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ABSTRACT: Electronic resonances are metastable (N + 1) 8
electron states, in other words, discrete states embedded in an XMS-CASPT2 5
electr.onic continuum. While great progress has been made. for Complex Absorbing
certain types of resonances—for example, temporary anions Potentials

created by attaching one excess electron to a closed shell 2
neutral—resonances in general remain a great challenge of  Voronoilsosurfaces
quantum chemistry because a successful description of the decay .
requires a balanced description of the bound and continuum aspect  Hy"™ ¥ () = HJ* 5 +igH " 1.0 Iy [ AZ]vO 25

of the resonance. Here, a smoothed Voronoi complex absorbing

potential (CAP) is combined with the XMS-CASPT2 method, which enables us to address the balance challenge by appropriate
choice of the CAS space. To reduce the computational cost, the method is implemented in the projected scheme. In this pilot
application, three temporary anions serve as benchmarks: the 7* resonance state of formaldehyde; the 7* and ¢* resonance states of
chloroethene as functions of the C—Cl bond dissociation coordinate; and the I, and *I1, resonance states of N, . The convergence
of the CAP/XMS-CASPT?2 results has been systematically examined with respect to the size of the active space. Resonance
parameters predicted by the CAP/XMS-CASPT2 method agree well with CAP/SAC-CI results (deviations of about 0.15 eV);
however, as expected, CAP/XMS-CASPT?2 has clear advantages in the bond dissociation region. The advantages of CAP/XMS-
CASPT? are further demonstrated in the calculations of *II, and *I1, resonance states of N,~ including their *X,* and *A, parent
states. Three of the involved states (*I1, *L,*, and *A,) possess multireference character, and CAP/XMS-CASPT2 can easily
describe these states with a relatively modest active space.

1

H INTRODUCTION As is so often the case, no ideal solution exists. Regarding the
continuum aspect, scattering methods explicitly deal with the
continuum nature of the wavefunction and compute the
electron cross section, from which E, and I can be extracted by
numerical analysis. In contrast, L>-methods transform the
continuum problem so that only square-integrable wave-

Resonance states or resonances are metastable states with at
least one open decay channel. Typical examples for electronic
resonances are temporary anions,' multiply-charged anions,”
core-hole states decaying by Auger processes,” and electronic

relaxation of valence-ionized clusters.* Owing to their excess ) )
. . functions are used, and E, and I" are found by analyzing the
energy, electronic resonances play often the role of reactive

. . . . behavior of the eigenvalues of a parametrized Hamiltonian.
intermediates in electron-induced or electron-catalyzed pro- ) ! 3 ;
5,6 Although computing the scattering cross section in the

framework of L*-methods is usually anything but trivial, L*-

characterized by their energy, E,, above the N-electron system methods have clear advantages regarding the ease of

and by their width, I', which is inversely related to their combination with }?igh—.levgfl many-body n?ethods.
lifetime, 7 = #/T. Electron correlation is vital for computing reliable electron

affinities, in general, and for resonances it is even more
important. When computing electron affinities of bound
anions, electron-correlation needs to describe the N and the
(N + 1)-electron systems in a balanced way. Methods that

cesses.
Resonance states of (N + 1) electron systems are

Because resonances are part of the continuum, they cannot
be represented by square-integrable (L*) wavefunctions in a
straightforward way. Instead, computational methods for
resonances need to take the continuum nature of a decaying
state either explicitly (scattering methods) or implicitly (L*-
methods) into account. However, at the same time, electronic Received: October 15, 2019
resonances represent a many-electron system, and especially Published: February 27, 2020
the decay rates are highly sensitive to a balanced treatment of
electron correlation in the N and (N + 1) electron states. This
challenge is often referred to as the continuum-correlation
problem.
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W ACS Publications 2606 J. Chem. Theory Comput. 2020, 16, 2606—2616



Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

guarantee this balance are called size-extensive (note: not size-
intensive). In resonances, in addition, the wavefunction for the
(N + 1) system combines aspects of the discrete state, which
has (N + 1)-electron character, with continuum aspects, which
has N-electron character because one electron occupies a
diffuse pseudo-continuum orbital, in other words, resonance
wavefunctions need to be internally size-extensive, too.

How well a given method fulfills the above requirements for
a given resonance can be tested at threshold. The resonance
position, E,, is determined by the inherent size-extensity of the
method, the width, I', however, is determined by the internal
size-extensity of the method. Clearly, I' must vanish where E_ =
0 and the resonance is turned into a bound state.

In this paper, the focus is on the complex absorbing
potential (CAP) method,”® which is a standard L*-method.
Other examples for L*-methods include the complex scaling
method,” stabilization method,'® and analytical continuation of
the coupling constant (ACCC) method."'™"* In all L
methods, the resonance parameters, E, and I', are found by
analyzing the eigenvalues of a parametrized Hamiltonian.
Thus, a “single-point calculation” of a single E. and I" pair
involves the computation of several eigenvalues for several
values of the parameter, and in general, multistate electronic
structure methods are needed, such as configuration
interaction-type methods, Green’s function approaches, or
equation-of-motion type approaches. The exception is the
ACCC method, which requires only the ground state (GS),
however, owing to the extrapolation step, ACCC is limited to
“close-to-threshold” resonances.

