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In this paper, we describe a computational model that allows us to avoid having to perform a very large
number of tedious calculations on electronically metastable anions when studying indirect DEA processes.
By indirect, we mean that the electron attaches to an orbital in one region of the molecule but a bond is
subsequently broken in another region. For such events, one must describe the coupling between two diabatic
anion states, corresponding to the occupation of orbitals in the two regions of the molecule, to achieve a
correct description. We introduce a simplex2 2 matrix model as well as physically reasonable and
computationally efficient approximations to the diabatic states in regions where they are metastable. We
show this model to be highly effective when applied to several indirect DEA processes that we studied earlier
with brute-force methods. The main advantage of using this model is that one can avoid having to carry out
a large number of calculations on metastable anion states; only one or two such calculations are required.

I. Introduction A-B+e —» (A-B)— A+B

A. Direct Dissociative Electron Attachment. In a direct
dissociative electron attachment (DEA) process, a free electron
having kinetic energ¥e strikes a molecule AB in which the

fragments A and B are chemically bonded and enters directly
into an antibonding orbital (e.g., a5 o* orbital in MeS— A+B
SMe), after which the nascent-AB~ anion can undergo either E

electron autodetachment o bond cleavage to form A-

B~. Such a process is illustrated in Figure 1, where the bound
A—B and repulsive (A-B)~ potential energy surfaces are also
shown.

Let us consider an example of such a direct DEA event. It
has been determin&that electrons having kinetic energies near
1 eV can enter into the-SS ¢* orbital of dimethyl disulfide
(MeS—SMe) and cause -SS bond rupture to form the MeS
radical and the MeSanion. In such processes, the dissociation
yields depend on the competition between the rate of motion Ryp —
on the repulsive (AB)~ anion surface (the black curve in  Figure 1. Depiction of electron capture (red arrows), autodetachment
Figure 1) and the rate of electron autodetachment (representedgreen arrow), and dissociation (black arrows) arising when a8 A
by the green arrow in Figure 1). The shorter the autodetachmentmolecule is struck by an electron and forms an A radical and a B
lifetime, the smaller the DEA vyield; the steeper the repulsive anion via direct DEA.

curve, the prompter the dissociation, and thus, the higher the I

A+B-

B. Indirect Dissociative Electron Attachment.Indirect DEA i
processes are different because they involve attaching an electron o
to a vacant orbital in one region of the molecule while breaking
a bond in another region. An example of such a process is shown
in Figure 2, in which the olefine* orbital is where the electron il
attaches but the-€Cl ¢ bond is where the dissociation occérs. il /@
In such indirect DEA processes, there are two anion statesrigure 2. lllustration of indirect DEA in which an electron enters a
that must be considered: one with the excess electron in thes* orbital and subsequently fragments the-Cl o bond to form the
olefin r* orbital and the other with the electron in the-Cl CI™ anion and a hydrocarbon radical.

. . )
o* orbital. The appropriate potential energy curves for these two diabatic anion states are shown qualitatively in Figure 3 as

functions of the C-Cl bond length (because this is the bond
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Figure 3. lllustrative plots of the neutraly* anion, andr* anion states

(e.g., relating to the species shown in Figure 2) as functions of the

C—Cl bond that ruptures.

(because placing an electron into the& orbital does not
qualitatively alter the €ClI o bonding), whereas the* anion
curve is repulsive near the equilibrium—CIl bond length as
expected (because having the excess electron in’tloebital
ruptures this bond). The facts that the repulsi¥ecurve lies
far below the neutral curve at largand intersects the neutral

curve not far above the neutral’s minimum relate to the very

large electron affinity of the ClI atom.

In the indirect DEA of the cyclic compound shown in Figure
2, an electron having kinetic ener@yappropriate to enter the
a* orbital of the olefinic uni? attaches to this orbital (illustrated
by the green arrow in Figure 3) to initially form the metastable

m*-shape resonance anion. This anion can subsequently undergo

electron autodetachment (at a rate of cal*X01), or it can
evolve, through coupling with the-€Cl ¢* resonance state, to
break the G-Cl o bond and form the CIl ion and the
hydrocarbon radical. The coupling betweentiend o* states
occurs most strongly when the<Cl bond is stretched to near

