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ABSTRACT: Despite the fact that the positron annihilation has
been used in biomedical applications, the detailed mechanism of
the positron annihilation on biological molecules remains poorly
understood so far. In this work, we investigated the positron
binding and positron annihilation properties for both global
minimum and hydrogen-bonded structures of 20 amino acid
molecules using the multicomponent molecular orbital method. By
regression analysis, we confirmed that positron affinity can increase
with an increase of the permanent dipole moment of the parent
amino acids as reported in previous studies, while the annihilation
rate linearly increases with respect to the square root of positron
affinity. By the one-particle property analyses for probabilities of
electron−positron contacts, we found that delocalization character-
istics of both electrons and positrons play key roles to enhance the positron annihilation rate arising from both the valence electrons
in σ- and π-type molecular orbitals from 2p atomic orbitals but not from the highest occupied molecular orbital electrons,
particularly for comparatively weakly bound positronic amino acid systems.

■ INTRODUCTION
Positron annihilation has been versatilely used in many fields of
materials science and biomedical science as a useful and versatile
tool for a noninvasive probe of material properties andmolecular
processes. In bulk materials, positron annihilation occurs in the
region of negatively charged defects or vacancy defects, which
gives us various detailed properties of bulk defects.1 For
molecular systems, a positron can be trapped in the (induced)
electronic dipole field of even neutral molecules. In biomedical
fields, positron emission tomography as an important medical
application has been used for cancer detection,2,3 where
techniques of detection of γ-rays emitted upon electron−
positron pair annihilation4 are used. Therefore, it is necessary to
figure out the electron−positron pair annihilation properties as
well as the positron binding ability of individual biological
molecules.
For some isolated atoms, reliable theoretical calculations have

provided theoretical evidence for the existence of a positronic
bound state.5−8 On the other hand, in recent years, low-energy
positron beam experimental studies by Surko’s group have
identified positron−molecule bound states and observed
positron annihilation spectra for a number of individual
molecules, containing small inorganic molecules and typical
polyatomic organic molecules.9−14 From these theoretical and
experimental results, some important trends for the capability of
positron binding have been determined: the ionization energy of
the parent atom becomes a key parameter for the positron
binding energies of, for example, alkali-metal atoms, as described

by the alkali model proposed by Mitroy et al.,15 where the
electron removal energy for the parent species in comparison to
the binding energy of the positronium atom characterizes
stabilities of the positron−atomic systems associated with the
positronium or the positron decay channel. This trend is also
likely to hold for a few aromatic compounds.16 In contrast, in the
case of large organic molecules as represented by large alkane
species, the positron binding energy can increase independently
of the ionization energy, i.e., behaves like a constant with respect
to the ionization energy.16 Gribakin et al. also have presented the
important relationship between the positron binding energy and
the electrostatic properties of the parent molecule, such as the
permanent dipole moment and the dipole polarizability.16

On the theoretical side, direct calculations have also been
performed to provide positron binding energies for positronic
compounds of various sizes of molecules. In practice, highly
accurate calculation methods to include a significant inter-
particle correlation effect, such as the configuration interaction
method,17−23 more sophisticated quantum Monte Carlo
method,24−26 and correlated Gaussian expansion approach,27
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can be applied for rather positronic atoms or positronic small
polyatomic systems due to these becoming computationally
demanding. Theoretical studies also have now developed
effective model potential methods with a focus on the positron
binding interaction to the nonpolar or weakly polar systems.28,29

On the other hand, the mean-field Hartree−Fock (HF) level of
the theory severely underestimates the positron affinity (PA) as
well as the electron−positron pair annihilation rate due to
incomplete interparticle correlation effects, e.g., in case studies
for positronic polar molecules, such as cyanide species22 and
alkali-metal halides,26 the HF method can reproduce ∼10% of
PAs compared to the experimental or higher accuracy
calculation results. However, the HF method of the multi-
component molecular orbital (MC_MO) theory has been
frequently applied for systematic studies, particularly for large
sizes of polyatomic molecules30,31 and molecular clusters,32

which have not been experimentally identified.
For biological molecules, in contrast to the typical organic

molecules, there was previously only an experimental report on
positron lifetime observations for solid-phase amino acids and
proteins.33 In more recent years, a few theoretical investigations
for the positron binding properties of the gas-phase amino acid
molecules were performed using the MC_MO-based HF
method. Koyanagi et al.34 systematically investigated the
positronic bound states of several amino acid species in the
gas phase and successfully expected that the amino acids can
have greater positive PAs as the molecular dipole moment
increases. Furthermore, Nummela et al.35 and Suzuki et al.36

