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21 ABSTRACT: The equation-of-motion coupled cluster method is used to characterize the low-lying anion
23 states of (NaCl); in its rhombic structure. This species is known to possess a non-valence bound anion of
A, symmetry. Our calculations also demonstrate that it has a non-valence temporary anion of By,

26 symmetry, about 14 meV above threshold. The potential energy curves of the two anion states and of the
28 ground state of the neutral molecule are reported as a function of distortion along the symmetric stretch
29 normal coordinate. Implications for experimental detection of the temporary anion state are discussed.

31 The sensitivity of the results to the inclusion of high-order correlation effects and of core correlation is

examined.
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I. INTRODUCTION

Anionic states of molecules and clusters play important roles in many chemical processes.
Anions can be characterized as valence or non-valence, depending on the nature of the electron-molecule
interaction potential, with short-range interactions proving most important for valence anions and long-
range electrostatics and/or correlation effects being responsible for the existence of non-valence anions.
Anions can also be classified as bound or unbound, depending on their energy relative to that of the
ground state neutral system, with bound anions being energetically more stable than the electronic ground
state of the neutral system and unbound anions being less stable, and hence subject to electron
autodetachment. The relative energy of the anion and neutral may also change upon distortion of the
molecular geometry, and care must be taken to clearly indicate the geometry under consideration. In some
non-valence bound anions, the electrostatic attraction alone is sufficient to bind the electron, which means
that the electron is bound in the Koopmans' Theorem (KT) approximation' when employing sufficiently
flexible basis sets. (Here we are assuming that electron correlation effects do not lead to a significant
change in the electrostatic potential.) The best known non-valence bound anions are dipole-bound
anions.” ™ There are also reports of non-valence quadrupole-bound anions>° although we note that some
anions that have been reported as quadrupole-bound actually fail to bind the excess electron in the KT and
Hartree-Fock (HF) approximations, indicating that correlation effects are necessary for binding. We
classify anions in which correlation and relaxation effects in response to correlation play a determinative
role in the binding as non-valence correlation-bound (NVCB),”'° even though electrostatics may also

play an important role in the binding.

While bound anions are most familiar to chemists, unbound anions, also referred to as temporary
anions (TAs), can play a vital role in a range of processes including vibrational and electronic excitation
and chemical bond cleavage.'' ™" In addition to the valence vs non-valence classification, TAs can be

further classified in terms of the mechanism giving rise to the trapping of the excess electron. In this study

ACS Paragon Plus Environment



Page 3 of 23

oNOYTULT D WN =

The Journal of Physical Chemistry

we are interested in non-valence TAs for which the trapping is primarily due to an angular momentum

barrier. Such anions are also referred to as shape resonances. "'

Recently we introduced a model (H,O)4 cluster for analyzing the relative importance of
electrostatics and correlation effects in the binding of an excess electron in a non-valence anion.'’ The
water molecules in the cluster were arranged so as to give D>y symmetry, and, thus, to have no net dipole.
By decreasing the separation between the two dimer subunits, the A, ground-state anion changes from
bound to unbound at the KT level, although when electron correlation effects are included by means of
the electron affinity equation-of-motion coupled cluster singles plus doubles (EA-EOM-CCSD) method,'*
the anion is found to be bound for the entire range of geometries considered. In a subsequent paper we
showed that for a range of geometries the (H>O)s model also possesses a non-valence temporary anion
state."” Though there are reports of non-valence TAs of molecules with sizable dipole moments, non-polar
systems are of interest because their long-range electrostatic attraction falls off more rapidly than 72
(where r is the electron-molecule distance), and hence, when combined with a non-zero angular

momentum contribution gives rise to a barrier for trapping an excess electron.'®!”