the point where these two diabatic curves cross (see Figure 3).
That is, the two diabatic states couple to produce a pair of
adiabatic states; upon the lower-energy adiabatic surface, the

reactive flux then evolves. Once on the repulsi¥eomponent

J. Phys. Chem. A, Vol. 109, No. 3, 200885

Figure 4. CCC codon used in one of our earlier studi@he central
cytosine-sugar-phosphate unit is shown in ball-and-stick format while
the w-stacked neighboring units are shown in stick format.
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Figure 5. Plots of the neutral (squares) and adiabatic anion (circles)

of this adiabatic curve, the molecule can dissociate to form the electronic energies as functions of the sugainosphate €0 bond
Cl~ and hydrocarbon radical products, but it can also undergo length for a fragment of DNA consisting of three cytosirteoxyri-

electron detachment (at a rate of cal®0?) until the o* anion’s
curve crosses below that of the neutral.

It should be noted that, at low electron energiesahanion
state is not directly (i.e., vertically) accessible (black vertical
arrow in Figure 3) because it vertically lies at significantly higher
energies than does the* anion* Moreover, only at very
stretched bond lengths does thfeanion approach and intersect

bose-phosphate unifsarranged in ar-stacked fashion as shown in
Figure 4. In this example, an excess electron with a kinetic energy of
1.5 eV (within the Heisenberg width ofz& resonance) attaches. The
barrier on the anion’s adiabatic surface lies 15 kcal thabove the
anion’s local-minimum energy (i.e., near 1.45 A).

impeded by a barrier on the adiabatic surface near where the
m* and o* diabatic curves intersect and couple most strongly.

Fhe neutral; therefore, unless the sample is very hot, itis highly Therefore, unlike the direct DEA case, in which the nascent
improbable that the neutral’s bond length will be so extended 4o surface is purely repulsive, it is not competition between
as to allow zero-energy electrons to attach directly near such a,j15detachment and prompt/direct fragmentation that governs
neutral-anion curve crossing. Of course, as noted earlier, both e yield of dissociation. For indirect DEA, the competition also
the 7* and o anions’ energies are Heisenberg broadened by, |ves accessing the barrier on the anion’s adiabatic surface:
significant amounts, so the above observations need to be j, tact it is primarily the rate at which this barrier is accessed

softened to_take these widths into cons_ideration. In particular, that, in competition with autodetachment, governs the dissocia-
the large width of the* state can allow it to attach electrons 4, yield.

of considerably lower energy (even down to zero energy) than
one would expect on the basis of the above analysis, although
with continuously decreasing probability as one moves farther
from the central energy of the resonance state.

It should also be noted that the outward motion of the nascent
anion formed vertically in the indirect DEA process will be

II. Overview of Our Earlier Work Involving Indirect
DEA in Biological Molecules

Recently, we have devoted a great deal of effort to computing,
using ab initio electronic structure methods, the neutral and
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Figure 6. Plots of the neutral (squares) and adiabatic anion (circles) electronic energies as functions of thphmggrate €0 bond length for
the CCC codon fragment shown in Figure 4 for a variety of electron kinetic energies lying within the Heisenberg widtir'ofesenance.

lowest adiabatic anion curves for species consisting of fragmentsa dominantlyc* state for largerR values (with the electron

of DNA involving a base connected to a deoxyribose and then occupying a sugarphosphate €0 o* orbital, which we also

to a phosphate grolp® This work relates to our interest in  determined by inspection). These data therefore offer an example

the mechanisms by which low-energy electrons can causeof the indirect DEA process discussed above in which the

structural damage in DNA. In such cases, it is believed that a incident electron attaches (vertically ndae= 1.45 A) to form

low-energy (i.e., 0.22 eV) electron attaches tosg orbital of a sr* anion that evolves, as the-€D bond length stretches to

one of DNA's bases, but that a suggrhosphate €0 ¢ bond near 1.75 A, into @* anion that then fragments to produce the

is subsequently ruptured. As such, these are indirect DEA very stable phosphate anion and a sugar-based carbon radical.

situations as we discussed earlier. An example of the kind of The barrier on the anion’s adiabatic surface plays a central role

data we produced for the CCC codon depicted in Figure 4 is in determining the rate at which-@0 bond cleavage occurs. It

shown in Figure 5. is clear from Figure 6 that this barrier changes as the incident
In Figure 6, we illustrate how the anion and neutral surfaces electron’s kinetic energl changes; as a result, the rate 6fQ

for this same CCC codon vags one alters the kinetic energy  bond cleavage varies with.

