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ARTICLE INFO ABSTRACT

Keywords: In this work, we study the valence orbital momentum profiles of tetrachloromethane (CCly) performed with
Electronic structure binary (e, 2e) measurements at the impact energies of about 600 and 1200 eV with higher energy-resolution of
CCl, Ae~0.7 eV. The experimental momentum profiles for the molecular orbitals , and 6a; are obtained and compared
HOMO

Distorted-wave
Vibrational effect

with calculations under the plane-wave impulse approximation. The calculations at the equilibrium geometry of
CCl, show generally good agreement with the experimental momentum profiles except for the low momentum

range of 2 and 2e which is considerable lower than the experiment. The experimental momentum profile shows
dynamic dependencies on the impact energies which is ascribed to the distorted-wave effects. Further calculation
considering molecular vibrations for the 24 highest occupied molecular orbital (HOMO) shows a better agree-
ment with experiment than the equilibrium calculation, indicating the important role of nuclear motions on the
HOMO electronic structure of CCly.

1. Introduction

Electron momentum spectroscopy (EMS), based on the binary (e,
2e) ionization reaction near the Bethe ridge, is now a well-established
technique for the investigation of the valence electronic structure of
atoms, molecules, and condensed matter [1-5]. The basic information
obtained from EMS are the binding energy spectra (BES) over a wide
energy range usually covering the complete valence shell, and angular
distributions of (e, 2e) cross section for individual transitions giving rise
to the peaks in BES. Within the plane wave impulse approximation
(PWIA) and the target Hartree-Fock or target Kohn-Sham approxima-
tion, the measured (e, 2e) cross section is proportional to the spherically
averaged momentum profile of a specific molecular orbital [1]. Fur-
thermore, since electron momentum profile is sensitive to diffuse parts
of the position wave function, EMS can provide information relevant to
issues of chemical reaction and molecular recognition, and the mo-
mentum space electron density may be a criterion for molecular simi-
larity and dissimilarity [6].

Tetrachloromethane or CCly is an organo-chlorinated compound. It
has a role as a refrigerant and a hepatotoxic agent and remains im-
portant intermediates and products of the chemical process industries.
It is also a weak greenhouse gas, contributing to global warming [7]. In

chemistry, the highest occupied molecular orbital (HOMO) plays a
determining role in directing chemical reactivity of molecules like CCl,
[8]. Therefore the studies of binding energy and orbital electron density
distribution of CCl; by EMS experiments and related theoretical cal-
culations are of great relevance for our understanding of the electronic
and molecular structure of the reactant molecules [9].

Previous experiments of CCl, have been carried out using EMS by
Watanabe et al. [10] and Grisogono et al. [7] in which the valence
orbital momentum profiles and bond oscillation effects have been re-
ported. In these studies, however, the three outermost orbitals (i.e.
24, 7t and 2e) were not resolved in BES due to the limited energy-re-
solutions. Since the outermost orbitals, also known as frontier orbitals,
are very important for many chemical and physical properties con-
cerning particularly the chemical reactions [8]. It would be interesting
and potentially fruitful if the outermost orbitals can be individually
studied by high-resolution EMS experiment in order to obtain the de-
tailed electronic structure information for each orbital. Furthermore,
recent EMS studies have shown that the electron momentum profiles of
molecules can be influenced by distorted-wave effect [11-17] and
molecular vibration [18-21]. It is also important to analyze these ef-
fects for better understanding of the measured momentum profiles.

In the present work, we report the valence orbital momentum
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profiles of CCl, measured at the impact energies of about 600 and
1200 eV using a symmetric noncoplanar binary (e, 2e) spectrometer.
The binding energy spectra were measured with higher energy-resolu-
tion of Ae~ 0.7 eV (full width at half maximum, FWHM) for energy
range from 8 to 43 eV. The experimental momentum profiles for the
individual 28, 7t,, 2e, 6t,, and 6a; orbitals are obtained and compared
with theoretical momentum profiles. They are calculated at the equi-
librium geometry of CCl, as well as using the thermal sampling mole-
cular dynamics method to consider molecule vibrational effect [21].
For 24 HOMO, the calculation considering molecular vibrations are in
better agreement with experiment than the equilibrium geometry cal-
culations. The distortion wave effects are observed in the experimental
momentum profiles of 24 and 2e which display dynamic dependencies
on the impact energies. A multi-center interference or bond oscillation
effect has been observed from the momentum profile ratios of 24 to 7t,
and 2e to 7t,.

