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Abstract

The interaction of low-energy electron collisions with molecules may lead to tem-
porary anions via resonant processes. While experimental measurements, e.g. electron
transmission spectroscopy or dissociation electron attachment spectroscopy, are effi-
cient to characterize the temporary anions, simulating the electron attachment is still
very challenging. Here, we propose a methodology to calculate the resonance energies
of the electron attachment using ab initio (TD)-DFT calculations together with two
different basis sets: a large basis set with diffuse functions to compute the vertical
electron affinity, and a smaller one to calculate the excitation energy of the anion. To
demonstrate the capabilities and the reliability of this computational approach, 53 res-

onance energies from 18 molecules are calculated and compared to experimental data.
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Understanding the interaction of low-energy electron collisions with molecules constitutes
a key subject in a large area of fundamental research as well as modern applications in various
fields of science such as astrochemistry,! radiation-induced damage of biological tissue,?™
selective chemistry,® or chemical synthesis at nanoscale.® Upon the electron collision, the
production of a temporary parent anion is expected, the latter being in a metastable state
as it lies energetically above the ground state of the neutral molecule.

The capture of the extra electron arises dominantly via shape or core-excited resonances.
In the former, the colliding electron is trapped into an empty molecular orbital of the
molecule, assuming few influence on the other electrons. Instead, in the case of core-excited
resonance, the trapping of the extra electron is concomitant with the promotion of a valence
electron in the conduction band.” The trapping can also occur with the formation of a dipole-
bound anion state via long-range electron interactions with a polar molecule.® One of the
most efficient mechanism for the induced molecular fragmentation is the Dissociative Elec-
tron Attachment (DEA).? The scattering electron is captured by the neutral target species
to form a transitory negative ion (TNI), which in turn undergoes molecular dissociation into
an anion and one or more neutral fragments. Alternatively, the TNI may also eject the excess
electron if the dissociation time is longer than the auto-detachment time. Another reaction

pathway may lead to the formation of a quasi-stable anion with a very long lifetime. °

In experiments, TNIs are usually probed by the Electron Transmission spectroscopy !'2
(ETS) and the DEA spectroscopy. ETS is used to measure negative electron affinities and
study unstable gas-phase anions. Information of the processes immediately after the electron
capture mostly relies on the detection of the negative fragments.

A complete theoretical characterization of the temporary anion, which would describe
the electron attachment, the relaxation of electronic and vibrational degrees of freedom,
and possible fragmentation processes, is still challenging. Limitations come from the dif-

ficulty to treat the electron correlation in an anionic system, the need to combine con-

tinuum and discrete states, and the high number of degrees of freedom which make the



numerical calculation very cumbersome. Among the most popular computational methods
for describing temporary anions, one can find a broad class of methods that compute the
electron-scattering cross section (CS), such as the R-matrix method, ! the Kohn method,!*
the Schwinger multichannel method,!® or the formulation of a complex energy.!® In the R-
matrix method, the incoming electron described by a single-particle method collides with the
n-particle target described with a configuration interaction type method, but the configura-
tion space is necessarily quite small. Although such methods provide valuable information
on CS, they essentially consist in static calculations and hence do not give much information
about the dynamics of the attachment process and of the molecular dissociation. Dynamics
can be followed through a real-time formalism, such as real-time TDDFT (Time-Dependent
Density-Functional Theory).!”

The prediction of resonant attachment energies can be investigated with much less cum-
bersome computational approaches. The so-called empirical correlation methods extrapo-
late an empirical correlation between experimental attachment energies and the correspond-
ing energies calculated at ab initio level. Most often, a linear relationship is chosen as
Eewp = cEeomp + d, where ¢ and d are fitted parameters. Usually, E,y, is the energy of
an unoccupied orbital obtained with a Hartree-Fock calculation for the neutral molecule.
Such orbital energy is physically relevant for estimating the electron affinity of the molecule,
and the linear fit can then be understood as a correction to the missing electron correlation
effects.'® Alternatively, in the Modelli’s approach, E,,m, refers to the energy of an unoccu-
pied Kohn-Sham orbital.'? These empirical methods can lead to a good estimation of the
attachment energy in the case of shape resonances, while core-excited resonances are not
accessible. At a higher level of calculation, e.g. with the linear response Equation-of-Motion
Coupled-Cluster (EOM-CC) or TDDFT methods, the excitation energies of the anion (rel-
ative to the energy of the neutral molecule) can be used instead of the energies of virtual
orbitals, and then the parameters ¢ and d are expected to be closer to the ideal values of

1 and 0 respectively.'® However, the determination of the empirical parameters ¢ and d



requires the use of a large set of experimental data or high-level simulated values to serve
as reference data, which limits the predictive nature of the methods. It is noteworthy that
the scaling factor strongly depends on the level of theory (e.g. choices of the correlation
method, the density functional, and the basis set), and possibly on the nature of molecules
and excitations investigated. Consequently, several fits can be found in literature. 2!

