum
of photoelectrons emerging from diatomic molecules is mod-
ulated by interferences. It has been reported that EMS can
show interference effects in diatomic molecules such as H2

[1]

and N2.[26]

As in the simpler cases of unsaturated hydrocarbon
molecules with a single C=C double bond, ethylene and its
derivatives including vinyl halides, dimethyl-substitutes, and
dihalo-substitutes have been focused on.[33–36] Investigating
the electronic structure of these molecules help to understand
the effects of ligand substitution and isomeric changes on the
C=C bonding morphology. In particular, by comparing the
high-resolution He-I, and He-II photoelectron spectra of cis-,
trans-, and iso-dichloroethylene isomers, it has been demon-
strated that the valence-shell features of these isoelectronic
series are similar.[37–40] In addition, in the photoelectron in-
vestigation performed with monochromatic synchrotron radi-
ation at a photon energy of 120 eV, Ying and Leung[41] have
observed the extensive many-body states of these isomers in
the inner-valence region, which can be referred to as break-
down of the orbital picture of ionization in the inner valence
region. Cederbaum and his co-workers have studied in details
this general phenomenon, and their famous studies[42–44] sup-
port the view that the independent particle or orbital picture of
ionization most often breaks down in the inner-valence region.
The electronic structure and reactivity of these molecules are
also of practical interest to the synthesis of conducting poly-
meric materials. Gorunganthu et al.[33] discussed the MDs of
the highest occupied molecular orbitals in ethylene and vinyl
halides in 1989. The theoretical and experimental investiga-
tion of MDs of valence-shell ionic states of the geometric iso-
mers of dichloro-substituted ethylene, i.e., iso, cis, and trans
isomers of dichloro-substituted ethylene, have been reported

previously.[45–47] The general features of the complex struc-
ture observed in the inner valence region in these studies on the
valence-shell electron MDs indicate the need for more elab-
orate quantum chemistry calculations that take into account
of electron final or initial–final state correlation effects. It
should be noted that core ionization is also subject to a dis-
persion of the ionization intensity into shake-up states. Al-
though this problem is less acute than for the inner-valence
region, it should not be ignored. The famous papers[48–50] by
Dobrodey, Cederbaum, and Tarantelli using Green’s function
explain that a phenomenon of partial localization of core holes,
which leads to distinct interference effects in X-ray photoelec-
tron spectra. In this work, we want to find this distinct inter-
ference effects in the electron momentum distributions of core
orbitals of iso-C2H2Cl2, so the relativistic effects have been ig-
nored. However, it should be stated that due to the interaction
among electrons and the spin–orbital interaction, relativistic
effects at low moments and for valence orbitals of heavy ele-
ments cannot be neglected. References [51] and [52] indicated
that relativistic effects have significant influences on the mo-
mentum distributions for valence orbitals of I2 and Au2.

Although EMS is a well-established and successful probe
of the valence-shell electronic structure of a wide range of
atomic and molecular targets, it has seldom been applied to
core states because of the weakness of the cross section in the
core region. The observed binding energy value interval be-
tween two C1s core MOs of iso-dichloroethylene is approxi-
mately 3 eV,[48–50] so with a high performance electron mo-
mentum spectrometer, EMS measurements upon these core
levels may be foreseen in the near future. Hence, the EMS
studies of core orbitals for iso-C2H2Cl2 at this time can only
rely on theoretical electronic structure in momentum space. To
our knowledge, it is the first global study of core orbitals MDs
of iso-C2H2Cl2, as it has never been studied previously either
theoretically or experimentally.

2. Results and discussion
2.1. Core orbital ionization energy

Iso-dichloroethylene belongs to the symmetry point
group C2v and the principal C2-rotational axis is the z axis, its
reflection plane is yz plane. The core orbitals of ground state
electronic configuration of iso-C2H2Cl2 can be written as

· · ·(2A1)
2(3A1)

2(2B2)
2(4A1)

2 · · · .

Since core MOs usually have atom-localized electronic
states, the binding energies and orbitals of the core electrons
are element specific in the core region. Figure 1 demonstrates
that in position space, the electron density appears atomic-like,
the electrons being concentrated very close to the correspond-
ing nuclei with essentially no density between them. The core
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MOs 2A1 and 3A1 of iso-C2H2Cl2 are centered at the (right)
carbon atom labeled by CR (see Fig. 1(a)), at the side of the
chlorine atoms, and the other (left) carbon atom labeled by
CL, at the side of the hydrogen atoms (see Fig. 1(b)), respec-
tively. From the other side, the 2B2 orbital is the antisymmet-
ric counterpart of 4A1 core orbital. These core orbitals con-
sist primarily of the 2s orbitals of chlorine, being either out of
phase (2B2, Fig. 1(c)) or in phase (4A1, Fig. 1(d)), in a position
space perspective. Details of all core MOs binding energies of
iso-dichloroethylene and the atomic orbital energies of carbon
and chlorine atom are shown in Table 1.