2. Experimental setup

EMS is based on the high-energy electron impact ionization process.
An incident electron with energy E, causes the target molecule to be
ionized. By detecting the two outgoing (scattered and ejected) electrons
in coincidence, the kinematics of the reaction can be completely de-
termined. The experiment was performed using a high-resolution and
high-sensitivity electron momentum spectrometer. The details of this
apparatus have been reported in previous works [22-24], so only a
brief description will be given here. The experiment utilizes a non-co-
planar symmetric geometry[22], i.e., the two outgoing electrons have
almost equal energies and equal polar angles(6, <6, = 45°) with respect
to the direction of the incident electron beam. The electron beam is
generated by an electron gun equipped with an oxide cathode (0.3 eV
energy spread) and was ejected into the reaction zone to collide with
the diffuse CCl, gas target. A double toroidal energy analyzer is
equipped with two position- and time-sensitive detectors to detect the
two outgoing electrons in coincidence. A wide range of electron en-
ergies and out-of-plane azimuthal angles were measured in the ex-
periment. Therefore, the data acquisition efficiency is greatly increased
with respect to conventional single energy and angle detection tech-
niques. The binding energy resolution in the present work is about
0.7 eV (FWHM), and angular resolutions are A6 = +0.6°, A¢ = +0.85°
respectively, which were obtained with a calibration measurement on
argon.

In experiment, the binding energy ¢ and recoil ion momentum g
can be determined by means of the energy and momentum conservation
laws:

€ =Ey— E, — E, (@)

- - - =
9 =Py~ P~ DPp (2)
Here E; and 1_): (i =0, a, b) are the energies and momenta of the in-
cident, scattered, and ejected electrons, respectively. Under the condi-
tions of high-energy and high momentum-transfer, and the approx-
imation of binary encounter, the recoil-ion momentum g can be equal
in magnitude but opposite in sign to the target bound electron mo-
mentum p’ [1]. The magnitude of the electron momentum p’ is related
to the out-of-plane azimuthal angle ¢ between the two outgoing elec-
trons:

¢ 1/2
p= {(po - V2p)r+ 20 Sin(g)z} :

3

3. Theoretical background

The EMS reaction theory is based on several approximations
through which the (e, 2e) cross-section is related to the electron mo-
mentum profile [1-5]. Of these the most important are the binary
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encounter approximation and the plane-wave impulse approximation.
In order to ensure the validity of these approximations the experiment
has to be conducted under what are known as EMS conditions, which
are sufficiently high electron impact energy and, optimally, the use of
the symmetric non-coplanar kinematics. Under these conditions the
kinematics factors are effectively constant, the EMS cross-section for
randomly oriented molecules can be given by:

Oams f dQI(pwy~reN)p 4

where p is the momentum of the target electron prior to be ejected.
P! and ¥} are the total electronic wave functions for the final ion
state and the target molecule ground (initial) state, respectively. The
overlap of the ion and neutral wave functions in Eq. (4) is known as the
Dyson orbital while the square of this quantity is referred to as an ion-
neutral overlap distribution. Under the target Hartree-Fock approx-
imation (THFA) or the target Kohn-Sham approximation (TKSA), the
EMS cross section can be simplified [1] by:

s & S} f dQly, (p)1? (5)

where ,(p) is the momentum space representation of a canonical
Hartree-Fock or Kohn-Sham orbital wavefunction, and S/ denotes the
associated spectroscopic factor or pole strength, which accounts for the
shake-up processes due to configuration interactions in the final state.
The integrals in Eqgs. (4) and (5) are known as the spherically averaged
one-electron momentum profile. Therefore, EMS has the ability to
image the electron density distribution in individual orbital selected
according to their binding energies.

Usually, the electron momentum profile is obtained at the equili-
brium geometry of the molecule. With the help of modern high per-
formance computer, the influence of molecular vibration on electronic
structure can be analyzed which is based on the vertical ionization at
fixed molecular geometry, however, it is distorted by the thermal en-
ergy. The vibrational effect can be accounted for by using the analytical
method like the so-called Harmonic Analytical Quantum Mechanical
(HAQM) [18]. Here, a thermal sampling molecular dynamics (TSMD)
method is used to consider the vibrational effects in EMS [21]. In brief,
considering the molecular vibrational effect, the electron momentum
profile at fixed molecular geometry can be expressed as,

N
s 1 30 3 RO, QP! [ doi (. Q)PAQ,
J v (6)

where F,(T) is population of initial vibrational state, v, at temperature T
which can be determined by the Boltzmann distribution. y;,(Q) is the
vibrational wavefunctions of the initial state Q; being the sampled
molecular geometry. j means the number of the sampled molecular
geometry. The populations of the vibrational states are sampled using
Boltzmann distribution. Such a procedure is usually referred to as a
thermal sampling process, which simulates the molecular rotation-vi-
bration under certain temperatures T. In this work, the influence of
thermal energy to molecular geometry is analyzed and sampled using
quasiclassical fixed normal-mode sampling method [25]. The tem-
perature of diffusive gas target is assumed to be about 300 K (room
temperature) which is adopted in the calculation.