CAPs served originally as tools in wave packet propagation
to avoid reflections at the boundary of the numerical grid, and
their use for computing resonance states was discovered only
later (see ref 8 and references therein). In electronic structure
theory, CAPs were initially combined with multireference
configuration-interaction theory,"*™"* Green’s function meth-
ods,"”*° and coupled-cluster related orbital theory.”' More
recently, the interest shifted to methods based on symmetry-
adapted cluster-configuration interaction (SAC-CI) method 2
and equation-of-motion coupled cluster (EOM-CC) meth-
ods,”*™** which are closely related. Both methods yield by
construction multiple states (MS) and fulfill the balance
requirements as long as the decaying state and the continuum
states belong to the same excitation class, for example, for
temporary anions the resonance and the continuum are
represented by one-particle states. However, both methods
require a single-configuration reference state from which the
excitation space can be built and will become impractical in
bond breaking situations or in the study of Feshbach
resonances.

The most recent developments address this need: CAPs
were combined with the extended multiconfiguration quaside-
generate second-order perturbation theory (XMCQDPT?2)
method®® to investigate Feshbach resonances. We note that
CAPs were very recently also combined with the XMS-
CASPT2 method;*” however, the primary focus of ref 27 is the
visualization of complex orbitals, while the theoretical method
for creating these orbitals is secondary and issues such as
performance and accuracy were not considered.

Multireference approaches represent the most natural way to
describe electronic states in the bond dissociation region or
states with several excited electrons.”® > Static correlation is
dealt with in an initial complete active space self-consistent
field (CASSCF) step, and a state-averaged (SA) CASSCF
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treatment can be used to obtain the references of a GS and
several low-lying excited states. Dynamic correlation is then
treated in a second step, and the most popular model is
probably complete-active-space second-order perturbation
theory (CASPTZ).SI’32 Extensions to MS are MS-CASPT2*
and its generalization with Granovskgf’s extension®® (XMS-
CASPT2)* as well as MCQDPT2***” and XMCQDPT2.**
The main difference between (X)MS-CASPT2 and
(X)MCQDPT? lies in the formalism of the expansion of the
first-order wave function; (X)MS-CASPT2 is based on an
internally contracted basis ansatz, whereas the (X)MCQDPT2
uses an uncontracted determinant basis for the expansion.
Note that the compactness of an internally contracted basis in
(X)MS-CASPT?2 has been exploited to combine it with the
density matrix renormalization group wave function formal-
ism.

Turning to the CAP itself, we note that in the recent CAP/
XMCQDPT2%*® and CAP/XMS-CASPT2*” combinations, so-
called Cartesian and spherical box-CAPs were employed. In a
box-CAP, the CAP vanishes in a central region, is switched on
at a particular cutoff radius, and then grows in some manner—
typically quadratically—after that. The difference between a
Cartesian and a spherical box-CAP is whether the potential is
defined for each Cartesian or for a radial coordinate. Here, we
combine XMS-CASPT2 with a smooth Voronoi CAP,***
which is similar to a box-CAP that is zero in the inner region
and possesses a cutoff radius, however, the switching
coordinate is the distance-to-the-nearest-atom. Thus, iso-
contour surfaces of a Voronoi CAP resemble smoothed van-
der-Waals surfaces of the molecular system.

For small compact molecules, Voronoi CAPs offer no great
advantages over box-CAPs, indeed, the need to compute the
Voronoi matrix elements numerically represents a major
disadvantage in these cases. However, Voronoi CAPs show
the same symmetry as the Hamiltonian and, more importantly,
adapt to chan§es in molecular geometry far more flexibly than
box-CAPs.**~** As an extreme example, consider the following
solvation model: a temporary anion in the coordinate origin
surrounded by six solvent molecules at a distance R from the
origin centered on the positive and negative Cartesian axes. If
R is increased from a small value representing solvation to a
large value representing the unsolvated molecule, the cutoff
parameter of a box-CAP needs to be increased accordingly so
as to include the solvent molecules in the CAP-box, and
converging the basis set will become increasingly difficult if not
impossible. In contrast, a Voronoi CAP will adapt to any
change in R without change of its cutoff parameter, and the
one-particle basis set needed to converge the CAP calculation
will be largely independent of R. As stated above, this example
is somewhat artificial; however, it clearly demonstrates that
Voronoi CAPs represent a more natural choice in bond-
breaking or cluster dissociation situations.

Here, we present a combination of a Voronoi CAP with the
XMS-CASPT?2 method. Similar to CAP/CL'®* CAP/SAC-CL,*
and CAP/XMCQDPT2,*° the CAP calculation itself is
performed in the projected scheme, that is, first a suitable
number of eigenstates of the real Hamiltonian—typically all
states up to a certain energy—are computed, and then the
CAP Hamiltonian is projected into this subspace of the real
Hamiltonian. The method has been implemented in the orz
program package.*’ As a first pilot application, we choose two
cases that enable us to directly compare CAP/XMS-CASPT2
with CAP/SAC-CI: the well-characterized resonance state of

https://dx.doi.org/10.1021/acs.jctc.9b01032
J. Chem. Theory Comput. 2020, 16, 2606—2616



Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

08t & 08¢

+n,; virtual
orbitals

CAS-Cl
CAP-XMS-CASPT2
n roots

anion

CAS-CI
e exPand CASPT2
active active Ground state 5107
Shate fpace neutral -
Resonance position E,
O0*co  CAS(ng,n,) Resonance width I

HF
neutral

CASSCF
Ground state
neutral

Figure 1. Schematic representation of the calculations performed in this work. CAS(n,n,) and n,;,, which determine the size of the active space,

can be simultaneously varied.

formaldehyde and the potential energy curves (PECs) of the
o0* and #* resonances of chloroethene along the C—Cl
dissociation coordinate. Extension of the active space and the
orbitals included in the XMS-CASPT2 calculations are
systematically examined. As an example for resonances with
multireference character, we compare the *II, and II,
resonance states of N,™.