As shown in Table 1, the binding energies of the four core
orbitals of iso-dichloroethylene are higher when ∆B3LYP is
used, compared to OE (B3LYP) and SAOP. However, the en-
ergy differences between the 2A1 and 3A1 states, as well as
the degenerate core MOs 2B2 and 4A1 are in agreement with
three theoretical calculations. After the careful examination of
all the core orbital energies of the two carbon atoms, it is no-
ticed that the calculated results underestimate the experimen-
tal ones. However, the energy trends for the CR and CL are the
same in the ∆B3LYP, OE (B3LYP), and SAOP calculations:
CR exhibits larger core MO energies than CL. As can be seen
from Table 1, the binding energy of MO 2A1 overestimates
that of MO 3A1 by about 3.0 eV due to the electronegativ-
ity of the chlorine atoms. This difference in energy level is
linked with the chemical shift observed in ESCA spectra,[30]

which originates from different chemical environments which
surround the two nuclei CR and CL. For the core states of
the 2s orbitals of the chlorine atoms, which have an analogous
surrounding except that the 2B2 orbital is out of phase and the
4A1 is in phase, the binding energies are nearly degenerate.
With present-day techniques, it is impossible to resolve them.

H H

H
H

H

H
H

H

C CC
C

C
C

Cl

Cl

Cl

Cl
(a) 2A(CR1s) (b) 3A(CL1s)

(c) 2B(Cl2s) (d) 4A(Cl2s)

Fig. 1. (color online) Core orbital electron density maps of iso-C2H2Cl2
in position space. (a) 2A1 (CR1s), (b) 3A1 (CL1s), (c) 2B2 (Cl2s), and
(d) 4A1 (Cl2s).

Table 1. The experimental and theoretical vertical ionization potentials
(eV) of C1s orbitals of the three molecules (C2Cl4, iso-C2H2Cl2, and
C2H4) and Cl2s orbitals of iso-C2H2Cl2 together with the C1s orbital of
isolated C atom and Cl2s orbital of isolated Cl atom are showed. Three
types of theoretical calculations (∆B3LYP, OE, SAOP)[53,54] are con-
ducted with the ADF program for each orbital of every molecule. The
magnitude of orbital energy is abbreviated to OE. TZ2P basis sets are
employed throughout the calculation.

Orbital Expt.a) ∆B3LYP OE(B3LYP) SAOP

C-atom 1s 298.65 281.56 277.00

C2Cl4
2Ag 293.64 289.24 280.67 276.79

2B1u 293.64 289.22 280.64 276.77

iso-C2H2Cl2
2A1 293.62 290.64 280.22 276.50

3A1 290.93 287.76 277.41 273.83

C2H4
1Ag 290.7 286.59 276.94 273.49

1B1u 290.7 286.57 276.92 273.47

Cl-atom 2s 269.11 258.53 253.25

iso-C2H2Cl2
2B2 277.90 263.57 257.96 252.40

4A1 277.90 263.57 257.96 252.40
a) Refs. [48]–[50].

Due to the similarities in geometries and double
bond frames of ethylene, tetrachloroethylene and iso-
dichloroethylene, we can use the C1s core orbital in either
C2H4 or C2Cl4 as benchmarks to discuss the chemical shift
between two nonequivalent carbon atoms, CR and CL, of iso-
C2H2Cl2 molecule. Table 1 also lists the ionization energies
of the core orbitals of C2Cl4 and C2H4.