4. Results and discussion

The CCly molecule is tetrahedral structure and the point group
symmetry is T,. Its ground state electronic configuration at B3LYP/aug-
cc-pVTZ level can be written as,

(core)*(5a,)* (56)°(6a1)*(65)°(2e)* (76:)°(21,)°.

The position space molecular orbital diagram of CCl, valence orbitals
are presented in Fig. 1. The three outermost orbitals of CCl, consist
mainly of the 3p lone-pair orbitals of Cl atoms. For these three MOs, the



L. Ding, et al

Chemical Physics 535 (2020) 110794

Fig. 1. Maps of the outer-valence molecular orbitals of CCly.

multi-center interference effect [10,26,27], i.e. the bond oscillatory, is
expected to be observed. Here, except for the 6a; orbital, the electron
density is mainly distributed among the four Cl atoms.

4.1. Binding-energy spectra

Fig. 2 presents the experimental angle-resolved binding-energy
spectra (BES) of CCl, measured at an impact energy of about 1200 eV.
In the experiment, the BES of different ¢ angles can be obtained si-
multaneously. From the angle-energy density map shown in Fig. 2(a),
the basic features of EMS for each outer valence orbital can be seen
clearly. It is shown that, except for the 6a, orbital, the minimum density
of each orbit is observed at the azimuth angle ¢ = 0°, i.e. the mo-
mentum origin (p~ 0 a.u.). The main reason is that the C 2s state
contributes to the 6a; orbital, while the other states mainly contain the
Cl 3p state. The BES obtained by summing all the energy spectra of
different ¢ angles was shown in Fig. 2(b). The outer valence orbital
ionization contributes to the peaks at binding energy range of
10-22.5 eV in which the electron correlation induced shake-up process
can be ignored. For the peaks above 25 eV, the contribution from inner
valence ionization and the shake-up processes are comparable. The
theoretical bind energy spectrum is calculated using the symmetry-
adapted-cluster configuration-interaction (SAC-CI) general-R [28-30]
method with cc-pVDZ basis set as shown in Fig. 2(c). The positions and
heights of the blue vertical bars correspond to the ionization potential
and pole strength of the corresponding Dyson orbitals. For the sake of
comparison, the experimental energy resolution (0.7 eV) is convoluted.
The simulated spectrum can well reproduce the feature of the measured
one.

The experimental momentum profile of each orbital was obtained
by fitting the combined energy spectrum at different ¢ angles with
multiple Gaussian functions. The peak centers were determined through
high-resolution photoelectron spectroscopy (PES) [31], and the widths
were determined by combining the experimental energy resolution and
the vibrational broadening on PES. The experimental momentum pro-
files were obtained by fitting the intensity for each state plotted as a
function of the momentum p. In this work, the experimental error bars
of electron momentum profiles include both of the statistical, and de-
convolution uncertainties.

4.2. Electron momentum profiles

The electron momentum profiles for the individual valence orbitals
of CCl are shown in Fig. 3. The 24, 7, and 2e orbitals are mainly
constructed from the Cl 3p lone-pair atomic orbitals. These orbitals
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Fig. 2. (a) Experimental momentum-energy density map of CCl, and (b)
binding-energy spectrum summed over all azimuthal angles ¢ obtained at the
impact energy of 1200 eV plus binding energies. The dashed lines represent
Gaussian fits to the individual peaks and the solid curve is the summed fit. The
labels are the outer-valence orbital assignments. (c) Simulated binding energy
spectrum by SAC-CI general-R method.
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Fig. 3. Measured electron momentum profiles for the outer valence orbitals of CCl, at the impact energies of 600 and 1200 eV in comparison with the calculated

ones. The solid curves are calculations at the equilibrium geometry of CCl,.

