Downloaded viaUNIV OF SOUTHERN CALIFORNIA on June 25, 2026 at 07:46:47 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

A Fresh Look at Signatures of s-Wave Scattering: Symmetry and the
Breakdown of the Born—Oppenheimer Approximation

Published as part of The Journal of Physical Chemistry A special issue “John F. Stanton Memorial Issue”.
Robin E. Moorby,§ Madhubani Mukherjee,§ Cansu Utku, Thomas-C. Jagau,® and Anna I. Krylov*

Cite This: J. Phys. Chem. A 2026, 130, 4745-4758 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations
ABSTRACT: The peculiar behavior of o-type anionic states is analyzed in terms d D i

of the interaction between bound and continuum states. Within a simple Landau— C) e tr
Zener model, strong diabatic coupling leads to a broad avoided crossing and . AVAVAVAVAN
strongly mixed adiabatic states, whereas weak diabatic coupling leads to a narrow s Q

avoided crossing and an abrupt change in the character of the adiabatic states. By

using symmetry analysis and ab initio calculations, we show that o-type anionic Model Large s Small s

states such as those in HCI, methyl chloride, and pyrrole interact more strongly ax

with the continuum than 7*-type anionic states such as the N3 resonance. Strong s

interaction leads to the breakdown of the Born—Oppenheimer approximation, -bx
X

which results in a finite probability to decay into the detachment continuum even
in regions where the anionic state is energetically below the neutral state. We show
that calculations with a complex absorbing potential capture this special character of o-type anions through removal of the
detachment continuum, affording diabatization of the anionic state while describing the decay into the continuum via the imaginary
energy.

1. INTRODUCTION resonances derived by electron attachment to nonfully
symmetric orbitals (e.g., such as a z* orbital in N,) can exist,
whereas totally symmetric o-like resonances do not exist.'”""
Rather, a o-like anionic state dissolves in the continuum instead
of becoming a resonance as the molecular bond contracts

Molecular anions—especially those produced by electron
attachment to closed-shell neutral species—are often unstable
with respect to electron detachment.' Yet, at some nuclear
geometries, these anionic resonances can become electronically

stable. This interplay between nuclear and electronic degrees of beyond the crossing point with the neutral potential energy
freedom leads to fascinating dynamics and can be probed by curve. The argument is based on the angular momentum of the
various spectroscopies. detached electron. If one considers an effective one-body

The importance of nonadiabatic effects in resonant electron- approximation of the scattering event involving an electron
molecule scattering was recognized nearly 60 years ago.” In weakly interacting with a neutral core, the angular momentum
diatomic molecules, many anionic resonances become stabi- results in a term proportional to I(I + 1)/r* which creates a
lized, that is, the anionic state drops below the neutral ground barrier for nonzero I. Hence, in the absence of such a barrier, the
state, at stretched geometries. An archetypical example is N3, electron cannot be trapped, and no resonance exists. Whereas
which is electronically unbound at the equilibrium geomftry of the stabilization due to such a barrier makes sense, it is less
N,, but is vertically bound at bond lengths beyond ~1.41 A. The obvious whether a simple one-electron picture can adequately
signatures of such stabilization of anionic resonances can be capture the complexity of many-electron molecular systems in

observed experimentally. For example, interference in the cross
section from the bound part of the potential energy curve at long
bond lengths and the unbound part at short bond lengths’ ™
leads to complex features in electron-scattering spectra.
Likewise, vibrational excitation of, for example, pyrrole,”” can
result in features called vibrational Feshbach resonances, also
observable in electron-scattering experiments.””

While anionic resonances have been observed in many
experimental studies, there is a persistent disagreement among
theoreticians on the role of symmetry in the existence of
resonances. Specifically, it has been posited that only shape

which additional interactions, e.g., with dipole or quadrupole
moments, can lead to stabilization of the resonance even in the
absence of an angular momentum barrier.
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Figure 1. Potential energy curves for HCI™ (left) and N3 (right). The Dyson orbitals of the anions are computed with EOM-EA-CCSD/aug-cc-pVIZ
+15s15p at R = 1.8 A and plotted using an isovalue of 0.001. Reproduced with permission from ref 34. Copyright Royal Society of Chemistry 2024.

The experimentally observed features arising in s-wave
scattering are commonly explained by invoking the concept of
a “virtual state.”'~"? In the parlance of scattering theory, virtual
states are poles of the S-matrix on the negative imaginary k-axis,
corresponding to wave functions with the asymptotic behavior
w(r) ~exp(+k r). Such states have real-valued negative energies,
like bound states, whereas resonances correspond to poles of the
S-matrix with k € C and have complex-valued energy. Evidence
for virtual states exists, for example, for the anions of COZ,B_18
(CN),,"” and Fe(CO)s,* all of which are nonpolar. For totally
symmetric anions of polar molecules, such as HCL>' ™** HF,26
HBr,”” and pyrrole,”***’ s-waves and p-waves can mix. The S-
matrix pole on the imaginary k-axis splits into a mirror-image
pair of poles located somewhat off the imaginary k-axis, i.e.,
k € C, IRe(k)l < IIm(k)|. Whereas this pair of poles evolves into
the bound state when the bond is stretched, scattering
calculations also identified a second S-matrix pole, k € C,
[Re(k)! > Im(k)|, that never becomes a bound state.”****” The
nonadiabatic interaction between these two states determines
the electron-scattering cross section and the dynamics on the
anionic potential energy surface.

This view has been challenged by recent theoretical studies”*°
of anionic resonances in pyrrole and N,O. By using the highly
accurate equation-of-motion coupled-cluster method for
electron attachment with single and double substitutions
(EOM-EA-CCSD) augmented with a complex absorbing
potential (CAP),*'™** the authors identified low-lying o-like
resonances, partially stabilized by the dipole moments of the
neutral species, suggesting that CAP calculations can describe s-
wave scattering from polar molecules. The results of the
calculations were in excellent accord with features in electron
energy loss spectra (EELS).