E of the attached electron from 0.3 to 2.0 eV to cover the  |n addition to the CCC codon illustrated in Figure 4, we

majority of the Heisenberg width of the* resonance state  examined single cytosiresugar-phosphate unit as well as

studied. individual thymine-sugar-phosphate unifto determine their
As discussed in our earlier works? the adiabatic anion state  rates of CG-O bond cleavage at various electron energies. We
in such cases consists of a dominantly valentestate (with carried out such studies both in the absence of any stabilizing

the excess electron occupyings& orbital of the cytosine solvation environment and with solvation strengths (using the
fragment, as we determined by inspection)for 1.75 A and PCM model?) ranging up to a dielectric constant ef= 78.
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Figure 7. Energies of thymine sugaphosphate neutral fragment € 1.0, solid square¢ = 4.9, solid triangleg = 10.4, solid circle = 78,
solid diamond) and of adiabatic anioa £ 1.0, half-filled squareg = 4.9, half-filled triangle;e = 10.4, half-filled circle;e = 78, half filled
diamond) fragment at various electron enerdteand various solvation dielectric constamts

e
W\WW*

Figure 8. Phosphate radical anion center formed by attaching an electron t thibital of a P=O bond and subsequeritand 3 fragmentation
of phosphate sugar O-C bonds.

The potential energy curves we generated for the thymine In our study of this system, we calculated both the diabatic
sugar-phosphate ca8eare shown in Figure 7 as illustrative  z* and o* energies, as well as the neutral energy curves, as
examples. functions of the phosphatesugar O-C bond (3 or 5) shown

Finally, also as part of our DNA-damage research, we stéidied N Figure 9.
processes in which a free electron having endtgtrikes the Of course, we were also able to compute the lowest adiabatic
7 bond of a phosphate unit, (ROY®(HO)P=0, that is bonded anion surface for this case, but we do not show this in
in 3 and 3 manners to two sugar units (labeled R ang. R~ Figure 9.
Such model compounds were selected because this kind of There are two very important observations we need to make
structural motif occurs in DNA. When the phosphate group’s concerning the data shown in Figures 6, 7, and 9, which are
7 bond is struck, a-P"—O~ radical anion center is formed, as  characteristic of all of the results that we have obtained to date:
shown in Figure 8, and subsequently, an-© ¢ bond (1) The o* diabatic curves (alternatively, the largeo*
connecting the phosphate to one of the sugar groups is brokencomponent of the adiabatic curves) all display the characteristic
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100 - ) parallel to the neutral) are central to the model that we now
= 90] 7*3'C-O Anion introduce; later, we examine how well the model does even for
g 80 the phosphate attachment case where we expect it not to be as
= 70] reliable for the reason just stated.

S 60
= gn lIl. The Model for Indirect DEA
@ 404 A. Why Do We Need a Model?If we have been able to
g 304 3'C-0O Neutral calculate the neutral and diabati¢ and o* (and adiabatic)
M 204 curves for the species discussed above, why do we need to
2 104 introduce any model? The primary reason is to eliminate much
= of the computational expense involved in performing such
o -10 . ) calculations. In particular, for values of the bond lengtivhere
A 20! 67*3'C-O Anion the w* and/or o* diabatic states lie above the energy of the
10 12 14 16 18 20 22 24 26 corresponding neutral, these anion states are not bound but are
Distance C-O [A] electronically metastable. As such, their energies cannot be
evaluated by straightforward application of quantum chemistry
- %5’ C-0 Anion methods. It is well-known that calculations on such states will

undergo “variational collapsé? as the atomic orbital basis set
is expanded (e.g., by adding more and more diffuse functions)
and will yield an energy equal to that of the neutral molecule
plus a free electron infinitely distant and with essentially zero
5°C-O Neutral kinetic energy. T_hat is, the excess electron will not remain wi;hin
the * or o* orbital but, to achieve a lower total energy, will
“escape” to large distances and attain very low kinetic energy.
To overcome such difficulties, we have had to make use of
so-called stabilization methotfsthat allow us to properly
evaluate the electronic energies of such metastable states.
However, such calculations are extremely computationally

Relative Energy [kcal/mol]
=

-1 6*5°C-0O Anion intensive! so it wo_uld be of cons_iderable benefit to us (_and
-20 . e T e T e s e hopefully to others) if we could avoid some of these calculations.
10 1.2 14 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 It is largely for this reason that we think the model put forth
Distance C-O [A] here offers great promise.