One of the main issues to describe the electron scattering in the formalism of ab initio
calculations is the difficulty to couple the continuum state of the incoming electron with
the discrete states of the molecule. An elegant method to overcome this problem is the
stabilization method, where the calculations are repeated using a varying simulation box
size. The energies of discrete states, which correspond to the attachment of the electron, are
expected to be independent of the box size. In contrast, the energies of continuum states
which collapse for large boxes are found to strongly increase at relatively small box size due
to the implicit confinement; such states are called discretized continuum (DC) states. The
coupling of a discrete state of the molecule with a DC state leads to an avoided crossing
in a so-called stabilization graph (plot of the electronic energies vs simulation box size).
The resonance energy and the lifetime of the temporary anion can be extracted from the
plateau. 161822 Electronic calculations can be performed at EOM-MP2, EOM-CCSD, MRCI,
ADC, or TDDFT level, while the simulation box is represented implicitly through a localized
basis set whom diffuse exponents of Gaussian functions are scaled with a parameter « to
increase or decrease the box size.16:18,23-25

In figure 1, we give a stabilization graph for CClyF5 calculated at TDDFT level. Most of
the calculated low-energy states are found to be DC states. They originate from transitions
involving virtual orbitals that do not represent states localized on the molecule, but very far
orbitals mainly developed on the most diffuse functions of the basis set. These continuum
states can be discerned in plotting the energy of the virtual orbitals with respect to the «

parameter ; the figure SI1 shows clearly the correspondence between virtual orbitals energies

and energies of a free electron in a box (the so-called discretized continuum state). How-



ever, two avoided crossings are visible in Figure 1 (in the area marked with a circle). The
corresponding excitation energies are calculated at 1.23 and 3.35 eV respectively.
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Figure 1: Stabilization graph for CClyFy using the TDDF'T method with the wB97x density
functional?® and the aug-cc-pvtz basis set.?” The most diffuse s and p exponents are scaled
by the a factor. The plot gives the lowest-energy excitations of the anion. States in light
grey are DCs. Red lines highlight states involved in avoided crossings visible in areas marked
with a circle.

While the stabilization method is one of the most efficient approach to investigate the
electron attachment, calculations are not always easy due to a somewhat difficult choice
of the basis set and the scaling process. Also, it is noteworthy that the analyses of the
stabilization graph become difficult when several avoided crossings occur in a small energy
range and involve several states. The resonant discrete state appears often to be an hybrid
state mixing valence and continuum characters.

Here, we propose a simple approach to predict the resonance energies of the electron
attachment using a TDDFT calculation and two different basis sets: a large basis set to
compute the vertical electron affinity, and a smaller one to calculate the excitation energy of
the anion. The present approach, in addition not to being cumbersome, does not calculate

the intruder DC states.



One considers the attachment of a low-energy electron approaching a molecule with n
electron. One denotes by e the asymptotic kinetic energy of the incoming electron, and E,
the energy of the molecule in its ground state. Then, the whole (n + 1)-electron system
has a total energy of € + FE,,, which actually corresponds to an excited state of the anion,
and that can be computed at TDDET level starting from the ground state of the (n + 1)-
electron system. From this value the vertical electron affinity must be subtracted to obtain
the resonant attachment energy of the electron.

A schematic representation of our methodology of calculation is given in Figure 2. Cal-
culations of the electron affinity and the excitation energy are distinct. First, the vertical
electron affinity is calculated at DFT level as the difference of the total energy of the neutral
and anionic species. The augmented correlation consistent valence triple-( + polarization
basis set, aug-cc-pvtz, 2’ which contains diffuse functions with low exponents, is used. Then,
a TDDFT calculation for the anion is performed to obtain the excitation energy. For the
latter, calculation is performed with the triple-( + polarization quality basis set, cc-pvtz,?”
which is well adapted for describing valence excitation states, i.e. states localized on the
molecule. As this basis set does not contains any diffuse functions, the intruder DC states
do not contaminate the spectrum of excited states (at least at low energy). Quadruple and
quintuple ¢ quality basis sets have been tried and did not change the calculated energies
significantly. The vertical electron attachment energy is calculated as the sum of the vertical
electron affinity (VEA) and the excitation energy. Of course, one must check that the SCF
(Self-Consistent Field) procedure converges toward the same electronic state whatever the
basis set, cc-pvtz or aug-cc-pvtz, is used. In some cases, one have had to replace an occupied
orbital by a virtual one to get the correct electronic state.

Hybrid functionals were used as they are expected to be much more suitable than local
functionals for calculating anions properties.?® We have selected the range separated hybrid
functional wB97x2% which contains an increasing amount of Hartree-Fock exchange at long

range. It is particularly well adapted for computing excited states within the linear-response
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Figure 2: Schematic representation of the prediction of the vertical electron attachment
energies. The vertical electron affinity (VEA) is calculated at DET level using the large
basis set aug-cc-pvtz, while the TDDF'T excitations are computed with the non-augmented
cc-pvtz basis set.

TDDFT formalism.? For comparison, we also present results using the density functional
B3LYP,3%3! and using the Coupled Cluster approach: CCSD(T)/aug-cc-pvtz level for cal-
culating electron affinities and EOM-CCSD/cc-pvtz level for the excitation energies. All
calculations were performed using the program Gaussian16.3? Pre- and postprocessing oper-
ations were performed by using the graphical interface Gabedit.?3 The geometrical structure
of the neutral molecules were optimized at wB97x/cc-pvtz or BSLYP /cc-pvtz. The former
were considered for Coupled Cluster calculations. The optimized structure of all molecules
can be found in SI.