Another recent study™* reported extensive calculations for the
anions of HCI, N,, and pyrrole, focusing on the region where
these anions are bound. The authors observed a peculiar
behavior of the energies and wave functions of the totally
symmetric molecular anions of HCl and pyrrole in the vicinity of
the point where the anion’s potential energy curve crosses the
potential energy curve of the neutral ground state. As shown in
Figure 1, the potential energy curve of the *X* state of HCI™ is
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extremely sensitive to the basis set, whereas that of the 2l_[g state
of N is not. In small bases, the curve of the X state of HCI~
approaches the crossing point at a sharp angle, but in large bases,
this anionic curve bends downward, and the crossing point
moves inward by about 0.1 A. Even more remarkable was the
observation that the corresponding Dyson orbital***° becomes
extremely diffuse in the vicinity of the crossing point, even when
the anion is still electronically bound. In a much earlier study of
HCI™ using the charge-stabilization technique, Peyerimhoff and
co-workers observed that the diffuse o-like highest occupied
molecular orbital of the anion changes character to a o*-like
orbital at a critical threshold of the stabilization parameter.’”
Similar bending of anionic potential curves was observed for the
2A, state of the pyrrole anion and in previous studies of the *A;
state of CO;>" and the %A, state of CH;Br™.*" In contrast, the
energy of the ZHg state of N3 approaches the crossing point
linearly both in small and large bases, and no bending is
observed. The corresponding Dyson orbital remains compact up
to the crossing point.

Importantly, this behavior occurs at the EOM-EA-CCSD and
EOM-EA-CCSDT levels. Since EOM-EA-CC is formulated for
energy differences between the neutral and anion states,®” it is
not affected by artifacts due to the unequal treatment of the
neutral and anionic states, in contrast to state-specific methods
such as ASCF.

Ref 34 connected the special features of c-anions to the
concept of virtual states in scattering theory, suggesting that the
bending in HCI™ signals the disappearance of the anionic state
after the crossing. Here, we further analyze this phenomenon in
terms of the breakdown of the Born—Oppenheimer approx-
imation, highlighting the role of symmetry. We begin with a
model example and then present results of additional
calculations for HCI™, CH;Cl™, and N;. We then discuss the
effect of the CAP on these states, and whether CAP-EOM-EA-
CCSD can reliably treat s-wave scattering and o-like anionic
states.

2. LANDAU—-ZENER-LIKE MODEL

We consider a 2 X 2 model Hamiltonian matrix expressed in the
basis of two orthonormal functions of pure character {¢,, ¢b,}. In

https://doi.org/10.1021/acs.jpca.6c00547
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our case, they represent the bound anion state and a low-lying
continuum state of the same symmetry. The Hamiltonian is

(1)
The eigenvalues are
2
€ + € € — €
A= 12 2 4 (12 z) s =e+ /A2+52
(2)

where € = (¢, + €,)/2 and A = (€; — €,)/2. The respective
eigenfunctions of H are

Y, = L(sqb1 +(A£JE +5)9,)
N 3)

N =2(& + 5" + AYA +57) (4)

and W, and 4, represent the wave functions and energies of the
adiabatic states.

Now, let us make the diagonal matrix elements, ie., the
diabatic curves, depend linearly on a coordinate x:

€(x) = ax

(5)
(6)

with positive a and b, and keep the coupling s constant. This
setup resembles the Landau—Zener model and is shown in

€,(x) = —bx

Figure 2. The two diabatic states cross at x = 0, and the
expressions for € and A are
(a — b)x
2 (7)
A= (a+ b)x
2 (8)
Model Large s Small s
ax
s
-bx
X

Figure 2. Landau—Zener model: Diabatic states represented by red and
blue curves, and adiabatic states shown in green for large and small
coupling s.

Now, we can compute the nonadiabatic coupling (NAC) as
(P_IdH/dxI'¥,)

NAC = (w1 =
dx Ay — A

)

The numerator of this expression is called the NAC force. For
our model

d_H_(H]
o —b

and

(10)

AE= 4 — =208 + 5% = J(a + b)’a* + 45

(11)
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where AE denotes the adiabatic energy gap. This yields

dH 1 2
(‘P_IEI‘K) =N +(a + b)s 12)
N_N, = 25 (& + s*) = sAE (13)

The expressions for the NAC force 4™ and the NAC are then

= (a+ b)s _ (a+ b)s
AE J@a + b)’x* + 4s* (14)
NAC=(a+b)S= (a+ b)s
AE? (a + b)*x> + 45 (15)

Now, we can analyze what happens around x = 0, where the
diabatic states cross, and away from the crossing point. At large
values of x, i.e., when the first term in the denominator of eq 15 is
much larger than the second term, the energy gap (eq 11)
follows the splitting between the diabatic states,
AE(x) = (a + b) x, and the states retain their diabatic character.
The adiabatic states change their character only in the area of
avoided crossing. At the crossing point, the gap becomes AE(x =
0) = 2s.

The magnitude of s determines how wide in x the area of the
avoided crossing is, as shown in Figure 2. For large s, the avoided
crossing area is wide and, therefore, changes in the adiabatic
states happen over a larger area. Consequently, the changes in
the character of the adiabatic states around x = 0 are slow, which
means that the adiabatic states can show mixed character away
from x = 0. In contrast, when s is small, the avoided crossing is
narrow, and the adiabatic states retain their diabatic character
almost up to the crossing point, where they change their
character abruptly.

To compare the trends in the NACs around the avoided
crossing, we consider two limits of eq 15: large and small s, i.e.,
when either the second or the first term in the denominator
dominates. For large s

a+b
4s (16)

In this regime, a larger s means a smaller NAC in the area of
avoided crossing, and vice versa. This is consistent with the
observation that for wider avoided crossings, the change in the
adiabatic wave functions is slower.