presented the hydration effect on positron binding to the
aqueous complexes of glycine and proline, respectively, through

detailed analyses of the positron binding properties for a number
of possible lowest energy conformers. Sugiura et al. carried out
the simulation of the positron scattering on a proline molecule
and obtained the positron annihilation spectrum containing
vibrational resonance peaks.37 On the other hand, Charry et al.
also carried out calculations of PAs for amino acids38 using any
particle molecular orbital (APMO) method,39 which is a similar
approach to MC_MO. APMO-based second-order Møller−
Plesset and second-order propagator calculations significantly
improved underestimations of the HF level calculations for PA
by taking into account the electron−positron correlation
effect.38 These high-level calculations as well as the above HF
calculation results also showed that a linear trend on PA with
respect to the dipolemoment of the parentmolecule holds good.
These facts offer us a significant prediction that at least
observables as the positron affinity and the positron annihilation
rate should be observed as larger values than expectations from
the HF level calculations. Although the positron binding abilities
and the annihilation properties have become clear only for
particular species, there are still neither available experimental
data nor systematic theoretical benchmarks for the positron
annihilation rates of the individual positronic compounds of the
biological molecular systems. Therefore, it would be a very
important step to find out chemical trends from theoretical
benchmarks for the positron annihilation rate of the biological
molecules in the MC_MO HF approach.
In particular, for some simple molecular systems, such as

noble gas atoms, diatomic molecules, and typical hydrocarbons,
the HF method has also been applied to evaluate the electron−
positron annihilation spectra and utilized to understand the

Table 1. Dipole Moments μ in debye, Positron Affinities PA in meV, and Annihilation Rates Γ2 in ns
−1 for Positronic Amino Acid

Systems Obtained by the Present MC_MO HF Calculations

Charry et al.38 this work

species μ (Debye) PAa (meV) PAb (meV) μ (debye) PAc (meV) Γ2
HF (10−2 ns−1) Γ2

γ (10−2 ns−1)

Global Minimum Structures
Gln 3.61 0.9 2.3 3.62 1.86 0.169 0.714
His 4.89 4.8 7.0 3.64 7.42 0.289 1.358
Ser 2.88 −0.2 0.8 1.69 −5.30
Trp 1.19 −1.8 −1.7 4.13 2.44 0.122 0.519

Hydrogen Bonded Structures
Ala 5.60 52.9 103.2 5.40 42.48 1.216 4.794
Arg 7.40 70.6 129.3 6.54 64.23 1.694 6.640
Asn 4.69 16.9 39.7 4.48 12.98 0.440 1.770
Asp 4.54 18.0 41.4 4.36 13.73 0.443 1.774
Cys 4.13 14.8 38.1 3.97 10.63 0.418 1.693
Gln 6.28 47.8 93.2 5.33 27.82 0.855 3.369
Glu 6.55 62.8 115.4 6.39 57.10 1.411 5.432
Gly 5.76 57.3 105.5 5.57 48.99 1.315 5.154
His 3.13 3.1 13.3 4.02 6.25 0.283 1.159
Ile 5.48 48.7 104.2 5.39 43.77 1.385 5.474
Leu 5.74 58.1 117.2 5.57 51.41 1.534 6.038
Lys 4.40 36.3 84.8 5.72 51.19 1.496 5.884
Met 4.45 30.1 72.0 6.52 58.30 1.416 5.514
Phe 5.61 50.6 107.5 5.40 42.84 1.309 5.162
Pro 6.03 72.0 138.4 5.75 59.78 1.733 6.816
Ser 4.31 9.3 21.6 4.39 19.22 0.645 2.580
Thr 4.43 11.5 27.0 4.45 19.28 0.700 2.798
Trp 7.08 79.4 153.4 6.03 57.77 1.680 6.593
Tyr 4.97 41.0 91.9 3.71 7.62 0.492 1.983
Val 5.31 42.3 91.3 5.07 30.23 0.958 3.806

aAPMO HF calculation results. bAPMO P2 calculation results. cThe present MC_MO HF calculation results.
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annihilation process at the molecular orbital level.40,41 These
studies presented that the inner valence shell (the lowest
occupied orbital) electrons may possess especially dominant
contributions to the annihilation. In contrast, the conventional
linear fitting16 can be obtained explicitly to contain the number
of π-electrons as an explanatory variable, and the case study for
the positron annihilation rate of fluorinated benzenes31 also
showed the obvious result that the largest contributions to the
two-photon annihilation rate arose from the valence 2p-derived
orbitals including π-like orbitals but not from the lowest 2p-
derived orbitals. Thus, the molecular level mechanism of the
positron annihilation is still controversial. From this perspective,
biological molecular systems also become an importantmodel to
test the above theoretical aspects.
In the present study, we investigated positron binding and