We have considered a set of 18 molecules (plotted in Figure SI2) for which experimental
results of attachment energies are available from ETS or DEA measurements. The set
contains 53 experimental resonances.

Vertical electron affinities (VEA) calculated at several levels are given in Table 1. VEA



is defined as

VEA = Eneutral - Eamona (1)

so that a negative VEA value means that the anion lies above the neutral molecule. A
such anionic state is short lived, as it may suffer spontaneous electron detachment to the
neutral ground state. Values obtained at wB97x/aug-cc-pvtz level are found to be close to
those calculated at CCSD(T)/aug-cc-pvtz level or measured in ETS (Table 1). As expected,
calculations with the cc-pvtz basis set systematically underestimate the anion’s energy. In-
terestingly, while BSLYP and wB97x values are found to be close to each other when the
small cc-pvtz basis set is used, they can give large differences in the provided values when
the large aug-cc-pvtz basis set is used. B3LYP is unable to well estimate the anion when the
VEA is very negative, i.e. when the anion is very unstable. For example, the B3LYP values
of -0.49, -0.53, -0.56 eV for dichlorodifluoromethane, benzene, and furan respectively, are far
from the wB97x (-1.17, -1.58, -1.91 eV, respectively), CCSD(T) (-0.99, -1.62, -1.80 eV) and
experimental data (-0.97, -1.12, -1.73 eV). Actually, BBLYP calculations overestimate the
VEA due to a strong contribution of DC states, which lowers the energy of the negatively
charged system when the basis set is large enough. Instead, the wB97x potential, is able to

lie a valence anionic state, and can furnish values close to those from CCSD(T) calculations.

The excitation energies of valence-type states of the anion were calculated using the non-
augmented basis set cc-pvtz. This basis set were found to be large enough to treat anionic
valence states. Table SI1 shows that energies calculated at wB97x/cc-pvtz level compare
well with those calculated with the augmented basis set (aug-cc-pvtz), and those obtained
from the stabilization graph method. Using the cc-pvtz for the anionic excitation simplify
significantly the analysis by unravelling far less states than with a more extended basis
set. But an augmented basis set should be required when investigating the trapping of the
electron via the long-range field of the molecule (e.g. dipole-bound anion), such anionic

states are not considered in the present work.



Table 1: Calculated vertical electron affinities (VEA) compared to experimental
data (ETS, except specified). For the chlorobenzene and butadiyne molecules,
the B3LYP /aug-cc-pvtz calculations lead to DC states, instead of a valence an-

ionic state.

molecule B3LYP wBITx CCSD(T) Expt
cc-pvtz | aug-cec-pvtz | ce-pvtz | aug-ce-pvtz | aug-ce-pvtz

pyridine -1.19 -0.48 -1.24 -1.00 -1.00 -0.59%
dichlorodifluoromethane | -1.24 -0.49 -1.75 -1.17 -0.99 -0.97
chlorobenzene -1.28 nc -1.35 -1.15 -0.70 -0.72¢
buta-1,3-diene -1.16 -0.75 -1.30 -1.04 -0.79 -0.624
benzonitrile -0.23 -0.04 -0.35 -0.20 -0.32 -0.57¢
p-benzoquinone 1.67 1.85 1.50 1.65 1.38 1.89/
benzene -1.75 -0.53 -1.82 -1.58 -1.62 -1.12¢9
pyrazine -0.54 -0.21 -0.58 -0.32 -0.02 -0.07"
nitrobenzene 0.57 0.84 0.36 0.60 0.41
phenylacetylene -0.71 -0.46 -0.86 -0.69 -0.50 -0.35°
furan -2.38 -0.56 -2.54 -1.91 -1.80 -1.737
nitromethane -0.72 -0.02 -0.85 -0.38 -0.58 -0.45*
water -2.91 -0.45 -3.34 -0.72 -0.61
Benzaldehyde 0.05 0.25 -0.13 0.04 -0.42 > 0
Phenyl isothiocyanate -0.26 -0.74 -0.41 -0.26 -0.90 > -0.2™
Butadiyne -1.24 nc -1.48 -1.16 -1.32 -1.00™
Cyanogen 0.05 0.26 -0.11 0.07 -0.31 -0.58"
GeCly 0.85 1.10 0.19 0.38 0.59 > 0°

@ Ref?* . b Ref?® . ¢ Ref? . 4 Ref37 . ¢ Ref®® . / Adiabatic electron affinity, Ref? .
9 Ref3*49 " Range of the vibrational broadening of 0.065-0.8 eV, Ref*! . @ Ref*? .

7 Ref344  k Ref% . ! Ref%® ; Adiabatic electron affinity = 0.35 eV47 .

™ DEA spectra, Ref#49

n Ref% . © Ref®! .