In the limit when s is very small

NAC ~

S

NAC v ———
(a+ b)x

(17)

meaning that in this regime, the NAC becomes nearly singular
around x = 0 and is quickly quenched as x increases. This is
consistent with the observation that for the narrow avoided
crossing, the adiabatic states retain their diabatic character up to
x = 0, where they change their character abruptly.

Let us now consider the same two limits for the NAC force, eq
14. For large s

a+b
2

W~

~

(18)

meaning that for large diabatic coupling, the NAC force, like the
NAC, is independent of distance and depends only on the
difference in energy gradient between the two states. Hence, in

https://doi.org/10.1021/acs.jpca.6c00547
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this regime, flatter crossings lead to smaller 4* and steeper
crossings lead to larger h*. For small s

x ~
e (19)
i.e., the NAC force is independent of the energy gradients and
depends only on the distance from the crossing point and the
diabatic coupling.

A limitation of this model is that it only considers two states,
whereas in our electronic-structure calculations, the continuum
is represented by several continuum-like states, all of which can
couple to the bound anionic state. Also, the model assumes that
the diabatic states cross, whereas in finite-basis calculations,
there is always a gap between the pseudocontinuum and the
anionic states. Our model can be viewed as a simplification of the
treatment by Feshbach and Fano,*”*' which considered the
interaction between discrete states and the whole continuum
implicitly.'' By treating a single pseudocontinuum state
explicitly, akin to a bound state, the model provides useful
insights into the results of our ab initio calculations for the anions
of HCl and N,.

We now analyze the results for the anions of N, and HCl in
terms of the two-state model described above. As in ref 34, we
consider two basis sets: aug-cc-pVTZ and aug-cc-pVTZ+5s5p.
In the analysis, we consider the two lowest EOM-EA-CCSD
states in the respective irreducible representations, B,, for Ny
and A; for HCI™ in the notation for the Abelian subgroups,
corresponding to the anion and the lowest pseudocontinuum
state as represented in the Gaussian basis. Note that in finite
bases, the energy of the pseudocontinuum state is not equal to
the energy of the neutral state, the difference being larger in
smaller bases. Also, in larger bases, the coupling between the
bound and pseudocontinuum states is distributed unevenly over
many states.

Figure 3 shows the energy gaps between the states. One can
see that the energy gaps between the anion and the
pseudocontinuum state follow closely the energy gaps between
the anion and the neutral state. As one can expect based on
Figure 1, the gap in N, follows a nearly linear trend, whereas in
HC], the initial sharp decline is followed by a flat area. In terms of

KR |

L5 -=@= HCIE(1A,) - E(neutral) g~
—&— HCVE(2A,) - E(1A)) ~
~#~ N,/E(IB,) - E(neutral) ol
—~ ”
@ 1k N/E@B,,) - E(1B,) «~_~
g |
an
B
505
c
0
0 —
| L | 1 l 1 | 1 1

1.6 1.7 1.8
Bond length (A)

Figure 3. Energy difference between the lowest anion state and the
neutral ground state and between the two lowest anion states of the
same symmetry in HCI™ and N3 computed with EOM-EA-CCSD/aug-
cc-pVTZ+5sSp.
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Figure 4. NAC forces h* between the two lowest electron-attached
states in HCI™ and Nj.

the model, eq 11, the linear closing of the gap in N, signifies a
small diabatic coupling (AE & (a + b)x for small 5), and the flat
gap in HCl signifies the broad avoided crossing arising due to a
large diabatic coupling with the continuum (AE = 2s for large s).

Figure 4 shows the computed NAC forces, h*, between the
anion and the lowest pseudocontinuum state. Interestingly, and
somewhat counterintuitively, the NAC force is larger in the
smaller basis. Possible reasons for that are (i) in the large basis,
we have more low-lying pseudocontinuum states, so the
coupling is spread over them, or (i) in a small basis, the
pseudocontinuum state is more compact, giving rise to a larger
overlap with the anionic state. The latter is most likely the case
for N,, where the NAC force is directly proportional to the
diabatic coupling, as expected for the small-s limit. The
differences in magnitude between the large and small basis are
much larger for HCl, consistent with the stronger mixing with
the continuum. Moreover, for HC], where the diabatic coupling
is large, only the proportionality constant for the diabatic energy
difference, a + b, contributes to the NAC force (h* =~ (a +b)/2).
As a + b is smaller for lower-energy pseudocontinuum states,
such states give rise to a lower NAC force.

Figure S shows ||/4*||-AE computed in the aug-cc-pVTZ basis.
According to the model, eq 14, this quantity should be constant
and not depend on «:

[|W*||-AE = (a + b)s (20)

Figure 5 shows some variations, but they are not large.
Importantly, the magnitude of ||h*||-AE is larger in HCI by a
factor of 10 compared to N,, indicating a large diabatic coupling
to the continuum. In the larger aug-cc-pVTZ+5sSp basis, the
magnitude of ||4*||-AE drops both for HCI™ and N3, consistent
with Figure 4. This, again, indicates that more than one
pseudocontinuum state is important.

Hence, the analysis of the computed NACs and NAC forces in
N> and HCI™ in terms of the Landau—Zener model suggests
much stronger diabatic coupling between the bound and
pseudocontinuum states in the latter anion: the same conclusion
as suggested by the trends in the energy gaps.

https://doi.org/10.1021/acs.jpca.6c00547
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Figure S. ||#*||-AE in HCI” and N in the aug-cc-pVTZ basis. AE
computed as the energy difference between the two lowest electron-
attached states.

3. SYMMETRY ANALYSIS OF THE DIABATIC
COUPLING

Why is the behavior of HCI™ and N3 so different? Below, we
offer a symmetry-based explanation of this effect.

