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Abstract. To theoretically demonstrate the binding of a positron to acetonitrile, acetaldehyde,
and acetone molecules, we have calculated the vibrational averaged positron affinity (PA)
values along the local CN or CO vibrational contribution with the configuration interaction
level of multi-component molecular orbital method. This method can take the electron-positron
correlation contribution into account through single electronic - single positronic excitation
configurations. The PA values are enhanced by including the local vibrational contribution
from vertical PA values due to the anharmonicity of the potential. For acetonitrile,
acetaldehyde, and acetone molecules, the PA values after averaging over the 1st vibrational
state are 136, 55, and 96 meV, which can be compared with the corresponding experimental
vlues of 180, 90, and 173 meV, respectively.

1. Introduction

A positron, which is the antiparticle of an electron, has same mass, same spin of an electron but
positive charge. Positrons injected into a liquid or solid induce processes such as ionization or
electronic excitation of atoms/molecules, the formation of a meta-stable bound state of a positron and
an electron (positronium, Ps), and the formation of positronic molecular complexes, etc., before the
positron undergoes pair-annihilation with an electron. Recently, the positron is studied in many areas
such as physics, chemistry, material science, medicine, etc [1, 2]. In medical field, positron emission
tomography (PET) is known to be a powerful tool as non-destructive scanning [3].

A number of binding energies of positron (positron affinities, PAs) to molecular species such as
hydrocarbons, alcohols, and halogenated hydrocarbons have been experimentally reported by Surko
and co-workers [4-10]. A positron should be able to form an infinite number of bound states with non-
rotating molecules if the molecule has a dipole moment with a value greater than 1.625 Debye (the
critical dipole moment, D.) [11, 12]. Recently, Danielson et al. [8] have experimentally measured the
PA values of acetonitrile, acetaldehyde, and acetone molecules as 180, 90, and 173 meV, respectively.
We note here that they experimentally measured PA values via the vibrational Feshbach resonance in
which a positronic molecular complex can be formed at the molecular vibrational excited states by
absorbing the excess energy of an incident positron.

Meanwhile, the most theoretical works for the positron-binding molecules are on “polar”
molecules with strong dipole moment such as alkali metal hydrides [13-16], carbonyl and aldehyde
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species [17-19], some nitrile species [20-22], and so on. Recently, we have applied our multi-
component molecular orbital (MC MO) method [23-25] to positron-binding to some molecules, and
shown the importance of vibrational contribution [19, 26]. We have already calculated the vertical PA
values for acetonitrile, acetaldehyde, and acetone molecules as 135, 52, and 92 meV, respectively [19,
22]. To our knowledge, however, the theoretical analysis for acetonitrile, acetaldehyde, and acetone
molecules including both electron-positron correlation and vibrational contribution has not been
reported, yet.

In this study, thus, we would like to quantitatively analyse the PA values for acetonitrile,
acetaldehyde, and acetone molecules. We will calculate vibrational averaged PA values including both
the local CN or CO vibrational contribution and positron-electron correlation by configuration
interaction treatment with our MC_MO scheme [23-25] for these species.

2. Theory

We show here a brief outline of the multi-component molecular orbital (MC_MO) method. The details
are described in Refs. [23-25]. The non-relativistic Hamiltonian operator for a molecular system
containing N, electrons, Nmlc ﬁxed nuclei, and a positron (p) is
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where the first and second terms are the kinetic energy operators for the electrons and positron,
respectively. The other terms are the Coulomb interaction: Z; is the charge of the /-th nucleus and the

variables of 7, r;,, etc. are the distances between particles.

The total wave function (‘ Y . (R,r p)>) of the positronic compound is given as a configuration

interaction (CI) formalism of
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where C, (C L )) is the CI coefficient of Lth configuration (“PL (Re,rp)> ) which consists of products

of the L.th electronic configuration of Slater determinant (‘(DZ (Re)>) and Lyth positronic orbital
(

position vector consisting of the electronic coordinates.

If one treats only the first term of Eq. (2), one can easily derive the mean-field Hartree-Fock (HF)
equations of the MC_MO method. Considering a closed shell electronic structure, the one-particle
electronic and positronic Fock operators are as

¢ (r, )> ).The variable r, is the positronic coordinate, and R, =(ry,...,r ) the 3N.-dimensional
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where h°(r.) is the one-particle operator, which contains the kinetic energy and Coulomb interaction
potential with the nuclei, J; is the Coulomb operator and K; is the exchange operator. Expanding the
molecular orbitals of the electrons and the positron as linear combinations of basis functions, one can
obtain the multi-component electronic and positronic wave functions by solving the Roothaan
equations simultaneously, and also obtain the HF energy.
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The following CI matrix elements are calculated by modification of the graphical unitary group
approximation (GUGA) technique for the positronic compound:
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where the first, second, and third terms denote the contributions of electronic, positronic, and
simultaneous electronic-positronic correlations, respectively. After diagonalization of the CI matrix of
Eq. (5), one can obtain the CI wave function and its energy.

