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We investigate the capability of several variants of the second-order approximate coupled-cluster
singles and doubles (CC2) method to describe dipole-bound, quadrupole-bound, and correlation-bound
molecular anions. The binding energy of anions formed by electron attachment to closed-shell
molecules is computed using the electron attachment variant of CC2 (EA-CC2), whereas anions with a
closed-shell ground state are treated with the standard CC2 method that preserves the number of
particles. We find that EA-CC2 captures the binding energies of dipole-bound radical anions quite well,
whereas results for other types of non-valence anions are less reliable. We also test the performance of
semi-empirical spin-scaling factors for all types of non-valence anions and observe that the spin-scaled
CC2 variants generally do not provide more accurate binding energies for dipole-bound anions, while
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the binding energies of quadrupole-bound and correlation-bound anions are improved. As exemplary
applications of EA-CC2, we investigate the dipole-bound anions of the steroids cortisol, progesterone,
DOI: 10.1039/d3cp05923e and testosterone. In addition, we characterize electron attachment to sym-tetracyanonaphthalene, a

molecule that supports five anionic states, two of which can be interpreted as hitherto unobserved =n-
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1 Introduction

The binding of an excess electron to a neutral molecule with
positive electron affinity results in the formation of molecular
anions, which can be categorized into valence anions and non-
valence anions depending on the binding mechanism."” In
valence anions, the extra electron occupies a compact valence
orbital and short-range interactions dominate, whereas long-
range interactions predominate in non-valence anions and the
extra electron resides in a much more diffuse orbital. Among
non-valence anions, one can distinguish dipole-bound states,” "
quadrupole-bound states,>"” and correlation-bound states.'®>*

In dipole-bound states, the excess electron is bound by
interaction with the neutral molecule’s large dipole moment
and it has been established that there is a critical strength of
the dipole of ca. 2.5 D for an extra electron to be bound,”
although a larger dipole moment is no guarantee that a dipole-
bound anion exists. Quadrupole-bound states are formed by a
similar electrostatic interaction as dipole-bound states, but
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with molecules that have a large quadrupole moment and zero
dipole moment. Interestingly, it has been argued that a critical
strength of the quadrupole moment for quadrupole-bound
states to occur cannot been established." Finally, in
correlation-bound anions the binding is not governed by elec-
trostatic interactions but rather by dispersion. We add that
there are many dipole-bound and quadrupole-bound states that
are unbound if electron correlation is neglected, which makes
the distinction between different types of non-valence anions
debatable.”

For all classes of molecular anions, the electron binding
energy can vary substantially from less than 1 meV to several
eVs. On average, however, valence anions are more strongly
bound than non-valence anions. Also, there are numerous
molecules that support a valence state alongside a non-
valence state or, in other cases, the character of a state changes
upon relaxation of the molecular structure. Non-valence anions
are therefore believed to act as gateway to the capture of low-
energy electrons and as precursors to the formation of valence
anions.">?%77

As concerns the theoretical description of non-valence
anions, it is well established that standard basis sets need to
be augmented by additional shells of diffuse functions to
capture the enormous extent of the wave function. In addition,
a method that takes proper account of electron correlation is
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also important. While there are treatments based on a self-
consistent field (SCF) wave function of the non-valence anionic
state, for example using density functional theory,*® it has been
shown that approaches such as the equation-of-motion
electron-attachment coupled-cluster (EOM-EA-CC) method?**°
that base the description on an SCF wave function of the parent
neutral molecule are especially well suited for non-valence
anions. This applies in particular to correlation-bound anions,
which are by definition unbound at the Hartree-Fock (HF) level
of theory.>**!

However, the application range of EOM-CC is limited
because the computational cost and memory requirements
scale with system size as N° and N’, respectively, already in
the singles and doubles approximation (EOM-CCSD). The pro-
blem is exacerbated for non-valence anions by the need to use
large basis sets. An alternative to EOM-EA-CCSD that was
successfully applied to correlation-bound anions**>**" is
EOM-EA-CCSD(2),”” also known as EOM-EA-MP2. For this
method, the computational cost scales as N°, while the memory
requirements are unchanged compared to EOM-EA-CCSD.