Let us assume that ¢, represents a pure bound anion state and
¢, represents a pure continuum state, ie., resembling the
adiabatic states of the bound anion and the continuum
reasonably far away from the crossing point. We realize this
assumption by describing the anion states using the smaller aug-
cc-pVTZ basis set in which low-lying pseudocontinuum states
are not represented. Starting from the many-body wave
functions, the diabatic coupling s can be written as

s = <¢1|H|¢2)
— ATA atatan
= ) B, o) + B T, 8,510,331
(21)
where hpq and Spqrs € the matrix elements of the one- and two-

electron parts of the Hamiltonian, respectively, and the
summation is over the bound and continuum orbitals. By
writing the wave function of the continuum state as the product
of two wave functions—of the neutral molecule and of the
continuum electron—eq 21 reduces to the contraction of the
Hamiltonian matrix elements and the one- and two-body Dyson
amplitudes,**

Sfuu

= [ LS Z (pallkr)r?
1/2
Z gy, + = S Z (rkllpg)I",,
par
(22)

where sy is the root mean square (RMS) of the diabatic
couphng with respect to plane-wave direction, y” (}/p) and I%1
( ) are the right (left) one- and two-body Dyson amplitudes,
respectlvely, (pqllkr) are the antisymmetrized two-electron
integrals, p, g, and r denote bound-state orbitals, and k denotes
the continuum orbital. Since EOM-CC theory is non-Hermitian,
the left and right Dyson amplitudes are not complex-conjugates
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of each other®***** (here, we use geometric averaging for
computing 1nterstate matrlx elements, as was proposed by
Stanton and Bartlett,*’ noting that one can also use arithmetic
averaging as an equally valid alternative***).

Note that the symmetry of the continuum state is important:
in order for the anion and continuum states to interact, the
symmetry of the continuum orbital must be the same as the
symmetry of the anion because the Hamiltonian is fully
symmetric. Since the neutral state is fully symmetric, the
symmetry of the anion’s Dyson amplitudes should match the
symmetry of the continuum state.

We represent the continuum orbital, ¢, by an energy-
normalized plane wave,

N

= (27[)3/2

—ikr

P (23)

We note that different normalizations can be used,*”*” provided
the density of states, which enters the Fermi golden rule
expression for cross sections, is evaluated correctly; this
important issue is discussed in Appendix L

To analyze which interactions are allowed by symmetry, we
compute first an overlap matrix element, S, with the one-body
Dyson orbital, ¢*,

Jk

= — 5 g™ )
()™ (24)
In the framework of EOM-CC theory,*
1
SRS — \/—/dQ IPW) (Pl
L [aaasiowow) o

where ¢ and ¢{ denote the right and left EOM-EA-CCSD
Dyson orbitals,”***® respectively. We then compute the
diabatic couplings, s™, with four approaches. In the first, we
consider the diabatic coupling under the full molecular
Hamiltonian, in which we include the explicit interaction of
the two-body Dyson amplitudes with the two-electron integrals.
In the second, we compute an effective one-body approximation
to eq 22, in which only the separable parts of the two-body
Dyson amplitudes are considered,

fdﬂ Z hat? + = Z (pallkr)p,v”

par
1/2

Z Mg, + — Z (rKllpgde, ,

(26)

where p,, is the density matrix of the Hartree—Fock reference
determinant of the neutral molecule. Equation 26 describes the
interaction of the one-body Dyson orbital and the plane wave
through the kinetic energy, nuclear attraction, and mean-field
electron repulsion and exchange operators.

For pedagogical purposes, eq 21 can be simplified further by
neglecting the two-electron part of the Hamiltonian,

1
— r
- fdgk zp har? | X Ep i,

(27)
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Figure 6. Top: RMS of the overlaps S* of the Dyson orbitals of HCI™ (left) and N (right). Bottom: squared diabatic coupling, IsI>. Computed in the

aug-cc-pVTZ basis and averaged over k orientations.

and even further by neglecting the potential term in 4, on the
grounds that the molecular core is neutral. In this case, the
coupling becomes

SRS _ \/l.i / dQ, (¢ IVAIPW) (PWIVZI)
4 4z '
_ k_ZSRMS
2 (28)

The latter expression captures the essential connection between
the overlap and the diabatic coupling; however, as our
calculations revealed, it is not sufficiently accurate. This is
because the k* prefactor makes this a small contribution to the
diabatic coupling at low energies.

The two top panels of Figure 6 show the RMS of the overlaps
between the anion state and a plane wave computed using eq 25
and averaged over directions of k. The averaging was carried out
using a 50-point Lebedev quadrature. As anticipated, N3 has
much smaller overlap with the continuum than HCI™, by 2—3
orders of magnitude. We also note different trends with respect
to the energy of the electron: in HCI™, the spacing between
overlaps at different energies decreases with k, whereas in N3, it
increases at larger k.

The bottom two panels of Figure 6 show the squared diabatic
couplings as a function of bond length, computed as the square
of eq 22. Perhaps surprisingly, the diabatic coupling grows with
internuclear distance in HCI™. We note, however, that it grows
slower than the energy gap between the bound state and the
continuum state, such that the nonadiabatic coupling decreases
with distance from the crossing. For N3, the diabatic coupling
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remains relatively constant with bond length and, like the
overlap, is much smaller than in HCI™.

The trends in the computed overlaps can be explained as
follows. A plane wave contains an infinite number of degenerate
partial waves—s, p, d, ...—but symmetry limits which waves can
contribute to the overlap. Hence, to estimate the magnitude of
the overlap, we need to look at the shape of the Dyson orbital
and the corresponding continuum orbital. In molecules, Dyson
orbitals are not eigenstates of L>. Hence, by symmetry, in N3,
gerade partial waves with L > 2 are allowed to couple, and in
HCI7, all partial waves are allowed to couple. However, further
analysis of the corresponding Dyson orbitals, which can be done
quantitatively by projecting them onto the spherical harmonics
using the ezDyson software,” confirms what is seen with the
naked eye: that their shapes are atomic-like. That is, the 7,
orbital in N3 can be represented nearly exactly by a d-orbital. In
HCI™, the Dyson orbital has s-like character, with very small
admixture of higher angular momenta. Such observations have
been used to interpret photoelectron angular distributions in
small molecules by Sanov and co-workers.”””' Hence, we
anticipate that only d-waves couple to the anion state in N, and
only s-waves couple to the anion state in HCI™. We note that
even in more asymmetric cases such as, for example, CN™ and
SO~ studied in refs 52,53, the contributions from higher partial
waves are strongly suppressed owing to their small radial
amplitudes in the interaction region.