show a p-type feature on the momentum profiles. The 7t, orbital shows
a double p-type feature with two maximum at p ~ 0.4 and 1.2 a.u. For
24 and 2e, they show p-type feature, and the peak values are at about
1.0 and 0.7 a.u., respectively. The differences between these three or-
bitals originate from the different orientations of the 3p lone-pair of Cl.
As shown in Fig. 1, two antiparallel 3p lone-pairs contribute to the
orbital of 2f; from the left-lower and right-upper sides two Cl. The or-
bital of 2e is also contributed from left-upper and right-lower sides of Cl.
For these two orbitals, there is only a small phase shift in their mo-
mentum distribution. However, for the 7t, orbital, four almost parallel
lone-pairs of Cl contribute to this orbital, which is expected to show an
antiphase feature relative to 24 and 2e's momentum distribution. The 6,
and 6qa; orbitals are contributed by covalent bonds between C and Cl
atoms. The 6t, orbital show a p-type momentum profile with a max-
imum value of 0.7 a.u. While the 6a, orbital exhibit sp-type feature with
two maximum values located at the origin of momentum (p ~0 a.u.) and
p ~0.8 a.u., respectively.

The experimental momentum profiles of the 24, 71, 2e, 6t,, and 6a;
orbitals are shown in Fig. 3(a)-(e), respectively, and compared with the
theoretical calculations at the equilibrium geometry. The experimental
data are generally well described by the calculated momentum profiles
at the equilibrium geometry especially for 7, 6t, and 6a; orbitals. The
results for 6t, and 6a; orbitals are also consistent with the previous EMS
study of CCl, [10]. For 2t and 2e orbitals, however, the experimental

data at low momenta show higher intensity than the theoretical mo-
mentum profiles. This is the so-called turn-up effect and can be quali-
tatively assigned to the distortion effect of incident and outgoing
electron waves in the target and ion potential since the observed turn-
up effects show dynamic dependencies on the impact energies [11-17].
The observed discrepancy between experiment and theory become
smaller at 1200 eV impact energy. At present, appropriate theoretical
calculations using distorted wave in molecules are still very challenging
at high energy due to the multi-center nature [11].

4.3. Vibrational effect

For the small p region, recent studies have shown that molecular
vibration may considerably affect momentum profiles [18-21]. Here,
the vibration is related to the influence of nuclear motion on the geo-
metry of molecular structure, and thus the electron density of the in-
dividual orbitals, which can be analyzed by molecular dynamical si-
mulation. We thus performed an additional calculation for the 24
HOMO, which takes vibrational effects into account using a TSMD
method. The vibrational calculation of the 2; HOMO momentum profile
is presented in Fig. 4 which shows better agreement with the experi-
mental data at low momenta than the equilibrium geometry result. This
indicates that the nuclear motion can influence the HOMO electronic
structure of CCl; molecule.
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Fig. 4. Calculated momentum profile for 2 HOMO using a TSMD method to
consider the molecule vibrational effect (thick dashed curve). The experimental
data at the impact energies of 600 and 1200 eV and calculation at the equili-
brium geometry (thin solid curve) are also included for comparisons.

It can be seen from the comparison between experiment and theory
that molecular vibration is responsible at roughly ~30% for the ob-
served turn-up effect of the 24, orbital momentum profiles. In compar-
ison with the previous work of Xu et al. [21] where the molecular vi-
bration affects all of the outer-valence orbits of CBry, especially, the
vibrational effect can almost completely explain the turn-up effect for
13, 12, and 9a; orbitals of CBr,, the present work shows that such
effect only affects the HOMO of CCly. For the other orbitals of CCl,, the
molecular vibration effect can be ignored. Usually, replacing one ha-
logen element by another in the same molecule type is expected to
produce a same momentum profile due to that CBr, and CCl, have al-
most the same outer-valence electronic structure. This work shows that
different halogen elements may induce different vibrational and dis-
torted-wave effect. The distorted-wave effect in CCl, is stronger than
that in CBry. This may due to that the Br has many more electrons than
Cl which leads to a better shielding effect on the nucleus potential.

The even higher impact energy experiment and high energy dis-
torted-wave calculation are required. The remaining discrepancy be-
tween vibrational calculation and 1200 eV experimental data may be
eliminated if both molecular vibration and distorted-wave effects can
be considered in theory [32,33] or the distortion wave effect can be
further removed by increasing the impact energy to higher than
4000 eV in experiment [34].