In this work, we explore the performance of the second-
order approximate coupled-cluster singles and doubles method
(CC2) for non-valence anions, which represents another alter-
native to EOM-EA-CCSD. CC2 is obtained from a perturbative
analysis of the CCSD model and, in analogy to CCSD, it is
possible to define a CC2 linear-response function whose poles
correspond to the excitation energies.*> The same CC2 excita-
tion energies can alternatively be obtained in the spirit of the
EOM-CC approach, where one considers the wave function of
the excited target state explicitly. The computational cost of
CC2 scales as N° and the memory requirements can be reduced
from N* to N* by applying the resolution-of-the-identity (RI)
approximation or Cholesky decomposition to the electron-
repulsion integrals.**® As a consequence, CC2 and the closely
related algebraic diagrammatic construction through second
order (ADC(2))*”*® are well established as excited-state meth-
ods for molecules beyond the application range of EOM-CCSD.

Besides the original CC2 method, where the excited target
state and the reference state have the same number of o and 8
electrons, further CC2 methods have been introduced. This
includes a spin-flip variant for the treatment of multiconfigura-
tional wave functions®® as well as ionization potential®*>*
(IP) and electron attachment®” (EA) variants in which the target
state has one electron less or more, respectively, than the
reference state. These latter variants can conveniently be
obtained from the particle-number conserving method by
means of the continuum orbital technique.>®

While the original CC2 method offers a good balance
between accuracy and computational cost for valence excita-
tions and, in some cases, even yields more accurate excitation
energies than EOM-CCSD, the numerical performance of the IP-
CC2 and EA-CC2 methods is not convincing. This shortcoming
is related to the poor performance of CC2 for charge-transfer
and Rydberg states. However, it was recently shown that spin
scaling® ™’ improves ADC(2) results for vertical ionization
energies and vertical electron attachment energies of valence
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anions considerably.”® In view of the close connection between
ADC(2) and CC2, the same improvements can be anticipated
for CC2. It is, however, less clear a priori if attachment energies
of non-valence anions are improved as well.

This latter question motivates the present study. In Section 2,
we report the technical details of the computations that we carried
out, while Section 3 discusses the numerical results for valence-
bound, dipole-bound, quadrupole-bound, and correlation-bound
anions. Our general conclusions are presented in Section 4.

2 Computational details

To assess the performance of RI-CC2 including its spin-scaled
analogues for non-valence anions, we computed the vertical
binding energies of different types of anionic states. The
computations were carried out using a new implementation
of RI-CC2 in the Q-Chem program package,’® which is based on
the formulation by Hittig and Weigend, in which the doubles
amplitudes need not be stored.** Details of our implementation
will be presented elsewhere.

Because RI-CC2 is an approximation to EOM-CCSD, we used
the latter method to assess the accuracy of RI-CC2. The struc-
tures of all molecules were optimized with RI-MP2 using the cc-
PVTZ basis set and the rimp2-cc-pVTZ auxiliary basis set and are
provided in the ESL.{ All CC2 and EOM-CCSD computations were
done with the core electrons frozen. For the spin-scaled meth-
ods, we implemented the same scaling factors that were origin-
ally proposed for MP2 and are also used in the context of CC2
and ADC(2). For the spin-component scaling (SCS) method,>* the
values are c¢ss = 1/3 and ¢, = 6/5 for the same-spin and opposite-
spin contributions, respectively, while they amount to cgs = 0 and
Cos = 1.3 for the scaled opposite-spin (SOS) method.””

The vertical binding energies of the anionic states were
determined using the following procedures:

e For valence radical anions of closed-shell neutral mole-
cules, the binding energies were computed with EOM-EA-CCSD
or RI-EA-CC2 with the aug-cc-pVIZ basis using the neutral
ground state as CC reference state.

e For dipole-bound and quadrupole-bound radical anions
of closed-shell neutral molecules, the same methods were
combined with an aug-cc-pVTZ basis further augmented by
3 s-shells on hydrogen atoms and 6 s- and 3 p-shells on all non-
hydrogen atoms.

e For correlation-bound radical anions of closed-shell neu-
tral molecules, we used EOM-EA-CCSD and RI-EA-CC2 with an
aug-cc-pVTZ + 7s7p basis set.”!

e For excited dipole-bound states of closed-shell anions, we
evaluated the binding energies as differences between EOM-IP-
CCSD and EOM-EE-CCSD energies or RI-IP-CC2 and RI-CC2
energies. In this way, the CC treatment could be based on a
closed-shell HF state. The same basis set as for dipole-bound
radical anions was used.

