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Positron binding in chloroethenes: Modeling positron-electron correlation-polarization
potentials for molecular calculations
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Positron binding energies and annihilation spectra are calculated using the positron-electron correlation-
polarization potential model for a series of six chloroethene molecules. From detailed analysis of the positron
densities and positron-molecule interactions, it was found that the positron is attracted by both the potential
well around the negative end of the dipole moment and the π electrons of the C=C double bond. The positron
annihilation spectra were simulated using the Feshbach resonance widths, which can be calculated from the
couplings between the positron motion and vibrational motion. The importance of π electrons in positron binding
is discussed in terms of the calculated resonance widths.
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I. INTRODUCTION

Over the past 20 years, numerous polyatomic molecules
have been experimentally shown to have remarkable positron
binding energies by using the low-energy positron beam tech-
nique [1–13]. It has now been established that the magnitude
of the measured positron binding energy is generally corre-
lated with various molecular properties, including molecular
size, dipole moment, polarizability, and number of π bonds
in the molecule [8]; however, the atomic-level mechanisms
of positron binding in molecules are not completely under-
stood. Therefore it is crucial to develop reliable theories that
can accurately predict positron binding energies for various
polyatomic molecules with different molecular properties.

The development of quantum mechanical theory that can
accurately describe positron binding in atoms and molecules
has a long history [1]. It is well known that positron-electron
correlation effects play an essential role, and sophisticated
electronic-positronic structure theories, including the con-
figuration interaction method [14–16], explicitly correlated
Gaussian function method [17–19], and quantum Monte Carlo
method [20–23], have previously been developed. In prin-
ciple, these methods can provide accurate positron binding
energies for small systems, although they cannot be applied to
large polyatomic molecules containing many electrons owing
to the prohibitively high computational cost.

Very recently, our group found that the practical
correlation-polarization potential (CPP) model, which was
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originally employed in extensive positron-molecule scattering
studies by Gianturco and co-workers [24–37], is very use-
ful for describing positron binding in polyatomic molecules
[38–40]. In this method, the short-range potential is approx-
imated by a local positron-electron potential derived from
the local electron density based on the density functional
theory (DFT) framework, whereas the long-range attractive
potential is described using dipole polarizabilities. We also
found that the calculated positron binding energies can be
improved by introducing the generalized gradient approxima-
tion [41,42] into the DFT-based potential. Another important
advantage of the CPP model is that one can easily obtain
the positron-molecule interaction potential as a function of
nuclear coordinates. This enables calculation of the coupling
between the positron and nuclear motions, which determines
the resonance width for positron capture by a molecule. This
is an important point because measurement of the positron
binding energy of the molecule is carried out through observa-
tion of the vibrational Feshbach resonances in the annihilation
spectrum as a function of positron collision energy. Thus
the incoming positron is transiently captured into the vibra-
tionally excited state of the target molecule at the resonance
energy. We recently employed the CPP model to calculate the
resonance-dominated positron annihilation spectra of carbon
disulfide and benzene, where good agreement between theory
and experiment was obtained [40].

In this work we calculated the positron binding ener-
gies and positron annihilation spectra of a series of six
chloroethenes from monochloroethene (vinyl chloride) to
tetrachloroethene using the CPP model. Experimental data are
available for five of these chloroethenes, revealing that the
positron binding energy is dependent on the number of chlo-
rine atoms, which are expected to be negatively charged and
preferentially attract the positron [13,43,44]. Another inter-
esting finding of the experimental studies is that the measured
positron binding energies of dichloroethenes are dependent on
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the chlorine substitution site; the positron binding energy of
cis-1,2-dichloroethene was found to be greater than those of
trans-1,2-dichloroethene and 1,1-dichloroethene. Moreover,
it is worth mentioning that chloroethenes contain a π bond,
which may play a role in positron binding. We believe that the
theoretical analysis of this series of chloroethenes may pro-
vide important insights for obtaining a detailed understanding
of positron binding mechanisms as well as the role of π bonds.