It is instructive to look at the energy dependence of the
diabatic couplings shown in the bottom panels of Figure 6.
Wigner's threshold law for reactive scattering™* relates scattering
cross sections to threshold energies for different partial waves.
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Table 1. RMS of the Diabatic Couplings (s*™%, meV'/?) between the Dyson Orbitals of HCI™ and a Plane Wave at 0.05 eV at
Different Bond Lengths, and Scaling Exponents («) for Plane-Wave Energies between 0.0125 and 0.1375 eV Computed in 0.0125

eV Intervals

Ryep A Qg Qo Q. Qe
1.60 0.25 0.28¢ 0.43 2.41
1.70 0.33 0.30 0.43 2.42
1.80 0.38 0.35 0.44 242
1.90 0.40 0.39 0.44 2.43
2.00 0.41 0.41 0.44 243

“a at energies between 0.0125 and 0.0750 eV.

strs sps Syas Spats
2.326 1.590 334.860 0.242
2973 2319 283.092 0.198
3.481 2912 241.017 0.163
3.860 3.363 210.021 0.139
4.133 3.693 187.138 0.122

Table 2. RMS of the Diabatic Couplings (s*™5, meV'/%) between the Dyson Orbitals of N; and a Plane Wave at 0.05 eV at Different
Bond Lengths, and Scaling Exponents () for Plane-Wave Energies between 0.0125 and 0.1375 eV Computed in 0.0125 eV

Intervals
R A Agyl) O Ape Qe 5&]1\1/[s 551]}45 SEAS SEQM s
1.42 2.42 2.42 2.47 4.47 0.024 0.023 1.051 0.008
1.50 243 243 2.47 4.47 0.025 0.025 0.973 0.008
1.60 2.44 2.44 2.48 4.47 0.026 0.027 0.912 0.007
1.70 245 245 2.48 4.47 0.027 0.028 0.875 0.007
1.80 2.45 2.45 2.48 4.47 0.028 0.030 0.853 0.007
0.006 0.020
0.015 1
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Figure 7. Radial distribution function, [1¢*(r)Ir sin 6d@d¢, of the EOM-EA-CCSD/aug-cc-pVTZ Dyson orbitals of HCI™ at Ry = 1.60 A (left) and
of N3 at Ryy = 1.43 A (right). Points smoothed with Savitsky—Golay filtering using third-order polynomials and 11 convolution coefficients per

window.

This results in the following dependence (at threshold) of the
square of the coupling elements between the discrete states and
continuum states on the angular momentum and energy

s ~E*, a=14+1/2 (29)

Although arising from a different matrix element, photodetach-
ment cross sections exhibit the same threshold behavior. For s-
wave scattering from polar molecules, the anticipated E'/?
scaling does not exactly hold."" For weakly polar molecules,
such as HCJ, Isl? scales with some fractional power, 0 < a < 1/2.
A similar anomalous threshold behavior was observed®® in
photodetachment from OH™. The diabatic couplings in the
bottom panels of Figure 6 follow the expected threshold law: for
N3, the spread in the diabatic coupling series grows at larger
energies, whereas the opposite is true for HCI™.

Tables 1 and 2 show the RMS of the diabatic couplings and
the corresponding scaling exponents (@), computed with eq 22,
its mean-field approximation, eq 26, and the more drastic
approximation, eq 28, as a function of plane-wave energy
between 0.0125 and 0.1375 eV. For N3, the scaling exponent
stays relatively constant at around 2.45, which agrees well with
the value of 2.5 predicted by the threshold law, eq 29. For s-wave
scattering, Wigner’s law predicts a = 0.5, but for HCI", the
computed exponents are smaller. This reflects the deviation
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from the perfect s-character of the Dyson orbital due to the weak
dipole moment of HCI. The scaling exponent grows with the
bond length, from 0.25 close to the crossing point to 0.41 at
longer bond lengths, reflecting increased contributions from
higher angular momenta. For both molecules, the mean-field
approximation recovers the energy scaling from the full two-
body interaction quite well. However, in HCI™, the absolute
value of the diabatic coupling is consistently underestimated by
the mean-field approximation, which performs much better for
N3. We note that the couplings computed using eq 28 are far too
small and do not follow Wigner’s law, illustrating the importance
of Coulomb interactions between the ejected electron and the
remaining core even when the latter is neutral. Equation 27
qualitatively captures the threshold law but grossly over-
estimates the size of the diabatic coupling because it neglects
the screening of the nuclear charges by the electron density.
Interestingly, in the case of HCI", the threshold exponent
computed within this approximation is much closer to the case
of s-wave scattering from an apolar molecule.

Figure 7 shows the radial distribution functions of the Dyson
orbitals of HCI™ and N with the origin of the coordinate system
at the center of the internuclear axis. For HCI™, there are two
clear maxima: a sharp maximum around R =& 1.5-2.0 bohr,
corresponding to the nuclei, and a broader maximum at larger R

https://doi.org/10.1021/acs.jpca.6c00547
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Figure 9. Radial parts of plane waves at two different k-values (in a.u.). Adapted from ref 56.

where the electron remains bound by dispersion. For N3, there is
only one maximum at the nuclei. In both cases, the orbital is
confined to the molecular region.