As shown in Fig. 1(a), CR interacts with the two chlorine
atoms and the carbon atom through the CL=CRCl2 skeleton in
iso-C2H2Cl2, which can be easily compared with the analo-
gous CL=CRCl2 one in C2Cl4, except that CR and CL are not
equivalent in iso-C2H2Cl2 (with H2CL=CRCl2). Thus, the C1s

core orbital of CR in iso-C2H2Cl2 behaves more like the C1s

core orbital of C2Cl4. However, the C1s core orbital of CR in
iso-C2H2Cl2 is marked by a slight drop in ionization energy
due to the bonding with H2CL. Furthermore, the ionization
energy of CL is smaller for the C1s core orbital in ethylene
(C2H4) due to the interaction with the two hydrogen atoms and
the carbon atom. The two chlorine atoms on the right-hand
side lift the binding energy of the C1s core orbital of CL in iso-
C2H2Cl2. As can be seen in the orbital correlation diagram
for C2Cl4, iso-C2H2Cl2, and C2H4 (Fig. 2), the energies of the
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Fig. 2. (color online) The core orbital energy correlation diagram for
C2H4, iso-C2H2Cl2, and C2Cl4, based on the B3LYP/aug-cc-pVTZ
functions.
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C1s core orbitals indicate that the molecular environmental ef-
fects on chemical shifts can be observed, similar to the cases
of n-butane,[28] N2O,[31] and some bicyclic hydrocarbons.[55]

Since the two chlorine atoms are equivalent in iso-
dichloroethylene, the core 2B2 and 4A1 MOs, which are dom-
inated by contributions from these atoms, are energetically de-
generate, as can be seen in Table 1.

2.2. Momentum distributions of core orbitals
2.2.1. MOs 2A1 and 3A1

From the maps of the electronic density distributions in
coordinate space for the two core 2A1 and 3A1 MOs of iso-
dichloroethylene, which are given in Figs. 1(a) and 1(b), it
is clear that each core MO has considerable contributions
from one-atom states. The electron density distributions of
the 2A1 and 3A1 orbitals exhibit dominant contributions from
C1s-atom orbitals of the two non-equivalent carbon atoms CR

and CL. As a consequence, 2A1 (ψMO ≈ cφ AO
CR

) and 3A1

(ψMO ≈ cφ AO
CL

) are non-bonding. Moreover, the spatial charge
distribution is the same in both 2A1 and 3A1 core MOs, show-
ing pure spherical distributions of the C1s atom orbital. As
a result, three-dimensional density maps and the momentum
profiles of two core MOs wave functions in Figs. 3(a)–3(f)
and figure 4 exhibit clearly s-symmetry, i.e., the momentum
distribution has a maximum at p = 0 and decreases with in-
creasing momentum. It stresses the non-bonding C1s atomic
orbital character, even though these two carbon atoms experi-
ence significant shifts in core molecular orbital ionization en-
ergy as the orbital center moves from CR to CL. Moreover,
both core orbitals 2A1 and 3A1 almost coincide in momentum
space. The observed limited difference is situated only in the
small momentum regions of the momentum density maps and
momentum profiles.

Finally, the two C1s core molecular orbitals in iso-
C2H2Cl2 exhibit distinctly different orbital energy and bear
a large chemical shift of about 3 eV between core orbitals
2A1 and 3A1, as revealed in Table 1 and Fig. 2. On the con-
trary, in momentum space, the corresponding C1s orbitals are
almost indistinguishable and the orbital momentum distribu-
tions of 2A1 and 3A1 are nearly identical (see Figs. 3(a)–3(f)
and Fig. 4).

2.2.2. MOs 2B2 and 4A1

Any molecular orbital, including the normalized Dyson
orbital ϕα (𝑟), can be represented as a sum of terms of cen-
tered at each equilibrium nuclear position 𝑅s, i.e., a linear
combination of atomic orbitals,

ϕα (𝑟) = ∑
s

ξ
(s)
α (𝑟−𝑅s). (2)

In expression (2), 𝑟 is the radial coordinate of the electron, and
α labels the symmetry manifold and the orientation of the or-
bital. The normalized Dyson orbital in momentum space can

be written as

ϕα (𝑝) = (2π)−3/2
∫

d3𝑟 exp(−i𝑝 ·𝑟)ϕα (𝑟)

= ∑
s
(2π)−3/2

∫
d3𝑟 exp(−i𝑝 ·𝑟)ξ

(s)
α (𝑟−𝑅s)

= ∑
s

η
(s)
α (𝑝)exp(−i𝑝 ·𝑅s), (3)

where η
(s)
α (𝑝) is atomic orbital in the momentum space, and

η
(s)
α (𝑝) = (2π)−3/2

∫
d3𝑟 exp(−i𝑝 ·𝑟)ξ

(s)
α (𝑟) . (4)