B METHOD

Theory. A CAP calculation yields the complex Siegert
energy of a resonance as*"*

E.=E, —il/2 (1)
where E, and I, are the resonance position and width. To do
so, a CAP, —iW, is added to the physical Hamiltonian, H,

yielding a non-Hermitian, complex-symmetric Hamiltonian
H(n) = H - @)

where 7 is a strength parameter. In this work, we use a smooth
Voronoi CAP which wraps around the molecule like a van der
Waals cavi‘cy.39 In principle, the resonance energy, E. is
independent of # provided # > 0; however, if finite basis sets
are used, E ., becomes 7-dependent and is obtained from one
of the #-trajectories of the eigenvalues of H(7). The eigenvalue
representing the resonance can normally be identified by its
“stabilization”, in other words, its 7-velocity shows a minimum,
and it is at this CAP strength at which the resonance energy
should be evaluated.®'? Moreover, a first-order correction for
CAP artifacts can be applied, and the corrected trajectories,
E(p) - dE(n)/d(In 1), were computed similar to previous
studies.”"”

In this study, we evaluate the matrix elements of H(7) as
follows

inw

CAP/XMS-CASPT2 prMs-casPT2
H (n) =

CAP
Hy H

—inH,, (3)
using the effective Hamiltonian matrix determined by usual
(X)MS-CASPT?2 calculations, denoted Hy,™ “*$*™2 Equation
3 is thus represented in the model space spanned by the same

state basis as used for forming Hﬁws'CASPTz, given s>
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HXMS CASPT2 — Href +

)
w (H

@
+ ) 0
where I—F are the matrix elements of XMS-rotated CASSCF
energies wrltten as HTef (ulHIv) and H(Z) are XMS-CASPT2
second-order energy correctlons given by H(Z) = (ulHW,W).
Note that l¢) and lv) denote XMS—rotated CASSCF wave
functions. In principle, the CAP part of eq 3 should be
evaluated at the CASPT2 level for consistency; however, as has
been shown in ref 26 for the uncontracted CAP/XMCQDPT?2
variant, it is sufficient—and computationally less costly—to
evaluate the CAP matrix elements in an approximate manner
using the CASSCF wave functions

H = (uiwlv) (s)
because these expressions can be readily evaluated using the
one-electron reduced density matrix and transition density
matrix of XMS-rotated CASSCF wave functions. The XMS-
CASPT2 matrix (eq 4) and #-independent CAP matrix (eq S)
may be separately calculated and stored prior to the #-
trajectory calculations.

Computational Details. Using CAP/SAC-CI and CAP/
XMS-CASPT2, we study the z* resonance of H,CO™ (*B;
state), the o and 7* resonances of CH,CHCI™ (*A’ and 2A”
states, respectively), as well as the 1, and 2I1, resonances of

. All optimized geometries in thls work were obtained at
the B3LYP/cc-pVDZ level of theory.***” Cartesian coor-
dinates can be found in the Supporting Information.

All CAP/XMS-CASPT2 calculations were performed
following the procedure described in Figure 1. First, the
neutral molecule was calculated at the Hartree—Fock (HF)
level. A set of n, strongly correlated orbitals, which are suitable
for describing static correlation, was selected and included in
an active space, denoted as CAS(n,n,). This active space was
optimized in a subsequent CASSCF calculation of the GS of
the neutral molecule. In the next step, the active space was
augmented with a set of n,, lowest (in energy) virtual (or
diffuse) orbitals, which are eigenfunctions of the generalized
Fock operator built from the CAS(n,n,) density matrix. We
note that this way of choosing virtual orbitals may not be fully
optimized; however, it allows us to systematically investigate

https://dx.doi.org/10.1021/acs.jctc.9b01032
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the convergence of the results with respect to n,;,. The GS of
the neutral molecule was calculated with CASCI/CASPT2
using this active space CAS(nn, + nyy) (n, + nyy orbitals
containing 7, electrons). On the other hand, n,, states of the
anion were calculated with CASCI/SA-XMS-CASPT2 using
the same set of orbitals and the same orbital space (n, +
active orbitals). For convenience of description, we use a
unified notation CAS(n,,n,) + n,, to represent the CAS(n,,n,
+ ny,) and CAS(n, + 1,n, + ny,) active spaces of the neutral
molecule and the anion, respectively. The resonance position
E, and width T" were then extracted by analyzing the n-
trajectories.

Both E, and I" depend on various factors, such as the
character of the active orbitals,26 the one particle basis set, and
the CAP cutoff.””> The latter two have been extensively
examined in a series of studies using CAP/SAC-CL*>***"* In
this work, we focus on the impact of the first factor by using
different combinations of CAS(nn,) and n,,,. We study the
’B, resonance of H,CO™, employing four CAS(n,n,) active
spaces. The largest one is CAS(6,5) comprising one (o¢o,
0¥o) pair, one (7co, 7&o) pair, and one oxygen lone pair (see
also Figure 1). This active space is expected to give a good
description of the wave function for the subsequent PT2
treatment.*” The active space can be reduced by removing the
(6cor 0%0) pair, giving a CAS(4,3); and the oxygen lone pair,
leading to a CAS(2,2). Finally, one can employ the smallest
“active space” CAS(0,0), that is, the CASSCF calculation was
skipped and the HF canonical orbitals were used instead. For
each CAS(n,,n,), we used a wide range of n, from S to 17
orbitals. All virtual orbitals included in this way always
correspond to the n, lowest virtual orbitals in b; symmetry.