annihilation properties systematically for the global minimum
(GM) and the hydrogen-bonded (HB) conformers for each of
the 20 standard amino acids: Ala, Arg, Asn, Asp, Cys, Gln, Glu,
Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, and Val,
using the MC_MO-based HF method. The GM and HB
structures of the amino acids have quite distinct properties due
to geometries of a carboxy hydrogen atom, which significantly
affect these positron binding abilities: the HB structures have
larger dipole moments than the GM structures and are several
tens of millielectron volts higher in energy relative to the GM
structures. Although these amino acid molecules are mostly
known to have about 8−10 eV of the ionization energy42,43 as
large as in the case of large alkane species mentioned above,
some of these amino acids, particularly, most of the HB
structures can form stable positronic bound states due to such
large dipole moments but independent of the ionization energy
(see Figure S1). As for calculations of annihilation rates, we
applied the enhancement factor44−46 (see the Computational
Details section) for improving the low qualities of the HF level
calculation results. By utilizing one-particle properties for the
electron−positron contact density obtained by the present
MC_MO-based HF calculations, we analyzed the positron

annihilation properties related to both characteristics of
electronic and positronic structures.

■ RESULTS AND DISCUSSION

Positron Affinity and Annihilation Rate. First, we
calculated the positron affinity PA and the two-photon
annihilation rate Γ2

HF using the MC_MO HF method with the
6-311+G(3d,3p) electronic and two-atom-center situated
[9s9p] positronic basis sets, and Γ2

γ including corrections by
the enhancement factor for both GM and HB structures of all
amino acid molecules (see the Computational Details section
for details). Table 1 shows the calculation results for GM and
HB amino acids predicted to have positive PAs (i.e., capable of
binding to a positron) by the present MC_MO HF and the
earlier APMOHF and APMO P2 calculations by Charry et al.38

for comparisons. All detailed numerical data obtained in this
work are available in Table S3. The results showed that all of the
HB structures exhibit positive PAs, while for the GM structures,
only three amino acid species, Gln-GM, His-GM, and Trp-GM,
can have positive PAs at the HF level. In comparison with the
latest calculation results for PA at the HF level (APMO HF)
reported by Charry et al.,38 the present calculations using the
two-atom-center positronic basis set give ∼10% smaller PAs
only for some HB species, such as Ala-HB, Arg-HB, Glu-HB,
Pro-HB, Trp-HB, and Val-HB, regarded as the strongly polar
HB species having dipole moments greater than ∼5.5 debye,
while these give larger PAs particularly for all three GM species
and some HB species, such as His-HB, Ser-HB, and Thr-HB
with comparatively small dipole moments rather.
For amino acid species shown in Table 1, we show PA (in

meV) as a function of the dipole moment μ (in debye) of the
parent amino acids in Figure 1a, where the solid line indicates a
fitting function obtained by the linear regression analysis for PA
with respect to μ. In this linear regression, the fitted line PA(μ) =
22.218μ − 79.568 shows the correlation coefficient R2 = 0.931,
which roughly agrees with the previous calculation results at the
HF level.34,38 The obtained critical dipole moment μc = 3.581
debye is larger than Crawford’s critical value μ = 1.625.47 By

Figure 1. (a) Positron affinity PA (in meV) as a function of the magnitude of the dipole moment μ (in debye) of the parent amino acid molecule and
(b) two-photon annihilation rates, Γ2

HF and Γ2
γ (in ns−1), as functions of the square root of PA for positronic compounds of the amino acid molecules.

Both PA and Γ2
HF calculated directly byMC_MOHF calculations are shown by black circles, andΓ2

γ including corrections by the enhancement factor is
shown by red triangles, where for both figures, open and closed symbols indicate results for HB and GM structures, respectively. Solid lines are fitting
functions obtained by linear regression analyses (see the text for details).
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inclusion of the electron−positron correlation effect with the
APMO-based many-body theoretical calculations38 (e.g.,
APMO P2 calculations shown in Table 1), PAs by HF level
calculations increase by ∼50% or more, and a positronic system
(e.g., [Ser; e+]) predicted to be unstable by the HF level
calculations is inverted to be stable, as shown in Table 1.
Consequently, it was found that due to such significant
correlation effects, the critical dipole moment μc decreases
from expectations of the HF calculation results, and the linearity
of PA with respect to μ is somewhat weakened for increased
PAs.38 However, the important trend that PA increases
depending dominantly on μ of the parent molecule can be
maintained.
In the qualitative aspects of HF level calculation results, we