While the arrangement of water monomers in the (H,O)4 model considered in References 10 and
15 is unrealizable experimentally, the model provides valuable insights into the characteristics required of
an experimentally realizable, nonpolar molecule or cluster likely to possess a low-energy non-valence
temporary anion. Specifically, the system should possess a NVCB anion state belonging to the totally
symmetric representation of the relevant point group. The natural orbital or Dyson orbital'® associated
with the excess electron in such anion states is largely s-like at distances outside the molecular region.
This suggests the possibility of excited p-like non-valence anion states, which, depending on the strength
of the attraction, would be weakly bound or unbound. The p-like character is important as this leads to an
angular momentum barrier that can contribute to the trapping of the excess electron. This consideration
suggests that the rhombic (NaCl); cluster is an ideal candidate for a non-valence temporary anion, as it

has been predicted to have a bound non-valence anion state of A, symmetry.'*? In the study of
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Anusiewicz et al.' (NaCl), was reported to have a vertical electron binding energy (EBE) of 23 and 144
meV at the KT and coupled cluster singles and doubles with perturbative triples [CCSD(T)]*' levels of
theory, respectively. (In the sign convention used in the present study, a positive EBE refers to a abound
anion.) Similar results were reported by Sommerfeld et al.** who reported KT and EA-EOM-CCSD

values of the EBE.

The lowest unoccupied molecular orbital (LUMO) from a HF calculation on the neutral (NaCl),
cluster is shown in Figure 1 from which it is seen that the LUMO is well described as the bonding
combination of sp hybridized orbitals associated with each Na atom, with the charge being localized
outside the ring to minimize repulsion with the CI™ ions. (The basis set and cluster geometry used for
these calculations is described in Section II.) Since the A, anion is only weakly bound, one might
anticipate that the B,y anion state resulting from the anti-bonding combination of the hybridized orbitals
associated with the two Na atoms, would lie energetically above the neutral cluster. In this study we use
EOM methods to characterize the B, anion state of rhombic (NaCl), to determine if it is indeed
temporary in nature at the equilibrium geometry of the neutral cluster. We note that the existence of
excited state non-valence anions, whether bound or unbound, is relevant for understanding the capture of

low-energy electrons, and possibly also the formation of nuclear Feshbach resonances.?

Figure 1. Lowest unoccupied molecular orbital from a Hartree-Fock calculation on neutral (NaCl), at g =
0 using the aug-cc-pVTZ basis set on the atoms and two sets of 9s functions as described in the text and
centered at the location of the two black spheres, on the same axis as the sodium atoms. The contour
shown encloses 90% of the charge density.
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II. COMPUTATIONAL DETAILS

The geometry of the rhombic form of (NaCl), was optimized using the MP2 method® in
conjunction with the aug-cc-pVTZ basis set and using the frozen core (FC) approximation.”** This
geometry was used in a calculation of the harmonic frequencies at the same level of theory. Distortion
along the totally symmetric breathing mode (g) was considered in order to follow the B,, anion as it
evolves from a bound state to a TA, with a value of ¢ = 0 corresponding to the optimized geometry of the

neutral cluster. The FC approximation was used in previous studies'*?

and the geometries considered in
the current work are largely based on the geometry and definition of ¢ given above. However, in the
course of this work it became apparent that correlating the 2s and 2p electrons in the sodium atoms had a
significant effect on the optimized geometry of the neutral cluster and on the energies of the anion states
relative to the neutral. As a result, we also optimized the geometry of the neutral cluster using the MP2
method allowing correlation of the sodium 2s and 2p electrons using the aug-cc-pCVTZ basis*® on the Na
atoms. (Hereafter calculations including electron correlation and correlating the Na L-shell electrons are
referred to as correlated core). This geometry of the neutral cluster optimized in the correlated core
approximation is close to that obtained by displacing the FC structure to ¢ = -0.05233. The normal mode
relative displacements calculated in the FC and correlated core approximations are essentially identical.
The main computational approach used in this study to characterize the anion states of (NaCl); is
the EA-EOM-CCSD method, which has been found to accurately characterize both bound and unbound
anion states provided sufficiently flexible basis sets are employed.*'* 2" In this approach, a CCSD
calculation is carried out on the electronic ground state of the neutral molecule, and the resulting T1 and
T2 amplitudes are used to carry out a similarity transform of the Hamiltonian which is then used to
perform a one-particle (1p) plus two particle-one-hole (2p14) configuration interaction (CI) calculation on
the excess electron state. Calculations are also carried out using the EOM-CCSD(T)(a)* method*® which

accounts in an approximate manner for the contributions of triple excitations to the ground state of the

neutral and of 3p2A excitations in the CI calculation of the anion. The EOM-CCSD(T)(a)* algorithm used
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is implemented for excitation energies but can be "tricked" into calculating electron affinities by starting
from a closed shell configuration with two excess electrons in a "continuum" orbital.