Notice that in the calculations with CAS(0,0) + n,,,, the GS
of the neutral molecule was calculated with a CAS(0,0 + n,)
“active space”, that is, HF. Consequently, CASPT?2 calculations
on top of this active space give results which are (i)
independent of the n,, value and (ii) similar to those of
standard MP2. We note that owing to a modified zeroth-order
Hamiltonian, CAS(0,0 + n,;,)-PT2 and MP2 results do not
strictly coincide (normally, ionization-potential-electron-affin-
ity (IPEA) and imaginary shifts are employed in CASPT2; if
these are set to 0, the two methods are equivalent).

To study the 6* and 7* resonances of CH,CHCI™, we used
two CAS(n,n,) active spaces: CAS(0,0) (or HF) and
CAS(2,2). The latter active space consists of the (6¢cc, 6%c))
pair (see Figure S1) which describes the C—Cl bond
dissociation. The active spaces were then expanded by adding
Ny = 17 a’ or 10 a” virtual orbitals, respectively.

In the applications to the *II, and *I1, resonance states of
N,”, we employed a minimal active space comprising all
nitrogen 2p orbitals (6 active orbitals in total). In all
calculations, D,, point group symmetry was exploited and
the cc-pVTZ + [2sSp2d] basis set was employed. We used
My = 10, including five 7, (b;,) and five 7, (b,,) virtual
orbitals to maintain the symmetry of the wave function.

For the CAP/SAC-CI calculations, the SAC-CI SD-R
method>””! employing the direct algorithm for the calculating
o-vectors > was used for the electron-attachment (EA) scheme.
Nonvariational calculations denoted as SAC-CI NV were
adopted. To reduce the computational cost, we employed the
perturbation selection for both R and S operators.” Following
the benchmark calculations regarding the energy thresholds of
operator selection,”* we adopted so-called Level Four accuracy
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with energy thresholds of 4, = § X 10%and 4, = § x 1077
Hartree in the present calculations.

For the CAP, we adopted the soft Voronoi potential defined
in ref 39. The only parameter of the Voronoi potential, which
is the distance from the atomic centers to the switch-on-edge
of the CAP, r_,, was set to 3.0 Bohr for formaldehyde and 4.0
Bohr for chloroethene and N,. Systematic examinations
regarding this parameter were performed previously, and
only a very mild dependence of the resonance energy was
found. Yet, for r., values in the chosen parameter range, the

most pronounced stabilizations of the #-trajectories were
L 140,41
obtained.

All CAP/SAC-CI calculations were done with the Gaussian
09 package.”> The CAP/XMS-CASPT2 calculations were
performed with the orz program package.”” In all SAC-CI
and CASPT?2 calculations, all core electrons were kept frozen.
We analyze the role of the basis set size by employing two
Dunning basis sets cc-pVnZ (n = D, T).*”%% The basis sets of
all nonhydrogen atoms were further augmented with even-
tempered diffuse functions contracted to [2s5p2d].*” In the
CASPT? calculations, we used an IPEA shift*” of 0.25 au and
an imaginary shift>® of 0.1 au to avoid intruder states.

B RESULTS AND DISCUSSION

2B, Resonance of Formaldehyde Anion. The electronic
structure of formaldehyde is ..(5a;)*(1b;)*(2b,)>. When
formaldehyde captures one electron, this electron occupies a
b, virtual orbital, forming a B, 7* resonance. This resonance
has been experimentally characterized by its electron trans-
mission spectrum (ETS)*”°® and vibrational excitation
spectrum® and computationally studied with numerous
methods (see Table 1). It can be seen that different theoretical
methods give different results, for example, E, varies widely
from 0.7 to 1.5 eV. All SAC-CI and EOM-CCSD-based
methods predict more consistent E, values in the range 1.1-1.3

Table 1. Resonance Position E, and Width I (in eV) of the
B, Resonance of H,CO™ Calculated with Different
Methods

method E, (eV) I (eV)
experiment
electron transmission spectroscopy® 0.86°, 0.657
vibrational excitation” 0.87°
calculated
complex Kohn® ~1.0 ~0.5
dilated electron propagatord 0.89—1.0 0.10-0.12
R-matrix 1.32¢, 1.46" 0.55°% 0.79"
finite-element-discrete-model® 0.682 0.429
CAP/EOM-EA-CCSD (1st order)” 1314 0277
CIP-ESMRCC' 0.76 0.32
CAP/SAC-CV 1.119 0.462
CAP/SAC-CI 1.191 0414
CAP/XMS-CASPT25™ 1173 0.395
CAP/XMS-CASPT25" 1.266—1.279 0.470—0.483

“References 57 and 58. “Reference 59. “Reference 60. “Reference 61.
“Reference 62. Reference 63. #Reference 64. "Reference 25, aug-cc-
pVTZ + [3s3p3d(C)] diffuse functions. ‘Reference 65, double- basis
set + [4pld/1p] diffuse functions. ’Reference 22, cc-pVIZ +
[2s5p2d/2s2p] diffuse functions. *This work, cc-pVTZ + [2s5p2d]
diffuse functions. ‘Results at the largest n;, values. "CAS(0,0) + 17
active space. "Range of CAS(2,2), CAS(4,3), and CAS(6,S) results.
“Vertical electron affinity. ”Adiabatic electron affinity.

https://dx.doi.org/10.1021/acs.jctc.9b01032
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eV. Most methods tend to overestimate E, as compared to the
experimental values of 0.65 eV (adiabatic) and 0.86 eV
(vertical). It is clear that the adiabatic attachment energy is
considerably lower than the vertical value*” and that the
experimentally observed progression is therefore broad and
that the intensities of each vibrational state are impacted not
only by Franck—Condon factors but also by their lifetimes.
Thus, only a model of the ETS or electron impact vibrational
excitation spectrum can be directly compared with experiment.