found a disagreement result only for the [Trp-GM; e+] with the
previous studies. The present and Koyanagi et al.34 commonly
predicted positive PAs as 2.44 and 4.0 meV, respectively, while
Charry et al.38 presented a negative PA (i.e., no positron binding
ability) even in MP2 and P2 calculations. This discrepancy for
the [Trp-GM; e+] system arises from the difference in the
optimized equilibrium geometries that show different dipole
moments: our work and Koyanagi et al. showed μ = 4.1 and 4.0
debye, respectively, while Charry et al. showed μ = 1.19 debye,
for the parent Trp system. Referring to the other detailed study
for conformations of Trp,48 the GM structure in this work can be
considered as the most stable structure showing μ = 3.99 debye,
while the other one may be identified as one of the lowest energy
conformers lying slightly higher in energy, showing μ = 1.18
debye with a different scheme of hydrogen bonding. However,
even more importantly, these results suggest that the positron
binding ability is sensitive to the conformational geometry.
For the positron annihilation property, since the annihilation

rate is known to be proportional to the parameter,16,49 we
examined the linear dependence on PA for both data sets, Γ2

HF

(black circles) obtained by eq 6 at the HF level and Γ2
γ (red

triangles) including corrections by the enhancement factor, as
represented in Figure 1b, where both Γ2

HF and Γ2
γ are shown in

units of ns−1. We found that due to the enhancement factor,
annihilation rates for HB structures increased by a factor of∼4.0,
while those for the GM structures increased by factors of 4.2−
4.6, compared to values at the HF level. These trends on the
effects of the enhancement factor are similar to the case of alkane
molecules.46 For the present amino acids, the fitted functions
obtained by the regression analyses with respect to PA ,
Γ = −0.00245 PA 0.003282

HF a n d
Γ = −γ 0.00948 PA 0.01182 , show correlation coefficients R2

= 0.964 and 0.962, respectively, which indicate that a linear
relation between the annihilation rate and the square root of the
positron affinity holds for the amino acid molecules. However,
the fitted functions for both Γ2

HF and Γ2
γ have unfavorably finite

(nonzero) intercepts giving critical PA values, PAc = 1.79 and
1.55 meV, respectively. This might be attributed to the
insufficient accuracy for interparticle correlations in the mean-
fieldHF approximation that is difficult to reproduce the positron
binding energy qualitatively, particularly for loosely bound
positrons of weak polar systems, or to slower convergence of the
electron−positron contact density in comparison with the
positron affinity in the variational method.
In the particular cases of [Gln-GM; e+], [His-GM; e+], and

[Trp-GM; e+] systems mentioned above, we also obtained that
the use of the present two-atom-center positronic basis set
effectively enhanced Γ2

HF compared to the use of a similar size of

the one-atom-center positronic basis set even in the HF
approximation (see Table S2). This effect is expected to be
associated with delocalization characteristics of positronic wave
functions for the loosely bound positrons, particularly for such
GM structures.

Positronic Structure. Figure 2 shows the positronic wave
functions (the singly occupied positron orbitals) for a simple HB

system [Ala-HB; e+] as a representative system of the HB
structures, and for three GM systems, [Gln-GM; e+], [His-GM;
e+], and [Trp-GM; e+], which are expected to have
comparatively delocalized positronic orbitals. These positronic
orbital maxima ψmax

p can be found to align with the dipole
moment vectors of parent molecules, indicated by blue arrows,
which are associated with distributions of the (local) negative
electrostatic potentials. Such situations can be, in general,
obtained in the vicinity of an oxygen atom with a lone pair in a
carboxy group for both [Ala-HB; e+] and [Trp-GM; e+] systems
as well as all cases of the other HB structures (see Figure S3). In
this situation, a lone pair in the carboxy oxygen atom can be
considered to play a role in inducing the electric field to attract a
positron. On the other hand, different situations for ψmax

p can be
found only in [Gln-GM; e+] and [His-GM; e+], where ψmax

p is
located in the vicinity of a side-chain oxygen atom for [Gln-GM;
e+] and that of a nitrogen atom in a side-chain five-membered