To calculate positron affinity (PA) values including the contribution of molecular vibrations, we
employed the scheme proposed by Gianturco et al. [15]. In this scheme, the PA of parent molecules on
vibrational states is assumed to be evaluated in the Born-Oppenheimer framework, i.e., within the
picture of an immediate positron attachment to molecule at a given geometry, and be modulated by the
vibrational wave function of parent molecule before the geometrical relaxation process due to the
positron attachment occurs. Under the assumption, we can define the vibrational averaged PA of
molecule X as
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where R means the vibrational normal coordinate, £~ (R) ( E [X‘e+](R)) and lﬂf (R) the total

energy of molecule X (positron-attached molecule [X; ¢]) and the ¥ th local CN or CO vibrational
wave function of molecule X, respectively. In the numerical integration of Eq. (6), we set the negative
PA values as zero. Because of the limitation of our computational resources, we have calculated these
molecules considering only the CN or CO local stretching modes.

3. Computational detail
First, we have optimized the geometry of the parent acetonitrile (CH;CN), acetaldehyde (CH;CHO),
and acetone ((CH3),CO) molecules at the HF/6-31++G(2df,2pd) level of calculation [19, 22]. Second,
we have employed the single-point calculation for positron-attached complexes at the optimized
equilibrium structures of the parent species. An even-tempered [15s15p3d2flg] GTF positronic basis
set is employed with a;1=c * a;, where ¢=3.1623 and a; = 1.0x10° for s- and p-type GTFs. The other
positronic polarized GTF exponents are 0.31623, 0.1, 0.031623 for d-type, 0.31623, 0.01 for f~type,
and 0.31623 for g-type GTFs. All positronic GTFs are centered on the oxygen or nitrogen nucleus.
Note that the positronic basis set with small exponent value is indispensable for describing weakly
bound positron. In all calculations, the centers of positronic basis sets were fixed on the oxygen or
nitrogen nucleus with great electro-negativity. We have confirmed that the basis set center dependence
was completely negligible since positronic basis sets were quite diffusive.

We have employed the truncated singly and doubly excited configuration interaction (CISD)
levels, where three types of excitations, (i) single electronic, (ii) single positronic, and (iii) both single
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(a) (b)

Figure 1. Optimized equilibrium geometries of (a) acetonitrile (CH;CN), (b) acetaldehyde (CH;CHO),
and (c¢) acetone ((CH3),CO) molecules at the HF/6-31++G(2df,2pd) level.

electronic - single positronic excitation configurations are included. We note here that our CISD level
of calculation includes no pure electronic correlation contributions (no double electronic excitation
terms) [17-20, 22]. Strictly speaking, more extension of the configuration space and the polarized
basis functions will definitely improve the total energy and properties, since the CI expansion for
positronic systems is known to converge slowly. Recently, however, we have already shown that the
PA value for HCN molecule obtained with our CISD calculations [22] can be qualitatively compared
to our previous quantum Monte Carlo (QMC) result [21], though our variational energy for the [HCN;
e'] species is still higher than that obtained by QMC. Thus, we have decided to employ our truncated
CISD level under the limitation of computational facilities.

Calculations of parent molecules were performed with GAUSSIAN 03 program package [27] and
CI calculations of positronic compounds were carried out using our own program package of the
MC_MO [28].

4. Results and discussion

4.1. Vertical positron affinity value

Figure 1 summarizes the optimized equilibrium geometries of acetonitrile (CH;CN), acetaldehyde
(CH3CHO), and acetone ((CH3),CO) molecules at the HF/6-31++G(2df,2pd) level. We note here that
electrons are drawn toward the nitrogen (oxygen) atom from the carbon atom in these CN (CO) groups.
We have employed single-point calculations for the positronic complexes of these carbonyl molecules
with the fixed equilibrium geometries as shown in Figure 1. The PA values for acetonitrile,
acetaldehyde, and acetone molecules are 135, 52, and 92 meV, respectively, which are highly
correlated with the dipole moment values of 4.12, 3.13, and 3.27 debye for parent species [19, 22]. We
note here that our calculated vertical PA values are smaller than the experimentally measured PA
values of 180, 90, and 173 meV for these molecules, respectively [8].

4.2. Vibrational averaged positron affinity values

To discuss one of the reasons for the above differences between our calculated and corresponding
experimental PA values, we have taken the vibrational contributions into account. Following ref. 15,
we have evaluated the averaged PA values in the Born-Oppenheimer framework, i.e., within the model
of an immediate positron attachment to these molecules at a given geometry, modulated by the
vibrational wave function of the initial parent species before the relaxation process occurs.