As mentioned above, we will study the impact of two factors
(i) the basis set size and more importantly, (ii) the choice of
active space controlled by the CAS(n,,n,) active space and 7.
All CAP/XMS-CASPT?2 results can be found in Figures 2 and
3 as well as Tables S1 and S2.
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Figure 2. Resonance position E, and width " (in eV) of the z* ?B,
resonance of H,CO~, calculated with different CAS(n,n,) + 1., cc-
pVDZ + [2s5p2d] diffuse functions.
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Figure 3. Resonance position E, and width " (in eV) of the z* ?B,
resonance of H,CO™, calculated with different CAS(n,n,) + nyy cc-
pVTZ + [2sSp2d] diffuse functions.

We first focus on the results calculated with the cc-pVDZ +
[2sSp2d] basis set (Figure 2). It can be seen that n,, is a
crucial factor determining the accuracy of the calculations and
governing whether the resonance could be found from the #-
trajectories. For instance, if n,;, is not sufficiently large (g <
5), we failed to locate the resonance state. With the CAS(0,0)
active space, we observed a weak dependence of E, and I" on
Hyne At the smallest n, = 6, E, = 1.402 eV and I" = 0.547 €V,
being in good agreement with the values calculated at the
largest ny, (E, = 1.327 eV and " = 0.513 eV). In contrast, the
larger active spaces yield results depending strongly on .
For example, using a small n,;, in combination with CAS(6,5)
can cause an error of ~0.5 eV for E, and up to ~1 eV for I'.
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Satisfactory results are achieved only at larger n, values
(=13).

It is not trivial to explain the markedly different convergence
behaviors of E, with respect to n,;,, between CAS(0,0) and the
larger active spaces. In the former case, we expect that the
results primarily depend on the nature (shape and eigenvalue)
of nyy by virtual orbitals. Upon expanding the CAS(0,0) with
the (7co, m&o) pair belonging to the b, irrep, all b, virtual
orbitals are “perturbed”. This perturbation is correlated to the
large difference between CAS(0,0) and CAS(2,2) results at
small n,,,. In contrast, going from CAS(2,2) to CAS(4,3) or
CAS(6,5), only orbitals belonging to either a, or b, irrep were
added. The perturbation of these orbitals to the b, virtual space
is certainly minimal; consequently, we found similar
convergence behaviors between CAS(2,2), CAS(4,3), and
CAS(6,5).

Despite having different convergence behaviors, all four
active spaces predict fairly similar results at the largest n,
value: E, = 1.327—1.427 eV and I" = 0.513—0.611 eV. Such
similar predictions are attributed to the fact that the wave
function of formaldehyde at its equilibrium geometry is already
well characterized at the HF level. This behavior can in general
be expected in molecules with negligible static electron
correlation, and for shape resonances of such molecules the
size-extensive methods CAP/SAC-CI or CAP/EOM-EA-
CCSD have an advantage.

We now briefly discuss the effect of the basis set size
(double-{ vs triple-() on the results (see Figures 2 and 3). We
only consider the data at the largest n,;,. In agreement with the
previous CAP/SAC-CI work, it turned out that the size of the
valence basis set is less critical than the size of the diffuse basis
set.”> We found that with CAP/XMS-CASPT2, going from
double to triple-{ quality reduces the resonance position by
0.11-0.16 eV and narrow the width by 0.09—0.14 eV. The
reduction of the computed resonance position can be
explained in terms of the anion benefitting more than the
neutral molecule from increasing the valence basis set size.””

We finally compare the CAP/XMS-CASPT2 data to the
results calculated with different CAP-augmented methods and
the experimental data. Because the formaldehyde *B,
resonance is a single—reference case, we expect that CAP/
SAC-CI, CAP/EOM-CCSD, and CAP/XMS-CAS methods
yield comparable results. Indeed, all these methods agree with
each other to within 0.2 eV. While CAP/SAC-CI predicts E, =
1.191 eV and T = 0.414 eV, CAP/XMS-CAS(0,0) + 17-PT2
predicts slightly smaller E, and I values of 1.173 and 0.395 eV,
respectively. On the other hand, the larger active spaces
systematically give larger resonance energies and widths,
1.266—1.279 and 0.470—0.483 eV, respectively. All results
are in good agreement with the data reported by Zuev et al,*
adopting CAP/EOM-EA-CCSD (1.314 and 0.277 eV for E,
and T, respectively). As compared with the experiment, all
recent CAP calculations overestimate E, by 0.44 eV (CAP/
EOM-EA-CCSD), 0.32 eV (CAP/SAC-CI), and 0.3—0.4 eV
(CAP/XMS-CASPT2).

c* and 7* Resonance States of Chloroethene Anion.
The dissociative electron attachment (DEA) process, AB + e~
— [AB7]* — A + B, in unsaturated chlorohydrocarbons has
been the subject of study in numerous experimental and
theoretical studies.”*””® It has been proposed that the
dissociation mechanism of this class of compound involves
the initial formation of a relatively long lived 7* resonance and
subsequent coupling with a ¢* resonance that promotes the

https://dx.doi.org/10.1021/acs.jctc.9b01032
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dissociation of the C—Cl bond,” but is only short-lived in the
vicinity of the equilibrium geometry. However, it has been
pointed out that this mechanism will compete with direct
formation of the 6* resonance.”’

Here, chloroethene is studied to test the new method
combination, and we start by calculating the ¢* and #*
resonances, which are ?A’ and *A” states in C, symmetry, using
CAP/XMS-CASPT2 and CAP/SAC-CL The experimental
resonance positions, as well as previously reported and our
current theoretical results are summarized in Table 2.