Figure 9. Diabatic anion and neutral energies of the stgdrosphate: B. What Is_the Model? The foIIOWIng elements constitute
sugar unit shown in Figure 8 as functions of the @ bond that is the computational model we put forth in this work:
stretched to effect the’ ®r 5 cleavage. (1) We admit that we need to compute the energy of the
neutral species (i.e., the electronic energy as a function of the
purely repulsive forit and have larg® asymptotes whose  length R of the bond being considered for breakage with all
energies (relative to the neutral) reflect the electron detachmentother geometrical degrees of freedom relaxed to minimize the
energy &4 eV) of the phosphate anion formed wherond energy).
rupture occurs. (2) We also accept that we need to computedhéiabatic
(2) The =* diabatic curves (alternatively, the smatl-* curve of the anion at largeR values where this anion is
component of the adiabatic curves) are all nearly parallel to the electronically stable. Neither these calculations nor the calcula-
neutral’s curve but shifted upward by an amount equal to the tion of the neutral curve require any of the special “tricks” of
7* state’s resonance energy at the equilibrium geometry of the the stabilization method.
neutral. This does not mean that structural changes do not occur (3) We posit that the energy curve for th# diabatic state
when an electron enters the orbital. They certainly do, and  of the anion (at least in a substantial neighborhood of the
they were considered in our work on the species discussed hereneutral’s equilibrium bond length) can be approximated by
However, the changes occur primarily within the framework shifting the neutral’s curve upward in energy by the kinetic
of ther bonding of the cytosine, thymine, o units. energy of the incident electroB. Of course, we must know
These two observations pertain to our CCC codon data, ourthat this energy lies within the Heisenberg width of thé
thymine—sugar-phosphate data, our cytosinsugar-phosphate resonance state, so either the position (i.e., central energy) and
data, and our sugaphosphate sugar data and remain valid  width of this state must be known or we must compute them.
regardless of whether we include solvation effects (e.g., seeln the works discussed here, we assume that we have computed
Figure 7). the position using stabilization-type methods discussed in our
The fact that ther* anion state parallels the neutral curve earlier papers, and we assumed the widths to be those typical
along the G-O coordinate is, of course, not surprising in the of * resonances (i.e., ca. 0.5 eV). We denote the diabstic
CCC, cytosine, and thymine cases because placing an electrorgnergy curvéat bond lengttR by E.+(R).
into a baser* orbital causes no significant alteration to the (4) We posit that the™* curve of the anion can be extrapolated
bonding within the rather distant-€D ¢ bond. In the phosphate (e.g., using an exponential fotrappropriate to such a repulsive
sugar-phosphate example (Figure 9), theanion and neutral potential) inward to smalleR values where thig* diabatic
curves are not as parallel as in the other examples, which is notstate of the anion is metastable. We denote this diab&atarve
surprising given the much greater proximity of the phosphate by E~(R).
a* orbital to the C-O o bond that ruptures. Nevertheless, the (5) We next postulate that the* and 7* diabatic states
two characteristics noted above (repulsitestate andr* state couple via a scalar (i.e.R-independentf matrix element
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Figure 10. Neutral (black), approximate diabatic anion (red), and diabatio* anion (blue; see text for details) curves for thymirsigar
phosphate system as functions of the sugdrosphate €0 bond length with all other geometrical degrees of freedom relaxed.

[6* H|7* 0= V and that the lower (and upper) adiabatic states C. Examples of How the Model Works. Let us now
that arise from such coupling can be obtained as eigenvaluesexamine several applications of this model and compare its

of a 2 x 2 Hamiltonian matrix of the form predictions with the fully ab initio adiabatic curves that we
earlier obtained at great computational expense. In Figure 10,
E.(R Vv we show (1) the neutral energy curve appropriate to the thymine
\Y Ex(R) | sugar-phosphate model system studied in ref 8, (2) the
) ] ) ) corresponding* diabatic curve computed fdR values where
(6) The two adiabatic energies can be obtained atfavglue this state is electronically stable and extrapolated to smller

by solving the quadratic secular equation associated with this  in g the exponential form discussed earlier, and (3) a diabatic
matrix o* curve approximated by the neutral curve shifted to higher
1 1 > > energy by an amounE equal to the kinetic energy of the
E, =5E+(R + E,(R] = E\/[En*(R) — Ex(R]” +4Vv attached electron (all of these energies lie within the Heisenberg
width of the* state).