4.4. Bond oscillation effect

The molecular orbital in momentum space can be described as a
linear combination of atomic orbitals, the information about the equi-
librium nuclear position R; is presented in the phase factors of
exp(ip-R;). As a result the momentum profile reveals an oscillation
behavior, which is referred to as multi-center interference or bond os-
cillation effect [10,26,27]. For CCl4 molecule, the 2¢, 7t, and 2e orbitals
are mainly composed of 3p lone pair orbitals of Cl, and it is expected
that they will involve the bond oscillation effect. At present, we study
the bond oscillation effects by plotting the ratio of two orbitals with
antiphase feature in the momentum distributions, namely 24/7t, and
2e/7t,. This provides an alternative method of extracting a multi-center
interference pattern in which the oscillation structures can be amplified
[27].

The antiphase features of 2t,/7t, and 2e/7t, are clearly visible on the
logarithmic scale momentum profiles as shown in Fig. 5(a). The ex-
perimental ratios at the impact energies of 1200 eV are presented in
Fig. 5(b) and (c) for 24/7t, and 2e/7t,, respectively. Equilibrium geo-
metry calculations are also included in the figures. The momentum
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Fig. 5. The momentum profiles for 24, 7, and 2e orbitals in logarithmic scale
(a), and the momentum profile ratios for 2t/7t, (b) and 2e/7t, (c).

profile ratios show a significant oscillations near a constant value,
which is a clear evidence of multi-center interference effect. The con-
stant ratios are determined by the number of electrons occupied in each
molecular orbital, that is 1 for 2t/7t, and 2/3 for 2e/7t,. The experi-
mental ratios are in good agreement with theoretical calculations both
in magnitudes and peak positions.

The momentum profile ratio is very sensitive to the interatomic
distance [27]. In order to determine the exact value of the bond length
from the experimental data, theoretical momentum profile ratios are
calculated at different interatomic distances R and a least-square fitting
method is performed. The function of the least-square fitting is defined
as,

1 N
PR @)= Z [0he (R, P) = Puxp @) -

where py,, and p,,, are the theoretical and experimental momentum
profile ratios. R is the interatomic distance and « is the scaling factor of
the theoretical momentum profile ratio. The y? distribution is shown in
Fig. 6 where the two ratios, i.e. 24/7t, and 2e/7t, are averaged. The
minimum point is found at (R-R¢q)/Req = —1.5%. Finally, the bond
length of CCl, is determined, Rc_¢; = 1.76 + 0.14 A.
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Fig. 6. Te x? value distribution as a function of interatomic distances.
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5. Conclusion

We have reported a combined experimental and theoretical study of
the valence electronic structure of tetrachloromethane (CCl,) by elec-
tron momentum spectroscopy (EMS). The binding-energy spectrum
(BES) for the energy range from 8 to 43 eV were measured with higher
energy-resolution of Ae ~ 0.7eV, and thus, the three outermost
2t;, 7t,, 2e orbitals are resolved in BES. The momentum profiles of va-
lence orbitals were measured with a high-sensitivity binary (e, 2e)
spectrometer at impact energies of about 600 and 1200 eV.

The experimental momentum profiles of individual 24, 7t, 2e, 6t,,
and 6q; orbitals are compared with the theoretical profiles calculated at
the equilibrium geometry of CCl4 which show rather good agreement
with the experimental data. At low momenta (p 0.7 a.u.), however,
there is an unexpected higher intensity in comparison with the equili-
brium calculations for 2f; and 2e orbitals. The observed discrepancies at
low momenta can be partially explained by the distorted-wave effect
since the size of the effect decreases with the increasing of the impact-
energy. Moreover, we performed an additional calculation for the 24
highest occupied molecular orbital (HOMO), which consider the mo-
lecule vibrational effect using the thermal sampling molecular dy-
namics (TSMD) method (1000 thermal sampling geometries). The vi-
brational calculation shows better agreement with the experimental
momentum profiles than the equilibrium calculation. This indicates the
important role of nuclear motion on the HOMO electronic structure of
CCl,.

It is also to be noted that the present calculations are far from sa-
tisfactory for reproducing the higher intensity observed at low mo-
menta of 24 HOMO orbital. More sophisticated models considering
distorted-wave approximation for all the incoming and outgoing elec-
trons [32,33,35-37] are expected to fully describe the experimental (e,
2e) momentum profiles of CCl; molecule. Finally, we study the bond
oscillation effect in the lone-pair orbitals of 2f, 7t, and 2e using the
electron momentum profiles ratios for 24 to 7t, and 2e to 7t,. The ex-
perimental ratios are in good agreement with the theoretical calcula-
tion, and the oscillatory structure is clearly revealed for the outermost
orbitals.
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