The rimp2-cc-pVTZ auxiliary basis set was used for valence
anions, while the rimp2-aug-cc-pVTZ auxiliary basis set was
used for non-valence anions. To ensure that this latter auxiliary
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basis is appropriate for calculations in which additional diffuse
functions are added to aug-cc-pVTZ, we carried out some
calculations using larger auxiliary bases with additional diffuse
functions. These yielded the same energies up to 10~ ° a.u. The
dipole moments and quadrupole moments of all molecules
that support a corresponding anion were computed at the HF
level using the same bases as in the correlated calculations. For
selected anions, we additionally evaluated EOM-EA-CCSD
Dyson orbitals.®>®! Notably, we encountered in many calcula-
tions linear dependencies in the basis set as is typical when one
uses many diffuse shells. We solve this problem by reorthogo-
nalizing the basis set, which entails that the actual basis set is
often smaller than what one would assume based on the
information given above, in some cases by up to 20%. The
number of orthogonal orbitals is given for each calculation in
the ESL.{ All calculations were carried out using the Q-Chem
program package, version 6.0.>° The irreducible representa-
tions of all states are reported according to Q-Chem conven-
tion, which differs from Mulliken’s convention.®?

3 Results and discussion
3.1 Valence anions

We first investigated a set of 12 organic molecules that support
conventional anions in which the excess electron resides in a
valence orbital. This test set forms a subset of the one from
ref. 58. The binding energies computed with EOM-EA-CCSD
and RI-EA-CC2 are reported in Table 1. Our results illustrate
that RI-EA-CC2 overestimates all electron affinities significantly
with respect to EOM-EA-CCSD and that spin-scaling largely
eliminates that shortcoming. The mean absolute error is
reduced from 0.47 eV for RI-EA-CC2 to 0.07 eV for SCS-RI-EA-
CC2. A very similar conclusion was drawn in ref. 58 about the
accuracy of spin-scaled EA-ADC(2) with respect to CCSD(T)
reference values. We note, however, that the CC2 results from
Table 1 do not coincide with those from ref. 58 because an aug-
cc-pVDZ basis was used there while we use aug-cc-pVTZ. Also, it
is apparent from Table 1 that Koopmans’ theorem captures
only the most strongly bound anions that have an electron
affinity of more than ca. 1.4 eV.
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Interestingly, two recent studies®*®* reported substantially
better performances for the EA-ADC(2) method with average devia-
tions of ca. 0.1 eV from CCSD(T) and full CI. This difference to our
results can be ascribed to two reasons: Firstly, our test set and that
from ref. 58 only comprise bound electronic states, while the test
sets from ref. 63 and 64 additionally include states in the detach-
ment continuum, whose binding energy approaches zero in the
limit of a full basis set. Secondly, our test set is formed by
polyatomic molecules with up to 15 non-hydrogen atoms, whereas
the two previous studies focused on diatomic and triatomic
molecules. To address the latter point, we performed some addi-
tional RI-EA-CC2 calculations on valence anions of diatomic and
triatomic molecules.®® For these species, we indeed observe a better
performance of RI-EA-CC2 with deviations from EOM-EA-CCSD in
the range of 0.2 to 0.3 eV. However, we believe that the larger
species from Table 1 are more representative of the application area
of the RI-EA-CC2 method than diatomic and triatomic molecules.

3.2 Dipole-bound radical anions

As a second test set, we investigated 15 organic molecules that
support dipole-bound radical anions. Notably, 6 of them (ura-
cil, nitrobenzene, benzonitrile, nitromethane, benzaldehyde,
acetone) also form a valence anion that is bound either verti-
cally or at least adiabatically. The binding energies of the
dipole-bound states computed with EOM-EA-CCSD and RI-EA-
CC2 are reported in Table 2. Although the binding energies of
dipole-bound anions are in general much smaller than those of
valence anions, Table 2 shows that the values can vary over a
wide range, from less than 1 meV for acetone to up to almost
80 meV for uracil within our test set. It is also apparent from
Table 2 that the binding energy is only loosely connected to the
strength of the dipole moment. For example, vinylene carbo-
nate has a somewhat larger dipole moment than uracil but the
binding energy of the anion is three times lower.