In Table 1, first, we show the dipole moments and the vertical PA values (EX(R)—E™(R))

at various CN distances for acetonitrile molecule. Table 1 clearly demonstrates that the PA values
become greater as the CN distance increases. This result correlates with the corresponding dipole
moment values.

Next, we have solved the one-dimensional Schrodinger equation for nuclear wave functions on
the potential energy curve of the local CN stretching coordinate. Figure 2 shows the potential energy
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Table 1. Dipole moments () and positron affinities
(PA) at various CN distances (Rcn) in acetonitrile

molecule.
Ren () M (debye) PA(meV)
0.969 3.87 92
0.995 3.93 99
1.022 3.99 105
1.048 4.05 112
1.075 4.11 120
1.101 4.17 127
1.128 423 135
1.154 4.29 143
1.181 435 151
1.207 4.42 160
1.234 448 169
1.260 4.54 178
1.286 4.60 188
1.313 4.66 197
1.339 4.73 208
1.2 \ k 200
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Figure 2. The one-dimensional potential energy curve (PEC, blue line on a left-
handed side scale in eV) and positron affinity (PA, red line on a right-handed side
scale in meV) values with respect to the local CN stretching coordinate for
acetonitrile molecule. The corresponding Oth, 1st, and 2nd vibrational wave functions

are also shown.
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Table 2. Vibrational averaged PA values and Rcn (Rco) distances for acetonitrile, acetaldehyde,
and acetone molecules. Experimental PA values are also shown. Eq. means values at equilibrium
position.

Acetonitrile Acetaldehyde Acetone
PA(meV)  Ren(0) PA(meV)  Rco(O) PA(meV)  Reo(O)
Eq. 135 1.128 52 1.182 92 1.187
v=0 136 1.131 55 1.186 96 1.191
v=1 139 1.138 63 1.194 105 1.199
v=2 141 1.144 70 1.202 115 1.207
v=3 144 1.151 77 1.210 124 1.215
v=4 146 1.157 83 1.217 131 1.221
Exptl.[ 180 90 173

curve (PEC, on a left-handed side scale in eV), positron affinity (PA, on a right-handed side scale in
meV) values, and Oth, 1st, and 2nd vibrational wave functions with respect to the local CN stretching
coordinate. Our 0->1 vibrational excitation energy is 2474 cm™ which is slightly smaller than the
corresponding CN harmonic normal mode frequency of 2588 cm™ with HF/6-31++G(2df,2pd) level
[27], mainly due to the anharmonic effect and neglecting the motions of methyl group. The energies
of the Oth, 1st, and 2nd vibrational states are 1244, 3718, and 6169 cm’ (154, 461, and 765 meV),
respectively. The expectation values of CN distance for these vibrational states are calculated to be
1.131, 1.138, and 1.144 A, respectively. It should be noted that these values are longer than the
corresponding equilibrium one of 1.128 A, due to the anharmonicity of the potential energy curve.

In Table 2 calculated vibrational averaged PA values for acetonitrile, acetaldehyde, and acetone

molecules are shown using Eq. (6). The PASHSCN values for V=0, 1, and 2 are 136, 139, and 141

meV, respectively. Contrary to the alkali-halide cases [15], our PASH"CN value of 136 meV is slightly

greater than the pure vertical PA value of 135 meV. Interestingly, the vibrational averaged PA value
increases quickly with V, since the expectation values of CN distance for V=1 and 2 are longer than
that for V=0 due to the anharmonicity of the CN potential in Figure 2. Although the PA values are
enhanced by including the local CN vibrational contribution, the correction is actually quite small. The
inclusion of other vibrational degrees of freedom such as methyl group contribution and coupling
between vibrational modes would be important for more quantitative discussion.

In Table 2 similar tendency is shown in acetaldehyde and acetone molecules; The PA‘(,jH3CHO

(PA(VCH-‘)ZCO ) values for V=0, 1, and 2 are 55, 63, and 70 (96, 105, and 115) meV, respectively. These

results imply that the experimental PA values should be greater than the vertical PA ones, since
vibrationally excited states are included in forming positron-molecule bound states via Feshbach
resonances in which a vibrational mode absorbs the excess energy.

We have found that the positron is trapped in the field of the dipole potential and the
corresponding vertical PA values are all positive for acetonitrile, acetaldehyde, and acetone molecules.
We have also found that the PA values are enhanced by including the local CN or CO vibrational
contribution. The inclusion of other vibrational degrees of freedom and application to other molecules
are quite interesting topics. Such studies are now in progress in our group.