II. THEORY

The Hamiltonian of the system in which a single positron
interacts with a molecule with fixed nuclei can be written as
(in atomic units)

H(r, Q) = − 1

2μ

(
∂2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2

)
+ V (r; Q), (1)

where we use Cartesian coordinates (x, y, z) to describe the
positron position vector r. The reduced mass μ is taken to be
the positron mass, meaning that we do not consider positron-
ium formation at all in this work. Here, Q collectively denotes
the nuclear coordinates of the target molecule. The positron-
molecule interaction potential V can be approximated as

V (r; Q) =
∑

i

Zi

|r − Ri(Q)| −
∫

ρ(re; Q)

|r − re| dre + Vcp(r; Q),

(2)

where re and Ri are the collective position vectors of elec-
trons of the target molecule and the position vector of the ith
positive nucleus (with Zi nuclear charge), respectively. The
first term of Eq. (2) represents the positron-nucleus repul-
sive Coulomb interaction, and the second term represents the
attractive interaction between the positron and electrons in
the molecule with electron density ρ. The third term (Vcp)
represents the correlation-polarization potential and can be
approximated as [24–37]

Vcp(r; Q) = max [Vcorr (r; Q),Vpol(r; Q)], (3)

where Vcorr and Vpol are the short-range electron-positron
correlation potential and long-range polarization potential, re-
spectively. The correlation potential Vcorr can be written using
the density functional expression including the generalized
gradient approximation as [41,42]

Vcorr = V LDA
corr exp[−β|∇ρ|2/3(ρqTF)2], (4)

where V LDA
corr is the local-density functional expression of

Boroński and Nieminen [45], which was obtained from fitting
to the correlation energy of one positron in a homoge-
nous electron gas, ρ is the electron density, and qTF is the
local Thomas-Fermi screening length. Notice that Eq. (4)
with β = 0 corresponds to the correlation potential with the
local-density approximation (LDA). Previous studies have
shown that the LDA approach frequently overestimates the
positron-electron correlation energy [41,42], indicating that
the nonlocal effect of electronic wave functions is playing a
role in positron binding. In this work, the gradient parameter
β was taken to be an adjustable parameter. It may be worth
mentioning that this value was set to 0.22 and 0.05 in the
previous theoretical studies of Refs. [41,42], respectively. The

long-range polarization potential in Eq. (3) can be approxi-
mated as

Vpol(r) = − 1

2r6

∑
i, j

xix jαi j, (5)

where αi j is a Cartesian element (xi, x j ∈ {x, y, z}) of the
polarizability tensor.

The bound-state solution of the Schrödinger equation,
the Hamiltonian of which is given by Eq. (1), provides the
positron binding energy and its wave function ψi. We can
obtain the positron scattering wave function ψ f at a specific
collision energy from the same Schrödinger equation. The
positron capture width �e

v can be calculated using these wave
functions through Fermi’s golden rule approximation as [40]

�e
v = 2π |〈ψ f (Ev, r; Q)|Vc(r; Q)|ψi(r; Q)〉|2, (6)

where the resonance energy is taken to be a specific vibra-
tional energy level of the target molecule (Ev, with v denoting
the vibrational quantum number). The interaction potential Vc

can be approximated by the first-order Taylor series around
the equilibrium nuclear coordinate, and then the integral can
be easily calculated using the time-dependent golden rule
approach [46–49]. It is worth mentioning that we employed
the normal modes to describe the molecular structure, and
thus the resonance width was calculated for each normal mode
coordinate. The positron annihilation spectrum (Zeff ) can be
described using the well-known Breit-Wigner form [50,51],

Zeff (E ) = π

k
ρep

∑
v

gv�
e
v

(E − Ev )2 + �2
v/4

, (7)

where �v and gv are the total width and degeneracy of the
vibrational state, respectively. In Eq. (7), E, k, and ρep are the
positron energy, positron momentum (with E = k2/2), and
positron-electron contact density, respectively. The positron-
electron contact density was assumed to be independent of
the nuclear coordinate and was calculated using the following
equation:

ρep =
∫

γ (r)|ψi(r)|2ρ(r)dr, (8)

where γ (r) is an enhancement factor that can account for the
short-range positron-electron Coulomb attraction. We employ
the following expression proposed by Barbiellini et al. [41]:

γ (r) = 1 + (
1.23rs − 0.0742r2

s + 1
6 r3

s

)
× exp[−β|∇ρ|2/(ρqTF)2], (9)

where rs is the electron density parameter with rs =
(3/4πρ)1/3.

The positron-molecule interaction of Eq. (2) can be conve-
niently calculated once the electron density and polarizability
tensor are given. These quantities can be obtained from quan-
tum chemistry calculations using the GAUSSIAN09 program
package [52]. In this work we mainly employed DFT calcu-
lations with the ωB97XD [53] and Perdew-Burke-Ernzerhof
(PBE) [54] exchange-correlation functionals. We found that
these DFT functionals combined with the aug-cc-pVDZ basis
set generally yield good agreement for the dipole moments
and isotropic polarizabilities between theory and experi-
ment. This agreement indirectly indicates the accuracy of
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TABLE I. Comparison of the calculated positron binding energy (Eb), dipole moment (μ), and isotropic polarizability (α) and correspond-
ing experimental values.