As concerns the comparison of the different methods,
Table 2 shows that RI-EA-CC2 deviates from EOM-EA-CCSD
on average by only 3.5 meV and never by more than 9 meV. In
10 cases, RI-EA-CC2 gives too high a value, in 5 cases too low a
value. Notably, there is no single case in Table 2 in which RI-EA-
CC2 fails to produce a positive binding energy. The method

Table 1 Electron binding energies of valence anions computed using RI-EA-CC2, EOM-EA-CCSD, and Koopmans' theorem (KT). Energies are given in

eV with a positive value corresponding to an electronically bound anion

EOM- RI- SCS-RI- SOS-RI-

Molecule EA-CCSD EA-CC2 EA-CC2 EA-CC2 KT

Tetrafluorobenzoquinone CeF,0, 2.329 2.805 2.328 2.085 0.980
Benzoquinone CeH,40, 1.540 2.016 1.534 1.288 0.082
1,4-Naphthoquinone C1oHg0, 1.424 1.955 1.489 1.254 —0.136
p-Nitrobenzonitrile NC-C¢H,4-NO, 1.362 1.741 1.364 1.174 0.002
Phenazine (CH,)oN, 1.077 1.575 1.213 1.030 —0.435
Maleic anhydride C4H,03 1.006 1.439 0.990 0.764 —0.463
Fumaronitrile C,H,N, 0.946 1.381 0.954 0.738 —0.408
Phthalic anhydride C6H,4(CO),0 0.824 1.304 0.915 0.720 —0.762
Acridine C,3HoN 0.637 1.133 0.770 0.585 —0.898
Isophthalonitrile C6H4(CN)2 0.628 1.089 0.748 0.576 —0.844
Phthalimide CeH4(CO),NH 0.579 1.063 0.666 0.468 —1.034
Azulene CyoHs 0.519 0.980 0.669 0.512 —1.034
Mean absolute error 0.468 0.068 0.140 1.485
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26,1809-1818 | 1811
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Table 2 Electron binding energies of dipole-bound radical anions computed using RI-EA-CC2, EOM-EA-CCSD, and Koopmans' theorem (KT). Energies
are given in meV with a positive value corresponding to an electronically bound anion. Dipole moments in Debye computed at the HF level of theory are

also given
EOM- RI- SCS-RI- SOS-RI-

Molecule EA-CCSD EA-CC2 EA-CC2 EA-CC2 KT n (D)
Uracil C,H,N,0, 76.5 80.8 58.2 47.2 22.7 4.305
Nitrobenzene CeH;5NO, 25.7 34.8 17.1 13.8 5.4 4.436
Vinylene carbonate C3H,0; 25.5 26.7 19.8 17.0 10.0 4.601
Benzonitrile CeH5CN 23.8 19.8 14.7 12.1 3.2 4.540
Pyridazine C,H,N, 19.0 26.3 15.3 10.2 1.7 4.254
Acetonitrile CH;CN 18.4 17.2 12.3 9.9 4.2 3.948
Formamide CH;NO 15.7 16.2 10.7 8.7 3.4 3.896
Dimethyl sulfoxide (CH3),S0 14.9 12.1 8.8 7.1 2.1 4.140
Nitromethane CH;NO, 13.7 12.6 8.7 6.8 3.5 3.598
N,N-Dimethylformamide (CH3),NCHO 13.4 10.9 8.6 6.7 1.9 4.216
Phenyl isocyanide CeH;NC 9.1 16.3 6.3 3.4 —4.9 4.077
Methyl isocyanide CH;NC 8.9 10.0 6.0 4.5 —1.8 3.921
Nitrosobenzene CeHsNO 5.9 11.4 3.1 0.7 —4.1 3.355
Benzaldehyde C¢H;CHO 4.1 8.9 1.6 —0.6 —4.9 3.228
Acetone (CH3]2CO 0.8 1.3 —-1.9 —3.1 —5.1 3.003
Mean absolute error 3.5 5.7 8.7 15.9

thus performs much better for dipole-bound anions than for
valence anions (see Table 1). Spin-scaling, however, does not
represent an improvement, the SCS and SOS variants of RI-EA-
CC2 underestimate the binding energy systematically and the
mean absolute error with respect to EOM-EA-CCSD is also
larger as compared to unscaled RI-EA-CC2.

Whereas the step from EOM-EA-CCSD to RI-EA-CC2 appar-
ently does not compromise the quality of the computed binding
energies, Table 2 also illustrates that electron correlation and
orbital relaxation cannot be neglected altogether for dipole-
bound anions. According to Koopmans’ theorem, i.e., using the
energy of the lowest unoccupied molecular orbital as an esti-
mate of the binding energy, all those anions that have an EOM-
EA-CCSD binding energy of less than 10 meV become unbound.
But also in the more strongly bound cases, Koopmans’ theorem
underestimates the binding energy considerably and captures,
for example, in the case of nitrobenzene only 20%.