Table 2. Resonance Position E, (in eV) of the 6* and 7*
Resonances of CH,CHCI™ Calculated with Different
Methods

method o* (eV) 7* (eV)
experiment
electron transmission spectroscopy“’b 2.84 1.28
calculated
CAP/ADC(2)" 2.36 1.59
CAP/EOM-EA-CCSD? 1.730
CAP/SAC-CI® 2.530 1.718
CAP/XMS-CASPT2 ~2.65 1.810%

“Reference 73. “Reference 72. “Reference 66, cc-pVDZ + [1s8p2d1f]
basis set. “Reference 78, aug-cc-pVTZ + 3p basis set. “This work, cc-
pVDZ + [2s5p2d] basis set. /Estimated, based on the CAP/SAC-CI
result, see text. SCAS(2,2) + 10.

In CAP/XMS-CASPT2 calculations, we used two CAS-
(nen,) active spaces: CAS(0,0) and CAS(2,2) (see also Figure
S1). The CAS(2,2) active space represents the minimal active
space to correctly describe the multireference character of the
wave function upon dissociation of the C—Cl bond. On top of
each CAS(n,,n,), we included 10 a” or 17 a’ virtual orbitals in
the calculations of the 7** and ¢* resonances, respectively. Yet,
unfortunately, we were unable to clearly identify the o*
resonance in all CAS(2,2) + 17 and in two CAS(0,0) + 17
calculations. This is a known problem; as a rule, 6 resonances
have large widths and stabilize therefore much further from the
real axis than 7* resonances. One can—as a rule—identify the
resonance trajectory, but, again—as a rule—the resonance
trajectory tends to show no or only weak stabilizations. Two
strategies could be adopted to alleviate this problem. The
straightforward one is to include more diffuse orbitals in the
active space. However, this drastically increases the computa-
tional cost. A more efficient way is to manually select a set of
virtual orbitals based on preliminary calculations at a lower
computational level, such as CIS, as suggested by Kunitsa et
al.?® This strategy, however, introduces a certain bias and does
by no means guarantee that the resonance trajectory will show
a clear stabilization.

The resonance positions and widths at different d(C—Cl)
values are shown in Figure 4. Numerical results can be found in
Tables S3 and S4. We first compare the results of SAC-CI and
XMS-CASPT?2 using the CAS(0,0) + n, active space. Both
methods give similar E, results (with differences of 0.1-0.2
eV) and predict that the resonance positions decrease when
increasing the C—Cl bond distance. Moreover, SAC-CI
systematically produces smaller E, values as compared to
XMS-CASPT?2 around the equilibrium structure (d(C—Cl) =
1.75—2.10 A). For the resonance widths I', both methods
predict comparable results with differences of less than 0.05 eV
in most cases and of 0.11 eV in the worst-case scenario.
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Figure 4. Resonance position E, and width I (in eV) of the 6* and 7*
resonances of chloroethene anion, calculated with CAP/SAC-CI and
CAP/XMS-CASPT2. At d(C—Cl) > 2.10 A, the o* resonance
disappears (E, < 0 and I = 0).

We now turn to a comparison between the CAS(0,0) + n;,
and CAS(2,2) + n,, active spaces. As we failed to identify the
c* resonance in the CAS(2,2) + 17 calculations, we discuss
here only the #* resonance. Based on the multireference
character of the wave function provided in Table S6, we expect
that the two active spaces should give almost identical
resonance positions and widths at short C—Cl bond distances.
Indeed, the differences are less than 0.02 eV for d(C—Cl) =
1.75—2.00 A. At distances longer than 2.10 A, however, the
multireference character increases, and consequently,
CAS(0,0) is expected to perform more and more poorly.
Practically, CAS(0,0) systematically underestimates the z*
resonance positions as compared to the results produced by
the CAS(2,2) active space, and at the longest bond distance
(2.75 A), its error has grown to 0.65 €V. Also, the resonance
width predicted by CAS(0,0) at this distance is too small (0.07
eV) as compared to the CAS(2,2) value (0.16 eV).

In Figure S, we plot the PECs of the GS of the neutral
molecule, as well as the 6* and 7* resonances of the anion

SAC-CI CAS(0,0)+nyirt CAS(2,2)+nyirt

—&— Ground state
e S
nm*

P

Energy [eV]

2.0 25
d(c-Ch [A]

2.0 25
d(c-cl) [A]

2?0 2:5
d(c-ql) [A]
Figure 5. PECs of the GS of the neutral molecule, 6%, and #*

resonances of the anion calculated with SAC-CI and XMS-CASPT2.
g = 10 and 17 for 6* and 7* resonances, respectively.

virt

along the bond stretching coordinate d(C—Cl). We use the
total energy of the GS at the equilibrium structure as a
reference. We focus on the results around the equilibrium
where the two resonance PECs cross. As discussed above,
because the wave function around this point is well described
by HF, CAP/SAC-CI and CAP/XMS-CASPT?2 results are in
excellent agreement with each other. They both predict that (i)
the ¢* and 7* curves cross at d(C—Cl) ~ 1.9 A and (ii) the o*
resonance disappears at d(C—Cl) > 2.15 A. This one-

https://dx.doi.org/10.1021/acs.jctc.9b01032
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Table 3. Wavefunction of Different States of N, and N, Calculated with CASSCF(6,6) at d = 1.30 A

molecule state D,, irrep
N, AL} *By,
WA, 3A,
wa, B,
NZ_ 41-[14 4B3u
I, By
I, "By
21—[“ ZBSu

“Core orbital = (lag)z(lau)z(Zag)z(Zau)z.