Calculated electron attachment energies are given in Table 2 at the high level wB97x/MBS,

where MBS stands for Mult-Basis-Set, i.e. a TDDFT calculation of the anion is performed

with the cc-pvtz basis set while the electron affinity is evaluated with the large aug-cc-pvtz

basis set following the schema presented in Figure 2. Results obtained with the less reliable

wBI7x/cc-pvtz level, where cc-pvtz is used for both calculation steps, is also furnished for

comparison, as well as the available experimental data. Figure 3 shows the good correla-

tion between the DFT values and the experimental data. The reliability of our (TD-)DFT

10




calculations is estimated through the linear relationship

Eea:p - mEcalc + b7 (2)

where E.,, and E,,. are the experimental and calculated resonance energies respectively,
and m and b are fitted parameters. At wB97x/MBS level, the values of m = 0.976 and
b = —0.246, together with the root-mean-square deviation from the curve, rms=0.358, attest
to the good performance, even though for some systems the agreement is not so good since
the error can exceed 0.5 eV. But it is noteworthy that the experimental data may be subject
to quite large error bars due to e.g. broadening of the resonances.

In order to judge the relevance of calculating excitation energies and vertical electron-
affinities using two different basis sets, one can compare the results obtained with a multi
basis-set (MBS) and using only cc-pvtz basis set. Doing so there is quite a difference in
the coefficients obtained from the linear interpolation since m = 0.829, b = -0.124 eV and
rms = 0.523 eV (Table 3, and Figure SI3), showing the systematic error made on the evalu-
ation of the vertical electron affinity when a small basis set is used. Not only the correlation
coefficient decreases, but also the deviation from the curve is more important. This compar-
ison supports the need for an evaluation of the excitation energies and the vertical electron
affinity using two different basis sets.

Performing calculations at B3LYP /MBS level gives the following coefficients: m = 0.980,
b =0.191 eV and rms = 0.464 eV (Tables 3 and SI1, Figures SI4-SI5). These results do not
seem so different from the one obtained with the wB97x functional, while the rms is larger
with B3LYP. However, it is noteworthy that the quite good results using B3LYP originate
from an error compensation occurring when we calculate the electron affinity (see above)
and anionic excitations.

To evaluate the efficiency of the multi-basis-set wB97x/MBS calculation, a comparison

with Coupled-Cluster methods has been done for a restricted sample of 18 resonances (mainly
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Figure 3: Electron attachment energy: comparison of the experimental data and the calcu-
lated wB97X /MBS values.

due to the higher computational cost of the Coupled-Cluster methods). The EOM-CCSD
method has been used with the cc-pvtz basis set to evaluate the anionic excitation energies
while CCSD(T) with aug-cc-pvtz basis set has been used to evaluate the vertical electron
affinities. As above, a linear fit of the data has been done and gave the following coef-
ficient for Coupled-Cluster methods (Table 3, Figure SI6): m = 0.900, b = 0.064 eV and
rms = 0.390 eV. For this reduced sample, with m = 0.935, b =-0.112 eV and rms = 0.379 eV,
wBI7x /MBS performs as well as Coupled cluster. Previously, Sommerfeld'® has calculated
excitations and vertical electron-affinities using Coupled Cluster together with the cc-pvtz
basis set on a large set of 63 states. He obtained a linear fit with m = 0.857, b = -0.387
and rms = 0.63 eV. These relative poorer results compared to ours shows once more that

evaluating the vertical electron-affinity and the excitations with different basis sets is impor-
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tant in order to accurately evaluate the vertical attachment energies. Of course, Coupled
cluster calculations are expected to be improved using a higher quality basis set (e.g., 5-¢ or
6-C + more polarization functions), or by including corrections for the triple excitations as
e.g. EOM-CC3, to evaluate excitation energies. But those calculations will be much more
cumbersome than the present (TD-)DFT methodology.

Finally, the present methodology performed at wB97x/MBS level furnishes very good re-
sults as they compare well with both calculated Coupled Clusters values and the experimental
data obtained from electron transmission or DEA spectroscopies. However, it is noteworthy
that the method should be used with caution: (a)one has to check that the augmented basis
set calculation has converged to a valence state, (b) continuous states could, although hap-
pening rarely, appear in the non-augmented calculations, specially at high energy (> 10 eV),
(c) the non-augmented basis set could in some cases give inaccurate excitation energies.

In conclusion, the method has proved to be an excellent compromise between computa-
tional efficiency and accuracy provided that an appropriate density functional is used. It
allows to predict, at low computational cost, the resonance attachment energies of the elec-
tron in a valence state with a precision that competes to that of the cumbersome Coupled
Cluster calculation. The method does not require any empirical parameters, and can treat
both shape and core-excited resonances. The use of a large basis set (with diffuse functions)
to compute the electron affinities results in accurate quantitative predictions, while the use
of a less expanded basis set to obtain the anionic excitations prevents the occurrence of in-
truder discretized continuum states. In addition to give the resonance energies, the method
could also furnish valuable interpretation of resonances by providing molecular orbitals in
which the incoming electron is trapped, and possibly the electron-scattering cross section.

This may lead to future work.