To illustrate the usefulness of RI-EA-CC2 for studying dipole-
bound anions in larger molecules, we investigated electron
attachment to the steroids testosterone, progesterone, and
cortisol. These molecules have considerable dipole moments
of 4-7 D so that the presence of a dipole-bound anion appears
plausible. Yet, to the best of our knowledge, the electron affinity

of these compounds has so far not been investigated, neither
experimentally nor computationally.

Our calculations on these molecules use between 2009 and
2366 basis functions, which is beyond the range of EOM-EA-CCSD
for a molecule in the C; point group but entirely feasible with RI-
EA-CC2. Our results in Fig. 1 show that RI-EA-CC2 yields binding
energies between 30 and 80 meV with the largest value obtained
for cortisol, which also has the largest dipole moment. Interest-
ingly, however, the electron affinities of testosterone and proges-
terone are almost identical even though the dipole moment of
progesterone is 1.45-times larger. This demonstrates again that
the binding energy of dipole-bound anions depends only loosely
on the dipole moment as already discussed for Table 2.

Finally, it is noteworthy that the equilibrium structures of dipole-
bound anions are, in general, almost identical to those of the parent
neutral molecules."” This implies that the differences between the
vertical electron affinity, the vertical detachment energy, and the
adiabatic electron affinity are negligible and the good performance
of RI-EA-CC2 apparent from Table 2 applies to all three quantities.

3.3 Excited dipole-bound states of closed-shell anions

As a third test set we investigated closed-shell anions that
support an excited dipole-bound state. This type of dipole-

Testosterone (CioH305)
1 =397D
EA = 29 meV

Progesterone (Cp;H3007)
1=575D
EA = 30 meV

Cortisol (Cp1H3005)
f=7.05D
EA = 79 meV

Fig. 1 Molecular structures of selected steroids, their dipole moments, and electron affinities of the corresponding dipole-bound radical anions

computed with RI-EA-CC2.
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bound state is less common than the one discussed in Section 3.2
and the binding energies are typically lower. Our results for the
binding energies of 4 such states computed with EOM-CCSD and
RI-CC2 are summarized in Table 3. It is obvious that CC2 is
unsuited as we obtain negative binding energies for all 4 examples.
Spin-scaled CC2 does not yield better binding energies although
the underlying RI-EE-CC2 and RI-IP-CC2 energies are significantly
improved. Notably, EOM-CCSD also fails to reproduce the experi-
mentally determined binding energies®**®” and produces values
that are consistently too low. A higher-order coupled-cluster
method such as EOM-CCSDT is likely needed to fully recover the
binding energies of the test cases from Table 3 or other examples
with even lower binding energy.

3.4 Quadrupole-bound anions

Next, we studied a set of 6 organic molecules that support
quadrupole-bound radical anions. Interestingly, all of them except
succinonitrile also support a valence anion and p-dinitrobenzene
and tetracyanobenzene even support two valence anion states. The
binding energies computed with EOM-EA-CCSD and RI-EA-CC2 are
reported in Table 4. Similar to dipole-bound anions, the binding
energies of quadrupole-bound states can vary over a wide range,
from 1 meV for p-diisocyanobenzene to more than 170 meV for
tetracyanobenzene, which is more than twice the largest binding
energy of the dipole-bound anions from Table 2. We observe that
the connection between the strength of the quadrupole moment
and the binding energy is weak. Succinonitrile and p-
diisocyanobenzene, for example, have similar quadrupole moments
but the binding energy of the former anion is ten times larger.

To further characterize the quadrupole-bound states, we
computed their Dyson orbitals with EOM-EA-CCSD. The plots
in Fig. 2 show that the excess electron resides in a diffuse s-like
orbital in each case. There is a weak trend between the size of the
orbital and the binding energy: For the anions of 2,6-dicyano-
naphthalene and in particular tetracyanobenzene, which have
larger binding energies than the other quadrupole-bound
anions, the Dyson orbital is somewhat more compact.