dominant determinant® coefficient weight
1(0)* () *(m,,) (7)1 (75)") 0.676 0.457
1(0)*(7,) " (m,, ) (72) ()T 0.676 0.457
[CARCMUCHEC AUCHD) 0.685 0.470
1(0)*(7,)* ()1 () ()T 0.685 0.470
1(0)* () () (7)1 (75)°) 0.685 0.470
1(0)* () (7, ) (72)°(m)T) —0.685 0.470
[CARCMECMUC )T(ﬂ*)T> 0.989 0.979
[CAREMUCHEE x)T( N 0.989 0.979
1(6)* (1) () () (=) 0.499 0.249
1(0)* () (7, (5 H(75) ) 0.610 0.372
1(0)* () () (735> (735)%) 0.559 0313
1(0)*(m)*(mp) (72) (7)) 0.499 0.249
|(6g)2(ﬂw)2(ﬂw)T(ﬂ;)T(ﬂg)% 0.610 0.372
1(0)* () () (75)°(225)%) 0.559 0.313

dimensional cut through the multidimensional crossing cone is
consistent with earlier studies of the DEA mechanism.”?

It is also interesting to discuss the PECs at larger bond
distances. The results produced by CAS(2,2) + n, should be
more reliable than those of SAC-CI and CAS(0,0) + n,.
Neither of the latter two can fully reproduce the CAS(2,2) +
f1,ix PECs for long bond lengths. For example CAS(0,0) + n;
moderately overbinds the C—Cl bond due to its intrinsic
failure of describing bond dissociation, whereas SAC-CI
predicts a too steep o* curve.

Finally, it is noteworthy to compare our results at the
equilibrium geometry to previously reported results and the
experimental data. We crudely estimate the 6* resonance
position at the CAS(0,0) + 17 level to be ~2.65 eV (see Table
2). This crude estimation is based on the CAP/SAC-CI value
(2.53 eV) and on the observation that CAP/SAC-CI gives
smaller E, values than CAS(0,0) + 17 by ~0.15 eV (vide
supra). Again, all recent CAP-based methods predict similar
results to within 0.3 eV. As compared to the experimental data,
the accuracies are acceptable. All methods systematically
underestimate the 6* resonance position by 0.2—0.5 eV and
overestimate the 7* resonance position by 0.3—0.5 eV. Such
different deviations have been discussed in detail in the
previous work of Feuerbacher et al.®°

“T1, and I, Resonance States of N,™. The N, anion
has been the subgect of numerous experimental and theoretical
studies.'#2%252050789 Most work focused on the *TI resonance
(16,)* (16 )*(20,)*(26,)*(17,)*(30,)*(17)", a well-known
shape type resonance having very short hfetlmes % On the
other hand, much longer-lived (at least 10 ys) resonance states
have been experimentally observed.*””’ Based on CCSD(T)
calculations, Sommerfeld and Cederbaum®" initially proposed
the *I1, resonance state as a candidate for the observed long-
lived state. This state has an electronic configuration
(16,)*(10,)*(20,)*(26,)*(17,)*(30,)*(17,*)* and it can be
thought of as a 7, > 7 excitation of the 2l_I shape resonance
or as formed by electron attachment to e1ther the A’%," or the
WPA, triplet states of N,, which are both descrlbed by the
conﬁguratlon (16,)(10,)*(20,)* (20‘) (17,)*(36,)*(17)". At
the CCSD(T) level of theory, the *T1, state turns out to be a
long-lived resonance state (with a hfetlme of about 2 X 1072
s) and it is stable with respect to vertical autodetachment to
the A’Y," by 0.28 V. However, in a joint experimental and
theoretical work later, Andersen et al.”” provided evidence that
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the long-lived N,™ species should be rather attributed to the
°%," and °T1," sextet states with decay into the *Z,* parent
state.

One problem plaguing the CCSD(T) study from the onset
is that the *Z,* triplet state of N, exhibits strong multireference
character, rending the CCSD(T) curve crossing unreliable.
Indeed, the wave function of this state around the equilibrium
geometry is qualitatively described as a mixture of two
determinants [core]*(36,)* (lnux) (17,)' (1) (12%)° and
[core]8(36) (1z,)'(1x, ) (1 0(171"")1 (see also Table 3).
Thus, thls state can be best descrlbed using multireference
approaches such as CASSCF/CASPT2.

Here, the PECs of the “II, and 1, resonances are
investigated as the first real test for the CAP/XMS-CASPT2
method. In particular, the doublet state has not been described
in the literature before and represents a challenge because both
the resonance and the parent show strong multireference
character (see Table 3).

The CAP/XMS-CASPT2 PECs of the *%,* and A, parent
states of N, as well as the *IT, and *I1, resonance states of N,
are shown in Figure 6. The equilibrium bond lengths of the
’A, and *%," states predicted by CAP/XMS-CASPT2 are
1.282 and 1.292 A, respectively. Both results are in good

0.3

r(*M,) at threshold

1.8 2.0 2.2 2.4 2.6

d [A]

1.0 1.2 1.4 1.6 2.8

Figure 6. PECs (in €V) of the °Z,* and A, states of N,; and the TI,,
and 21, resonance states of N,~, calculated with CAP/XMS-CASPT?2,

e = 10, cc-pVTZ + [255p2d] basis set. The minimum of the *%,*
state is used as the reference. The resonance width (") of the *I, and
[T, resonance states is represented as the line width of the curve. For
d = 1.53-2.28 A, T'(*I1,) is 0.

https://dx.doi.org/10.1021/acs.jctc.9b01032
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agreement with the experimental values of 1.278 and 1.287 A,
respectively.”> The *II, and *II, resonance states have
significantly longer equilibrium bond lengths (1.444 and
1.402 A, respectively) due to the occupation of the
antibonding 7 orbitals. The CAP/XMS-CASPT2 equilibrium
bond length of *IL, is quite close to the values calculated with
CCSD(T)’" and third-order many-body perturbation theory,”
that is, 1.430 and 1.44 A, respectively.