Figure 2. Positron orbitals for (a) [Ala-HB; e+], (b) [Gln-GM; e+], (c)
[His-GM; e+], and (d) [Trp-GM; e+] systems, where pink-to-purple
surfaces show positronic wave function isosurfaces in a.u., and
embedded blue arrows show electric dipole moment vectors.
Isosurfaces with 90, 60, and 30% of the maximum value ψmax

p are
enclosed from the inner (purple) to the outer (thin pink). Hydrogen,
carbon, nitrogen, and oxygen atoms are indicated by white, brown, gray,
and red balls, respectively. Horizontal ticks below the positronic wave
functions are shown for every 5 Å.
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ring for [His-GM; e+]. For these GM species, a hydrogen atom
in a terminal carboxy group forms a hydrogen bond with a
neighboring oxygen atom with a lone pair. This hydrogen
bonding reduces the negative electrostatic potential around the
carboxy oxygen atom, while the remaining active lone pair
electrons in the side chain dominantly contribute to the
molecular gross dipole moment favored in binding a positron.
The capability of binding a positron by a terminal nitrogen
contributing to the gross dipole moment with a lone pair in the
organic molecule was reported in the case study for the
positronic nitrile species.22

For more details, in cases of the GM structures, particularly,
[Gln-GM; e+] and [Trp-GM; e+] shown in Figure 2b,d,
respectively, the positronic orbitals can be found to be fairly
delocalized from locations of the orbital maxima to vicinities of
other atomic nuclei concerned with lone pair electrons. For
these loosely bound positrons, the positronic orbital maxima
ψmax
p ∼ 10−4 au are smaller in comparison to ψmax

p ∼ 10−3−10−2
au for cases of the HB structures as represented by [Ala-HB; e+]
having comparatively localized positronic orbitals. For [Gln-
GM; e+], the positronic orbital extends from the vicinity of an
oxygen atom in a side chain to near oxygen atoms constituting a
carboxy group. For [Trp-GM; e+], the positronic orbital extends
to around the amino group nitrogen atomwith a lone pair as well
as the six-membered ring of a side chain. These delocalization
behaviors of the bound positrons are also due to the electronic
structure causing partial polarization supporting to bind a
positron.
Importantly, the strongly delocalized features of the

positronic orbitals suggest that it is also probable that the
annihilation of an attached positron occurs due to contact with
either electrons coming from functional groups related to
delocalized electronic orbitals. Toward understanding this issue,
we will discuss the details about the electron−positron contact
density ⟨δep⟩ in the following section.
Analysis of the Electron−Positron Pair Annihilation.

To figure out properties of the electron−positron pair
annihilation rates for the positronic amino acid compounds,
we analyzed the quantity ρep(r) in eq 4 representing the
probability density that electrons and a positron are found in the
same position and decomposition of the electron−positron pair
annihilation rates into the components Γ2

i by eq 6. The ρep(r)
distribution gives us more practical information about the
electron−positron contact causing the occurrence of positron
annihilation rather than individual electronic and positronic
molecular orbitals as seen above. Figure 3 shows ρep(r) for [Ala-
HB; e+], [Trp-GM; e+], [His-GM; e+], and [Gln-GM; e+], of
which the positronic structures have been dealt with in the
discussion in the above section. For the [Ala-HB; e+] system, the
contact density maxima ρmax

ep can be clearly found in the vicinity
of both oxygen atoms constituting a carboxy group. Similarly,
ρmax
ep for cases of the GM structures of [Trp-GM; e+], [His-GM;

e+], and [Gln-GM; e+] can be found to appear at almost the
same locations to ψmax

p (c.f. Figure 2). However, non-negligible
density local maxima as showing at least 5−30% of ρmax

ep can be
found at a terminal carboxy group for [Gln-GM; e+] and at
around both sides of an amino group and a six-membered ring
for [Trp-GM; e+]. In the [His-GM; e+] case, such ρep local
maxima can be found only around hydrogen atoms neighboring
a nitrogen atom with a lone pair in a five-membered ring. The
delocalization of the positronic wave function significantly
affects the extent of delocalized ρep(r) distributions as postulated
above.

More details of the annihilation properties can be obtained by
decomposition of the annihilation rates into the components Γ2

i

for one-electron orbitals ψi
e. In Figure 4, Γ2

i spectra with respect
to the electronic molecular orbital energy εi lying above −1.6
Hartree are represented by histograms with thin blue and orange
bars for both Γ2