The position origin is translated to 𝑅s for each integrand. As
can be seen from expressions (2) and (3), there is a major
difference between the coordinate and momentum represen-
tations. The momentum–space atomic orbitals all have a com-
mon center at the origin of momentum space. The information
about the nuclear geometry structure is carried rather subtly in
the form phase factor. There are no bond lengths in 𝑝 represen-
tation as there are in coordinate space, the molecular geometry
manifests itself through bond oscillations due to the interfer-
ence terms in the momentum space molecular wavefunctions.
The phases and hence interference terms have a small effect
for p ∝ 1/Rst, with Rst being the distance between atoms s and
t. However, bond oscillations are much more noticeable in the
inner valence and core orbitals. Comparing Figs. 1(c) and 1(d)
with Figs. 3(g)–3(l) and Fig. 4, bond oscillations are extended
in momentum space whereas they are highly localized in po-
sition space. It is noted that the outer-valence orbitals are in
turn more localized in momentum space but diffuse in position
space.

When ϕα(𝑟) has two or more cusps or local extrema sep-
arated by 𝑅st, it follows from Eqs. (2) and (3) that a sinu-
soidal modulation with a period Tp = 2π/Rst and along a di-
rection 𝑅st is introduced into the momentum density through
a phase factor exp(−i𝑝 ·𝑅s). This preserves the nuclear ge-
ometry information, since ϕα(𝑟) will usually have a cusp at
each nucleus. The amplitude of this modulation is maximal
for linear molecules of high symmetry when these local ex-
trema are clearly pronounced relative to the rest, which has
also been seen in the case of the N2 molecule.[26] The phase
of this modulation depends on the symmetry, bonding char-
acter, and nodal structure of the molecular orbital. Along 𝑝

and parallel to 𝑅st, the momentum density is either increased
or decreased, according to P = nπ/Rst and becomes progres-
sively weaker with increasing n. As a result, due to two or
more equivalent nuclei in each molecule, quantum superpo-
sition of the identical essentially atom-like core wave func-
tion ξ

(s)
α (𝑟−𝑅s) on these centers 𝑅s produces the evident

periodically multipeaked momentum distributions in the mo-
mentum density maps, which do not exist in the momentum
density maps of valence orbitals. The spacing of maxima is
determined solely by the internuclear distances. The resulting
interference largely disappears in the final spherical average.
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Fig. 3. DFT-B3LYP/aug-cc-pVTZ calculated three-dimensional momentum distribution maps for core states of iso-C2H2Cl2 in the momentum representa-
tion. (a) px − py plane for 2A1 orbital, (b) pz − py plane for 2A1 orbital, (c) pz − px plane for 2A1 orbital, (d) px − py plane for 3A1 orbital, (e) pz − py plane
for 3A1 orbital, (f) pz − px plane for 3A1 orbital, (g) px − py plane for 2B2 orbital, (h) pz − py plane for 2B2 orbital, (i) pz − px plane for 2B2 orbital, (j)
px − py plane for 4A1 orbital, (k) pz − py plane for 4A1 orbital, and (j) pz − px plane for 4A1 orbital.
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distribution.

The 2B2 orbital in Fig. 1(c) has two out of phase atomic
centers and is thus antisymmetric along the y axis. As a re-

sult of the mechanisms discussed above, the momentum den-
sity contour maps on px py and py pz planes in Figs. 3(g) and
3(h) show marked interference effects. The momentum dis-
tribution map of this orbital is periodic along py. According
to the optimized B3LYP/aug-cc-pVTZ molecular geometry of
iso-C2H2Cl2, the distance between the chlorine atoms is about
2.96 Å. Thus, whereas the momentum densities tend overall
to decrease with increasing electron momenta, they exhibit a
modulation with a periodicity Tp = 2π/Rst ≈ 1.12 a.u. The
2B2 orbital is an odd wave function of y; the py amplitude van-
ishes exactly and the px pz plane is a nodal plane (see Fig. 3(i)).
We see a strongly multi-peaked structure as a result of inter-
ference between the atomic core orbitals centered on the two
equivalent chlorine nuclei. The first peak at p ≈ 0.74 a.u. is
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strong and dominates the profile. The second and third peaks
are found at approximately 1.80 and 2.89 a.u. Moreover, it is
observed that the momentum interval (∆p ≈ 1.1 a.u.) between
two peaks is close to the periodicity Tp. Due to the phase factor
∑
s

exp(−i𝑝 ·𝑅s) of Eq. (3), the amplitudes of the three peaks

decrease as p increases. Therefore, the last peak appears as
only a marginal shoulder in the momentum profile. Because
of the antisymmetric character of the orbital, the momentum
densities vanish at zero electron momenta.