To make the connection with eq 25, Figure 8 shows a one-
dimensional cut through the Dyson orbitals along a coordinate
running from the center of the internuclear axis to the maxima of
the wave functions, overlaid with the radial parts of the partial
waves of the plane-wave expansion. For HCI, the coordinate
corresponds to the internuclear axis, and this plot reflects the
antibonding interaction between the hydrogen 1s orbital and the
chlorine 3p orbital. The broad peak in the negative direction has
a maximum on the hydrogen nucleus, whereas the chlorine
nucleus is located between the sharp oscillations. For N3, the
two peaks correspond to the lobes of the 7z orbital, and the
coordinate runs diagonally from the center of the NN bond at
Ryn = 0 to the maximum of the wave function. As the partial
waves in Figure 8 show, jo(kr), corresponding to s-waves, has the
largest amplitude in the molecular region, whereas j,(kr),
corresponding to d-waves, has small values.

Figure 9, which shows the radial parts of the partial waves
from the plane-wave expansion, tells the same story. As one can
see, the amplitude in the region of the molecular core is large for
s-waves and much smaller for p, d, ... waves. Consequently, the
overlap between the Dyson orbital of HCI™ and an s-wave is
large, resulting in large diabatic coupling. In contrast, in N3,
where, by symmetry, only d-waves can couple with the Dyson
orbital, the resulting coupling is small since d-waves have small
amplitudes in the molecular region. The overlap with s- and p-
waves is strictly suppressed by symmetry, despite their large
amplitudes in the interaction region (Figures 8 and 9).
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This result also explains the opposite trends in IS| with respect
to k shown in the top two panels of Figure 6: at threshold (k = 0),
the overlap between the N; Dyson orbital and a d-wave is zero
and increasing with larger k. For s-waves, despite the \/ k
prefactor in the definition of the plane wave, the tighter
oscillations of jo(kr) lead to a decrease in the spacing between
the levels.

This analysis provides a different perspective on the angular
momentum barrier invoked in scattering theory. In scattering
theory, an effective one-electron approximation is used to
describe the scattered electron. Then, the separation of radial
and angular variables is performed, and the I(I + 1)/r* barrier
appears in the radial Schrédinger equation.

In our picture, nonfully symmetric many-body anion states are
decoupled from the continuum and, therefore, show a narrow
avoided crossing in the vicinity of the crossing with the neutral
state, whereas fully symmetric many-body anion states couple
strongly with the continuum, resulting in a broad avoided
crossing. Below, we discuss the implications of this observation
for the validity of the Born—Oppenheimer approximation and
the nuclear dynamics on the anionic potential energy surfaces.

The two explanations are complementary representations of
the same fundamental physics of angular momentum.

4. NUCLEAR MOTION ON THE ANIONIC POTENTIAL
ENERGY SURFACE

Let us consider the evolution of an anionic electronic state
starting from a stretched geometry where both Ny and HCI™ are
bound. In the diabatic regime, when the nuclei are fast, the
dynamics follow the diabatic potential, and the anion remains
bound up to the crossing point and then continues past it as a

https://doi.org/10.1021/acs.jpca.6c00547
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Figure 10. Potential energy curve (left) and resonance width (right) of HCI™ computed with CAP-EOM-EA-CCSD/aug-cc-pVTZ+3s3p. The left
panel also shows energies computed with CAP-free EOM-EA-CCSD in the aug-cc-pVTZ+3s3p and aug-cc-pVTZ bases as well as the potential energy

curve of HCI computed with CCSD/aug-cc-pVTZ+3s3p.
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Figure 11. Potential energy curve (left) and resonance width (right) of the *A; state of CH;Cl~ computed with CAP-EOM-EA-CCSD/aug-cc-pVTZ
+3s3p. The left panel also shows energies computed with CAP-free EOM-EA-CCSD in the aug-cc-pVTZ+3s3p and aug-cc-pVTZ bases as well as the
potential energy curve of the 'A; ground state of CH;Cl computed with CCSD/aug-cc-pVTZ+3s3p.

resonance. If the nuclei are slow, deviations from this picture can
occur, leading to a finite probability to decay into the continuum
already before the crossing point. When the nuclei are
infinitesimally slow, as in the adiabatic regime, the anion follows
the adiabatic potential and fully autoionizes as it passes through
the crossing region.

In N3, where the coupling is small and the adiabatic states
retain their diabatic character up to the crossing point, one can
expect the nuclear dynamics to follow the diabatic limit such that
the bound anion evolves into a resonance. In HCI™, the
dynamics are likely to show an intermediate behavior, and a
correct description must include transitions between the bound
and continuum states before the crossing point, where the anion
is electronically bound. The choice of representation, diabatic or
adiabatic, is a matter of convenience.

This brings us to the CAP results. For N3 and other nontotally
symmetric anions, the real and imaginary potential energy
curves from CAP-EOM-EA-CCSD calculations show internal
consistency”**—that is, the resonance width I" is zero in the
region where the anion energy is below the neutral energy.
Moreover, in the region where the anion is vertically bound,
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CAP and CAP-free calculations yield very similar potential
energy curves. However, calculations on HCI™ show a
qualitatively different behavior.

Figure 10 shows the results of CAP-EOM-EA-CCSD
calculations for HCI™. We note that in these calculations, we
used very large onset parameters for the CAP due to the
enormous extent of the wave function of HCI™; details are given
in Appendix II. As one can see, in the calculations with CAP, the
shape of the potential energy curve of the anion is similar to the
real-valued potential energy curve computed without CAP in the
small basis set. Likewise, the crossing between the anion and
neutral potential energy curves occurs in the CAP calculations at
a bond length similar to that in small basis set calculations. This
critical bond length is ~0.1 A larger than in the calculations
without CAP using the same large basis set.

The similarity between the potential energy curves from the
CAP calculation and the small basis set calculation suggests that
the CAP effectively diabatizes the electronic states by quenching
the detachment continuum, similar to a pseudodiabatization in
the small basis. Hence, one can consider the real parts of the
potential energy curves from CAP calculations as diabatic
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Figure 12. Left: Potential energy curves of pyrrole and the pyrrole anion as well as the resonance width of the pyrrole anion computed along the N—H
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potentials suitable for modeling nuclear dynamics in the diabatic
regime of fast-moving nuclei.