5. Conclusion

We have elucidated the positron binding structure of acetonitrile, acetaldehyde, and acetone molecules
with the configuration interaction scheme of multi-component molecular orbital calculations by
including the local CN or CO vibrational contribution. Our vertical PA values for these molecules are
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135, 52, and 92 meV, respectively, which are highly correlated with the dipole moment values of 4.12,
3.13, and 3.27 debye for the corresponding parent species. The PA values are enhanced by including
the local vibrational contribution due to the anharmonicity of the potential. For acetonitrile,
acetaldehyde, and acetone molecules, the PA values after averaging over the 1st vibrational state are
136, 55, and 96 meV, which can be compared with the corresponding experimental values of 180, 90,
and 173 meV, respectively.

Acknowledgements

MT would like to thank Prof. Robert J. Buenker, Dr. Yukiumi Kita, and Dr. Takayuki Oyamada for
helpful discussion. The present study was supported by the Grant-in-Aid for Scientific Research by
Ministry of Education, Culture, Sports, Science and Technology, Japan (Kakenhi).

References

[1] P. G. Coleman, Positron Beams and Their Applications, WorldScientific, Singapore, (2000).

[2] M. Charlton and J. W. Humberston, Positron Physics, Cambridge University Press, Cambridge,
UK, (2001).

[3] L. Sokoloff, M. Reivich, C. Kennedy, M.H. Des Rosiers, C.S. Patlak, K.D. Pettigrew, O.
Sakurada, and M. Shinohara, J. Neurochem. 28, 897, (1977).

[4] C. M. Surko and F. A. Gianturco (eds.), New directions in Antimatter Chemistry and Physics,
Kluwer Academic Publishers, the Netherlands, 2001.

[5] J. A. Young and C. M. Surko, Phys. Rev. A 78, 032702, (2008).

[6] J.R. Danielson, J. A. Young, and C. M. Surko, J. Phys. B 42, 235203, (2009).

[7] G.F. Gribakin, J. A. Young, and C. M. Surko, Rev. Mod. Phys. 82, 2557, (2010).

[8] J.R. Danielson, J. J. Gosselin, and C. M. Surko, Phys. Rev. Lett. 104, 233201, (2010).

[9] A.C. L. Jones, J. R. Danielson, J. J. Gosselin, M. R. Natisin, and C. M. Surko, New J. Phys. 14,
015006, (2012).

[10] J. R. Danielson, A. C. L. Jones, M. R. Natisin, and C. M. Surko, Phys. Rev. Lett. 109, 113201,
(2012).

[11] O.H. Crawford, Proc. Phys. Soc. 91, 279, (1967).

[12] O. H. Crawford, Mol. Phys. 20, 585, (1971).

[13] K. Strasburger, J. Chem. Phys. 114, 615, (2001).

[14] R.J. Buenker, H. P. Liebermann, V. Melnikov, M. Tachikawa, L. Pichl, and M. Kimura, J. Phys.
Chem. A 109, 5956, (2005).

[15] F. A. Gianturco, J. Franz, R. J. Buenker, H. P. Liebermann, L. Pichl, J. M. Rost, M. Tachikawa,
and M. Kimua, Phys. Rev. A 73, 022705, (2006).

[16] Y. Kita, R. Maezono, M. Tachikawa, M. Towler, and R. J. Needs, J. Chem. Phys. 135, 054108,
(2011).

[17] M. Tachikawa, R. J. Buenker, and M. Kimura, J. Chem. Phys. 119, 5005, (2003).

[18] K. Strasburger, Struct. Chem. 15, 415, (2004).

[19] M. Tachikawa, Y. Kita, and R. J. Buenker, New J. Phys. 14, 035004, (2012).

[20] H. Chojnacki and K. Strasburger, Mol. Phys. 104, 2273, (2006).

[21] Y. Kita, R. Maezono, M. Tachikawa, M. Towler, and R. J. Needs, J. Chem. Phys. 131, 134310,
(2009).

[22] M. Tachikawa, Y. Kita, and R. J. Buenker, Phys. Chem. Chem. Phys. 13, 2701, (2011).

[23] M. Tachikawa, K. Mori, K. Suzuki, and K. Iguchi, Int. J. Quant. Chem. 70, 491, (1998).

[24] M. Tachikawa, K. Mori, H. Nakai, and K. Iguchi, Chem. Phys. Lett. 290, 437, (1998).

[25] M. Tachikawa, Chem. Phys. Lett. 350, 269, (2001).

[26] K. Koyanagi, Y. Kita, and M. Tachikawa, Int. J. Quant. Chem. 113, 382, (2013).

[27] M. J. Frisch et al., GAUSSIAN 03, Revision B.05, Gaussian, Inc., Pittsburgh, PA, (2003).

[28] M. Tachikawa, “ab initio multi-component molecular orbital (MC_MO) code” in http://www-

user.yokohama-cu.ac.jp/~tachi/index.html, (2010).