Positron binding energy Dipole moment Polarizability
Molecule Methoda Eb/meV μ/D α/a3

0

C2H3Cl ωB97XD (β = 0.21) 28 1.591 40.73
PBE (β = 0.23) 27 1.414 42.33

CCSD (β = 0.20) 24 1.550 39.89
Exp. 1.45b 43.3b

1,1-C2H2Cl2 ωB97XD (β = 0.21) 24 1.478 53.66
PBE (β = 0.23) 25 1.280 56.09

CCSD (β = 0.20) 22 1.443 52.72
Exp. 35 ± 3c 1.34b 52.8b

cis-C2H2Cl2 ωB97XD (β = 0.21) 84 2.020 53.35
PBE (β = 0.23) 80 1.809 55.67

CCSD (β = 0.20) 79 1.981 52.35
Exp. 76 ± 1c 1.90b 54.2b

trans-C2H2Cl2 ωB97XD (β = 0.21) 8 0 54.79
PBE (β = 0.23) 10 0 57.38

CCSD (β = 0.20) 8 0 53.67
Exp. 15d (29 ± 2)c 0 55.0b

C2HCl3 ωB97XD (β = 0.00) 54 0.937 67.52
PBE (β = 0.03) 64 0.822 70.90

CCSD (β = 0.00) 36 0.920 66.25
Exp. 60 ± 1c 0.8b 65.8b

C2Cl4 ωB97XD (β = 0.00) 40 0 81.09
PBE (β = 0.03) 54 0 85.34

CCSD (β = 0.00) 26 0 79.54
Exp. 57d (65 ± 2)c 0 81.1e

aThe aug-cc-pVDZ basis set was used for all three electronic structure calculations.
bExperimental data taken from Ref. [63].
cTaken from Ref. [44], where annihilation spectra with 40–50 meV resolution were reported.
dTaken from Ref. [13], where annihilation spectra with 20 meV resolution were reported.
eExperimental data (in solution) taken from Ref. [64].

the electron densities calculated with these DFT function-
als. Nevertheless, in order to further confirm the accuracy of
these DFT functionals, we additionally calculated the positron
binding energies using the highly correlated coupled cluster
with single and double excitation (CCSD) method with the
same aug-cc-pVDZ basis set. Recent benchmark studies have
indicated that the CCSD method provides very accurate elec-
tron densities, dipole moments, and dipole polarizabilities for
many closed-shell molecules [55–58].

The Schrödinger equation for the positron motion was
solved using the time-dependent wave-packet formalism for
both the bound and scattering states, where the wave packet
was described using the Cartesian discrete variable represen-
tation (DVR) grid method [59] with the particle-in-a-box basis
functions. We have solved the time-dependent Schrödinger
equations using the well-known fast-Fourier transform algo-
rithm combined with the split-operator method [60,61]. As
for the bound-state problem, we have applied the direct re-
laxation method [62], where the initial trial wave packet is
propagated in imaginary time, which finally leads to the bound
positron state. We applied a cut-off energy parameter of 20

hartree to the total positron-molecule potential to avoid diver-
gent Coulomb repulsion from positive nuclei. We employed
(256)3 grid points in the range of −L/2 � (x, y, z) � L/2,
where the center of mass of the target molecule was taken
as the coordinate origin and the box size L was varied in
the range of 40–100 a0 to obtain fully converged results.
Details of our computational procedures were also described
in Refs. [38–40].

III. RESULTS AND DISCUSSION

Before presenting the calculated annihilation spectra,
we discuss the determination of the β value [Eq. (4)] in
the generalized gradient approximation on the basis of
the measured positron binding energies. As mentioned
previously, β was assumed to be an adjustable parameter
and can thus be optimized such that the calculated positron
binding energy matches the measured positron binding
energy for each molecule. However, it would be desirable to
employ a uniform β value to calculate the positron binding
energies for the different molecules. For this purpose we first
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FIG. 1. Comparison of calculated positron binding energies and
experimental data. The generalized gradient approximation parame-
ter (β ) was optimized for each electronic structure level (ωB97XD,
PBE, or CCSD) (see the text for details).