Notes
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Table 2: Comparison of attachment energies calculated at TDDFT /wB97x level
with EOM-CCSD and experimental data.wB97x/MBS stands for wB97x/Multi-
Basis-Set (TD(cc-pvtz) + VEA (aug-cc-pvtz)), while wB97x/cc-pvtz refers to
calculation performed using the cc-pvtz for both VEA and anionic excitations.
EOM-CCSD/MBS means VEA calculated at CCSD(T)/aug-cc-pvtz level, and
anionic excitation at EOM-CCSD/cc-pvtz level. EOM-CCSD/cc-pvtz means
VEA calculated at CCSD(T)/cc-pvtz level, and anionic excitation at EOM-
CCSD/cc-pvtz level.

molecule wBI97x | wB97x | EOM-CCSD | EOM-CCSD | Expt
ce-pvtz | MBS cc-pvtz MBS
pyridine 1.244 | 0.999 1.244 1.000 0.597
CsHsN 1.684 1.439 1.755 1.512 1.167
5.227 | 4.982 5.474 5.230 4.487
dichlorodifluoromethane | 1.751 1.166 2.004 0.992 0.979
CClyFy 3.243 2.658 3.584 2.572 2.369
5.059 4.474 5.447 4.433 3.869
chlorobenzene 1.350 1.149 1.555 0.703 0.75"
CeH5Cl 1.483 | 1.282 1.756 0.925 0.75"
2.948 2.747 2.796 1.945 2.42h
5.242 | 5.041 5.583 4.732 4.39h
buta-1,3-diene 1.298 1.039 1.298 0.786 0.62¢
C4Hg 3.946 3.725 3.946 3.352 2.8°¢
benzonitrile 0.347 | 0.201 0.623 0.323 0.57¢
C;HsN 3.390 3.243 3.738 3.437 2.57¢
4.009 | 3.863 4.434 4.133 3.194
4.635 4.489 5.238 4.937 4.62¢
p-benzoquinone 1.233 1.084 0.69°
CeH4O9 2.034 1.885 1.41°
4.681 | 4.532 4.37°
benzene 1.823 1.581 1.13¢
CeHg 5.729 5.487 4.84¢
pyrazine 0.580 | 0.321 0.07¢
C,H4N, 1.415 1.156 0.87¢
4.626 4.366 4.1
nitrobenzene 1.200 0.967 0.557
CgHsNO, 3.271 1.826 1.367
4.757 | 4.524 4.697
phenylacetylene 0.857 | 0.686 0.35"
CgHg 1.590 | 1.419 1.03
3.512 3.341 2.41°
4.205 4.034 3.28
5.040 4.869 4.83¢
Furan 2.538 | 1.909 1.73!
C,H,0O 4.154 | 3.524 3.15¢
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Table 2 continued.

molecule wBI97x | wB97x | EOM-CCSD | EOM-CCSD | Expt
cc-pvtz | MBS ce-pvtz MBS
nitromethane 0.849 | 0.379 0.457
CH3NO, 4.821 | 4.351 4.07
water 10.025 | 7.399 6.9%
H,O 12.093 | 9.467 8.9k
14.588 | 11.962 11.8%
Benzaldehyde 1.481 1.313 0.85™
C7HgO 2.989 | 2.821 2.21m
4.332 | 4.164 4.34™
Phenyl isothiocyanate 0.407 | 0.262 0.2"
C;H5NS 1.246 | 1.101 0.62"
3.023 | 2.878 2.23"
4.555 | 4.410 4.2m
Butadiyne 1.479 | 1.162 1.892 0.663 1.0°
C4H, 5.926 | 5.609 6.312 5.084 5.6°
Cyanogen 0.108 | -0.066 0.564 0.307 0.58°
CyN, 5.398 | 5.224 5.883 6.625 5.37°
germanium tetrachloride | -0.192 | -0.379 0.0?
GeCly 2.395 | 2.209 1.4P
6.676 | 6.490 5.5P

@ Ref. 41 ¥ Ref.39 ¢ Ref. %0 4 Ref.38 ¢ Ref.37 / Ref. 344! 9 Ref.?5 » Ref.%0 ¢ Ref.42 7 Ref. %5

Ref.%2 ! Ref. 4344 m Ref 46 7 Ref.49 © Ref.%0 P Ref.5!

Table 3: Parameters, m and b, for the linear fit (equation 2).
for the root-mean-square deviation from the curve.

the number of states is reduced to 18 (instead of 53).

Method m b rms
wB9I7x/MBS 0.976 | -0.246 | 0.358
B3LYP/MBS 0.980 | 0.191 | 0.464
wBI97x/ce-pvtz 0.829 | -0.124 | 0.523
B3LYP/cc-pvtz 0.856 | 0.022 | 0.461
(reduced sample) Coupled Cluster* | 0.900 | 0.064 | 0.390
(reduced sample) wB97x/MBS 0.935 | -0.112 | 0.379