The 4A1 orbital (see Fig. 1(d)) exhibits an in-phase rela-
tionship between the Cl2s atomic orbitals. The quantum in-
terference between the two chlorine atom centers is again ev-
ident in the py components of the momentum maps shown by
Figs. 3(j) and 3(k). Since the internuclear spacing Rst is the
same, thus the periodicity of the modulation of the momentum
profile by interference effects is again equal to 1.12 a.u. Be-
cause of the difference in-phase relationship, it takes the form
for the 2B2 orbital of an exchange of maxima and minima in
the momentum density maps. The spherically averaged mo-
mentum profile of the 4A1 orbital in Fig. 4 exhibits an intense
peak at zero momentum. The minimum at p ∼ 0.74 a.u. and
the secondary peak at p ∼ 1.20 a.u. almost coincide with the
maximum and a second minimum in the momentum profile of
the 2B2 orbital. From curve 3 in Fig. 4, it is observed that most
of the structure is flattened out through the spherical averag-
ing, but remnants of the interference effects due to the nuclear
geometry can still be seen.

Finally, from the position electron density maps for the
2B2 and 4A1 core MOs (see Figs. 1(c) and 1(d)), it is clear
that the two-core MOs primarily consist out of the 2s atomic
orbitals of the two equivalent chlorine atoms. According to
Eq. (3), the core 2B2 and 4A1 MOs arise as a superposition
of chlorine 2s type states with different patterns of phase re-
lationships. Thus, in position space, the electron densities for
the two core atomic functions are similar, except for the non-
measurable phases of the actual component: in case of the 2B2

MO of iso-C2H2Cl2, the two atomic orbitals on the Cl atoms
have opposite phase, whereas they have the same phase in case
of the 4A1 MO. The electrons concentrate closely to the two
chlorine nuclei and there is no charge population between the
atoms. Again, the momentum distributions of these two core
orbitals are quite different due to phase effects through Fourier
transform. The momentum distributions of the 2B2 and 4A1

orbitals are distorted from the ideal s-like shape in momen-
tum space through space interference interactions of the two
chlorine atoms, revealing a strong orbital polarization.

3. Conclusions
The four core MOs of iso-dichloroethylene have been dis-

cussed through EMS based on the ∆B3LYP, OE(B3LYP), and

SAOP calculations. The 2A1 and 3A1 core orbitals exhibit
large energy intervals and could therefore be resolved indi-
vidually. The chemical shift, which is seen between these
two core orbitals in position space, is largely caused by the
electronegativity of the chlorine atoms. However, in momen-
tum space there are virtually no changes in the two C1s core
orbitals of iso-dichlorethylene and the two core MOs are in-
distinguishable. Both CR and CL do not significantly interact
with other molecular orbitals in the core region, so they remain
atomic orbitals in 𝑟 and 𝑝 space. The three-dimensional mo-
mentum density maps and distributions for these two core or-
bitals both reflect their symmetry character and exhibit marked
interference effects between the two equivalent chlorine nu-
clei. Moreover, the momentum densities of two core orbitals
change along py with a period Tp = 2π/Rst ≈ 1.12 a.u. The
core orbitals 2B2 and 4A1 are strongly distorted and split sig-
nificantly in 𝑝 state, revealing the fact that core orbitals do
interact. Our work demonstrates that MDs of core orbitals
can reveal the full richness of nuclear position and spacing
in the molecules, which is a major advantage of EMS over the
use of position wave functions in the study of core orbitals
of molecules. In position space, the core electron density ap-
pears atom-like, and the electrons are concentrated very close
to the nuclei with essentially no electron sharing. In momen-
tum space, the interference effects related to the nuclear posi-
tion are marked for molecules containing a number of equiva-
lent atoms. Accordingly, EMS can not only effectively image
orbital electron densities through measuring the valence shell
of molecules, but it can also provide direct information on the
nature of the nuclear configuration and interdistances by prob-
ing the core.

An EMS study of core MOs for trans-C2H2Cl2 and cis-
C2H2Cl2 is currently under investigation in our group. The
results will be presented in a following paper. Combined with
our present (e, 2e) results on the iso-C2H2Cl2 molecule (with a
H2C=CCl2 backbone), these core orbital MDs can be used to
investigate the effects of isomeric changes on the core-shell
electronic structure of these isomers of dichloro-substituted
ethylene. Finally, we hope that the theoretical results reported
in this paper will motivate experiments on iso-C2H2Cl2, in or-
der to make detailed comparisons and thus to give a better un-
derstanding of the electronic structure of iso-C2H2Cl2.
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