The orbital depicted in Figure 1 was obtained from a HF calculation on the neutral molecule at ¢
= 0 using the aug-cc-pVTZ basis set supplemented with two sets of diffuse s Gaussians located on the Na-
Na axis, but with their centers displaced further from the Na atoms from the center of the ring (shown as

black spheres in Figure 1). These supplemental sets contained nine even-tempered primitive Gaussians

with the largest exponent being 0.25 and each successive exponent being smaller by a factor of vV10. We
note that the LUMO of (NaCl), obtained from calculations employing supplemental diffuse s and p
functions on the Na atoms has nearly the same EBE and charge distribution as that obtained with the basis
set with the off-atom s functions. The use of off-atom basis functions proves beneficial in the procedure
used to characterize the B,, anion state at geometries at which it is unbound. The distance of the centers
of the supplementary basis functions from the Na atoms was optimized to maximize the binding of the By,
anion state for an expanded ring geometry with ¢ = 0.08 for which the anion state is weakly bound in EA-
EOM-CCSD calculations in the correlated core approximation. This resulted in a displacement of 5 A of
the centers of the diffuse sets from the Na atoms. We also checked that it remains close to optimal for g =
-0.07 where the B, anion is temporary with the highest energy considered in this study. This basis set
gives a KT value of the vertical EBE (for forming the A, anion) of 20 meV, 3 meV smaller than that
reported by Anusiewicz et al.'” Moreover, the EA-EOM-CCSD value of the EBE from our calculations
(139 meV) employing this basis set and the FC approximation agrees closely with the EA-EOM-CCSD
result of Sommerfeld et al.*

As noted above, we have also calculated the EBEs as a function of g, the extent of the
displacement along the normal coordinate corresponding to the totally symmetric breathing mode of the
neutral molecule. As ¢ is varied, the location of the supplemental diffuse s functions relative to the
sodium atoms was held fixed, displaced 5 A from the Na atoms. The electronic structure calculations

were carried out using CFOUR.*!
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In the Siegert picture®® temporary anions are characterized by a complex energy

ir
Eres = Ey _l? (D

oNOYTULT D WN =

where FE, is the resonance position and I' its width which is proportional to the reciprocal of the lifetime
12 (atomic units have been assumed). Both £, and I" are geometry dependent. For geometries at which the

14 B,y anion is unbound, the results from the EA-EOM-CCSD calculations were combined with the

16 stabilization method* and analytic continuation® to determine the complex energies associated with the
18 temporary anion states. Briefly, the exponents of the supplemental diffuse basis functions were multiplied
20 by a scale factor, B3, and the energies of the first seven eigenvalues corresponding to the electron attached

states (relative to that of the neutral) are calculated for a series of  values ranging from 0.2 to 1.7.

25 A plot of the energies of the excess electron states (relative to the energy of the neutral molecule)
27 vs P reveals avoided crossings that can be interpreted as resulting from the mixing of a diabatic discrete
state corresponding to the anion (with detachment suppressed) with diabatic discretized representations of
the continuum of the free electron plus the neutral molecule. Hereafter, the latter are referred to as DC
levels. As is well documented in the literature, the resonance position and width can be extracted using

36 data from the avoided crossing regions.*’ In the present study we accomplish this by means of analytic
38 continuation and locating the complex stationary point, f*, for which d£/dp = 0. In the case of a clear-cut
40 avoided crossing between two levels, the analytic continuation can be carried out by fitting the data in the

42 vicinity of an avoided crossing to the expression

45 P(BE? +Q(BE +R(B) =0, 2)
where

29 P(B) =1 +p:B+ps B2+ (3a)

>3 Q(B) = qo + q1B + qzB* + -+ (3b)

56 and
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R(B) =1 + B +1p? + - (30)