16

rms stands
wB97x/MBS stands for
wB97x/Multi-Basis-Set (TD(cc-pvtz) + VEA (aug-cc-pvtz)). *Coupled Cluster:
EOM-CCSD/cc-pvtz + VEA (CCSD(T)/aug-cc-pvtz). In the reduced sample,
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Table SI1: Excitation energies of the anion calculated at TDDFT /wB97x level. “When
two values are given for wB97x/aug-cc-pvtz, they correspond to the energies of a valence
state and a continuum state which are involved in an avoided crossing visible in the
stabilization graph. *The stabilization graph method is performed with the basis set
aug-cc-pvtz where the most diffuse exponents are scaled by a factor a = 0.5 — 3.

molecule wBI7x/ce-pvtz | wBITx/aug-cc-pvtz? | Stabilization method®
Pyridine 0.44 0.46
3.98 4.05
Dichlorodifluoromethane 1.49 0.46 ; 1.05 1.25
3.31 2.11; 3.75 3.35
Chlorobenzene 0.13 0.10 0.12
1.60 1.41 ; 2.10 2.19
3.89 3.52; 3.79 3.79
4.25 4.05 4.23
Buta-1,3-diene 2.65 1.42; 2.21 2.16
Benzonitrile 0.76 0.72 0.73
3.04 2.75 3.01
3.66 3.24 3.50
4.63 4.25 4.28
p-benzoquinone 2.73 2.67
3.53 3.36
6.18 6.27
Benzene 3.91 4.15
Pyrazine 0.84 0.90
4.05 4.08
Nitrobenzene 1.56 1.65
2.42 2.34
5.12 5.10
Phenylacetylene 0.73 0.70 0.70
2.66 2.65 2.46
3.35 3.07 3.14
4.18 4.15 4.13
Furan 1.62 1.43
Nitromethane 3.97 2.77 3.33
Water 6.68 7.60 7.07
8.75 9.32 9.23
11.24 9.46 11.81
Benzaldehyde 1.36 1.31
2.86 2.80
4.21 4.19
Phenyl-isothiocyanate 0.84 0.79
2.62 2.38
4.15 4.07
Butadiyne 4.45 4.64 4.38




Table SI1 continued.

molecule wB97x/cc-pvtz | wB9/aug-cc-pvtz® | Stabilization method®
Cyanogene 5.30 5.19 5.24
GeCly 2.99 2.53

6.87 6.67

Table SI2: Comparison of attachment energies calculated at TDDFT/B3LYP and
EOM-CCSD levels with experimental results. EOM-CCSD/MBS means vertical electron
affinity (VEA) calculated at CCSD(T)/aug-cc-pvtz level, and anionic excitation at
EOM-CCSD/cc-pvtz level. EOM-CCSD/cc-pvtz means vertical electron affinity (VEA)
calculated at CCSD(T)/cc-pvtz level, and anionic excitations at EOM-CCSD /ce-pvtz level.
B3LYP /MBS stands for B3LYP/Multi-Basis-Set (TD(cc-pvtz) + VEA (aug-cc-pvtz)).

molecule B3LYP | B3LYP | EOM-CCSD | EOM-CCSD | Expt
cc-pvtz | MBS cc-pvtz MBS
pyridine 1.186 | 0.479 1.244 1.000 0.597
Cs;Hs;N 1.582 | 0.875 1.755 1.512 1.167
5.149 | 4.442 5.474 5.230 4.487
dichlorodifluoromethane | 1.241 0.492 2.004 0.992 0.979
CCLF, 3.009 | 2.261 3.584 2.572 2.369
4.692 | 3.944 5.447 4.433 3.869
chlorobenzene 1.280 1.555 0.703 0.75"
CeH;5Cl 1.395 1.756 0.925 0.75"
2.847 2.796 1.945 2.42M
5.069 5.583 4.732 4.39"
buta-1,3-diene 1.155 | 0.748 1.208 0.786 0.62¢
C,Hg 3.840 | 3.433 3.946 3.352 2.8¢
benzonitrile 0.231 | 0.040 0.623 0.323 0.57¢
C;H;N 3.723 | 3.539 3.738 3.437 2.57¢
4.018 | 3.827 4.343 4.133 3.19¢
4461 | 4.278 5.238 4.937 4.62¢




Table SI2 continued.

molecule B3LYP | B3LYP | EOM-CCSD | EOM-CCSD | Expt
cc-pvtz | MBS cc-pvtz MBS
p-benzoquinone 0.863 0.692 0.69°
CeH4 02 1.695 | 1.524 1.41°
4.615 4.444 4.37°
benzene 1.750 0.445 1.13¢
CsHg 5.568 4.263 4.84¢
pyrazine 0.543 0.214 0.07¢
C4HyN, 1.305 0.975 0.87¢
4.611 3.444 4.1%
nitrobenzene 0.624 0.362 0.557
C¢H5NO9 1.945 1.683 1.367
4.415 4.153 4.697
phenylacetylene 0.711 | 0.455 0.35
CgHg 1.373 1.117 1.03°
2.739 2.482 2.41°
3.901 3.644 3.28!
4.881 4.625 4.83!
Furan 2.377 0.559 1.73¢
C,H40 3.988 2.170 3.15!
nitromethane 0.719 | 0.017 0.457
CH3NO, 4.048 3.346 4.07
water 9.113 | 6.645 6.9"
H,0O 10.759 | 8.291 8.9%
14.177 | 11.709 11.8%
Benzaldehyde 1.083 0.883 0.85™
C;HgO 2.839 2.640 2.21™
4.162 3.962 4.34™
Phenyl isothiocyanate 0.259 0.074 0.2"
C7H5NS 0.946 0.761 0.62"
2.909 2.724 2.23"
4.372 4.187 4.2"
Butadiyne 1.237 1.892 0.663 1.0°
C4H, 5.603 6.312 5.084 5.6°
Cyanogen -0.046 | -0.261 0.564 0.307 0.58°
CyNy 4.974 4.759 5.883 5.625 5.37°
germanium tetrachloride | -0.854 -1.09 0.0?
GeCly 2.069 1.824 1.4
5.523 5.278 5.5P