The right panel of Figure 10 shows the resonance width I'. As
one can see, I is nonzero to the right of the crossing point, where
the anionic potential energy curve is below the neutral one and
the resonance ought to be bound. Yet, the resonance width
remains sizable (ca. 20 meV), both with and without
deperturbative correction.”’ This seeming internal inconsis-
tency of the CAP calculation in fact captures the effect of the
coupling to the continuum, indicating the finite probability of
decay into the continuum via nonadiabatic transitions to the
right of the crossing point.

To demonstrate that the special behavior of totally symmetric
anion states is not limited to diatomics, we investigated the *A,
anion state of methyl chloride. We applied the same procedure
for choosing the CAP onset as in the HCI™ calculations. As
shown in Figure 11, the CAP-EOM-EA-CCSD potential energy
curve of CH;Cl™ is similar to that of HCI™, both in the unbound
and the bound regions. The shapes of the potential energy
curves computed with CAP in the large basis and without CAP
in the small basis are similar, although the similarity is less
pronounced for CH;Cl™ than for HCI™. The difference in the
resonance widths computed with and without deperturbative
correction is larger for CH;CI™ than for HCI™ at shorter bond
lengths (up to 0.06 eV). However, also in CH,;Cl™, we observe a
finite width at internuclear distances where the anion is bound
vertically. In this region, the zeroth-order and first-order
resonance widths agree very well.

Similar trends have been observed for pyrrole.””* Figure 12
shows potential energy curves of pyrrole and the %A, state of the
pyrrole anion computed with EOM-EA-CCSD with and without
CAP. The shape of the anion curves and the location of the
crossing point are similar in CAP calculations using a large basis
set and CAP-free small basis calculations. In the large basis set,
CAP-free calculations show a downward bending of the anion
curve, similar to HCI™. Here too, I" does not drop to zero when
the anion is vertically bound, in contrast to the case of nontotally
symmetric anions.”” Its value at the crossing point (at 1.4 A)is
~0.2 eV, and it drops to zero at about 1.5 A. We note that the
area of the internal inconsistency between the energy difference
and I' in the CAP calculation coincides with the area of the
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bending of the anion curve in the CAP-free calculations in the
large basis.

This suggests that the CAP captures the strong coupling to the
continuum via I' while effectively diabatizing the real potential
energy curves, and that the “internal inconsistency” in fact
reflects the correct physics. Hence, one can describe totally
symmetric o-like anion states in bound and unbound regions by
using complex potential energy surfaces from CAP calculations.
In particular, the region of the potential curves where the
attachment energy is negative, indicating a bound state, but the
resonance width is sizable, is responsible for the peaks at the
threshold of the continuum, which are observed in experimental
electrollin s-wave scattering spectra and are linked to virtual
states.

5. CONCLUSIONS

We revisited s-wave electron scattering and o-like molecular
anions by analyzing electron-attached states of HCl, CH;Cl, and
pyrrole. These o-type anionic states are qualitatively different
from z*-type states such as the 2Hg resonance of N;. o-type
states develop extremely diffuse character, akin to a continuum
state, in regions where they are below the parent neutral state.
The shape of the potential energy curves of these states,
computed with quantum-chemical methods for bound states, is
very sensitive to the diffuseness of the basis. If the basis set
includes sufficiently diffuse functions, the anionic potential
energy curves show bending in the vicinity of the crossing, in
contrast to the potential energy curves of 7*-type anions.

We explain this difference in terms of the interactions between
the bound anionic states and the continuum, leading to the
breakdown of the Born—Oppenheimer approximation. By
analyzing these interactions in terms of a Landau—Zener-like
model, we identify two limiting scenarios corresponding to
strong and weak diabatic coupling. Strong diabatic coupling
leads to a broad avoided crossing region in the adiabatic
framework where the character of the interacting states changes
considerably but slowly. This is the case for the o-anions of HC],
methyl chloride, and pyrrole. Weak diabatic coupling leads to a
narrow avoided crossing and an abrupt change of the character
of the states in the adiabatic framework; this is the case for N;.
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We explain the different magnitudes of the coupling between
the diabatic anionic states and the continuum in terms of the
symmetry of the many-body states. Because only states with the
same symmetry can couple, o-type states interact with s-waves,
and 7*-type states interact with d-waves. Different spatial
profiles of s- and d-waves lead to different overlaps with the
corresponding Dyson orbitals. EOM-EA-CCSD calculations
confirm that this overlap is orders of magnitude larger for o-type
states than for z*-type states. This explanation differs
conceptually from the invocation of a centrifugal barrier
providing stabilization for states with nonzero angular
momentum, as done in scattering theory; however, it has origins
in and reflects the same fundamental physics.

We also show that CAP calculations can capture this coupling
to the continuum. By separating the continuum from the bound
domain, the CAP effectively diabatizes the states, yielding
potential energy curves and wave functions for ¢ anions that
behave similarly to z* anions, i.e., there is no bending, and no
excessive diffuseness. Instead, the strong coupling with the
continuum manifests in a nonzero resonance width in the
regions where the anionic curve is below the neutral curve, in
contrast to 7 anions for which a nonzero I is observed only
where the anionic state is above the neutral state. This nonzero I"
in the bound region indicates that decay into the continuum is
possible before the crossing point due to the breakdown of the
Born—Oppenheimer approximation.