The stationary point * is substituted back into the expression for the energy to obtain estimates of £, and
I'. The use of a quadratic rather than a linear expression in £ is to accommodate the branch-point structure

associated with avoided crossings.**>°

For narrow resonances, for which I'/2 << E,, stabilization graphs generally display well-defined
avoided crossings between the diabatic discrete state and the discretized continuum (DC) solutions as the
scale parameter is varied. However, for resonances for which the value of I'/2 approaches E, in
magnitude, the avoided crossings become less pronounced. For the geometries of (NaCl), considered here
semi-quantitative results for the B>, anion can be obtained using the quadratic expression given by eq 2,
with the P, O, and R polynomials being, respectively, of order 3, 4, and 5, in , and employing data from
the two roots involved in an avoided crossing. However, to obtain better converged complex resonance
energies, we employed a generalization of eq 2 to include terms of higher order in E. In our application of
this approach to extract resonance parameters of the Bo, anion of (NaCl),, we included terms through £
for ¢ = 0.07 and E* for smaller values of ¢, and using data from three and four roots, respectively. We
employ polynomials in eq 2 and its extensions of powers n - m, where m is the power of E in the
expression for the energy, and  is an integer ranging from 6 to 13. Typically, more data points were used
than parameters in combination with least squares fitting. In addition, for each geometry considered
several independent analytic continuation calculations using different sets of data points and different
order polynomials in eq 3 were performed, each giving slightly different complex resonance energies,

with the average of these results being reported for E,. and I
I11. RESULTS AND DISCUSSION

I11.1 Stabilization calculations. The stabilization graph obtained from the EA-EOM-CCSD
calculations on (NaCl), using the correlated core approximation and at ¢ = 0 is shown in Figure 2a. The

figure also includes the energies of the DC levels obtained by solving for the eigenvalues of the one
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electron system using the same basis set as used for the EA-EOM-CCSD calculations but with the nuclear
charges set equal to zero. The DC levels were calculated using Gaussian 16.*® From inspection of the
graph it is seen that, for the energy range depicted, the EOM calculations give one more energy level than
there are DC levels. This is indicative of the presence TA resonance. It is also seen that the diabatic (i.e.,
unmixed) discrete state corresponding to the resonance falls near 9 meV. In order to obtain a more
accurate value of £, and to determine the width we use the analytic continuation procedure described
above, together with data from the second to fifth roots of the EA-EOM-CCSD calculations for scale
factors ranging from 0.2 to 1.0. The resulting average E, and I" values are 8.95 and 7.28 meV,

respectively.

Figure 2b reproduces the portion of the stabilization graph involving the avoided crossings. In
this figure we also indicate the energy of the diabatic discrete state by a horizontal line and color code the
eigenvalues involved in the avoided crossings. In addition, we have added lines to indicate the
approximate energies of the DC levels when orthogonalized to the discrete level to give so-called
orthogonalized DC (ODC) levels. This helps make more transparent that there are two avoided crossings
occurring near 3 values of 0.3 and 0.9. Interestingly, the crossing of the discrete state and the relevant DC
levels occur near larger 3 values (0.40 and 1.33, respectively). The shifts of the avoided crossings to
lower B values than those that correspond to the crossings between the discrete level and the DC levels is
a consequence of orthogonalization. If we treat the region near an avoided crossing as a two level system,

then the eigenvalue problem becomes

(Vs mpon)(e)=0) )
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Figure 2. (a) Stabilization graph for (NaCl),
obtained from EA-EOM-CCSD calculations
at ¢ = 0 and using the correlated core
approximation. The energies of the excess
electron states from EOM-CCSD calculations
and of the DC levels are shown as blue dots
and black dashed lines, respectively. (b) The
energies of the excess electron states from
EOM-CCSD calculations are shown as blue
dots. The energies of the DC levels are shown
as black dashed lines and the unmixed discrete
level by the horizontal red line, while
estimates of the energies of the second and
third DC levels orthogonalized to the discrete
level is indicated by the sloped red line.
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where H); is the energy if the discrete state, H» is
the energy of the appropriate DC level, V is the
coupling between the discrete state and the DC
level, and S is the overlap of the associated wave
functions. At f = 1.3, where the discrete level and
the second DC level cross, one can use the energies
of the diabatic and adiabatic levels to determine that

§=0.52 and V'=1.86 meV (at that § value).