HF at the HF level (the left panels) and Γ2
γ

including corrections with the enhancement factor (the right
panel) for (a) [Ala-HB; e+], (b) [Gln-GM; e+], (c) [His-GM;
e+], and (d) [Trp-GM; e+] systems. The electronic orbital
energies involve all electronic molecular orbitals derived from
the valence shells for these systems, which contribute to the
electron−positron pair annihilation rate accounting for the
majority (at least 95%) of the total annihilation rates. In this
analysis, although the order of electronic orbital energies is
approximated by the HF approximation, it can be shown that
some certain local peaks appear at electronic orbitals lying near
HOMO (above approximately εi = −0.6 Hartree) and even
deeper energy levels, as illustrated by orange bars with orbital
insets labeled by Pi (i = 1−4). For [Ala-HB; e+], the uppermost
peak P1 and the second one P2 are characterized as the O−C−O
antibonding 2pπ-like (out-of-plane) orbital and the C−O
bonding 2pσ-like (in-plane) orbital with respect to a carboxy
COO plane, respectively (here, the bond notation X−Y means
an interatomic connection between atoms X and Y but does not
mean the bond order). These P1 and P2 peaks are maintained in
the decomposition of Γ2

γ due to the effects of the enhancement
factor that effectively affects energetically higher occupied
orbitals. The positronic wave function overlaps with not only the
σ-type but also the π-type bonding electrons of a lone pair can be
considered to contribute to the ρep(r) maxima found in [Ala-
HB; e+]. P3 and P4 lying below εi = −1.4 Hartree are
characterized as C−O σ-like orbitals dominantly contributed
from the C 2s and O 2s electrons of a carboxy. However,

Figure 3. Collision probability densities ρep (r) calculated by the
MC_MO HF method for (a) [Ala-HB; e+], (b) [Gln-GM; e+], (c)
[His-GM; e+], and (d) [Trp-GM; e+] systems. Dark blue surfaces show
density isosurfaces with 60, 30%, 10, and 5% of the maximum value ρmax

ep

enclosed from the inner to the outer, in units of au. Hydrogen, carbon,
nitrogen, and oxygen atoms are indicated by white, brown, gray, and red
balls, respectively. Horizontal ticks below the contact densities are
shown for every 1 Å.
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contributions from these inner valence shells become com-
paratively smaller due to corrections by the enhancement factor.
These trends can be found in most cases of the other HB
structures (see Figure S4).
In the [Gln-GM; e+] system shown in Figure 4b, for which the

positron orbital maxima ψp
max is located near an oxygen having a

lone pair in a side chain (Figure 2b), three Γ2
i peaks assigned as

P1, P2, and P3 also appear from the nonbonding type inplane O
2p orbital, the C−O bonding 2pσ-like orbital, and the C−O
bonding 2sσ-like orbital, with respect to the side chain CNO
plane, respectively. In the [His-GM; e+] system shown in Figure
4c, where the positron is bound to a nitrogen atom with a lone
pair, obviously, Γ2

i peaks assigned as P1, P2, and P3 appear from
electronic orbitals for N−H andC−H inplane orbitals. For these
two GM species (b) and (c), the upper two peaks P1 and P2 are
even greater due to the effect of the enhancement factor, while
the contribution from P3 of the inner valence orbitals becomes
relatively small. In the [Trp-GM; e+] system, two Γ2

i peaks, P2
and P3 appear from the electronic orbitals contributing to the
formation of the NH−HO bonding between an amino and a
carboxy group neighboring to each other. The electronic orbitals
yielding the uppermost peak P1 have somewhat delocalized
characteristics as extending to a six-membered ring of a side
chain. The local maxima of ρep(r) are deeply connected to such
delocalized electronic orbitals to increase the wave function
overlap with the delocalized positronic orbital. Furthermore,
due to corrections with the enhancement factor, contributions
from this delocalized electronic orbital and higher energy
valence orbitals increase significantly.

By analyses of the one-particle property for the annihilation
rates, we clarified that the greater part of ρep(r) is led by the
positronic wave function overlap with both σ- and π- type lone
pair electrons to induce the local electrostatic potential. A similar
mechanism for Γ2 was found in the case study for the positron
annihilation on fluorinated benzene,31 whereas the present
systems showed that delocalization characteristics of both
electrons and a positron have the crucial role to enhance ρep(r)
as quantified by the Γ2

i peaks. The present analytical results are
quite in disagreement with the claim40,41 that s-type inner
valence shell electrons yield a significant contribution to
positron annihilation. However, such simplification may be
qualified for simple systems of highly symmetric electronic
structures but is not valid for complicated organic molecules
represented by biological molecules possessing functional
groups at least. A more complicated mechanism for positron
annihilation may also be postulated for other molecular
compounds and clusters formed by various chemical bonding
schemes.
In addition, employing the multi-atom-center situated

positronic basis functions were effective for increasing the
electron−positron pair annihilation rate related to both loosely
bound positronic and dominant electronic orbitals even at the
HF level, particularly for the large sizes of amino acids with
comparatively small dipole moment magnitudes, such as [Gln-
GM; e+] and [Trp-GM; e+]. As for these species, Γ2

i components
correspond to all assigned local peaks Pi increased by ∼2 times
compared to the use of a similar number of the one-atom-center
positronic basis functions (c.f. the same analytical result for Γ2