The results shown in Figure 6 clearly indicate that the *IT,
state is unstable with respect to the *Z," state at all geometries,
whereas it crosses the 3A, state at d = 1.44 A and is unstable to
both decay channels at small bond lengths only. Accordingly,
its width is always positive, fairly large at short bond distances
(up to 0.6 eV at d = 1.28 A), but rapidly decreases after
crossing the *A, state (see also Figure S3). Thus, the *I1, state
represents a so-called core-excited shape resonance, and we
predict its lifetime to be short.

As compared to the doublet state, the *I1, state turns out to
be a different story entirely. First, it is much more stable,
leading to three crossing points at d = 1.53 and 2.28 A with the
3%, state and at d ~ 1.30 A with the A, state. Unsurprisingly,
CAP/XMS-CASPT2 predicts the triplet states significantly
stabilized in respect with the quartet state, and in contrast to
CCSD(T),”" the adiabatic electron affinity is —0.8 eV, and the
*I1, state is unstable with respect to vertical autodetachment by
0.37 eV. Along the PEC, the quartet state changes its character:
between 1.53 and 2.28 A it is a Feshbach resonance, outside
this range it is a core-excited shape resonance. As it has core-
excited-shape resonance character at its equilibrium geometry,
all vibrational states are expected to be short-lived.

Second, we consider the close correlation between the *II,
PEC and its width, which suggests that even though CAP/
XMS-CASPT?2 is formerly not size extensive, for all practical
purposes it is. While for d > 2.28 A, the *TI, state is less stable
than the *X," state, and ['(*Il,) possesses accordingly a finite
value, for d = 1.53—2.28 A, the *Il, state is more stable than
both triplet states, and I'(*IL,) must vanish, which it does (see
inset in Figures 6 and S2). At d = 1.53 A, the “TI, state
recrosses the X, state, reopening the N,~(‘II,) = N,(*%,")
+ e decay channel and T'(*I1,) increases slowly. Finally, the
decay channel N,~(*IL,) — N,(*A,) + e~ opens at d = 1.30 A,
leading to a steep increase in I'(*IL,) as a function of d (see
inset in Figure 6). As the curve crossings perfectly reflect the
positions at which I' vanishes, we conclude that the balance
requirement between the parent and the resonance state as
well as the internal balance requirement in the resonance
wavefunction is satisfied to the extent noticeable on the scales
of our Figures.

B SUMMARY

We have introduced a combination of a Voronoi CAP with the
XMS-CASPT2 method, which has been implemented in our
own XMS-CASPT2 code.*’ The corrected #-trajectories of the
present approach provided stable resonance energy in most
cases; however, for certain CAS spaces, 6* resonances could
not be clearly identified, and finding a reliable method for o*
resonances remains an open question.

Benchmark calculations were performed for the z*
resonance state of formaldehyde. The CAP/XMS-CASPT2
method provided vertical resonance energy and width in
excellent agreement with SAC-CI- and EOM-CCSD-based
methods. Extension of the CAS was systematically studied, and
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it was shown that even small CAS spaces provide very good
results. Using just HF (CAS(0,0)) and therefore effectively
MP?2 yields reasonable results compared to SAC-CI or EOM-
CCSD.

The new method was also applied to the PECs of the 7* and
o* resonance states of chloroethene along the C—Cl bond
dissociation coordinate. The CAP/XMS-CASPT?2 results again
agree well with those obtained using CAP/SAC-CI, yielding
systematically lower resonance energies by about 0.15 eV than
CAP/SAC-CI—at least for this system—a fact used for the
estimation of the o* resonance energy at the equilibrium
geometry. This estimation was unfortunately needed, because
CAP/XMS-CASPT2 seems to be slightly less robust regarding
the quality of the produced #-trajectories, that is, although the
resonance trajectories can be identified, neither the trajectories
nor the corrected trajectories show a pronounced stabilization
behavior. While the lack of stabilization may be considered to
represent a curse for the new method as is, CAP/XMS-
CASPT2 contains in a sense its own cure: it is much more
flexible than, say, CAP/SAC-CI, and now that we identified a
reproducible failure, it can hopefully be addressed, by some
unbiased and computationally efficient scheme to select better
virtual orbitals for the CAP Hamiltonian.

The advantage of CAP/XMS-CASPT2 was clearly demon-
strated in the calculations of the PECs of the “IT, and *II,
resonance states of N,”. Here, the parent states, A °%," and
W 3A,, as well as the I, resonance state show pronounced
multireference character, HF fails to provide an adequate
description of the situation, and even relative energies obtained
with CCSD(T) cannot be trusted.

In conclusion, in this pilot work of CAP/XMS-CASPT2, we
have demonstrated the pros and cons of the method to study
different types of resonance states. Although it can be useful to
study resonances states having substantial multireference
character, some difficulties related to choosing active virtual
orbitals have been found, hindering its usage (at least in a
black-box manner). A promising way to overcome these issues
is to improve the description of the virtual active orbitals, using
the extended Koopmans’ theorem.” It is unclear, however,
whether this will completely solve the impracticality issue in
the present form, that is, choosing which and how many
orbitals should be in the active space. Moreover, in larger
molecules and molecules without point group symmetry, the
problem of locating stable resonances will be certainly much
more difficult; thus, improving the virtual orbitals may not be a
realistic solution. A promising alternative would be some type
of SAC-CI like linear response theory in a multireference
framework.
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