Figure 3 plots, as a function of ¢, the energy
for the By, anion state obtained from EA-EOM-
CCSD calculations carried out both with the FC and
correlated core approximations. (A value of ¢ = 0.1
corresponds to an increase of the Na-Na distance by
0.118 A and an increase in the CI-Cl distance by
0.078 A). For ¢ values at which the anion is
unbound, the results were obtained using the
stabilization procedure described above, and we plot
both E. and I'/2. In both sets of calculations the real
part of the energy of the TA is seen to be a smooth
continuation of the energy of the bound state, as ¢ is
decreased. The inclusion of correlation effects
involving the Na core electrons increases the
attraction of the electron for the cluster: the
stabilization is ~9 meV at ¢ = 0.15, at which the

anion is bound, and ~3.5 meV at g = 0 at which the
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B>, anion is unbound. (The smaller stabilization at ¢ = 0 is consistent with the more extended charge
distribution of the anion when it is temporary than when it is bound.) As a result, both £, and I" are
predicted to be smaller in the calculations correlating the core electrons of the Na atoms than in those
carried out using the FC approximation at a given value of ¢g. The resonance energy was also calculated at
the geometry of the neutral cluster optimized at the MP2 level in the correlated core approximation, with
the resulting values of £, and ['/2 being 14.40 and 8.94 meV, respectively. It should be noted that the
geometry optimized at this level of theory is very close to that obtained in the FC approximation with ¢
displaced to -0.05233, at which stabilization calculations making use of the correlated core approximation
give values of £, and I'/2 (13.67 and 8.05 meV, respectively) that are within 1 meV of the resonance

parameters obtained using the geometry optimized in the correlated core approximation.
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Figure 3. Resonance energy, £, and ['/2, from EA-EOM-CCSD stabilization calculations on the B,, anion
of (NaCl), as a function of ¢, the distortion along the symmetric breathing normal coordinate. Results
obtained in the frozen core (shown in blue) and correlated core (shown in red) approximations are
reported. The figure also includes the negative of the EBE for ¢ values for which the anion is bound.

While the use of the correlated core approximation impacts both £, and I', when I'/2 is plotted vs
E, for the g values for which the anion is predicted to be temporary, the results from the stabilization

calculations with and without correlation of the Na core electrons, are found to essentially fall on the
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same curve as seen in Figure 4. This is consistent with the fact, discussed in detail later, that correlating
the Na core electrons impacts the electron-cluster interaction potential only at short-range and has

negligible impact on the barrier region which controls the width (for a given value of E,.).

Also shown in Figure 4 are least squares fits of ['/2 as a function of E, for the core-correlated
calculations using threshold laws™ assuming either p-wave (dashed black line) or f-wave (red dotted line)
character of the resonance. (Symmetry constrains the resonance to contain only odd £ angular momentum

terms.) The equations used in the fits are:

r AE3?

E({) =1 = 1+BE, -
r AE3®

E({) =3)= 225+45(BEy)+6(BEy)?+(BEy)3 -

The fit based on eq 5a (with 4 =0.172 and B = 0.037) is superior to that obtained assuming purely f~wave
character (with 4 = 15.97 and B = 2.14). We note that, while the fit was based only on the data from the
core-correlated calculations with ¢ ranging from 0.07 to 0 (E, ranging from approximately 1 — 9 meV),
the best-fit curve was extended over the entire range of ¢ values considered. The departure of the fit from
the data from the smaller ¢ values suggests that for these points the threshold formula is beginning to fail.
At ¢ = 0 in the correlated core approximation the width, I" is already about 80% as large as E,, and the

resonance cannot be considered narrow.
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Figure 4. I'/2 vs E, from EA-EOM-CCSD/stabilization calculations on the B,, anion of (NaCl), with the
results from the frozen core and correlated core approximations shown as blue triangles and red triangles,
respectively. Also shown are fits based on eq 5, with the fit using the expression for a p-wave resonance
shown as the black dotted line and that for an f~wave resonance shown as the solid green line.