(7) To obtain the magnitude of the coupling matrix element  For comparison, the thymiresugar-phosphate fully ab initio

VI, we must carry out a single stabilization calculatioon neutral and lowest adiabatic anion curves appear above in
the lower adiabatic metastable state of the anion at that ValueFigure 7

of Rwhere the diabatia* and o* curves intersect! According
to the above quadratic equation, the result we obtairEfoat

The energies listed in Figure 10 as barrier (crossing) and

this R value lies an amouniV| below the energies of the* barrier (calc) are, respectively, the energy gap from the minimum
and o* diabatic states. Thus, we tak¥| = E» — E_. in thesr* curve to where ther* curve intersects the extrapolated
(8) Knowing|V|, we can then evaluate the lower (and upper) ¢* curve and the fully ab initio energy gap from the minimum
adiabatic energies at ayvalue by using on the lowest adiabatic anion curve and its barrier. The barrier
(crossing) data are not the final estimates of the model presented
1 1 2 2 in this but impl imations based h
E. =2E.(R) + E.(R)] + =/[E.(R) — E.(R]?+ 4V paper, but are simply approximations based on where
+ = B (R + E- (R 2\/[ (R~ E,(R] the two diabatic curves intersect. Our final estimates, obtained

. from our 2x 2 model, are shown in Figure 11 for the thymine
at that value oR. This allows us to generate the full upper and * ’ 9 y
h . sugar-phosphate case.
lower adiabatic surfaces.

(9) If one is interested in the strength of the through-bond ~ Using the above data fd,-(R) andE.+(R) and carrying out
electron transfer that allows the excess electron to migrate froma single stabilization calculation of the low&sidiabatic energy
the initial 7* orbital to the o* orbital, this is given by|V/|. In E_ at a value ofR at or near the crossing of the two diabatic

turn, the rate of the electron transfer is given §¢|/2. curves, we were able to compud and to thus evaluate both
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Figure 12. Energy curves for the CCC codon obtained as approximate diabatic curves of our model (top), from full ab initio calculations (center),
and as a result of our 2 2 matrix model (bottom).

adiabatic surfaces for the full range &f values using the by locating the intersections of the® and z* diabatic states
quadratic expression given earlier. In Figure 11 we show the (see Figure 10) are not very accurate estimates of the ab initio
two adiabatic anion surfaces that result for each of the four barriers. It is important to include the*/z* coupling, as
energiesE. reflected in the energy lowering by|, to obtain accurate
Listed in Figure 11 are the barriers along the lowest adiabatic barriers as in Figure 11. We also note that the differences
anion surface (i.e., from that curve’s minimum near 1.4 A to between the barrier (model) data in Figure 11 and those obtained
its barrier near 1.8 A) for each of the four electron ener@ies  from theo*/* intersection points as in Figure 10 (i.e., barrier
as well as the corresponding barriers obtained in our earlier fully (crossing)) are precisely th¥/| values of our model. Thes¥/|
ab initio calculations whose curves appear in Figure 7. Clearly, values range from 5 to 6 kcal mdlfor the thymine-sugar-
there is remarkable agreement between the barriers resultingphosphate system and thus correspond to through-bond electron-
from our 2 x 2 matrix model and the fully ab initio barriers  transfer rates of 8 s
even though the model required us to perform only a single Now consider another example, that of the CCC codon to
difficult stabilization calculation on the metastable lowest anion which a 1.0 eV electron is attached whose data is summarized
adiabatic state. We also note that the barrier heights obtainedin Figure 12.
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Figure 13. Results for the sugatphosphate sugar compound of Figure 8 f& = 2.0 and 3.0 eV. On the left are approximate (model) diabatic
curves for the neutral* and =z* anion. On the right are the adiabatic curves resulting from the 2 matrix model.