determined the β value using the experimental values for the
three dichloroethene isomers, namely, 1,1-dichloroethene,
cis-dichloroethene, and trans-dichloroethene. This was

considered as a reasonable choice, because these three
molecules have the same stoichiometry. The value of β

was determined using each density functional or electronic
structure method (ωB97XD, PBE, or CCSD) such that the
root-mean-square deviation was minimized. The results are
summarized in Table I along with the molecular properties
including dipole moments and isotropic polarizabilities taken
from Refs. [63,64]. Figure 1 presents a comparison of the
calculated positron binding energies and the experimental
values. We found that the positron binding energies calculated
using the ωB97XD, PBE, and CCSD methods reasonably
reproduced the measured values for the three dichloroethenes.
The β values were optimized to be 0.21, 0.23, and 0.20
for the ωB97XD, PBE, and CCSD methods, respectively.
It is interesting to note that these β values are close to the
value proposed in Ref. [41] (β = 0.22). Among the three
electronic structure methods, it can be seen that the PBE
method afforded excellent agreement.

The positron binding energy was largest for cis-
dichloroethene and smallest for trans-dichloroethene. Thus
it can be seen that the positron binding energy was posi-
tively correlated with the magnitude of the dipole moment.
In order to further elucidate the positron binding mechanism,
we present the calculated positron densities and positron-
molecule interaction potentials in Fig. 2, where we have
shown only the PBE results. In the case of cis-dichloroethene,
the most attractive potential well was observed around the
negative end of the dipole moment vector, which is close to
the two chlorine atoms. Another interesting feature is that

FIG. 2. Positron densities (left panels) and positron-molecule interaction potentials projected on the three planes (x, y, z = 0), (x, y = 0, z),
and (x = 0, y, z) for 1,1-dichloroethene, cis-dichloroethene, and trans-dichloroethene, respectively. The calculations were performed using the
PBE functional with the aug-cc-pVDZ basis set. Positive (repulsive) and negative (attractive) energy contours are indicated with yellow (light
gray) and purple (dark gray) contour lines, respectively. The potential energy wells due to the dipole moment and π electrons are also indicated.
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FIG. 3. Similar plots to Fig. 2 for vinyl chloride, trichloroethene, and tetrachloroethene.

potential energy wells can also be observed around the ar-
eas close to the C=C π bond. Hence we can see that the
positron density was relatively high around these potential
energy wells. This indicates that positron binding is primarily
determined by the attractive dipole field and that π electrons
enhance the binding. A similar trend can be observed for
1,1-dichloroethene, although the dipole attraction was some-
what weaker than that for cis-dichloroethene. Again, it can
be seen that the positron was attracted by the π electrons. In
addition to the combination of the dipole field and attractive
interaction by π electrons, the importance of π electrons in
positron binding can be most clearly understood for non-
polar trans-dichloroethene, which has zero dipole moment
due to symmetry. In this case the positron was found to be
exclusively bound around the C=C π bond. These results
thus demonstrate the importance of π electrons in positron
binding.

As mentioned previously, it would be preferable to use
the same β parameter for different molecules such that the
CPP model is universal. However, the calculated binding en-
ergies for trichloroethene and tetrachloroethene were found
to be significantly underestimated compared to the exper-
imental data when we employed the β value determined
from the experimental results for the three dichloroethenes.
We therefore decided to use a newly optimized β value for
trichloroethene and tetrachloroethene. The obtained results
are also presented in Table I and Fig. 1. In this case, the
optimized β values for the three electronic structure methods
(ωB97XD, PBE, and CCSD) were found to be in the range
of 0–0.05, which is in good agreement with the value used
in Ref. [42] (β = 0.05). The difference of β value between
dichloroethenes and larger chloroethenes (trichloroethene and
tetrachloroethene) suggests that one should employ different
β values depending on the dipole polarizability. In fact, from

the results presented in Table I, the polarizability values for
trichloroethene and tetrachloroethene are larger than those
for other chloroethenes. However, the correlation between the
optimal value of β in positron binding and the molecular
properties should be studied more systematically for various
molecules in the near future.

From the results present in Table I, an appropriate choice
of β may be correlated with the dipole polarizability of the
molecule, although further theoretical studies should be re-
quired to confirm this.

The calculated positron densities for other three
chloroethene molecules are shown in Fig. 3 along with
the positron-molecule interaction potentials. Again, one can
see the attractive potential wells due to π electrons for the
three molecules. It is interesting to notice that, in the case
of the nonpolar tetrachloroethene case, the positron is bound
only around the attractive wells due to the π electron. This
feature may be highly correlated with the importance of the
C=C stretch mode in the annihilation spectrum, as will be
shown below.