As concerns the performance of the different methods, the
results for the valence states in Table 4 are by and large in line
with those from Table 1. For the quadrupole-bound states, we
observe that RI-EA-CC2 consistently overestimates the binding
energies compared to EOM-EA-CCSD, on average by almost
50 meV. RI-EA-CC2 performs thus worse for quadrupole-bound
anions than for dipole-bound anions for which the average
deviation amounts to no more than 3.5 meV (see Table 2). Spin-

View Article Online

Paper

scaling improves the RI-EA-CC2 results considerably; for the
SCS variant the average deviation from EOM-EA-CCSD goes
down to 7 meV. This picture changes when a comparison is
made to experimentally determined binding energies. EOM-EA-
CCSD underestimates them for succinonitrile, p-dinitrobenzene,
and tetracyanobenzene alike, while the RI-EA-CC2 method with-
out spin scaling gives a much better match. Finally, we note that
according to Koopmans’ theorem none of the 6 quadrupole-
bound states from Table 4 is bound, which means that orbital
relaxation and electron correlation are more important for
quadrupole-bound anions than for dipole-bound anions.

3.5 The five anionic states of sym-tetracyanonaphthalene

In view of its large quadrupole moment (Qy = —55.39 D A, Qyy =
12.78 D A, Q,, = 42.61 D A, computed with HF/aug-cc-pVTZ +
6s3p), the formation of a quadrupole-bound anion seems
plausible for sym-tetracyanonaphthalene. This is indeed the
case but we choose to discuss our results for this molecule
separately because of its unique electronic structure, which to
the best of our knowledge has hitherto not been studied. As
Table 5 demonstrates, there are 5 anionic states in sym-
tetracyanonaphthalene, which is remarkable given that most
organic molecules support only one or, at most, two bound
anionic states. The different nature of the 5 states is revealed by
the EOM-EA-CCSD Dyson orbitals shown in Fig. 3. Whereas the
two lowest-lying states (B,g and B;g) with large binding energies
of 2.13 eV and 1.96 eV have valence character as indicated by
their compact Dyson orbitals, the remaining three states (B,
A, By,) with much smaller binding energies of 0.29 €V, 0.25 eV,
and 0.02 eV and more diffuse Dyson orbitals are clearly non-
valence anions. Interestingly, the extent of the Dyson orbitals is
again correlated with the binding energy.

The A, state can be interpreted as a quadrupole-bound
anion comparable to those discussed in Section 3.4, but this
is not possible for the B;, and B,, states because their Dyson
orbitals have nodal planes containing or bisecting the mole-
cule, respectively. We propose to view the B;, and B,, anion
states of sym-tetracyanonaphthalene as m-type quadrupole-
bound anions akin to n-type dipole-bound anions,**®%® which
were experimentally confirmed only recently.””%”! The compar-
ison to the quadrupole-bound states from Table 4 illustrates
that the By, and A, states of sym-tetracyanonaphthalene have
exceptionally large binding energies, but also the B,, state is
more strongly bound than, for example, the quadrupole-bound
states of succinonitrile and p-dinitrobenzene.

Table 3 Electron binding energies (eBE) of excited dipole-bound states of closed-shell anions computed using RI-EE-CC2 and RI-IP-CC2 as well as
EOM-EE-CCSD and EOM-IP-CCSD. Energies are given in meV with positive values corresponding to electronically bound states. Experimental binding
energies and dipole moments in Debye of the anionic ground states computed at the HF level of theory are also given

EOM-CCSD RI-CC2 SCS-RI-CC2 SOS-RI-CC2 Expt.
Molecule EE IP eBE EE 1P eBE EE P eBE EE 1P eBE eBE n (D)
2-Naphthoxide C1o0H,O0™ 2404 2440 13.4 1978 1909 —-69.2 2100 2036 —63.9 2162 2101 —-61.4 25.0°®  7.676
9-Anthroxide Ci4HoO™ 2217 2226 8.9 1870 1800 —69.9 1998 1934 —64.2 2065 2004 —61.2 23.7° 3.746
Phenoxide CeH;0™ 1527 1525 7.6 1016 937 —71.0 1103 1024 —65.8 1148 1068 —63.1 12.0° 5.008
Cyanomethyl anion CH,CN™~ 1776 1778 1.4 1376 1312 —63.9 1482 1419 —62.6 1536 1474 —61.9 1.667
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26,1809-1818 | 1813
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Table 4 Electron binding energies of quadrupole-bound anions and valence anions computed using RI-EA-CC2, EOM-EA-CCSD, and Koopmans'
theorem (KT). Energies are given in meV with a positive value corresponding to an electronically bound anion. Experimental binding energies and
quadrupole moments in Debye-Angstrém computed at the HF level of theory are also given