Again, the barrier inferred from where tb& and * diabatic IV. Summary
curves intersect (21.5 kcal md) is not nearly as close to the . . .
ab initio barrier (17.6 kcal mok) as is the result of our model In this report, we describe a computational model that allows
(17.8 kcal mot?). Of course, the difference (2£47.8) of 4 us to a\{0|d having to pgrform a very large pumber of tedloys
kcal molL is the value ofV| for this case. Equally importantly, palgulaﬂons on electronically metastable anions when studying
the model calculations required us to compute only one anion indirect DEA processes. The model requires us to compute an

energy in a region where the anion is electronically metastable, adiabatic electronic state for the metastable anion at only a single

which represents a substantial computational savings given thegeomej[ry 1o extract a com_Jpllng par.ame\ErSpemflcally, the
model involves the following steps:

severe difficulty of performing stabilization calculations on such
(1) One computes the energy of the neutral molecule whose

large species. : . .
g. P . . . DEA is to be simulated as a function of the bond lend® (
Finally, let us consider the case in which we expect the being considered for fragmentatiéh.

model to perform least satisfactorily because of the spatial

- . PR .
prox:mltg/ of lthen and o .orb|t?lz. IndFlgure ]%3’ V‘;]e Show jangths, where the anion is electronically stable, and one
results for electron energies of 2 an eV for the sugar extrapolates this repulsive energy curve to smdReralues.

phosphatesugar system described earlier (see Figures 8 and o resulting energy curve then represents one of the two
9). For each energy, the model diabatic curves are shown ongigpatic anion states for this system.

the l?ft’ and the results of the 2 2 matrix model appear on (3) One approximates the second diabatic anion state by
the right. shifting the energy curve of the neutral molecule to higher
Clearly, the 2x 2 matrix model is not able to reproduce the energy by an amount equal to the enefgyof the incident
shape of the lower adiabatic anion curve in the srRaiégion electron. This energy must lie within the Heisenberg width of
(compare Figures 9 and 13) becausesth@nion curve in this this state; if the resonance energy of this state is not known
case is not as well represented by the neutral’s curve shiftedfrom experiment or theory, it can be computed at the neutral's
upward by the electron’s kinetic energy € 2—3 eV). This, equilibrium geometry using stabilization-type methods.
in turn, is due to the fact that the=®> & bond is in close (4) Using the above two diabatic curves as diagonal elements
proximity to the phosphatesugar G-C ¢ bond that cleaves.  of a 2 x 2 Hamiltonian matrix, one computes, at a sinfle
Nevertheless, the & 2 model does a reasonably good job in valuel” the lowest adiabatic energy of the anion. This step
the barrier regions of the potential surface even for this case in requires the use of specialized techniques such as the stabiliza-
which we expect the model to perform least satisfactorily. tion method?® to properly evaluate the energy of the metastable

(2) One computes the energy of the anion at longer bond



492 J. Phys. Chem. A, Vol. 109, No. 3, 2005

anion. The energy obtained in this calculation can then be used

to extract the off-diagonal element of thex22 Hamiltonian
matrix.
(5) One then uses the two eigenvalues of the 2 matrix to

Anusiewicz et al.

(7) Berdys, J.; Anusiewicz, |.; Skurski, P.; SimonsJJAm Chem.
S0c.2004 126, 6441-6447.

(8) Berdys, J.; Skurski, P.; Simons, J. Phys. Chem. 2004 108,
5800-5805.

(9) Anusiewiczl.; Berdys, J.; Sobczyk, M.; Skurski, P.; SimonsJJ.

approximate the lower and upper adiabatic anion energies atPhys. Chem. 2004 108 11381-11387.

anyRvalue. In particular, the lowest eigenvalue, computed over

a range oR values, gives the adiabatic surface on which DEA
flux will evolve once the incident electron attaches.

(10) Miertus, S.; Tomasi, lhem. Phys1982 65, 239-242. Cossi,
M.; Barone, V.; Cammi, R.; Tomasi, Chem. Phys. Letll996 255 327—
335.

(11) Of course, at even largBrvalues, a minimum can develop in these

In this report, we have also dem_onsuat_ed th_e value and cyrves because of the long-range chamgigole and chargeinduced-dipole
accuracy of the proposed model. It is our intention to make interactions.

substantial use of this approach when faced with having to
compute the neutral and two diabatic anion energies (that latter

often being metastable) in a wide range of future studies.
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