We next compare the calculated annihilation spectra to
the experimental spectra. Here we present only the results
for trans-dichloroethene and tetrachloroethene, because high-
resolution annihilation spectra are available for these two
nonpolar molecules. We have calculated the annihilation spec-
tra for all six chloroethene molecules, and the calculated
spectra for the other molecules are provided in the Sup-
plemental Material [65]. In addition, we here present the
annihilation spectra calculated using the PBE functionals. The
results calculated using the ωB97XD and CCSD methods
are provided in the Supplemental Material [65], although
the CCSD result is presented only for vinylchloride due
to the computational cost. We found that the vibrational
frequencies (especially for high-frequency modes) calculated
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FIG. 4. Comparison of the experimental and theoretical annihila-
tion spectra of trans-dichloroethene. Panel (a) shows the calculated
spectra without convolution. Panel (b) shows the calculated spectra
convoluted with a Gaussian function of 20 meV width. The solid
black and dotted red lines indicate the results with and without an
enhancement factor, respectively. The calculations were performed
using the PBE functional with the aug-cc-pVDZ basis set. Panel (c)
shows the experimental spectrum taken from Ref. [13].

with the ωB97XD functional for neutral molecules are some-
what overestimated compared to the experimental values.
Notice that the accuracy of the vibrational frequencies is an
important point, since the annihilation resonance positions
significantly depend on the vibrational energy levels of the
neutral molecule. This suggests that the choice of an appropri-
ate DFT functional is important for obtaining good agreement
between theory and experiment.

Figure 4 shows a comparison between theory and ex-
periment for trans-dichloroethene. The calculated resonance
widths are summarized in Table II along with the vibrational
mode assignment taken from Ref. [66]. The calculated spec-
trum without energy convolution for trans-dichloroethene is
shown in Fig. 4(a). The calculated spectrum convoluted with a
Gaussian distribution of 20 meV width is shown in Fig. 4(b),
which can be compared to the high-resolution experimental
spectrum presented in Fig. 4(c). Good agreement can be seen
between theory and experiment except for the absolute values.
Notice that we here show the calculated spectrum with and
without an enhancement factor [41,67] to confirm the effect
of this factor on the spectral intensity The introduction of
the enhancement factor significantly increased the spectral
intensity by a factor of about 3; however, the calculated peak
intensity with the enhancement factor was found to be still
smaller than the experimental ones by a factor of about 3. This
indicates that the absolute value of the annihilation rate should
be carefully determined using a more accurate enhancement
factor. In addition to this improvement, it is worth mentioning
that intramolecular vibrational redistribution [5,12], which
was neglected in this work, should be taken into account to
evaluate the magnitude of the annihilation intensities at a more
quantitative level.

The most important finding is that the calculated spectrum
displayed a clear peak at E = 186 meV, which can be fa-
vorably compared to the experimental peak at E ∼ 185 meV.
This peak is associated with the infrared-inactive C=C stretch
(see Table II). A previous experimental study [13] has

TABLE II. Resonance energies and widths of trans-dichloroethene for each vibrational state calculated using the CPP model including the
generalized gradient approximation. The characters of each vibrational mode are also indicated.

Modea Resonance energy Resonance width Infrared/Raman
(Sym.) (Energy shift)b / eV / auc Activity Vibration type

ν7 (au ) 0.016 (0.010) 2.97 (−7) Active / Inactive Torsion
ν12 (bu ) 0.019 (0.010) 5.10 (−7) Active / Inactive CCCl deformation
ν5 (ag) 0.032 (0.010) 1.04 (−6) Inactive / Active CCCl deformation
ν8 (bg) 0.087 (0.010) 5.85 (−8) Inactive / Active CH bend
ν11 (bu ) 0.090 (0.010) 8.19 (−6) Active / Inactive CCl stretch
ν4 (ag) 0.093 (0.010) 1.77 (−7) Inactive / Active CCl stretch
ν6 (au ) 0.103 (0.010) 6.33 (−6) Active / Inactive CH bend
ν10 (bu ) 0.136 (0.010) 5.59 (−7) Active / Inactive CH bend
ν3 (ag) 0.145 (0.010) 3.84 (−7) Inactive / Active CH bend
ν2 (ag) 0.186 (0.010) 5.04 (−6) Inactive / Active CC stretch
ν1 (ag) 0.374 (0.010) 2.42 (−6) Inactive / Active CH stretch
ν9 (bu ) 0.390 (0.010) 2.71 (−7) Active / Inactive CH stretch

aThe vibrational modes are labeled following the convention used in Ref. [66].
bEnergy shift measured from the neutral vibrational state with the same quantum number.
cThe notation a(b) denotes a × 10b.
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FIG. 5. Similar plots to Fig. 4 for tetrachloroethene.