I11.2 Polarization and effective potentials for " + (NaCl),. In light of the finding that inclusion
of correlation effects involving the core electrons of the Na atoms impacts the energies of the anion states,
we find it instructive to examine the polarization potential of (NaCl), calculated in the FC and correlated
core approximations. Figure 5 plots, along the NaNa axis, the polarization potential of (NaCl), calculated
at the MP2 level in both the FC and correlated core approximations. As seen from this figure, the
polarization potential is much more attractive in the correlated core approximation. These results were
obtained by subtracting the MP2-level electrostatic potential from the change in the MP2 energy caused
by a negative point charge at various locations along the NaNa axis. It should be noted that similar results
are obtained in the HF approximation which means that the increased attraction of the polarization
potential close to the Na atoms is predominantly due to the inclusion of basis functions appropriate for
describing polarization of the core electrons rather than to correlation of the core. However, it is important
to note that in the calculation of the EBE's of the anions, this is manifested in terms of correlation effects

involving the diffuse excess electron and the tightly bound electrons of the Na cores.*’ Although both the
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A, and the By, anions have very extended charge distributions, the small amount of charge density of the
excess electron near the Na cores results in a non-negligible stabilization of the anion when correlation

effects between the excess electron and the core electrons is included.

Energy (meV)
|
o

-20 }+ u

=25t == Froz. core I
-~ Corr. core

-30 k - s s

1 2 3 4 5

r(A)

Figure 5. The polarization potential for the correlated core (solid red line) and frozen core (dashed blue
line) as a function of distance along the Na-Na axis (7, in Angstroms).

As noted in the Introduction, shape resonances can be viewed as resulting from the trapping of an
excess electron in the effective potential describing the electron-molecule interaction. In light of this, it is
instructive to consider the effective potential for a purely p-wave resonance of (NaCl),. Figure 6 plots the
polarization, electrostatic, and angular momentum contributions to the effective potential obtained in the
correlated core approximation at ¢ = 0. The polarization and electrostatic contributions to the effective
potential were obtained by applying the procedure of Boardman et al.*' to the results of MP2 calculations
of the electrostatic potential and of the energy of the cluster interacting with a negative point charge at
various locations. The most striking aspect of the net effective potential is the large distance of the barrier
from the center of the molecule: The maximum of the barrier occurs near an electron-molecule distance of
14 A at which the energy is 13.2 meV, about 4 meV above the value of E, calculated for the By,
resonance at g = 0. Polarization effects are negligible in the barrier region, and the barrier results from the

interplay of the attractive electrostatic interaction and the repulsive angular momentum term. The distance
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of the barrier from the molecule is much greater than found for valence shape resonances for which the
barrier results from the interplay of the polarization and angular momentum contributions. We note that
the effective potential shown in Figure 6 does not account for exchange between the excess electron and
the electrons of the cluster or for orthogonality of the orbital occupied by the excess electron to the
orbitals of the cluster of the same symmetry. Both of these effects are short-ranged and are not expected

to impact the barrier region of the potential.

50

25

Energy (meV)
o,

Figure 6. Effective radial potential, V¢ (solid black line), vs r, the distance from the center of the cluster,
for p-wave scattering from the (NaCl), cluster model with ¢ = 0. The electrostatic contribution (ES) is
shown as the dashed blue line, the polarization contribution (Pol) is shown as the red dash-dotted line, and
the angular momentum contribution (AM) is shown as the green dotted line.

I11.3. Potential energy curves. Figure 7 reports as a function of ¢ the potential energy curves for
the ground state of the neutral cluster as well as for the A, and B», anion states. The total energy of the
neutral molecule is from CCSD calculations, and the energies of the anion states are obtained by
subtracting the EBEs from the EOM-CCSD calculations from the energies of the neutral. These curves
were generated allowing for core correlation. For g-values at which the By, state lies higher in energy than
the neutral cluster, the EBEs are associated with the negative of the real parts of the resonance energy

from the stabilization calculations. The energies of both anion states display a g-dependence similar to
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that of the neutral, consistent with the extra electron occupying a highly extended non-valence orbital.
Whereas the A, state is bound by approximately 150 meV over the entire range of ¢ values considered,

the energy of the By, state is very close to that of the neutral, being bound only for g £ 0.08.