@ Refl . ® Ref?2 . ¢ Ref? . 4 Reft . ¢ Ref® . / Ref!¢ . 9 Ref” . " Ref® . * Ref? . 7 Ref10 .
k Ref!! . I Ref1213 m Refl* . » Ref!® . © Ref!6 . P Ref!7 .
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Figure SI1: Plot of the energies of virtual orbitals of CClyF relative to the scaling factor a.
Grey lines are the energies of one free electron in the absence any charges (nuclear and
electrons) calculated at the same level of calculation (wB97x) with the same molecular basis
set as that used for the molecule. The clear correspondence between energies shows that
virtual orbitals of the molecule represent some discretized continuum states (as a ”free”

electron in a box) when the basis set is enough extended (i.e. small values of ).
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Figure SI2: Molecules considered in the present investigation.
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Figure SI3: Comparison of the experimental data and the calculated wB97x/cc-pvtz values.
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Figure SI5: Comparison of the experimental data and the calculated B3LYP /cc-pvtz values.
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Figure SI6: Comparison of the experimental data and the calculated value obtained with
wBI7x/MBS and EOM-CCSD/MBS (electron affinity (VEA) calculated at CCSD(T)/aug-

cc-pvtz level, and anionic excitations at EOM-CCSD/cc-pvtz level).
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xyz coordinates of all molecules.

Benzene

C -1.201551 0.693471 0.000000
C 0.000000 1.387223 -0.000000
C -1.201456 -0.693614 0.000000
C 1.201449 -0.693639 -0.000000
C 1.201359 0.693790 -0.000000
C 0.000193 -1.387227 0.000000
H -2.139134 1.235063 0.000000
H 0.000026 -2.469986 0.000000
H 2.139073 1.235146 -0.000000
H -2.138943 -1.235372 0.000000
H -0.000234 2.469986 -0.000000
H 2.139248 -1.234860 -0.000000

P-Benzoquinone

C -1.269287 0.664550 -0.000000
C -0.000008 1.436831 -0.000000
C -1.269281 -0.664487 0.000000
C 1.269308 -0.664552 0.000000
C 1.269308 0.664492 -0.000000
C -0.000008 -1.436834 0.000000
H -2.178028 1.252902 -0.000000
H 2.178103 1.252781 -0.000000
H -2.178082 -1.252768 0.000000
H 2.178044 -1.252916 0.000000
O -0.000040 -2.646417 0.000000
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O 0.000011 2.646417 -0.000000

Benzonitrile

C -1.208460 -0.090670 0.000000
C 0.000000 0.600970 0.000000
C -1.203394 -1.474555 0.000000
C 1.202746 -1.474954 0.000000
C 1.208254 -0.091063 0.000000
C -0.000440 -2.165829 0.000000
C 0.000453 2.038402 0.000000
H -2.139583 0.459856 0.000000
H -0.000656 -3.248151 0.000000
H 2.139535 0.459197 0.000000
H -2.140722 -2.014881 0.000000
H 2.139910 -2.015555 0.000000
N 0.000937 3.186533 0.000000

Buta-1,3-diene

C 1.101969 -1.470278 0.000000
C -0.000082 -0.730451 0.000000
C -0.000000 0.730247 -0.000000
C -1.101933 1.470445 -0.000000
H 2.084991 -1.013269 0.000000
H 1.060264 -2.551073 0.000000
H -0.973533 -1.212582 0.000000
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H 0.973588 1.212142 -0.000000
H -2.085098 1.013727 -0.000000
H -1.059940 2.551277 -0.000000

Pyridine

C 0.071213 1.363071 0.000000
C 1.212809 0.576495 0.000000
C 0.000000 -1.342808 0.000000
C -1.200656 -0.649305 0.000000
C -1.162910 0.734817 0.000000
H 0.153011 2.441695 0.000000
H -2.139629 -1.186384 0.000000
H 2.195360 1.037065 0.000000
H 0.005494 -2.427955 0.000000
H -2.078101 1.313372 0.000000
N 1.191590 -0.753060 0.000000

Nitrobenzene

C 0.000676 -2.500823 0.000000
C -1.203613 -1.811351 0.000000
C 1.204800 -1.810755 0.000000
C -0.000000 0.238489 0.000000
C -1.211826 -0.426380 0.000000
C 1.212263 -0.425959 0.000000
H 0.000963 -3.583181 0.000000
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H 2.131011 0.141580 0.000000