already demonstrated that this peak cannot be reproduced by
Gribakin-Lee theory taking only the infrared-active (dipole-
allowed) transitions into account [50]. It is worth mentioning
that the current CPP model can describe the contribution of
the infrared-inactive vibrations through the potential coupling
term [see Eq. (6)]. One important point is that the infrared-
inactive C=C stretch exhibited the greatest width among the
infrared-inactive modes as listed in Table II. This behavior
can be qualitatively understood from the fact that the positron
is predominantly bound by C=C π electrons in the nonpolar
trans-dichloroethene molecule (see Fig. 2). In addition to this,
the C=C stretching mode is Raman active, but this mode did
not afford the strongest transition in the measured Raman
spectrum; the strongest transition was associated with the

symmetric C–H stretch [68]. The present finding thus suggests
that the C=C π bond plays a more essential role in positron
binding than the overall polarizability change through vibra-
tional motion.

The importance of the π bond can also be observed
in the results for tetrachloroethene. Figure 5 presents a
comparison of the calculated annihilation spectrum and a
high-resolution experimental spectrum. The calculated res-
onance widths are summarized in Table III. Similar to the
case of trans-dichloroethene in Fig. 4, it was found that the
enhancement factor increased the spectral intensity by a factor
of about 6. In this case, however, the calculated intensity with
the enhancement factor is somewhat higher than the exper-
imental intensity. Again, a more accurate treatment for the
enhancement factor will be required. It is worth mentioning
that Swann and Gribakin have recently employed a different
functional form to estimate the enhancement factor [69]. A
broad peak in the experimental spectrum at E ∼ 135 meV,
which corresponds to the infrared-inactive C=C stretch, was
reasonably reproduced in the calculated spectra. Again, it is
worth mentioning that this peak cannot be reproduced by the
Gribakin-Lee model [50]. Therefore, the present CPP model
can describe the contribution of this dipole-forbidden transi-
tion to the annihilation spectrum, and we conclude that the
importance of the C=C stretch in the annihilation spectrum is
correlated with the role of π electrons in positron binding.

IV. CONCLUSIONS

In summary, we have theoretically investigated the ap-
plicability of the practical CPP model for describing the
positron binding phenomenon in a series of six chloroethene
molecules. The experimentally determined positron binding
energies were reasonably reproduced by the CPP model when
we employed an appropriate β value, which controls the con-
tribution of the gradient correction to the short-range positron-
electron potential. From detailed analyses of the positron
densities and positron-electron interaction potentials, we
found that π electrons play an important role in positron bind-
ing, although the dominant interaction is the positron-dipole
interaction. The importance of π electrons has also been
demonstrated through comparison of the calculated positron-
electron annihilation spectra and the experimental spectra
for nonpolar trans-dichloroethene and tetrachloroethene. The
dominant resonance peaks corresponded to infrared-active

TABLE III. Resonance energies and widths of tetrachloroethene for each vibrational state calculated using the CPP model including the
generalized gradient approximation. The characters of each vibrational mode are also indicated.

Modea Resonance energy Resonance width Infrared/Raman
(Sym.) (Energy shift)b / eV / auc Activity Vibration type

ν8 (b2g) 0.008 (0.054) 2.10 (−8) inactive / active CCl2 wagging
ν11 (b3u ) 0.039 (0.054) 1.03 (−5) active / inactive CCl2 stretch
ν9 (b2u ) 0.052 (0.055) 3.12 (−5) active / inactive CCl2 stretch
ν5 (b1g) 0.062 (0.054) 5.28 (−7) inactive / active CCl2 stretch
ν1 (ag) 0.136 (0.055) 2.16 (−5) inactive / active CC stretch

aThe vibrational modes are labeled following the convention used in Ref. [66].
bEnergy shift measured from the neutral vibrational state with the same quantum number.
cThe notation a(b) denotes a × 10b.
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(dipole-allowed) vibrational motions; however, the infrared-
inactive C=C stretching mode also contributed to the
annihilation spectra. This result is in accordance with ex-
perimental findings [13] and suggests the importance of π

electrons in positron binding in polyatomic molecules.
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