B APPENDIX I: PLANE-WAVE NORMALIZATION

In the following, we assume atomic units. A momentum
normalization for a one-dimensional nonrelativistic plane wave
is obtained by projecting an unnormalized plane wave with
momentum k

w(k) =™

onto an unnormalized plane wave with momentum k' and
recognizing the Dirac J-function in the orthogonality relation,

/ : yH (k) (k) dx =

(30)

/ e kKD gy = 278(k — k')
(31)
One then immediately sees that a one-dimensional plane wave

normalized under the Dirac momentum metric carries a

prefactor of 1/ 27 and a three-dimensional analogue carries a
prefactor of 1/(27)%2.>°

When using such a plane wave for computing matrix elements
entering the Fermi golden rule expression,

T = 27l(fIHIi) p(Ey) (32)

one must also account for the density of states Jacobian from k to
E space, dE = d(k?/2) = kdk. Hence, it is convenient to define a
plane wave under energy normalization,

(w(K)ly (k) = 8(E — E) (33)

which leads to an energy-dependent prefactor of a one-
dimensional plane wave

1 ik
N 27k

In this representation, the density of states is already accounted
for and, hence, the known analytic behavior in the rate holds
automatically for the square of the matrix elements.

w(k) =

(34)
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In three dimensions, one needs to account for the infinite
number of degenerate plane waves at a given energy, and,
therefore, energy-orthonormalized plane waves must also be
orthonormalized in solid angle

(wK)ly(k)) = 5(E — E)6(Qy — Q)

Using the closure properties of the spherical Bessel functions®’
and spherical harmonics,®’ the second -function can be written
as

(35)

(27)°
2
This leads to the following definition of an energy-normalized

plane wave in three dimensions>’

Jk

a)""

5(Q — Q) =

(36)

w(k) =
(37)

Bl APPENDIX Il: DETAILS OF CAP CALCULATIONS
FOR HCL™ AND CH,CL™

A CAP is an imaginary potential added to the electronic
Hamiltonian to convert resonances into Lz—integrable

states.’ ¥ In CAPs based on Voronoi isosurfaces,66 as
used in this work, the Hamiltonian is
H(n) = Hy — ingW (38)
2 .
r. (r) — 1 ifr, >r
W(l’) — {( av( ) 0) av 0
0 else (39)

where 7, is the onset of the CAP and # is its strength. The
weighted average of electron—nuclear distances, r,,, is

r(r) = \/'2 (D)) we)

(40)

and the weights w; are given as
Wy = (17 = e + 1) (41)
FreareselE) = ming(Ir — Ryl) (42)

where R; is the position of nucleus I. To determine the optimal
CAP strength 7, we minimize the quantity

n-dE/dn (43)

Eq 43 can be minimized using either raw energies, E(O), or
deperturbed energies, EW, in which the perturbation due to the
CAP is removed to first order,*

W = EO —in(w) (44)

where (W) is the expectation value of the CAP. A large deviation
between the zeroth-order and first-order corrected resonance
energies and widths indicates a large perturbation due to the
CAP.

For choosing the onset, ry, two considerations need to be
balanced: r; should be sufficiently large that the CAP does not
perturb the bound electrons, but it should still be sufficiently
close to the molecule for the outgoing electron to feel the CAP
represented in a finite basis. A standard choice for the CAP onset
is given by the square root of the second moment of the electron
density of the bound neutral state.”"** While this choice works
well for most resonances, in some cases, tweaking of the onset
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might be necessary.”” This is indeed the case for HCI™:
calculations using the standard CAP onset yield discontinuous
potential energy curves and very large first-order corrections (eq
44).

It is clear from the potential curves and properties of the CAP-
free adiabatic HCI™ wave function that the electron is much
further away from the molecule than the second moment of the
electron density of neutral HCl. Therefore, one would also
suppose that at bond lengths where the anion is unbound, the
expected distance of the electron from the molecule is even
further. This means that (i) a standard CAP onset perturbs the
electronic wave function to a greater degree than in typical cases
and (ii) a larger onset produces a CAP that is still felt by the
electron.

For HCI™, we computed trajectories E(#) for a range of CAP

onsets between 4 bohr (which is &/ (¥yqlrWyc,) ) and 11

bohr, from which it is clear that an onset of 10 bohr leads to a
smooth potential curve with small differences between E© and
EW. We applied the same procedure to CH;Cl” to determine
the onset that minimizes the deviation between zeroth-order
and first-order energies. An onset of 11 bohr was chosen for
these calculations.

For HCI™, we applied the CAP at the EOM-EA-CCSD level
so that the CCSD energy for the ground state of HCl is real-
valued.®” For CH,;Cl~, we used the projected CAP
approach,®®®’ including 30 pseudocontinuum states in the
calculation. At the equilibrium geometry of CH;Cl, the C—Cl
bond length is 1.787 A, the C=Hbond length is 1.085 A, and the
H—C—Cl bond angle is 108.302°; in all calculations, the C—H
bond length and H—C—CI bond angles were fixed at these
values. Table 3 shows the resulting optimal CAP strengths.

Table 3. Optimal Zeroth-Order (#) and First-Order (") CAP
Strengths in a.u. for HCI™ and CH;CI™ at Different
Internuclear Distances in A

HCI CH,CI”

R (H-Cl) n n R(C—Cl) n n
1.20 0.0104 0.0144 1.60 0.0090 0.0195
1.25 0.0108 0.0148 1.65 0.0090 0.0200
1.30 0.0112 0.0154 1.70 0.0090 0.0200
1.35 0.0120 0.0154 1.75 0.0090 0.0200
1.40 0.0132 0.0166 1.79 0.0095 0.020S5
1.45 0.0154 0.0174 1.85 0.0095 0.0205
1.50 0.0154 0.0190 1.90 0.0095 0.0215
1.55 0.0172 0.0204 1.95 0.0095 0.0215
1.60 0.0188 0.0214 2.00 0.0090 0.0210
1.65 0.0194 0.0224 2.05 0.0085 0.0200

2.10 0.0045 0.0195
2.15 0.0035 0.0050
2.20 0.0030 0.0045
2.25 0.0020 0.0045

All electronic-structure calculations were performed with the
Q-Chem software.”””"

B ASSOCIATED CONTENT
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