H -2.131022 0.140355 0.000000
H 2.141630 -2.351617 0.000000
H -2.140302 -2.352459 0.000000
N -0.000512 1.715447 0.000000
O -1.073913 2.275700 0.000000
O 1.072351 2.276533 0.000000

nitromethane

C 0.039005 -1.313541 0.000000
N 0.000000 0.173418 0.000000
O 1.055279 0.763853 0.000000
0O -1.096211 0.685087 0.000000
H -0.490769 -1.647326 0.887216
H 1.074971 -1.629545 0.000000
H -0.490769 -1.647326 -0.887216

Benzaldehyde

C 0.583599 -2.139008 0.000000
C -0.741064 -1.715535 -0.000000
C 1.616162 -1.213838 0.000000
C 0.000000 0.566986 0.000000
C -1.033951 -0.364886 -0.000000
C 1.321905 0.140727 0.000000
H 0.809829 -3.197869 0.000000
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H 2.120343 0.874850 0.000000
H -2.055656 -0.006759 -0.000000
H 2.645517 -1.547823 0.000000
H -1.541255 -2.444318 -0.000000
C -0.299104 2.017299 -0.000000
O -1.407149 2.487014 -0.000000
H 0.593125 2.675340 0.000000

Butadyine

C 0.000000 0.000000 1.887688
C 0.000000 0.000000 0.690021
C 0.000000 0.000000 -0.690021
C 0.000000 0.000000 -1.887688
H 0.000000 0.000000 2.951266
H 0.000000 0.000000 -2.951266

Cyanogene

C 0.000000 0.000000 0.693935
C 0.000000 0.000000 -0.693935
N 0.000000 0.000000 1.840605
N 0.000000 0.000000 -1.840605

Phenylacetylene (C8HG)
C -0.000000 0.583484 0.000000
C -1.203973 -0.119978 0.000000
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C 1.204027 -0.119779 0.000000
C 0.000195 -2.198931 0.000000
C -1.200658 -1.504258 0.000000
C 1.200909 -1.504101 0.000000
C -0.000179 2.018937 0.000000
C -0.000291 3.216419 0.000000
H -0.000796 4.279643 0.000000
H 2.139741 -2.042748 0.000000
H -2.139387 -2.043083 0.000000
H 2.136880 0.428538 0.000000

H -2.136874 0.428256 0.000000
H 0.000255 -3.281361 0.000000

Pyrazine

C -0.000000 1.322252 0.000000
C 1.180953 0.594758 0.000000
C 0.000150 -1.322257 -0.000000
C -1.181023 -0.594627 -0.000000
H 0.015471 2.406398 0.000000
H -2.142222 -1.096366 -0.000000
H 2.142244 1.096277 0.000000
H -0.015553 -2.406418 -0.000000
N -1.189629 0.732794 -0.000000
N 1.189569 -0.732886 0.000000

Dichlorodifluromethane

C 0.000003 0.337152 -0.000012
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Cl -1.455130 -0.651288 -0.000035
Cl 1.455134 -0.651283 -0.000044
F' 0.000007 1.117696 1.075261

I -0.000016 1.117949 -1.075102

Chlorobenzene

C 0.000865 -2.256274 -0.000000
C -1.199166 -1.561087 -0.000000
C 1.200177 -1.560497 -0.000000
C -0.000000 0.503198 0.000000
C -1.207034 -0.174561 -0.000000
C 1.207176 -0.173639 0.000000
H 0.000989 -3.338360 -0.000000
H 2.135959 0.379809 0.000000
H -2.135957 0.378650 -0.000000
H 2.140180 -2.097013 -0.000000
H -2.138621 -2.098563 -0.000000
CI -0.000862 2.241920 0.000000

Water

O 0.000000 0.000000 0.117043
H 0.000000 0.757944 -0.468173
H 0.000000 -0.757944 -0.468173

Furan
C 0.690922 -0.970306 0.000000
C -0.657659 -0.931473 0.000000
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C 1.124201 0.394308 0.000000
C 0.000000 1.140150 0.000000
O -1.097902 0.348454 0.000000
H 1.305485 -1.854614 0.000000
H -0.183990 2.200465 0.000000
H -1.419343 -1.691802 0.000000
H 2.136280 0.762243 0.000000

Phenyl-isothiocyanate

C 3.180075 0.262326 0.000132
C 2.689691 -1.035018 0.000165
C 2.298447 1.333935 0.000096
C 0.448917 -0.188646 0.000122
C 1.324800 -1.267163 0.000163
C 0.931766 1.116715 0.000093
H 4.247525 0.438922 0.000135
H 0.234015 1.943495 0.000066
H 0.926255 -2.272428 0.000192
H 2.676333 2.348028 0.000071
H 3.373295 -1.873875 0.000193
N -0.916289 -0.423953 0.000119
C -2.064314 -0.156006 -0.000138
S -3.618731 0.124167 -0.000331

GeCl4
Ge -0.000101 0.000027 -0.000064
Cl-1.621947 1.114832 -0.767542
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Cl -0.711916 -1.824293 0.792143
Cl 0.954943 1.105465 1.525845
Cl 1.379109 -0.396054 -1.550325

22