Figure 4. Decomposition of two-photon annihilation rates, Γ2
HF (left panels) and Γ2

γ (right panels), into the components for electronic molecular
orbitals for (a) [Ala-HB; e+], (b) [Gln-GM; e+], (c) [His-GM; e+], and (d) [Trp-GM; e+] systems. The vertical and the horizontal axes show the
electronic orbital energy εi and the component Γ2

i obtained by the MC_MO HF calculations. Γ2
i for both Γ2

HF and Γ2
γ are shown as a spectrum-like

representation with blue and orange lines. Inset figures show the electronic molecular orbitals picked up (see the text), indicated by orange lines, where
brown and green wave function isosurfaces correspond to ±0.1 au, respectively.
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calculated using one-atom-center positronic basis functions as
shown in Figure S5). In utilizing the one-particle properties
obtained by the HF level calculations for corrections via the
enhancement factor, the use of multicenter situated basis
functions for the positron may be one of the useful ways to
obtain enhanced electron−positron contact densities within the
independent-particle theoretical framework. The present results
can be further improved using appropriate multicenter
positronic basis functions with large expansions, which was
necessary for localized features of strongly bound positrons
particularly for most of the HB structures, as shown in the
previous report by Charry et al.38

■ CONCLUSIONS

We investigated the positron binding and positron annihilation
properties for the global minimum and the hydrogen-bonded
structures for 20 amino acid molecules using the multi-
component molecular orbital method. Applying two-atom-
center situated positronic basis functions for expressions of
loosely bound positrons was effective for minimizing the total
energy of the positronic amino acid compounds (i.e., max-
imizing the positron affinity) and for reproducing enhancements
of the electron−positron contact densities, particularly for
weakly bound positronic systems. To improve the low accuracy
of the multicomponent Hartree−Fock level calculations for the
two-photon annihilation rates, we also applied corrections by
the enhancement factor to one-particle properties of annihila-
tion rates. Our regression analysis showed that the positron
affinity can be characterized simply by the molecular electro-
static properties as the permanent dipole moment, and the linear
dependence of the two-photon annihilation rates on the square
root of the positron affinity holds for the amino acids.
Furthermore, by the one-particle property analysis for the
annihilation rate, we found that delocalization characteristics of
both electrons and a positron play a key role in enhancing the
positron annihilation rate arising from both the valence
electrons in σ- and π-type molecular orbitals from 2p atomic
orbitals but not from the highest occupied molecular orbital
electrons, especially for the global minimum structures with
loosely bound positrons. These components of the annihilation
rates yield greater contributions due to the effect of the
enhancement factor. For more accurate results, higher-level first-
principles calculations involving interparticle correlation effects
are needed for resolving stabilities of the positronic bound states
particularly for weakly polar amino acid species, e.g., most of the
GM structures, where the effect of the partial polarizability may
be crucial for positron binding. These issues are to be addressed
in our future work.

■ COMPUTATIONAL DETAILS

Total energies for the positronic compounds are calculated
using the multicomponent molecular orbital (MC_MO)
method. In the MC_MO theoretical framework, the multi-
component wave function containing the electronic Slater
determinant and the positronic orbital can be obtained by
solving the electronic and the positronic Roothaan equations,
simultaneously (see refs 50, 51 for the details). In this work, we
calculated the total energies E[X] for the system X of the amino
acid molecule at the equilibrium nuclear geometry, and E[X; e+]
for the same system containing a positron, [X; e+] using the
Hartree−Fock (HF) level of the MC_MO theory. As shown in
previous studies for the positronic amino acid species,34−36 the

positrons are loosely bound to the systems and nuclear
relaxation due to the positron attachment to systems may be
considered negligible. Therefore, we define the positron affinity
(PA) for the system X as

= [ ] − [ ]+E EPA X X; e (1)

Since the positronic amino acids have closed electronic shell
subsystems, we will calculate the electron−positron annihilation
rate for the two-photon process, Γ2, described by