EOM- RI-EA- SCS-RI-  SOS-RI-
Molecule State EA-CCSD CC2 EA-CC2 EA-CC2 KT Expt. Qxx Qyy Q;
Succinonitrile C,H,N, 10.0 25.7 0.2 —4.6 —-10.9 22.0"%/18.0"° —20.69 593 14.76
Terephthalonitrile CeH4(CN), A4 23.6 59.3 14.7 3.6 —~10.5 —27.61 1494 12.67
p-Diisocyanobenzene CeH4(NC), Ay 1.1 14.5 —2.5 —5.8 —11.6 —20.48 12.53 7.95
p-Dinitrobenzene CeHy(NO,),  Ag 7.0 33.5 1.9 —4.0 ~11.3  25.0% —23.52 856 14.96
2,6-Dicyanonaphthalene  C;oH4(CN), A, 46.1 95.0 36.3 18.4 —-8.2 —38.69 21.05 17.64
Tetracyanobenzene CeH,(CN), Ay 171.6 321.6 167.0 107.9 —7.7  220.6" —31.94 3.12  28.82
Mean absolute error 48.4 7.0 24.0 53.3
Terephthalonitrile CeH4(CN), By, 905.2 1342.9 1001.1 828.5  —151.3
p-Diisocyanobenzene CeH4(NC), By, 385.8 820.5 476.3 304.0 —157.6
p-Dinitrobenzene CeH,4(NO,),  Bye 100.1 513.1 110.3 —88.2 —11.3
Biu 1650.9 1990.6 1603.4 1409.1 366.9
2,6-Dicyanonaphthalene  C;oH¢(CN), By 1135.4 1637.9 1274.1 1089.3 —247.8
Tetracyanobenzene CeH,(CN), ;7 1610.3 2245.4  1850.3 1651.0 —27.4
Ay 2407.9 2939.5  2559.7 2366.7 971.1  2469.5"
Mean absolute error 470.6 110.7 102.4 1098.6
z ¢ ¢ ¢ ©
Succinonitrile p-Dicyanobenzene  p-Diisocyanobenzene p-Dinitrobenzene 2,6-Dicyanonaphthalene  Tetracyanobenzene

Fig. 2 Dyson orbitals of quadrupole-bound anions of selected molecules computed with EOM-EA-CCSD and plotted at an isovalue of 0.001.

As concerns the performance of RI-EA-CC2, Table 5 shows
the same pattern discussed in Sections 3.1 and 3.4. While the
ordering of the states is preserved, all binding energies are
overestimated by 50 to 670 meV. Spin scaling remedies this
problem to a large degree: SOS-RI-EA-CC2 recovers the EOM-EA-
CCSD result up to 10 meV for the valence states and up to
70 meV for the By, and A, quadrupole-bound states but fails
to capture the B,, state. Also, it is noteworthy that according to

Table 5 Electron binding energies of the five anionic states of sym-
tetracyanonaphthalene computed using RI-EA-CC2, EOM-EA-CCSD, and
Koopmans' theorem. Energies are given in meV with a positive value
corresponding to an electronically bound anion

EOM- RI- SCS-RI- SOS-RI-
State EA-CCSD EA-CC2 EA-CC2 EA-CC2 KT

Bog 2128.9 2746.0 2338.2 2130.6 496.1
Bsg 1962.7 2490.0 2133.3 1952.0 435.8
By 288.8 957.3 559.1 366.1 —94.4
Ag 247.2 394.1 243.3 181.8 10.4
Bou 18.0 71.3 7.4 8.4 —20.0

1814 | Phys. Chem. Chem. Phys., 2024, 26,1809-1818

Koopmans’ theorem, only the two valence anion states and the
totally symmetric quadrupole-bound state exist. The n-like By,
and B,, quadrupole-bound states of sym-tetracyanonaph-
thalene only become visible when orbital relaxation and elec-
tron correlation are accounted for.

On the basis of the discussion in Section 3.4, one may
assume that EOM-EA-CCSD underestimates the binding ener-
gies of the quadrupole-bound states of sym-tetracyanonaph-
thalene as well and that the RI-EA-CC2 results are closer to the
true values. This remains, however, speculation until electron
attachment to sym-tetracyanonaphthalene has been character-
ized experimentally.

3.6 Correlation-bound anions

As a final test set, we studied the 4 molecules shown in Fig. 4
that support correlation-bound anions. The electron binding
energies computed with EOM-EA-CCSD and RI-EA-CC2 are
reported in Table 6. Notably, perfluorocubane has a much
larger electron affinity than the other molecules, which has

This journal is © the Owner Societies 2024
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Fig. 3 Dyson orbitals of the five anionic states of sym-tetracyanonaphthalene computed with EOM-EA-CCSD and plotted at an isovalue of 0.001. From

left to right, the Bog Bsg, Biu, Ag, and By, states are shown.