Based on the potential energy curves depicted in Figure 7, the B, anion of rhombic (NaCl),
should be detectable by IR absorption from the bound A, anion state. However, it should be noted that
Anusiewicz et al. found in their computational study that the ground state anion distorts from the rhombic
to a Cyy structure. The energy lowering associated with this distortion was so small that these authors
concluded that the structure averaged over the vibrational zero-point motion would still be Dap. This
distortion is presumably driven by the enhanced electron binding due to the accompanying dipole moment
(~1.5 D in the calculations of Anusiewicz et al.). At the distorted structures the excited state anion would
acquire s-wave character which would act so as to shorten the anion lifetime, and which could make its

detection in IR absorption from the ground state anion more challenging.
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Figure 7. Relative energies of the Ay (dashed blue) and B,, (dash-dotted red) anion states and of the
ground state of the neutral (NaCl), cluster (solid green) as a function of g, the fractional distortion along
the symmetric breathing normal coordinate. The energy of the neutral ground state at its most stable
geometry (¢ = -0.06) is taken as the zero of the energy scale. The energy of the neutral is from CCSD
calculations and the energies of the anion states are from the EOM-CCSD calculations, all obtained using
the correlated core approximation.
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Table 1 reports the EBE obtained using various theoretical methods of the A, anion at ¢ = 0. For
the A state the FC and correlated-core EBEs obtained using the EA-EOM-CCSD method are 139 and
164 meV, respectively. Thus, core correlation is more important for the Ag anion than for the B,
temporary anion, consistent with the more diffuse charge distribution of the latter. Table 1 also includes
EBEs calculated using the EOM-CCSD(T)(a)* method as well as with the ACCSD and ACCSD(T)
methods. (The A methods involve calculating separately the energies of the ground neutral and the anion,
and are feasible only for anion states that demonstrate binding in the HF approximation.) The EOM-
CCSD(T)(a)* and ACCSD(T) methods give EBEs that agree to within 1 meV of each other, with the
EOM-CCSD(T)(a)* results being 148 and 176 meV in the FC and correlated core approximations,
respectively. This shows that correlation of the Na core electrons is ~4 meV more important in the EOM-
CCSD(T)(a)* than in the EA-EOM-CCSD calculations, and also that inclusion of higher order correlation

effects absent in the EA-EOM-CCSD method lead to a 12 meV increase in the EBE of the A, anion.

Table 1. Electron Binding Energy (meV) of the A, anion state of (NaCl), calculated at various levels of
theory in the frozen core and correlated core approximations

core EOM- EOM- ACCSD ACCSD(T)
CCSD CCSD(T)a*

Frozen 139 148 128 147

Correlated 164 176 152 175

At g =0, the EA-EOM-CCSD calculations predict the B, anion state to be unbound with respect to the
neutral by 12.4 and 9.0 meV in the FC and correlated-core approximations, respectively. As we saw
above, higher order correlation effects (not included in EOM-CCSD) stabilize the A, anion state by about
12 meV, making it important to estimate their effect on the B,, anion at g values that the EOM-CCSD
calculations predict it to be a resonance. To this end we also carried out EOM-CCSD(T)(a)* calculations
to the By, anion at ¢ values at which the anion is bound. We did such calculations at ¢ = 0.20 and 0.15,

and find that the use of EOM-CCSD(T)(a)* rather than EA-EOM-CCSD increases the EBEs at these ¢
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values by only 3.0 and 2.5 meV, respectively. Higher order correlation effects are expected to be even
less important at ¢ values at which the anion is metastable. Indeed, stabilization calculations carried out
using the EOM-CCSD(T)(a)* method at the geometry of the neutral cluster optimized at the MP2 level in
the correlated core approximation showed that the resonance energy and width are impacted by less than

1 meV by the inclusion of higher order correlation effects.

IV. CONCLUSIONS

In this study, we present the results of calculations that indicate that (NaCl),, at its equilibrium
geometry, possesses both a bound non-valence anion of A, symmetry and a non-valence temporary anion
of By, symmetry. Inclusion of correlation of the Na core electrons is found to significantly impact the
geometry of (NaCl), and the energies of the Ag and B,y anion states, although this is less important for the
By, anion at geometries at which the anion is a resonance than those at which it is bound. Electron
correlation effects recovered by the EOM-CCSD(T)(a)* method but lacking in EOM-CCSD are found to
lead to a ~12 meV increase of the EBE of the A, anion (at ¢ = 0), but have a smaller impact on the EBE
of the By, anion. The By, temporary anion state of (NaCl), in its rhombic structure should manifest itself
both in low-energy electron scattering from neutral cluster as well as in the IR photodetachment of the
excess electron from the bound A, anion. In the latter case, the resonant and direct detachment channels

are expected to interfere, thereby modifying the Fano lineshape.*
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