πα δΓ = ⟨ ⟩a c2
4

0
2

ep (2)

where α, a0, and c are the fine structure constant, the classical
Bohr radius, and the light velocity in a vacuum, respectively, and
⟨δep⟩ is the electron−positron contact density representing the
number of the electron−positron coalescence per unit volume.
In the MC_MO framework, using the i-th doubly occupied
electronic orbital ψi

e(r) and the singly occupied positronic
orbital ψi

p(r) for the positronic molecular system containing Ne
electrons, ⟨δep⟩ can be represented in terms of the electron−
positron collision probability density ρep(rp)

∫δ ρ⟨ ⟩ = r r( )dep
ep

p p (3)

and

∑ρ ψ ψ ψ ψ=
=
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ep

1

/2
e e p p

e

(4)

where ni = 2 for closed-shell electronic systems. Thus, the
electron−positron contact density ρep(rp) can be evaluated
simply by the multiplication of the total electron density
2∑i = 1

Ne/2|ψi
e(r)|2 by the positron density |ψp(r)|2. In addition, by

decomposing the annihilation rate Γ2
HF calculated by the

MC_MOHFmethod in eq 2 into components Γ2
i for electronic

molecular orbitals as

∑Γ = Γ
=

2
i

N
i

2
HF

1

/2

2

e

(5)

where

∫πα ψ ψ ψ ψΓ = r r r r ra c ( ) ( ) ( ) ( )di
i i2

4
0
2 e e p p

(6)

we can obtain the two-photon annihilation rate obtained by the
probability of the collision between an electron occupying the i-
th electronic orbital and a positron. In addition, the electron−
positron contact density calculated via the independent-particle
approximation was corrected by the enhancement factor, which
was developed by Green and Gribakin44 using the many-body
perturbation theory to take into account the electron−positron
annihilation vertex corrections. An empirical formula for the
electronic orbital-specific enhancement factor introduced by
Green and Gribakin44 is written by

γ
ε ε

= +
−

+
−

1
1.31 0.834

i
i i

2.15i
k
jjjjj

y
{
zzzzz (7)

where i is an electronic orbital number and εi (<0) is the i-th
occupied electronic orbital energy. Using this factor, eq 5 is
corrected as

∑ γΓ = Γγ

=

2
i

N

i
i

2
1

/2

2

e

(8)
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The present system of the amino acid X contains both the global
minimum and the hydrogen-bonded structures for 20 standard
amino acids: Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly, His, Ile, Leu,
Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, and Val. We used the
Pople type triple-zeta split valence basis set, 6-311+G(3d, 3p),
including the diffuse functions for the second-row species and
three d-type and three p-type polarization functions for the first-
and the second-row species, respectively, for the electron, and
the two-atom-center situated Gaussian type [9s9p] basis
functions for the positron (i.e., in total [18s18p] basis functions
are employed). Different two basis function centers were
appropriately selected to obtain the lowest total energies for
positronic compounds, considering partial negative electrostatic
potential maps: two oxygen atoms in a carboxy group for HB
structures, an oxygen atom of a side chain, and a lone pair oxygen
atom of a carboxy group for Gln-GM, a lone pair nitrogen atom
of a side chain and a lone pair oxygen atom of a carboxy group for
Trp-GM, and a nitrogen atom of an amino group and a lone pair
oxygen atom of a carboxy group for His-GM (see Table S2 for
test calculations). The Gaussian exponents are determined in
the even-tempered scheme as αi + 1 = c × αi with c =√10 and α1
= √10 × 10−4 and 10−4 for the s- and p-type functions,
respectively, for each of the different atom-center [9s9p] sets. In
this work, all of the calculations were performed using our
MC_MO modified version of the GAMESS package.52,53 The
four-center overlap integrals in eq 6 were calculated using the
Obara−Saika scheme54 implemented in the modified GAMESS.
As proposed by Tachikawa et al. in their fully variational

molecular orbital studies,51,55 ideally, basis function centers and
exponents should also be variationally optimized to obtain the
best wave function in the MC_MO theoretical framework.
There are some theoretical performances using such floating
Gaussian function methods for positronic small molecular
systems.23,56 However, it would be difficult in practice to fulfill
the fully variational optimization of the basis sets particularly for
large polyatomic systems as the present. For these reasons,
previous studies on positronic amino acids have attempted to
approximate the wave function of a bound positron by an
appropriate choice of the single orbital center,34,38 under
reasonable criteria, e.g., minimizing the total energies for
positronic compounds. In comparison with the use of the
positronic one-atom-center basis set including more nodal
functions as d and f types, the two-atom-center basis set
employed in this work can reproduce the consistent results for
PA and can simultaneously increase Γ2 (see Table S2).
Increasing Γ2 via such a multi-atom-center positronic basis set
reflects the nature of positron annihilation for a loosely bound
positron, as discussed in this paper in detail.
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