XXX

Hexafluorobenzene (CgFs)  Hexachlorobenzene (CgClg)

Fig. 4 Selected molecules that support correlation-bound anions.

been explained by the cage-like structure of the molecule and
an effect called o-stellation.>

It is apparent from Table 6 that RI-EA-CC2 overestimates all
binding energies greatly, in the case of hexachlorobenzene by a
factor of almost 10. SOS-RI-EA-CC2 overcorrects that problem
and yields energies that are consistently too low, while SCS-RI-
EA-CC2 yields accurate energies for the perfluorinated com-
pounds but overestimates the EOM-EA-CCSD result for hexa-
chlorobenzene still by a factor of 2.

Table 6 Electron binding energies of correlation-bound anions com-
puted with RI-EA-CC2 and EOM-EA-CCSD. Energies are given in meV with
positive values corresponding to electronically bound states

EOM- RI- SCS-RI- SOS-RI-
Molecule EA-CCSD EA-CC2 EA-CC2 EA-CC2
CoFe 79.6 361.7 77.4 11.6
CeClg 67.7 637.3 136.9 14.3
CioFg 71.3 279.9 70.2 17.3
CgFg 1027.1 1675.4 1076.9 790.4

This journal is © the Owner Societies 2024

X K

Octafluoronaphthalene (CjoFg)  Octafluorocubane (CgFg)

4 Conclusions

We explored the performance of the CC2 method for the
computation of vertical binding energies of various types of
molecular anions. For our test set of 12 valence anions, RI-EA-
CC2 yields a mean absolute error with respect to EOM-EA-CCSD
of 0.47 eV that can be reduced to 0.07 eV and 0.14 eV using SCS-
RI-EA-CC2 and SOS-RI-EA-CC2, respectively, which is very well
in line with recent ADC(2) results.>®

For non-valence anions, different trends are observed: RI-
EA-CC2 performs well for dipole-bound radical anions with a
mean absolute deviation from EOM-EA-CCSD of only 3.5 meV.
Also, all states that are bound at the EOM-EA-CCSD level of
theory stay bound with RI-EA-CC2. For excited dipole-bound
states of closed-shell anions, however, a combination of RI-CC2
and RI-IP-CC2 yields poor results for the binding energies.
Given that all states in our test set become unbound at the
RI-CC2 level, this approach cannot be recommended. For
quadrupole-bound anions, RI-EA-CC2 overestimates EOM-EA-
CCSD binding energies by ca. 50 meV, which is too high for

Phys. Chem. Chem. Phys., 2024, 26,1809-1818 | 1815
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accurate modelling given that quadrupole-bound states usually
have binding energies in the same range. A much more
pronounced overestimation is observed for correlation-bound
anions so that RI-CC2 cannot be recommended for this type of
state either.

The spin-scaled CC2 variants do not present an improve-
ment for dipole-bound states, but they do in general improve
binding energies of quadrupole-bound and correlation-bound
states. SCS-RI-EA-CC2 yields a mean absolute deviation from
EOM-EA-CCSD of only 7 meV for quadrupole-bound states,
although the method fails to produce a positive binding energy
for the anion of p-diisocyanobenzene that is bound by 1 meV at
the EOM-EA-CCSD level. For correlation-bound anions, SCS-RI-
EA-CC2 improves binding energies considerably even though
that of the anion of hexachlorobenzene is still overestimated by
a factor of 2 as compared to EOM-EA-CCSD.

In sum, we can recommend without reservation the
unscaled RI-EA-CC2 method for the study of dipole-bound
radical anions, whereas SCS-RI-EA-CC2 is possibly useful for
quadrupole-bound and correlation-bound anions. We illu-
strated the application area that we envision for RI-EA-CC2 by
computing the binding energies of the dipole-bound anions of
testosterone, progesterone, and cortisol. Judging by their dipole
moments, many molecules in this size range should support
dipole-bound anions and it appears reasonable to assume that
they can act as doorway states similar to what is established for
small molecules.

Finally, our work illustrates that there are still new types of
molecular anions to be discovered. Specifically, we showed that
sym-tetracyanonaphthalene supports a total of 5 anionic states,
two of which we interpret as n-type quadrupole-bound states,
which have not been identified in other molecules before.
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